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ABSTRACT

Crustal thickening has been a key process 
of collision-induced Cenozoic deformation 
along the Indus-Yarlung suture zone, yet the 
timing, geometric relationships, and along-
strike continuities of major thrusts, such 
as the Great Counter thrust and Gangdese 
thrust, remain inadequately understood. In 
this study, we present findings of geologic 
mapping and thermo- and geochronologic, 
geochemical, microstructural, and geother-
mobarometric analyses from the easternmost 
Indus-Yarlung suture zone exposed in the 
northern Indo-Burma Ranges. Specifically, 
we investigate the Lohit and Tidding thrust 
shear zones and their respective hanging wall 
rocks of the Lohit Plutonic Complex and Tid-
ding and Mayodia mélange complexes. Field 
observations are consistent with ductile de-
formation concentrated along the top-to-the-
south Tidding thrust shear zone, which is in 
contrast to the top-to-the-north Great Coun-
ter thrust at the same structural position to 
the west. Upper amphibolite-facies meta-
morphism of mélange rocks at ∼9–10 kbar 
(∼34–39 km) occurred prior to ca. 36–30 Ma 
exhumation during slip along the Tidding 
thrust shear zone. To the north, the ∼5-km-
wide Lohit thrust shear zone has a subverti-
cal geometry and north-side-up kinematics. 
Cretaceous arc granitoids of the Lohit Plu-

tonic Complex were emplaced at ∼32–40 km 
depth in crust estimated to be ∼38–52 km 
thick at that time. These rocks cooled from 
ca. 25 Ma to 10 Ma due to slip along the Lo-
hit thrust shear zone. We demonstrate that 
the Lohit thrust shear zone, Gangdese thrust, 
and Yarlung-Tsangpo Canyon thrust have 
comparable hanging wall and footwall rocks, 
structural geometries, kinematics, and tim-
ing. Based on these similarities, we interpret 
that these thrusts formed segments of a later-
ally continuous thrust system, which served 
as the preeminent crustal thickening struc-
ture along the Neotethys-southern Lhasa ter-
rane margin and exhumed Gangdese lower 
arc crust in Oligocene–Miocene time.

INTRODUCTION

Since the onset of India-Asia collision at ca. 
60 Ma, crustal thickening has been partially 
accommodated by shortening across orogenic 
belts adjacent to the collisional boundary. These 
belts include: (1) the east-trending Himalayan 
orogen and southern Lhasa terrane (Le Fort, 
1975; Hodges, 2000; Yin and Harrison, 2000; 
DeCelles et  al., 2001; Yin, 2006; Kapp and 
DeCelles, 2019); and (2) the two north-trending 
orogenic belts that extend southwards from 
the eastern and western Himalayan syntaxes 
(Gansser, 1964; Yin, 2006; Haproff et al., 2018, 
2020; Fig.  1A). The geometries, slip magni-
tudes, and lifespans of crustal-scale contrac-
tional structures of the Himalayan orogen and 
southern Lhasa terrane have been investigated 
(e.g., Ratschbacher et al., 1994; Quidelleur et al., 

1997; Yin et al., 1999; Harrison et al., 2000; Cat-
los et al., 2001; Murphy and Yin, 2003; Robin-
son et al., 2003; McQuarrie et al., 2008; Mitra 
et al., 2010; Long et al., 2011; DeCelles et al., 
2016; Kellett et  al., 2019; Webb et  al., 2017; 
Fig. 1B). In contrast, major contractional struc-
tures located southeast and south of the eastern 
Himalayan syntaxis are less well understood (cf. 
Nielsen et al., 2004; Maurin and Rangin, 2009; 
Rangin et al., 2013; Wang et al., 2014; Betka 
et al., 2018; Morley et al., 2020; Fig. 1A).

In the northern Indo-Burma Ranges, located 
directly southeast of the eastern Himalayan 
syntaxis, two major contractional structures are 
the Lohit thrust shear zone and the structurally 
lower Tidding thrust shear zone that mark the 
respective lower boundaries of the easternmost 
Cretaceous Gangdese belt and Mesoproterozoic 
basement of Lhasa terrane (i.e., Lohit Plutonic 
Complex) and the Indus-Yarlung suture zone 
(i.e., Tidding and Mayodia mélange complexes) 
(Dhoundial et  al., 1971; Nandy, 1973, 1976; 
Gururajan and Choudhuri, 2003; Misra, 2009; 
Singh and Singh, 2011, 2013; Lin et al., 2013; 
Bikramaditya et al., 2020; Haproff et al., 2018, 
2019; Pebam and Kamalakannan, 2019; Fig. 2). 
Contractional structures to the west that appear 
to be analogous based on their structural posi-
tions and hanging wall and footwall rocks are the 
late Oligocene–Miocene Great Counter thrust 
and the Oligocene–early Miocene Gangdese 
thrust, which mark the boundaries between the 
Himalayan orogen, Indus-Yarlung suture zone, 
and southern Lhasa terrane (Heim and Gansser, 
1939; Harrison et al., 1992; Yin et al., 1994, 1999; 
Fig. 1B). The existence of the Gangdese thrust is †haproffp@uncw.edu.
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disputed (Aitchison et al., 2003), yet identifica-
tions of: (1) coeval Miocene cooling ages at the 
eastern Himalayan syntaxis (Booth et al., 2004; 
Gong et  al., 2015); (2) comparable structures 
including the Yarlung-Tsangpo Canyon thrust 
(Ding et al., 2001) and Lohit thrust shear zone to 
the east (Nandy, 1976); and (3) orogen-parallel 
continuations of lithotectonic units across the 
syntaxis (Lin et al., 2013; Bikramaditya et al., 

2020; Haproff et al., 2019; Pebam and Kamal-
akannan, 2019; Fig. 3) imply that a laterally con-
tinuous and synchronous, south-directed thrust 
system accommodated crustal thickening along 
much of the India-Asia collisional boundary. In 
addition, it is unknown whether the Tidding and 
Lohit thrust shear zones were coeval with several 
major strike-slip shear zones located directly to 
the northeast and east (e.g., the Jiali fault, Gaoli-

gong shear zone, and Chongshan shear zone; 
Fig. 1A), which could elucidate how strain has 
been partitioned surrounding northeastern India 
(e.g., Haproff et al., 2020).

In this study, we conducted geologic mapping 
and sampling of the Lohit Plutonic  Complex, 
Lohit thrust shear zone, Tidding mélange com-
plex, and Tidding thrust shear zone exposed along 
the Trans-Arunachal Highway of Dibang Valley in 

A B

Figure 1. Simplified geologic maps show (A) the India-Asia collisional zone and (B) the Himalayan orogen, southern Lhasa terrane, and 
northern Indo-Burma Ranges, modified from Webb et al. (2017). Basemap is from geomapapp.org (Ryan et al., 2009). ASZ—Aniqiao shear 
zone; LPC—Lohit Plutonic Complex; N. IBR—northern Indo-Burma Ranges; PQF—Puqu fault; PRF—Parlung fault; SZ—shear zone.

Figure 2. Simplified geologic 
map of the northern Indo-
Burma Ranges shows the lo-
cations of the Dibang Valley 
traverse (Fig.  4) and Lohit 
Valley, modified from Haproff 
et  al. (2019). Map location is 
shown in Figure  1. Basemap 
is from geomapapp.org (Ryan 
et  al., 2009). MCT—Main 
Central thrust; MFT—Main 
Frontal thrust; MBT—Main 
Boundary thrust.
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the northern Indo-Burma Ranges (Figs. 2 and 3). 
Microstructural observations and results of elec-
tron backscatter diffraction (EBSD) analyses from 
across the Lohit thrust shear zone reveal deforma-
tion conditions and mechanisms. By combining 
new and existing thermo- and geochronologic, 
geochemical, and geothermobarometric data, 
we document the depths of Cretaceous pluton 
emplacement and crustal thickness of the Lohit 
Plutonic Complex, metamorphic conditions of 
the Tidding mélange complex, and the timing of 
Cenozoic slip along the Tidding and Lohit thrust 
shear zones. These constraints are incorporated in 
a structural model that improves our understand-
ing of the Cenozoic crustal thickening history of 
the India-Asia collisional boundary.

GEOLOGIC SETTING

Southern Lhasa Terrane and Indus-
Yarlung Suture Zone

The ∼100-km-wide southern Lhasa terrane is 
bounded by the east-striking  Luobadui-Milashan 
fault to the north (Zhang et al., 2014) and the 
Indus-Yarlung suture zone to the south (Fig. 1B). 
The southern Lhasa terrane mostly comprises 
bimodal volcanic rocks of the Paleocene–
Eocene Linzizong volcanic sequence (Coulon 
et al., 1986; Ding et al., 2003; He et al., 2007; 
Lee et  al., 2009; Zhu et  al., 2015), and plu-
tonic rocks of the Gangdese batholith, which is 
divided into a Triassic–Cretaceous northern belt 
and a Cretaceous–Eocene southern belt (Schärer 
et al., 1984; Coulon et al., 1986; Debon et al., 

1986; Copeland et al., 1995; Wen et al., 2008; 
Zhu et  al., 2008, 2009; Ji et  al., 2009; Wang 
et al., 2016; Fig. 1B). Oligocene–Miocene silici-
clastic strata of the Kailas Formation overlie the 
southern Gangdese batholith along much of its 
southern margin (Gansser, 1964; Aitchison et al., 
2002; DeCelles et al., 2011, 2016; Leary et al., 
2016; Laskowski et al., 2018; Fig. 1B). South 
of the Kailas Formation, the Xigaze forearc 
basin consists of Cretaceous–Paleogene marine 
and nonmarine strata (Garzanti and Van Haver, 
1988; Einsele et  al., 1994; Dürr, 1996; Ding 
et al., 2005; Wang et al., 2012; An et al., 2014; 
Orme et al., 2015).

The Indus-Yarlung suture zone marks the 
India-Asia collisional boundary (Fig.  1) and 
consists of Jurassic–Cretaceous serpentinite-, 
ophiolitic-, and sedimentary-matrix mélange 
and Mesozoic–Cenozoic subduction-related 
metamorphic rocks (Gansser, 1964; McDer-
mid et al., 2002; Malpas et al., 2003; Ziabrev 
et al., 2003; Dupuis et al., 2005; Dai et al., 2011; 
Hébert et al., 2012; Cai et al., 2012; Laskowski 
et al., 2016). The Indus-Yarlung suture zone is 
bound by two thrust systems: the south-directed 
Gangdese thrust (Harrison et al., 1992; Yin et al., 
1994) and the north-directed Great Counter 
thrust (Heim and Gansser, 1939; Figs. 1B and 3).

The Gangdese thrust is exposed directly east 
of the city of Zedong (∼92°E longitude), where 
it places Paleozoic–Mesozoic strata and Cre-
taceous–Cenozoic granitoids of the southern 
Gangdese batholith atop Tertiary conglomerate, 
Cretaceous volcanic rocks, Late Cretaceous and 
Tertiary syenite, and mélanges of the Indus-

Yarlung suture zone (Yin et  al., 1994, 1999; 
Harrison et al., 2000; Figs. 1B and 3). Thermo- 
and geochronologic investigations suggest that 
the Gangdese thrust was active ca. 27–23 Ma 
(Yin et al., 1999; Harrison et al., 2000) with a 
lower age bound of ca. 18 Ma based on 40Ar/39Ar 
ages of a cross-cutting andesitic dike (Yin et al., 
1994). The Gangdese thrust accommodated at 
least ∼50 km of southward displacement (Yin 
et al., 1994; Harrison et al., 2000).

Some regional geologic maps of the eastern 
Himalayan syntaxis show the Gangdese thrust 
as far east as ∼94°30′E, where it links with 
the southwest-striking, left-slip Pai shear zone 
along the western limb of the north-plunging 
Namche Barwa antiform (e.g., Ding et al., 2001) 
(Fig.  1B). The Pai shear zone links with the 
south-directed Yarlung-Tsangpo Canyon thrust, 
which, like the Gangdese thrust, places gran-
itoids of the Gangdese batholith atop mélange 
of the Indus-Yarlung suture zone and metasedi-
mentary rocks of Indian affinity including the 
Tethyan Himalayan sequence and Greater 
Himalayan Crystalline Complex (Figs. 1B and 
3). Along the western limb of the Namche Barwa 
antiform, the Yarlung-Tsangpo Canyon thrust 
transitions to the southwest-striking, right-slip 
Aniqiao shear zone, the latter of which links with 
the Lohit thrust shear zone to the south (Figs. 1B 
and 3). Ding et al. (2001) proposed two mod-
els for the roles of these faults in forming the 
Namche Barwa antiform. In one model, the Pai 
shear zone, Yarlung-Tsangpo Canyon thrust, 
and Aniqiao shear zone originated as a single 
roof thrust of a crustal-scale duplex that was 

Figure 3. Simplified tectonostratigraphic column shows orogen-parallel correlations and terminations of major lithotectonic units and 
structures of the eastern Himalaya and southern Lhasa terrane, eastern Himalayan syntaxis (hanging wall of the Main Central thrust), and 
northern Indo-Burma Ranges (hanging wall of the Demwe thrust). Figure is modified from Haproff et al. (2019).
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subsequently folded during exhumation of the 
Namche Barwa massif. In the alternative model, 
the Pai and Aniqiao shear zones transferred slip 
between the Gangdese thrust in the west, the 
Yarlung-Tsangpo Canyon thrust, and the Lohit 
thrust shear zone in the east during northward 
indentation of folded Indian crust. Gangdese-
equivalent granitoids in the hanging wall of the 
Yarlung-Tsangpo Canyon thrust and along the 
western and eastern limbs of the Namche Barwa 
antiform yield ca. 23–13 Ma biotite 40Ar/39Ar 
ages (Gong et al., 2015, and references therein) 
and two ca. 21 Ma U–Pb zircon ages (Booth 
et  al., 2004). Thermochronologic ages of ca. 
11–1 Ma are concentrated within the core and 
immediate vicinity of the Namche Barwa anti-
form, which has been interpreted to be related 
to coeval high-grade metamorphism, anatexis, 
and rapid crustal exhumation driven by focused 
erosion (Ding et al., 2001; Booth et al., 2009; 
Zeitler et  al., 2014; Gong et  al., 2015; Govin 
et al., 2020).

In contrast to the intermittently exposed 
Gangdese thrust, the Great Counter thrust is well 
exposed along much of the Himalayan orogen–
southern Lhasa terrane boundary (Fig. 1B). Near 
Xigaze (∼88°E) and to the west, the Great Coun-
ter thrust cuts the Tethyan Himalayan sequence, 
whereas near Zedong (∼92°E) and to the east, 
several splays of the thrust place the Tethyan 
Himalayan sequence atop mélanges of the Indus-
Yarlung suture zone, strata of the Xigaze forearc 
basin, and plutonic rocks of the southern Gang-
dese batholith (Yin et al., 1994, 1999; Figs. 1B 
and 3). The Great Counter thrust was active at ca. 
25–10 Ma (Yin et al., 1999; Harrison et al., 2000; 
Wang et al., 2015; Laskowski et al., 2018) and 
accommodated at least ∼12 km of northward dis-
placement (Quidelleur et al., 1997). Laskowski 
et al. (2018) postulated that the multiple splays 
of the Great Counter thrust form a foreland-dip-
ping, passive roof duplex that repeats the Xigaze 
forearc basin and mélanges of the Indus-Yarlung 
suture zone. In this “Gangdese culmination 
model,” the Great Counter thrust duplex system 
is kinematically linked with the Gangdese thrust 
as part of a blind hinterland-dipping duplex in the 
southern Lhasa terrane to the north.

Himalayan Orogen

The east-trending Himalayan orogen is a 
∼200–300-km-wide thrust belt located between 
the Indus-Yarlung suture zone to the north and 
the Indo-Gangetic plain to the south (Yin, 2006; 
Fig. 1B). The Himalayan orogen terminates at 
the eastern and western Himalayan syntaxes, 
where the orogen makes ∼90° oroclinal bends 
to the south (Fig. 1A). Major lithotectonic units 
of the Himalayan orogen from north to south 

consist of: (1) Proterozoic–Eocene unmeta-
morphosed to low-grade metasedimentary and 
metavolcanic rocks of the Tethyan Himalayan 
sequence; (2) Paleoproterozoic–Ordovician 
high-grade metamorphic rocks and migmatite, 
ca. 500 Ma granitoids, and Miocene leuco-
granites of the Greater Himalayan Crystalline 
Complex; (3) Proterozoic–Cambrian medium- 
to low-grade metasedimentary and metavolca-
nic rocks of the Lesser Himalayan sequence; 
and (4) late Cenozoic siliciclastic strata of the 
Sub-Himalayan sequence. These lithotectonic 
units are separated by the north-directed South 
Tibetan detachment, the south-directed Main 
Central thrust, the south-directed Main Bound-
ary thrust, and the south-directed Main Frontal 
thrust (Heim and Gansser, 1939; Gansser, 1964; 
Le Fort, 1975; Yin and Harrison, 2000; Yin, 
2006; Kapp and DeCelles, 2019; Fig. 1B).

Northern Indo-Burma Ranges

The northwest- to north-trending northern 
Indo-Burma Ranges, located directly southeast 
of the eastern Himalayan syntaxis, expose a 
∼100–150-km-wide thrust belt (Nandy, 1973, 
1976; Thakur and Jain, 1974, 1975; Misra and 
Singh, 2002; Gururajan and Choudhuri, 2003; 
Misra, 2009; Sarma et al., 2012; Ningthoujam 
et  al., 2015; Haproff et  al., 2018; Salvi et  al., 
2020; Figs. 1B and 2). The thrust belt is bound by 
two active fault systems: the right-lateral oblique-
slip Mishmi thrust along the range front to the 
southwest, and the two southeastern extensions 
of the right-slip Jiali fault (i.e., the Puqu and Par-
lung faults) to the northeast (Haproff et al., 2020; 
Fig.  2). Five laterally continuous lithotectonic 
units are exposed in the Dibang and Lohit val-
leys (Fig. 2). The northeasternmost lithotectonic 
unit is the Lohit Plutonic Complex, which is 
subdivided into an Eastern Lohit Plutonic Com-
plex belt of predominantly Mesoproterozoic and 
Cretaceous migmatite, metaigneous rocks, and 
granitoids, and a Western Lohit Plutonic Com-
plex belt of latest Jurassic–Cretaceous granitoids, 
separated by the south-directed Walong thrust 
(Thakur and Jain, 1975; Misra and Singh, 2002; 
Gururajan and Choudhuri, 2003, 2007; Misra, 
2009; Haproff et al., 2018, 2019; Figs. 2 and 3). 
Mesoproterozoic migmatite and metaigneous 
rocks of the Eastern Lohit Plutonic Complex belt 
are correlative with the basement of the Lhasa 
terrane and the Bomi-Chayu complex exposed at 
the eastern Himalayan syntaxis (Xu et al., 2013) 
based on their spatial proximity and similar rock 
types and crystallization ages (Haproff et  al., 
2019; Fig. 2). Latest Jurassic–Cretaceous gran-
itoids of the Eastern and Western Lohit Plutonic 
Complex belts are interpreted to be the south-
eastward continuation of the Triassic–Cretaceous 

northern Gangdese batholith (Fig. 1B) based on 
similar crystallization ages and geochemistry 
(Gururajan and Choudhuri, 2007; Lin et  al., 
2013; Haproff et al., 2019; Pebam and Kamal-
akannan, 2019; Bikramaditya et al., 2020).

The northeastern Eastern Lohit Plutonic Com-
plex belt is cut by the Puqu and Parlung faults 
(e.g., Molnar and Tapponnier, 1975; Tapponnier 
and Molnar, 1977; Armijo et al., 1989) (Figs. 1B 
and 2), which were active at ca. 23–11 Ma (Ding 
et al., 2001; Lee et al., 2003; Lin et al., 2009) and 
have since resumed slip as seismogenic faults (Ni 
and York, 1978; Thingbaijam et al., 2008; Muk-
hopadhyay and Dasgupta, 2015; Haproff et al., 
2020). These strike-slip faults, together with the 
Gaoligong (ca. 24–12 Ma; Zhong et al., 1991; 
Lin et al., 2009) and Chongshan (ca. 34–22 Ma 
and ca. 19–14 Ma; Wang et al., 2006; Akciz et al., 
2008; Zhang et  al., 2010) shear zones located 
∼200 km to the southeast (Fig. 1A), accommo-
dated southward extrusion of Asian lithosphere 
around the eastern Himalayan syntaxis.

Structurally beneath the Walong thrust, the 
Lohit thrust shear zone places the Western Lohit 
Plutonic Complex belt atop metasedimentary 
rocks, metaigneous, and serpentinized ultra-
mafic rocks of the Tidding mélange complex and 
the Tidding thrust at its base (Dhoundial et al., 
1971; Gururajan and Choudhuri, 2003; Quanru 
et al., 2006; Misra, 2009; Haproff et al., 2019; 
Dutt et al., 2021a 2021b; Fig. 2). Similar sedi-
mentary- and serpentinite-matrix mélange rocks 
of the Mayodia mélange complex are exposed 
within a thrust-bound klippe located ∼30 km 
south of the Tidding mélange complex (Fig. 2). 
From this structural architecture, Haproff et al. 
(2018) interpreted that the Tidding and Mayo-
dia mélange complexes originate from the same 
tectonic mélange (i.e., the Tidding-Mayodia 
mélange complex) that was thrust southwards 
atop the northeastern Greater Indian margin by 
the Tidding thrust shear zone and subsequently 
folded and partially eroded. The Tidding and 
Mayodia mélange complexes are the southeast-
ern extension of the Indus-Yarlung suture zone 
that continues southwards into the southern 
Indo-Burma Ranges (Gururajan and Choudhuri, 
2003; Misra, 2009; Saha et al., 2012; Singh and 
Singh, 2013; Fig. 1A).

The Tidding thrust shear zone places the Tid-
ding and Mayodia mélange complexes atop 
metasedimentary rocks with detrital zircon age 
spectra similar to those of the Lesser Hima-
layan sequence (Haproff et  al., 2019). These 
metasedimentary rocks consist of paragneiss, 
augen gneiss, and quartzo-feldspathic schist 
of the Mayodia gneiss and quartzo-feldspathic 
schist, paragneiss, quartzite, and marble of the 
structurally lower Lalpani schist (Gururajan and 
Choudhuri, 2003; Misra, 2009; Haproff et al., 
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2019; Fig.  2). The Mayodia gneiss and Lal-
pani schist are separated by the south-directed 
Demwe thrust, which is also known as the May-
odia thrust (Salvi et al., 2020; Fig. 2). In the core 
of the thrust belt, the Demwe thrust is folded into 
the northwest-trending Hunli antiform (Fig. 2) 
above a duplex (Haproff et  al., 2018, 2020; 
Salvi et  al., 2020). Below the Demwe thrust, 
the mylonitic Lalpani thrust places the Lalpani 
schist atop quartzite, marble, chert, slate, phyl-
lite, and quartzo-feldspathic schist of the Sewak 
unit (Gururajan and Choudhuri, 2003; Misra, 
2009; Fig. 2). The southwesternmost thrust in 
the northern Indo-Burma Ranges is the active, 
range-bounding Mishmi thrust, which places 
the Sewak unit atop Quaternary foreland basin 
strata of the Brahmaputra River plain (Fig. 2). 
The Mishmi thrust is the southeastern continu-
ation of the Main Frontal thrust and may have a 
right-lateral component based on a recalculated 
focal mechanism for the MW 8.7 1950 Assam 
earthquake (Coudurier-Curveur et al., 2020) and 
displaced Quaternary fluvial terraces (Haproff 
et al., 2018, 2020).

LITHOLOGIC AND STRUCTURAL 
OBSERVATIONS

We conducted geologic mapping along north-
ern Dibang Valley during the winters of 2013, 
2015, and 2020 to document rock types and 
structures of the Western and Eastern Lohit Plu-
tonic Complex belts, Lohit thrust shear zone, 
Tidding mélange complex, and Tidding thrust 
shear zone (Figs.  4 and 5). Representative 
samples were collected during this and previ-
ous field seasons for U–Pb zircon geochronol-
ogy, geochemistry, 40Ar/39Ar thermochronology, 
geothermobarometry, and EBSD analyses.

Eastern Lohit Plutonic Complex Belt and 
Walong Thrust

The Eastern Lohit Plutonic Complex belt 
is the northernmost lithotectonic unit exposed 
along Dibang Valley and comprises two litho-
logic units: (1) well-foliated garnet migmatitic 
orthogneiss with minor amphibolite, mafic dikes, 
deformed leucogneiss, and undeformed leuco-
granite bodies (abbreviated “mogn” in Figs. 4A 
and 5), and (2) weakly foliated to undeformed 
granitoid of intermediate and felsic composi-
tion with minor gabbro, leucogranite, and mafic 
dikes (abbreviated “gr” in Figs. 4A and 5). U–
Pb zircon crystallization ages of Eastern Lohit 
Plutonic Complex migmatitic orthogneiss and 
granitoids are ca. 1286 Ma and ca. 135–69 Ma, 
respectively (Haproff et al., 2019; Fig. 4A).

The migmatitic orthogneiss unit is exposed 
in two sections of Dibang Valley (Fig. 4A) and 

contains quartz- and feldspar-rich felsic and 
pyroxene- and amphibole-rich amphibolite com-
positional layers with thicknesses ranging from 
∼1 cm to ∼3 m (Figs.  6A–6C). Quartz- and 
feldspar-rich felsic layers often contain abun-
dant ∼1-mm- to ∼5-cm-diameter garnet grains 
(Fig. 6C). A well-developed foliation, defined by 
flattened felsic and mafic minerals oriented paral-
lel to the compositional layers, strikes east-north-
east and dips ∼90–20° northwest and southeast 
(Figs. 4A and 5). A mineral stretching lineation 
within the foliation, although weakly developed 
or not present in most of the migmatitic orthog-
neiss, trends north–northeast and plunges ∼50–
20° (Figs. 4A and 5). Undeformed leucogranite 
and mafic dikes, with thicknesses ranging from 
tens of centimeters to ∼3 m, crosscut the folia-
tion in some locations. Sub-meter–scale shear 
bands are pervasive within the migmatitic orthog-
neiss and occur both parallel and perpendicular 
to the foliation. The migmatitic orthogneiss also 
contains disharmonic and often isoclinal folds 
with wavelengths in outcrop between ∼1 cm 
to ∼10 m (Fig. 6D). Select measured hinges of 
macroscopic folds trend  northeast and plunge 
∼90–10° (Fig. 4A). A-type folds are prevalent in 
some locations, with the mineral stretching linea-
tion parallel to fold hinges.

Two samples were collected from the migma-
titic orthogneiss unit of the Eastern Lohit Plu-
tonic Complex belt (Fig. 4A). The northernmost 
sample, PH-11-10-15-19, contains amphibolite 
and felsic compositional layers formed by flat-
tened amphibole, muscovite, quartz, and feld-
spar, which define the east-dipping foliation 
(19°) (Haproff et  al., 2018; Fig.  4A). Sample 
PH-11-10-15-16 was collected ∼5 km south-
west of sample PH-11-10-15-19 and consists 
of similar lithologies. The foliation within the 
sample strikes 066° and dips 89° southeast (Hap-
roff et al., 2019; Fig. 4A). Felsic compositional 
layers were targeted for sampling.

The weakly foliated to undeformed, inter-
mediate- to felsic-composition granitoids of the 
Eastern Lohit Plutonic Complex belt are exposed 
as a series of ∼1- to ∼5-km-wide bodies and a 
single ∼15-km-wide body (Figs. 4A and 5). A 
northward transition from the migmatitic orthog-
neiss to intermediate- to felsic-composition 
granitoids features a progressive increase in the 
width and occurrence of cross-cutting dikes and 
bodies of granitoid, leucogranite, and  gabbro. 
The density of dikes and bodies increases toward 
the ∼15-km-wide granitoid body that contains 
rafted blocks of migmatitic orthogneiss along its 
walls (Fig. 5).

The foliation within the intermediate- to fel-
sic-composition granitoids is defined by flattened 
felsic and mafic minerals and strikes between 
east and north and dips between ∼80–30° south 

and west (Figs. 4A and 5). A mineral stretching 
lineation was not observed (Fig. 4A). At some 
granitoid outcrops, a separate magmatic foliation 
is defined by the parallel alignment of euhedral 
amphibole, biotite, and feldspar crystals and 
forms ∼10-cm- to ∼10-m-wavelength folds in 
outcrop. Sparse, weakly foliated, ∼1–5-m-wide 
leucogranite dikes crosscut the magmatic folia-
tion. Leucogranite dikes and host granitoids are 
cut by ∼1-cm- to ∼1-m-wide mafic dikes.

Sample PH-11-11-15-1 is an intermediate-
composition granitoid collected from a ∼3-km-
wide body that intrudes the migmatitic orthog-
neiss (Fig. 4A). The magmatic foliation within 
the sampled outcrop strikes 210° and dips 62° 
northwest (Fig. 4A).

Two thrust shear zones were mapped in con-
tact with the Eastern Lohit Plutonic Complex 
belt (Fig. 4A). The ∼1-m-wide northern thrust 
shear zone cuts the migmatitic orthogneiss and 
granitoid (Fig. 4A). The southern shear zone is 
interpreted to be the Walong thrust, which is 
expressed as a ∼1-km-wide mylonite zone that 
places the migmatitic orthogneiss and amphibo-
lite of the Eastern Lohit Plutonic Complex belt 
atop migmatitic orthogneiss of the Western 
Lohit Plutonic Complex belt (Fig. 4A). Fabric 
elements within the Walong thrust shear zone 
consist of a north-dipping mylonitic foliation 
(∼50–60°) and a down-dip, north-plunging min-
eral stretching lineation (∼50°) (Figs. 4A and 5). 
Ductile kinematic indicators within the Walong 
thrust shear zone consist of top-to-the-south S-C 
fabric, asymmetric folds, and asymmetric clasts 
(Haproff et al., 2020).

Western Lohit Plutonic Complex Belt

The Western Lohit Plutonic Complex belt is 
the southernmost lithotectonic unit in the hang-
ing wall of the Lohit thrust shear zone along 
Dibang Valley and comprises two lithologic 
units: (1) well-foliated migmatitic orthog-
neiss with minor marble bands, leucogranite, 
leucogneiss (see Fig. S1 in the Supplemental 
 Material1), and gabbro (abbreviated “K(mogn)” 
in Fig. 4), and (2) weakly to well-foliated gran-
itoids of intermediate composition (abbreviated 
“K(gr)” in Fig. 4B). The migmatitic orthogneiss 
unit is exposed in two sections and separated by 
a single exposure of intermediate composition 
granitoids (Fig. 4). Both the granitoid and mig-
matitic orthogneiss units yield Cretaceous U–Pb 
zircon ages ranging from ca. 144–90 Ma (Lin 

1Supplemental Material. Methodological details, 
additional figures, and data tables. Please visit 
https://doi .org /10 .1130 /GSAB .S.21067348 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.
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A

Figure 4. Detailed geologic maps show the (A) northern and (B) southern halves of the Dibang Valley traverse, north-
ern Indo-Burma Ranges. The maps are modified from Haproff et al. (2020). Blue-colored measurement symbols are 
from Haproff et al. (2018, 2019, 2020). Basemaps are from Google Earth and geomapapp.org (Ryan et al., 2009).
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B

Figure 4. (Continued)
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et al., 2013; Haproff et al., 2019; Bikramaditya 
et al., 2020; Fig. 4).

The migmatitic orthogneiss unit of the West-
ern Lohit Plutonic Complex belt is similar to 
that of the Eastern Lohit Plutonic Complex belt 
in that it contains garnet-, quartz-, and feldspar-
rich felsic and pyroxene- and amphibole-rich 
amphibolite compositional layers (Fig. S2; see 
footnote 1 for all supplemental material). Layer 
thicknesses range from ∼1 cm to ∼5 m (Fig. 
S2). At the northern exposure of the migmatitic 
orthogneiss, felsic and amphibolite components 
are interlayered with ∼1-m-wide marble bands 
and ∼1–10-m-wide, deformed gabbro and 
leucogneiss (Fig.  4). Foliation-parallel com-
positional layers are cross-cut by ∼20-cm- to 
∼2-m-wide leucogranite dikes. The well-devel-
oped foliation within the migmatitic orthog-
neiss unit is parallel to compositional layers and 
strikes east and northeast with dips of between 
∼90–30° north and northwest (Figs. 4 and 5). 
A well-developed mineral stretching lineation 
defined by rodded quartz, feldspar, mica, and 
amphibole trends northwest to northeast and 
plunges between ∼80–25° (Figs. 4 and 5). Like 
that of the Eastern Lohit Plutonic Complex belt, 
migmatitic orthogneiss of the Western Lohit 

Plutonic Complex belt contains sub-meter-
scale, foliation-parallel, and perpendicular 
shear bands and ∼1-cm- to ∼10-m-wavelength 
disharmonic and isoclinal folds (Fig. S2). One 
∼1-m-wide, north-dipping, mylonitic thrust 
shear zone repeats the migmatitic orthogneiss 
unit within its northern exposure (Fig. 4A) and 
contains top-to-the-south S-C fabric, asymmet-
ric folds, and asymmetric clasts.

Four samples were collected from the mig-
matitic orthogneiss unit of the Western Lohit 
Plutonic Complex belt (Fig. 4A). Sample PH-1-
14-20-9 was collected from a ∼2-m-wide, 
quartz- and feldspar-rich leucogranite dike 
that cross-cuts amphibolite, located ∼1 km to 
the south of the Walong thrust in its footwall 
within the northern exposure of the migmatitic 
orthogneiss unit (Fig. 4A). The sampled leuco-
granite dike strikes 185° and dips 80° west. The 
foliation within the cross-cut amphibolite strikes 
256° and dips 63° northwest (Fig. 4A). Sample 
AZ-11-10-15-6 was collected from a garnet-
bearing, quartz- and feldspar-rich felsic layer 
of migmatitic orthogneiss, located ∼2 km south 
of sample PH-1-14-20-9 within the same unit 
exposure (Fig.  4A). Well-developed foliation 
formed by flattened felsic and mafic minerals 

within the sample strikes 270° and dips 29° north 
(Fig. 4A). Sample PH-11-11-15-2 was collected 
from a quartz- and feldspar-rich felsic layer of 
migmatitic orthogneiss located within the south-
ern unit exposure near the northern contact with 
the intermediate-composition granitoid unit 
(Fig. 4A). The well-developed foliation within 
the sample strikes 236° and dips 35° northwest 
(Haproff et al., 2019; Fig. 4A). The southern-
most sample, PH-1-15-20-3, was collected from 
orthogneiss directly north of the Lohit thrust 
shear zone. The well-developed foliation within 
the sample is predominantly defined by flattened 
quartz, muscovite, and biotite and strikes 206° 
and dips 59° northwest (Fig.  4A). A mineral 
stretching lineation predominantly defined by 
quartz trends 315° and plunges 55° (Fig. 4A).

The intermediate-composition granitoid unit 
contains a weakly developed foliation defined by 
flattened felsic and mafic minerals that are segre-
gated as compositional layers. The foliation strikes 
east and dips ∼90–50° north and south (Figs. 4B 
and 5). Compositional layers often form ∼5-cm- 
to ∼10-m-wavelength folds (Fig.  7A) and are 
cross-cut by both folded and undeformed felsic 
and mafic dikes (Fig. 7B). A mineral stretching 
lineation was not observed (Fig. 4B).

A A¢

B B¢

Figure 5. Schematic cross sections are shown across the contact between migmatitic orthogneiss and intermediate and felsic composi-
tion granitoids within the Eastern Lohit Plutonic Complex belt (A–A′) and the Lohit thrust shear zone (B–B′). Stereograms of foliation 
and mineral stretching lineation measured throughout the Tidding mélange complex and Lohit Plutonic Complex are shown in the 
top right. Stereograms include measurements from Haproff et al. (2018, 2019, 2020). Fabric strength results of electron backscatter 
diffraction (EBSD) analyses across the Lohit thrust shear zone are shown in the bottom right on a ternary diagram of Vollmer (1990). 
gr—granitoid; lgr—leucogranite; mogn—migmatitic orthogneiss.
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Sample PH-1-8-13-1B is a monzodiorite col-
lected ∼5 km south of sample AZ-11-10-15-6 
from the middle part of the Western Lohit Plu-
tonic Complex belt (Fig. 4B). The weakly devel-
oped foliation within the sample strikes 083° and 
dips 88° north (Haproff et al., 2019; Fig. 4A).

Lohit Thrust Shear Zone

The most prominent structure exposed along 
Dibang Valley is the Lohit thrust shear zone, 
which is a ∼5-km-wide mylonite zone that 

extends ∼4 km north into the Western Lohit 
Plutonic Complex belt and ∼1 km south into 
the Tidding mélange complex (Haproff et  al., 
2020) (Figs. 4B and 5). Our field observations 
support the interpretation of a discrete Lohit 
thrust fault located ∼1 km above the base of 
the ∼5-km-wide mylonite zone, where there 
is a sharp local change in lithology from pre-
dominantly mylonitic orthogneiss, amphibolite, 
and leucogneiss in the hanging wall to mylonitic 
marble in the footwall (Figs. 4B and 5). The sur-
face of the discrete Lohit thrust fault within the 

mylonite zone is overturned and strikes 104° 
and dips 71° south (Fig. 8). Above the discrete 
Lohit thrust fault, shear zone compositional lay-
ers of mylonitic orthogneiss and amphibolite are 
∼1 cm to ∼1 m thick (Fig. 8). Minor leucog-
neiss is exposed as two ∼100-m-wide sections 
located near the northern and southern margins 
of the mylonite zone (Figs. 4B and 5) and sev-
eral ∼50-cm- to 1-m-wide leucogneiss bodies 
that occur parallel to mylonitic foliation within 
the shear zone (Fig. 4B). Metasedimentary rocks 
below the Lohit thrust fault consist of ∼1-cm- 
to ∼5-m-thick compositional layers of mylonitic 
marble, quartzite, paragneiss, amphibolite, and 
quartzo-feldspathic and mafic schist (Fig. S3).

The east-striking mylonitic foliation through-
out the ∼5-km-wide Lohit thrust shear zone is 
defined by flattened mafic and felsic minerals 
that are oriented parallel to compositional lay-
ers. The mylonitic foliation is mostly subverti-
cal, with dips between ∼90–60° north and south 
(Figs.  4B and 5), and commonly forms both 
micro- and macroscopic asymmetric and isocli-
nal folds with outcrop wavelengths of between 
∼2 cm and ∼10 m (Fig. S3). The stretching lin-
eation formed by rodded minerals throughout 
the shear zone is oriented down dip within the 
mylonitic foliation and steeply plunges ∼80–60° 
north and south (Figs. 4B and 5). North-side-up 
ductile kinematic indicators observed throughout 
the Lohit thrust shear zone include sub-meter-
scale σ and δ porphyroclasts and asymmetric 
boudins (∼1 cm to ∼10 m long and ∼1 cm to 
∼1 m wide in outcrop), both of which are mostly 
defined by quartz and feldspar, and S-C fabric 
(Figs. 8, S3, and S4). S-C fabric zones in out-
crop are ∼2 cm to ∼5 m wide and formed by 
∼1-cm- to ∼1-m-thick layers of flattened quartz, 
feldspar, mica, calcite, and amphibole (Figs. 8, 
S3, and S4).

Seven samples were collected across the width 
of the Lohit thrust shear zone (Figs. 4B and 5). 
The northernmost samples, PH-1-15-20-5 and 
PH-1-15-20-6, are mylonitic orthogneisses that 
were collected ∼1 km apart. The mylonitic folia-
tion within sample PH-1-15-20-5 strikes 281° and 
dips 70° north. The mineral stretching lineation 
within the same sample trends 326° and plunges 
56°. The mylonitic foliation within sample PH-1-
15-20-6 strikes 79° and dips 78° south (Figs. 4B 
and 5). The mineral stretching lineation within 
the same sample trends 171° and plunges 77° 
(Fig. 4B). Sample PH-1-15-20-8 is a mylonitic 
orthogneiss collected from the middle portion of 
the shear zone. The mylonitic foliation within the 
sample strikes 254° and dips 77° north (Figs. 4B 
and 5). The mineral stretching lineation trends 
341° and plunges 70° (Fig. 4B). Samples PH-
1-8-13-12A and PH-11-11-15-14 are mylonitic 
orthogneisses collected <1 km apart along strike 

A B

C

D

Figure 6. Field photographs of the Eastern Lohit Plutonic Complex belt including (A–C) 
garnet (grt) orthogneiss with interlayered mafic and felsic components, and (D) folded mig-
matitic orthogneiss. mogn—migmatitic orthogneiss.
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within the southern-central portion of the shear 
zone. The mylonitic foliation within sample PH-
1-8-13-12A strikes 316° and dips 85° southwest 
(Figs.  4B and 5). Sample PH-1-11-18-4 is a 
mylonitic leucogneiss collected from the south-
ernmost section of the Western Lohit Plutonic 
Complex belt within the Lohit thrust shear zone, 
directly above the discrete thrust contact with the 
Tidding mélange complex. The mylonitic folia-
tion within the sample strikes 82° and dips 72° 
south (Figs. 4B and 5). The southernmost sample, 
PH-1-15-20-14, is a mylonitic marble collected 
from the northernmost section of the Tidding 
mélange complex within the Lohit thrust shear 
zone. The mylonitic foliation within the sample 
strikes 105° and dips 78° south (Figs. 4B and 5). 
The mineral stretching lineation trends 220° and 
plunges 71° (Fig. 4B).

A B

Figure 7. Field photographs of the Western Lohit Plutonic Complex belt include (A) inter-
layered felsic and mafic components and (B) cross-cutting dikes within dioritic granitoids. 
gr—granitoid.

B

A

C

D

Figure 8. Field photographs show (A) the subvertical, southernmost section of the Lohit thrust shear zone, (B–C) the Lohit thrust fault, (C) 
subvertical, and (D) overturned, north-side-up S-C fabric and asymmetric quartz boudins.
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Tidding Mélange Complex

The Tidding mélange complex is the south-
ernmost lithotectonic unit mapped along Dibang 
Valley and consists of ∼1-cm- to >10-m-thick 
compositional layers of quartzite, marble, 
paragneiss, amphibolite, gabbro, ultramafic 
bodies, garnet biotite schist, and chlorite schist 
(Figs. 4B, 5, and 9). Maximum thicknesses of 
compositional layers increase southwards from 
∼1 cm in the Lohit thrust shear zone to >10 m 
in the interior of the Tidding mélange complex 

(Figs. 9 and S3). A well-developed foliation is 
defined by flattened mica, amphibole, quartz, 
and feldspar and oriented parallel to compo-
sitional layers. The foliation strikes southeast 
to northeast (Figs. 4B and 5) and is parallel to 
mylonitic foliation within the Lohit thrust shear 
zone above and Tidding thrust shear zone below 
(Fig. 4B). A mineral stretching lineation within 
the foliation trends north and plunges ∼60–20° 
(Fig.  4B). East-trending and  south-vergent, 
asymmetric folds are pervasive at both macro- 
and microscopic scales and often have isocli-

nal limbs (Fig.  9). Outcrop wavelengths are 
between ∼2 cm to ∼25 m (Fig. 9).

Four samples were collected from the 
metasedimentary portions of the Tidding 
mélange complex (Fig. 4B). Garnet schist sam-
ple PH-1-8-13-22B, collected from the middle 
portion of the mélange complex, contains a 
foliation predominantly defined by flattened 
muscovite, biotite, and quartz that strikes 312° 
and dips 59° northeast (Haproff et  al., 2019; 
Fig. 4B). Garnet schist samples PH-11-9-15-40 
and PH-1-8-13-26 were collected within ∼50 m 
of each other from the middle section of the Tid-
ding mélange complex. The foliation within the 
samples is defined by biotite, muscovite, quartz, 
and feldspar and strikes 274–307° and dips 
25–32° northeast (Fig. 4B). A mineral stretching 
lineation within both samples trends 007–354° 
and plunges 23–25° (Fig.  4B). Gneiss sample 
PH-11-9-15-36 was collected from the lower-
most section of the mélange complex adjacent 
to the Tidding thrust shear zone. The foliation 
within the sample is predominantly defined by 
quartz and feldspar and strikes 209° and dips 35° 
northwest (Fig. 4B). A mineral stretching linea-
tion within the sample trends 332° and plunges 
28° (Fig. 4B). Two samples of garnet chlorite 
schist (PH-1-9-13-8 and PH-11-12-15-17) were 
sampled from sedimentary matrix portions of the 
Mayodia mélange complex, located south of the 
Tidding mélange complex. Sample PH-1-9-13-8, 
located <1 km from the Tidding thrust, contains 
a well-developed foliation defined by flattened 
chlorite and quartz that strikes 312° and dips 25° 
southwest (Haproff et al., 2019; Fig. 4B). Sample 
PH-11-12-15-17, collected <100 m from sample 
PH-1-9-13-8, contains a well-developed foliation 
defined by flattened chlorite, muscovite, quartz, 
and feldspar that strikes 114° and dips 54° south-
west (Haproff et al., 2019) (Fig. 4B).

Tidding Thrust Shear Zone

The northernmost exposure of the Tidding 
thrust shear zone was identified as a ∼1-km-
wide, north-dipping mylonite zone that extends 
across the contact between the Tidding mélange 
complex in the hanging wall and the Mayodia 
gneiss in the footwall (Gururajan and Choud-
huri, 2003; Haproff et al., 2020; Fig. 4B). Our 
field observations support a discrete Tidding 
thrust fault in the middle section of the shear 
zone, where a ∼50-m-thick, north-dipping 
(∼30°N) zone of more intense ductile strain 
locally separates chlorite schist and minor 
amphibolite and leucogneiss in the hanging wall 
from quartzo-feldspathic schist and paragneiss 
in the footwall (Fig. 4B). Compositional layers 
parallel to mylonitic foliation decrease in thick-
ness from >10 m in both the Tidding mélange 

A B

C D

E

Figure 9. Field photographs of the Tidding mélange complex include (A) overturned, north-
side-up, and (B) top-to-the-south asymmetric quartz and feldspar boudins, asymmetric 
clasts, and isoclinal folds within schist and quartzite, (C–D) sub-meter–wavelength folds in 
quartzite and schist, and (E) decameter-wavelength folds.
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complex and Mayodia gneiss to ∼1 cm within 
the Tidding thrust shear zone near the location of 
the fault. The shear zone stretching lineation is 
defined by rodded quartz, feldspar, amphibole, 
and mica and shallowly plunges ∼30° down dip 
to the north (Haproff et al., 2020; Fig. 4B). Top-
to-the-south ductile kinematic indicators within 
the shear zone include sub-meter-scale σ and δ 
porphyroclasts, asymmetric boudins (∼1 cm to 
∼1 m long and ∼1–50 cm wide in outcrop), and 
∼1-cm- to ∼1-m-wide S-C fabric zones.

ANALYTICAL METHODS

U–Pb Zircon Geochronology

We analyzed zircon grains from two leucog-
neiss samples and one leucogranite sample of 
the Western Lohit Plutonic Complex belt (Fig. 4; 
Table 1) to determine U–Pb crystallization ages 
and test whether the rocks were emplaced during 
periods of Cenozoic crustal thickening. Zircon 
grains from whole-rock samples were separated 
at ZirChron, L.L.C., in Tucson, Arizona, using 
standard procedures (Quidelleur et  al., 1997), 
mounted on 1-in-diameter epoxy pucks and pol-
ished with carbide paper. Cathodoluminescence 
images of grains were collected using a JEOL 
JSM-6510LV scanning electron microscope at 
the Southeastern North Carolina Regional Micro-
analytical and Imaging Consortium, Fayetteville 
State University in Fayetteville, North Carolina, 
USA. Zircon grains from the samples are euhe-
dral, prismatic crystals with long axes of ∼50–
500 μm (Fig. S5). Most grains display oscillatory 
zoning (Fig. S5). Zircon grains were analyzed via 
laser ablation–inductively coupled plasma–mass 
spectrometry (LA-ICP-MS) using a Thermo 
Element 2 instrument at the UTChron Facility, 

University of Texas at Austin, Austin, Texas, 
USA. Between 44 and 109 zircon grains were 
analyzed from each sample (Table S1). Rims of 
zircon grains were targeted for ∼30-μm-diameter 
shots. GJ-1 zircon (608.5 Ma age; Jackson et al., 
2004) was the primary standard, and 91500 (ca. 
1065 Ma age; Wiedenbeck et  al., 1995) and 
Plešovice (ca. 337 Ma age, Sláma et al., 2008) 
were secondary standards. Data reduction was 
completed with Iolite version 3.4 (Paton et al., 
2010) and VizualAge (Petrus and Kamber, 
2012). We report 206Pb/238U dates with <10% 
2σ error given that the dates of all analyses are 
younger than 850 Ma and include 206Pb/238U 
dates with <30% discordance (206Pb/238U versus 
207Pb/235U). For the three granitoid samples, we 
used the online program IsoplotR (Vermeesch, 
2018) and the common lead correction of Stacey 
and Kramers (1975) to calculate the weighted 
means of concordant 206Pb/238U ages (Table 1) 
and generate Concordia diagrams.

Geochemistry

Whole-rock and trace-element geochemi-
cal analyses were performed on five samples 
collected from the Cretaceous portions of the 
Western and Eastern Lohit Plutonic Complex 
belts (Fig. 4; Table S2) to constrain their bulk 
composition, melt source, and tectonic setting of 
generation. Whole-rock samples were crushed 
and powdered at University of California, Los 
Angeles (UCLA), Los Angeles, California, 
USA, and sent to Activation Laboratories, Ltd., 
in Ontario, Canada, where they were placed in 
Teflon bombs, fused with lithium metaborate/
tetraborate, and digested with HNO3. Concen-
trations of major and minor oxides and trace ele-
ments were determined via ICP-MS.

40Ar/39Ar Thermochronology

We performed 40Ar/39Ar thermochronol-
ogy on muscovite and biotite grains from three 
samples of the Lohit Plutonic Complex and 
two samples of the Tidding mélange complex 
(Figs. 4 and 5; Table 2) to constrain the timing 
of cooling through biotite and muscovite closure 
 temperature ranges of ∼300–400 °C and ∼350–
500 °C, respectively (Harrison et  al., 1985; 
Hames and Bowring, 1994; Grove and Harri-
son, 1996; Harrison et al., 2009). Muscovite and 
biotite separation and 40Ar/39Ar analyses were 
performed at the Nevada Isotope Geochronology 
Lab, University of Nevada, Las Vegas, Nevada, 
USA. Detailed 40Ar/39Ar analytical procedures 
are described in the Supplemental Material and 
Table S3. Multi-diffusion domain (MDD) mod-
eling of K-feldspar grains from Western Lohit 
Plutonic Complex belt sample PH-11-11-15-14 
was performed at the New Mexico Institute of 
Mining and Technology in Socorro, New Mex-
ico, USA, to determine the time-temperature 
path of the sample. K-feldspar grains were step-
heated in a temperature-controlled furnace. A 
Thermo Scientific Helix MC Plus multi-collec-
tor–mass spectrometer was used to analyze Ar 
isotopes. Detailed analytical procedures of the 
MDD modeling are included in the Supplemen-
tal Material and listed in Tables S4 and S5.

Geothermobarometry

Mineral composition geothermobaromet-
ric analyses were performed on three samples 
of the Western Lohit Plutonic Complex belt 
and four samples of the Tidding and Mayo-
dia mélange complexes (Fig.  4; Table  3) to 
determine their pressure–temperature (P–T) 
conditions. Whole-rock samples were cut into 
standard 24 × 46 mm petrographic thin sec-
tions and polished. Thin sections were imaged 
using a petrographic microscope and scanning 
electron microscope at UCLA to target mineral 
phases that are not separated by reaction zones 
and were observed to be in textural equilib-
rium (e.g., no breakdown or overprinting min-
eral phases). Selected phases were shot with 

TABLE 1. SUMMARY OF U–Pb ZIRCON GEOCHRONOLOGIC AGES OF THE LOHIT PLUTONIC COMPLEX

Sample Rock type Location Elevation
(m)

Weighted 
mean

206Pb/238U age

MSWD n

Latitude
(°N)

Longitude
(°E)

PH-1-11-18-4 mylonitic leucogneiss 28 31.597 95 50.358 810 99 ± 0.2 1.5 97
PH-11-11-15-14 mylonitic orthogneiss 28 31.871 95 50.660 798 100.1 ± 0.1 6.3 34
PH-1-14-20-9 leucogranite 28 40.822 95 51.384 1208 81.8 ± 0.1 4.8 86

Note: MSWD—mean square of weighted deviates.

TABLE 2. SUMMARY OF 40Ar/39Ar THERMOCHRONOLOGIC AGES OF THE LOHIT PLUTONIC COMPLEX AND TIDDING-MAYODIA MÉLANGE COMPLEX

Sample Rock type (mineral) Location Elevation
(m)

Calculated age
(Ma)

MSWD

Latitude
(°N)

Longitude
(°E)

Lohit Plutonic Complex
PH-11-10-15-19 migmatitic orthogneiss (muscovite) 28 48.880 95 55.286 1618 24.1 ± 0.1 0.2
PH-1-15-20-6 mylonitic orthogneiss (muscovite) 28 33.169 95 50.530 771 22.8 ± 0.4 42.4
PH-11-11-15-14* mylonitic orthogneiss (K-feldspar) 28 31.871 95 50.660 798 25–10 N/A

Tidding-Mayodia mélange complex
PH-1-8-13-22B garnet schist (biotite) 28 29.086 95 50.632 775 20.6 ± 0.1 13.5
PH-11-9-15-36 gneiss (muscovite) 28 26.186 95 52.226 558 19.9 ± 0.1 5.5

*Sample PH-11-11-15-14 was analyzed via the multi-diffusion domain method; MSWD—mean square of weighted deviates.
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a 15 nA electron beam of 10 μm size using a 
JEOL 8200 microprobe at UCLA. Element 
maps of selected garnet grains were gener-
ated using energy-dispersive X-ray spectros-
copy on the electron microprobe to document 
chemical zonation related to metamorphism. 
Oxide weight percentages and activity coef-
ficients were calculated using the program 
AX and input into the average P–T mode of 
the THERMOCALC 3.37 program (Holland 
and Powell, 1998). Intersections of equilibria 
reactions in P–T space were determined based 
on the internally consistent data set of Hol-
land and Powell (1998). THERMOCALC P–T 
determinations involve the following sources of 
uncertainty: precision of individual microprobe 
spot analyses, compositional variability of ana-
lyzed mineral phases, mineral activities, and 
the chosen thermodynamic data set (e.g., Hol-
land and Powell, 1998). Microprobe analyses 
were all conducted using the same instrument 
under identical run conditions, which limited 
inter-sample variability of the spot analyses. 
For hornblende-bearing granitoid samples 
of the Western Lohit Plutonic Complex belt, 
P–T conditions were determined by using the 
Al-in-hornblende geobarometry calibration of 
Anderson and Smith (1995) and amphibole-
plagioclase geothermometry calibration of Hol-

land and Blundy (1994). Reported P–T condi-
tions from Al-in-hornblende geobarometry and 
amphibole-plagioclase geothermometry are 
the means and two standard deviations of the 
spread of results for each sample. Pressure-
based depth estimates assume a constant litho-
static gradient and average crustal density of 
2.7 g/cm3.

Microstructural Observations and EBSD 
Analyses

We performed petrographic and EBSD 
analyses of quartz grains in four samples and 
calcite grains in one sample across the Lohit 
thrust shear zone (Figs. 4B and 5; Table 4) to 
examine crystallographic preferred orienta-
tions (CPOs) related to deformation condi-
tions and kinematics (e.g., Schmid and Casey, 
1986; Law et  al., 1990; Kruhl, 1996; Stipp 
et  al., 2002; Law et  al., 2004; Zibra et  al., 
2020). EBSD analyses were conducted using 
a Nordlys Nano high-resolution detector on a 
JEOL 7100 FE scanning electron microscope 
at the Mackay Microbeam Laboratory, Univer-
sity of Nevada, Reno, Nevada. Post-processing 
was completed using AZtecHKL software and 
MTEX v. 5.1.1 (Bachmann et al., 2011). Grain 
sizes were calculated using the methods of 

Cross et al. (2017), which determines recrys-
tallized versus relict grains depending on the 
range of intragranular misorientations. Pole 
figures were plotted on lower hemisphere ste-
reograms in sample reference frame and shown 
as orientation distribution functions (ODFs) 
(Wenk and Wilde, 1972; Ismaïl and Mainprice, 
1998) of one-point-per grain analyses. Quartz 
misorientation axes with angles of between 5° 
and 10° were plotted and contoured on inverse 
pole figures with 10° halfwidth, following the 
approach of Piette-Lauzière et al. (2020) for 
recrystallized and relict grains. Interpretations 
of the misorientation axes in terms of active 
slip systems were guided by the methods of 
Neumann (2000). We calculated the relative 
strength and shape of the CPOs in MTEX, 
including K and M indices (Mainprice et al., 
2015), and point (P), girdle (G), cylindricity 
(B = P + G), and random (R) indices (Vollmer, 
1990). Eigenvalue analysis determined the 
shape parameter K (Woodcock, 1977) (Fig. 5; 
Table  4). Lastly, we determined the crystal 
kinematic vorticity axis (CVA) for each sample 
using the grain-scale crystallographic orienta-
tion dispersion methods and code of Michels 
et al. (2015). Additional details of sample prep-
aration and analytical methods are presented in 
the Supplemental Materials.

TABLE 3. SUMMARY OF PRESSURE–TEMPERATURE ESTIMATES FOR THE TIDDING-MAYODIA MÉLANGE COMPLEX AND LOHIT PLUTONIC COMPLEX

Sample and lithology Technique T
(°C)

P
(kbar)

Cor* Depth
(km)†

Location

Latitude
(°N)

Longitude
(°E)

Tidding-Mayodia mélange complex
PH-1-8-13-26 (garnet schist) THERMOCALC 3.37 627 ± 28 10.4 ± 1.1 0.841 39 28 26.897 95 50.957
PH-11-9-15-40 (garnet schist) THERMOCALC 3.37 616 ± 11 9 ± 0.5 0.604 34 28 26.903 95 50.959
PH-11-12-15-17 (garnet chlorite schist) THERMOCALC 3.37 450 ± 50 3.6 ± 1.1 0.957 13 28 16.926 95 55.229

Lohit Plutonic Complex
AZ-11-10-15-6 (migmatitic orthogneiss) THERMOCALC 3.37 665 ± 153 8.5 ± 3.6 3.2 32 28 38.493 95 51.299
PH-1-8-13-12A (mylonitic orthogneiss) amphibole-plagioclase§ 725 ± 58 – – – 28 32.162 95 50.656

Al-in-hornblende# – 9.7 ± 0.8 – 36 28 32.162 95 50.656
PH-1-8-13-1B (monzodiorite) amphibole-plagioclase 476 ± 42 – – – 28 37.975 95 51.138

Al-in-hornblende – 4.3 ± 0.9 – 16 28 37.975 95 51.138

Note: Dashes indicate immeasurable values.
*Correlation coefficient used by THERMOCALC 3.37 (Holland and Powell, 1998).
†Depth estimates assume a constant lithostatic gradient and average crustal density of 2.7 g/cm3.
§Amphibole-plagioclase geothermometry calibration of Holland and Blundy (1994).
#Al-in-hornblende geobarometry calibration of Anderson and Smith (1995).

TABLE 4. SUMMARY OF MICROSTRUCTURAL OBSERVATIONS AND ELECTRON BACKSCATTER DIFFRACTION (EBSD) ANALYTICAL RESULTS

Sample Lithology
(analyzed phase)*

Step
(μm)

M 
index 

P G R B K 
linear

Recrystallized 
grainsize

(μm)†

Flow 
stress 
(MPa)

Location

Latitude
(°N)

Longitude
(°E)

PH-1-15-20-3 orthogneiss (qtz) 4.90 0.08 0.27 0.27 0.46 0.54 1.05 70 ± 42 31 28 33.837 95 50.920
PH-1-15-20-5 mylonitic orthogneiss (qtz) 9.80 0.05 0.22 0.11 0.67 0.33 3.26 94 ± 60 26 28 33.500 95 50.671
PH-1-15-20-6 mylonitic orthogneiss (qtz) 5.90 0.04 0.09 0.34 0.57 0.43 0.27 89 ± 47 27 28 33.169 95 50.530
PH-1-15-20-8 mylonitic orthogneiss (qtz) 5.90 0.01 0.06 0.09 0.86 0.15 1.02 67.2 ± 42 32 28 32.329 95 50.877
PH-1-15-20-14 mylonitic marble (qtz) 11.75 0.01 0.07 0.05 0.88 0.12 2.58 134 ± 56 21 28 30.347 94 24.422
PH-1-15-20-14 mylonitic marble (clc) 11.75 0.07 0.28 0.12 0.60 0.40 3.80 66 ± 31 17 28 30.347 94 24.422

Notes: Fabric stretch and shape indices: Misorientation (M) (Skemer et al., 2005); K (Woodcock, 1977); Point (P), Girdle (G), and Random (R) (Vollmer, 1990); Cylindricity 
(B = P + G) (Vollmer, 1990).

*Quartz (qtz) and calcite (clc) parameters for sample PH-1-15-20-14.
†Calculated using Cross et al. (2017) MTEX code.
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ANALYTICAL RESULTS

U–Pb Zircon Geochronology

The three samples of the Western Lohit Plu-
tonic Complex belt yield Cretaceous U–Pb zir-
con crystallization ages clustered at ca. 82 Ma 
and ca. 100–99 Ma (Fig. 10; Table 1). Mylonitic 
leucogneiss sample PH-1-11-18-4 yields a 
weighted mean U–Pb zircon age of 99 ± 0.2 Ma 
from 97 grains (MSWD = 1.5) (Fig.  10A). 
Mylonitic orthogneiss sample PH-11-11-15-
14 yields a similar weighted mean U–Pb zir-
con age of 100.1 ± 0.1 Ma from 34 grains 
(MSWD = 6.33) (Fig.  10B).  Leucogranite 
 sample PH-1-14-20-9 yields a weighted mean 
U–Pb zircon age of 81.8 ± 0.1 Ma from 86 
grains (MSWD = 4.8) (Fig.  10C). Complete 
isotopic data of all U–Pb zircon analyses are 
shown in Table S1.

Geochemistry

The five samples collected from the Creta-
ceous portions of the Western and Eastern Lohit 
Plutonic Complex belts plot within the diorite, 
granodiorite, and granite fields of the total alkali 
versus silica diagram (Fig. S6; Table S2). All 
samples are peraluminous with high values of 
Al2O3 (>14 wt%), Al2O3/(CaO + Na2O + K2O) 
(>1.5), and Al2O3/(Na2O + K2O) (>2.2) (Fig. 
S7A). Trace-element concentrations are con-
sistent with generation in a volcanic arc setting 
(Pearce et al., 1984; Fig. S7B). All samples fall 
within the non-A–type granitoid field (Fig. S7C).

40Ar/39Ar Thermochronology

Garnet schist sample PH-1-8-13-22B of the 
Tidding mélange complex contains a well-devel-

oped foliation defined by biotite and muscovite 
grains and recrystallized quartz and plagioclase 
grains (Fig. S8). The foliation wraps around 
small, <1-mm-wide, euhedral garnet porphy-
roblasts. Quartz grains display undulose extinc-
tion and lobate and interfingering boundaries 
indicative of dynamic recrystallization via grain 
boundary migration (GBM) at temperatures 
of ∼550–650 °C (e.g., Law, 2014). 40Ar/39Ar 
thermochronology of biotite yields a generally 
downward-stepping age spectrum over the final 
∼80% of released 39Ar (nine steps), which corre-
sponds to a weighted mean age of 20.6 ± 0.1 Ma 
(Fig.  11A; Tables  2 and S3). The initial old 
apparent ages are likely caused by excess Ar 
contamination, which is common for biotite in 
Himalayan samples (e.g., Stübner et al., 2017), 
including some samples from Dibang Valley 
(Salvi et al., 2020). Despite the effects of excess 
Ar in the sample, the weighted mean age of the 
nine steps is comparable to other biotite, mus-
covite, and K-feldspar 40Ar/39Ar ages from this 
study (see below) and Salvi et al. (2020).

Gneiss sample PH-11-9-15-36 of the Tid-
ding mélange complex contains a well-devel-
oped foliation defined by biotite and muscovite 
grains and recrystallized quartz, plagioclase, 
and K-feldspar grains (Fig. S9). Quartz grains 
display textures indicative of GBM recrystalliza-
tion at ∼550–650 °C (e.g., Law, 2014). 40Ar/39Ar 
thermochronology of muscovite yields a rela-
tively flat age spectrum comprising ∼90% of 
released 39Ar (seven steps), which corresponds 
to a weighted mean age of 19.9 ± 0.1 Ma 
(Fig. 11B; Tables 2 and S3).

Migmatitic orthogneiss sample PH-11-10-15-
19 of the Eastern Lohit Plutonic Complex belt 
contains a well-developed foliation predomi-
nantly defined by muscovite- and amphibole-rich 
layers and recrystallized quartz-,  plagioclase, 

and K-feldspar-rich layers. 40Ar/39Ar thermo-
chronology of muscovite yields a flat age spec-
trum comprising >90% of released 39Ar (eight 
steps), which corresponds to a weighted mean 
age of 24.1 ± 0.1 Ma (Fig. 11C; Table 2).

Mylonitic orthogneiss sample PH-1-15-20-6 
of the Lohit thrust shear zone contains a well-
developed mylonitic foliation predominantly 
defined by quartz- and plagioclase-rich layers 
and muscovite- and chlorite-rich layers that con-
tain minor amphibole and epidote grains (Fig. 
S10). Quartz grains display undulose extinction 
and lobate and interfingering boundaries indica-
tive of GBM at ∼550–650 °C (e.g., Law, 2014). 
40Ar/39Ar thermochronology of muscovite yields 
an age spectrum with an overall climbing pat-
tern (Fig. 11D). The apparent ages begin at ca. 
12 Ma and steadily climb toward over ∼30% 
of 39Ar released toward a somewhat flat seg-
ment at ca. 23 Ma spanning ∼70% of released 
39Ar. The flat steps yield a mean 40Ar/39Ar age 
of 22.8 ± 0.4 Ma. (Fig. 11D; Tables 2 and S3). 
The age spectra may reflect cooling of differ-
ently sized domains within the muscovite grain 
(Harrison et  al., 2009; Harrison and Lovera, 
2014), with rapid cooling at ca. 23 Ma recorded 
by the larger-sized, higher-temperature domains 
followed by slower cooling recorded by smaller-
sized, lower-temperature domains until ca. 
12 Ma. Additional MDD modeling could better 
resolve this protracted cooling history (e.g., Zuza 
et al., 2021).

Mylonitic orthogneiss sample PH-11-11-15-
14 of the Lohit thrust shear zone contains a well-
developed mylonitic foliation that is predomi-
nantly defined by muscovite- and chlorite-rich 
layers and recrystallized quartz-, plagioclase-, 
and K-feldspar-rich layers that contain minor epi-
dote, sphene, and <1-mm-diameter garnet grains 
(Fig. S11). MDD 40Ar/39Ar  thermochronology 

A B C

Figure 10. Concordia diagrams and weighted mean ages of U–Pb zircon geochronologic results are shown for samples (A) PH-1-11-18-4, (B) 
PH-11-11-15-14, and (C) PH-1-14-20-9.
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results of K-feldspar have initial ages of ca. 
10 Ma that climb to ca. 25 Ma near the middle 
of the spectrum before sharply climbing to ca. 
50 Ma over the final ∼20% of the spectrum 
(Figs. 11E and 11F). The sample has a gener-
ally low K/Ca that likely indicates plagioclase 
mixed with the K-feldspar, and it is possible that 
the sharp rise in age for the higher temperature 
heating steps reflects excess Ar exsolved from 
the plagioclase. The MDD modeling supports 
protracted cooling from roughly 25 Ma with 
temperatures of ∼250 °C that decreased to 
∼125 °C by 12–10 Ma. This cooling history cor-
responds to ∼80% of the spectrum, and the older 
ages may reflect larger-sized domains (Harrison 

et  al., 2009; Harrison and Lovera, 2014) that 
record cooling in the ∼300–250 °C range from 
ca. 50 Ma to 25 Ma. Additional MDD analytical 
details are shown in Figure S12.

Geothermobarometry

Monzodiorite sample PH-1-8-13-1B of the 
Western Lohit Plutonic Complex belt contains 
garnet, plagioclase, K-feldspar, amphibole, 
quartz, biotite, muscovite, pyroxene, and titanite 
(Fig. S13). Biotite, muscovite, and quartz define 
the weak foliation and occur both as inclusions 
and along the boundaries of larger plagioclase, 
K-feldspar, amphibole, pyroxene, and garnet 

grains. Large adjacent and interlocking plagio-
clase and amphibole grains were targeted for 
microprobe analyses. Use of Al-in-hornblende 
geobarometry (Anderson and Smith, 1995) and 
amphibole-plagioclase geothermometry (Hol-
land and Blundy, 1994) yield P–T conditions of 
4.3 ± 0.9 kbar (= ∼16 km depth) and 476 ± 42 
°C (Fig. 12; Table 3).

Mylonitic orthogneiss sample PH-1-8-13-
12A of the Lohit thrust shear zone contains 
amphibole, plagioclase, K-feldspar, quartz, and 
titanite (Fig. S14). The well-developed mylonitic 
foliation is defined by fine-grained, recrystallized 
quartz grains and large, elongated plagioclase, 
amphibole, quartz, and K-feldspar grains. Large 
plagioclase and K-feldspar grains contain quartz 
and titanite inclusions. Large quartz grains dis-
play undulose extinction that is indicative of 
high-temperature deformation. Adjacent and 
interlocking plagioclase and amphibole grains 
were targeted for microprobe analyses. Use of 
Al-in-hornblende geobarometry (Anderson and 
Smith, 1995) and amphibole-plagioclase geo-
thermometry (Holland and Blundy, 1994) yield 
P–T conditions of 9.7 ± 0.8 kbar (= ∼36 km 
depth) and 725 ± 58 °C (Fig. 12; Table 3).

Migmatitic orthogneiss sample AZ-11-10-
15-6 of the Western Lohit Plutonic Complex 
belt contains garnet, plagioclase, amphibole, 
clinozoesite, quartz, rutile, and ilmenite (Fig. 
S15). Poikiloblastic garnet grains are ∼1–3 mm 
in diameter and contain quartz and clinozoesite 
inclusions. Clinozoisite, plagioclase, and quartz 
grains occur along the boundaries of larger 
amphibole grains. We targeted adjacent garnet, 
amphibole, and plagioclase grains and clino-
zoisite inclusions near garnet rims for micro-
probe analyses. Use of THERMOCALC 3.37 
(Holland and Powell, 1998) yields P–T condi-
tions of 8.5 ± 3.6 kbar (= ∼32 km depth) and 
665 ± 153 °C (Fig.  12; Table  3). The garnet 
grains analyzed are Fe-rich almandines with 
diffusion zoning defined by increasing Fe and 
decreasing Ca from rim to core (Fig. S16). The 
garnet composition used in the P–T calculation 
is an average of individual rim analyses that 
yield a similar Fe-rich almandine composition 
(XMg = 0.21). The higher uncertainties of the 
P–T conditions for this sample may be a result 
of the precision of individual microprobe spot 
analyses, compositional variability of the min-
eral phases analyzed, and mineral activities.

Garnet schist sample PH-1-8-13-26 of the 
Tidding mélange complex contains garnet, pla-
gioclase, biotite, muscovite, quartz, amphibole, 
and ilmenite (Fig. S17). The well-developed 
foliation is predominantly defined by muscovite- 
and biotite-rich layers and recrystallized quartz- 
and plagioclase-rich layers. Large, elongated 
plagioclase and amphibole porphyroclasts have 

A B

C D

E F

Figure 11. 40Ar/39Ar thermochronologic age plots for samples (A) PH-1-8-13-22B, (B) PH-
11-9-15-36, (C) PH-11-10-15-19, (D) PH-1-15-20-6, and (E–F) PH-11-11-15-14.
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asymmetric, recrystallized tails that are indica-
tive of a top-to-the-south sense of shear. Haproff 
et al. (2020) noted that the sample contains euhe-
dral, ∼1–8-mm-wide garnet porphyroblasts with 
fluid and quartz inclusions and a snowball tex-
ture that are indicative of rotation during growth. 
Amphibole porphyroclasts contain internal 
foliation that is parallel to the matrix foliation. 
Quartz grains display undulose extinction and 
lobate and interfingering boundaries indicative 
of dynamic recrystallization via GBM (Hap-
roff et al., 2020). For microprobe analyses, we 
targeted adjacent biotite and muscovite blades 
and plagioclase grains that occur along garnet 
rims. Use of THERMOCALC 3.37 (Holland and 
Powell, 1998) for sample PH-1-8-13-26 yields 
upper amphibolite P–T conditions of 10.4 ± 1.1 
kbar (= ∼39 km depth) and 627 ± 28 °C 
(Fig. 12; Table 3). Garnet grains analyzed are Fe-
rich almandines with a relatively homogenous, 
unzoned composition (XMg = 0.15).

Garnet schist sample PH-11-9-15-40 of the 
Tidding mélange complex contains the same 
mineral assemblage as sample PH-1-8-13-26 
and a well-developed foliation predominantly 
defined by muscovite- and biotite-rich layers 
and recrystallized quartz- and plagioclase-rich 
layers (Fig. S18). The foliation wraps around 
∼1–5-mm-wide, euhedral garnet grains and 
is isoclinally folded. Garnet porphyroblasts 
and elongated amphibole and plagioclase por-
phyroclasts contain an internal foliation and 
aligned biotite, muscovite, and quartz inclu-
sions that are parallel to the matrix foliation. 
Quartz grains display undulose extinction and 
lobate and interfingering boundaries that are 
indicative of dynamic recrystallization via 
GBM. For microprobe analyses, we targeted 
adjacent biotite and muscovite blades, recrys-
tallized plagioclase grains, and elongated 
amphibole and ilmenite grains that occur 
along garnet rims. Use of THERMOCALC 
3.37 yields upper amphibolite P–T condi-
tions of 9 ± 0.5 kbar (= ∼34 km depth) and 
616 ± 11 °C (Fig.  12; Table  3). Analyzed 

Figure 12. Compilation of pressure–tem-
perature conditions of samples collected 
from the Lohit Plutonic Complex exposed 
along Dibang Valley (top) and Lohit Val-
ley (middle), and the Tidding and Mayo-
dia mélange complexes exposed along the 
Dibang and Lohit valleys (bottom). Data are 
compiled from this study, Ghosh and Ray 
(2003a, 2003b), Ghosh et  al. (2007), Gos-
wami (2013), and Pebam and Kamalakan-
nan (2019). Pressure-based depth estimates 
assume a constant geothermal gradient and 
average crustal density of 2.7 g/cm3.
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garnet grains are Fe-rich almandines with a 
relatively homogenous, unzoned composition 
(XMg = 0.17).

Garnet chlorite schist sample PH-11-12-15-
17 of the Mayodia mélange complex contains 
garnet, plagioclase, muscovite, chlorite, clino-
zoesite, quartz, and rutile (Fig. S19). The well-
developed foliation is predominantly defined 
by muscovite- and chlorite- and recrystallized 
quartz- and plagioclase-rich layers. The foliation 
is isoclinally folded and wraps around euhedral, 
∼1–5-mm-wide garnet porphyroblasts. Garnet 
grains contain quartz inclusions and asymmet-
ric tails formed by muscovite and recrystallized 
quartz and plagioclase. We targeted clinozoisite 
grains, muscovite, and chlorite blades, and recrys-
tallized plagioclase grains that occur along garnet 
rims for microprobe analyses. Use of THERMO-
CALC 3.37 yields greenschist P–T conditions of 
3.6 ± 1.1 kbar (= ∼13 km depth) and 450 ± 50 
°C (Fig. 12; Table 3). Fe-rich almandine garnet 
grains show prograde growth zoning defined by 
increasing Mn and decreasing Mg from rim to 
core (Fig. S16; Table 3). The garnet composition 
used in the P–T calculation is an average of indi-
vidual rim analyses that yield a similar Fe-rich 
almandine composition (XMg = 0.09).

Garnet chlorite schist sample PH-1-9-13-8 of 
the Mayodia mélange complex contains garnet, 
plagioclase, muscovite, chlorite, clinozoisite, 
quartz, titanite, and rutile (Fig. S20). The well-
developed foliation is predominantly defined 
by muscovite, chlorite, and quartz and wraps 
around euhedral, ≤1-mm-wide garnet grains 
with asymmetric tails formed by chlorite and 
recrystallized quartz. Garnet grains are Fe-rich 
almandines (XMg = 0.14) (Fig. S16) with pro-
grade growth zoning defined by increasing Mn 
and decreasing Mg from rim to core (Figs. S16 
and S21; Table 3).

Microstructural Observations and Results 
of EBSD Analyses

Orthogneiss sample PH-1-15-20-3 contains 
recrystallized quartz surrounded by chlorite, 
muscovite, amphibole, and epidote that define 
the well-developed foliation (Fig. S22). Quartz 
grains feature undulose extinction and lobate and 
interfingering boundaries that are indicative of 
dynamic recrystallization via GBM at ∼550–650 
°C (e.g., Law, 2014). Microstructures include 
isoclinal folds, asymmetric porphyroclasts and 
boudins, and S-C fabric that is indicative of a 
top-to-the-southeast sense of shear.

Mylonitic orthogneiss sample PH-1-15-20-5 
is quartz-rich and contains a well-developed 
foliation and mineral assemblage similar to 
that of sample PH-1-15-20-3 with the addition 
of recrystallized plagioclase grains (Fig. S23). 

Quartz grains show evidence for GBM based on 
lobate and interfingering boundaries.

Mylonitic orthogneiss sample PH-1-15-
20-6 contains muscovite S-C fabric and asym-
metric quartz, plagioclase, and amphibole 
 porphyroclasts with recrystallized tails that are 
indicative of a north-side-up sense of shear (Fig. 
S24). Quartz grains feature undulose extinction 
and lobate and interfingering boundaries that are 
indicative of GBM.

Mylonitic orthogneiss sample PH-1-15-20-8 
contains recrystallized quartz, plagioclase, 

and calcite, as well as chlorite, muscovite, and 
amphibole that form the well-developed folia-
tion (Fig. S25). Minor pyrite occurs through-
out the sample. Quartz grains feature undulose 
extinction and lobate and interfingering bound-
aries that are indicative of GBM. Quartz and 
mica form S-C fabric that is indicative of a north-
side-up sense of shear.

Mylonitic marble sample PH-1-15-20-14 
contains calcite and minor quartz that define 
the foliation (Fig. S26). Quartz and calcite 
grains are mostly similar in size and feature 

Figure 13. Results of electron backscatter diffraction analyses of quartz from five samples 
collected across the Lohit thrust shear zone, Dibang Valley, are shown.
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relatively straight boundaries that are indicative 
of dynamic recrystallization via subgrain rota-
tion. Some foliation-parallel, calcite-rich layers 
contain smaller recrystallized grains and form 
aggregates with asymmetric tails that are indica-
tive of a north-side-up sense of shear.

EBSD analyses of quartz grains within the 
five samples across the Lohit thrust shear zone 
reveal moderate to weak CPOs, which are indi-
cated by M index values of 0.01–0.08, R values 
of >0.45, and B values of 0.12–0.54 and suggest 
fabrics trending toward random (Figs. 5 and 13; 
Table 4). Within the Lohit thrust shear zone, fab-
ric intensity measured by these proxies decreases 
toward the observed location of the discrete 
Lohit thrust fault (Fig. 5). The K parameters are 
≥1, demonstrating fabric shapes that range from 
girdle/cluster transitions toward uniaxial clusters 
(Woodcock, 1977). The single exception is the 
more girdled sample PH-1-15-20-6 (K = 0.27) 
(Table 4). Grain sizes of recrystallized quartz are 
67–134 μm, which correspond to moderate–low 
flow stresses of 17–32 MPa (Cross et al., 2017).

Quartz c-axis distributions plotted on pole 
figures are somewhat dispersed, with most dis-
playing maxima at, or just off, the center of the 
pole figures (Y axis) (Fig. 13). Sample PH-1-
15-20-3 is an exception, with maxima at the top 
of the pole figure, perpendicular to the folia-
tion near the X axis (Fig. 13). Calcite analyses 
for sample PH-1-15-20-14 show well-defined 
maxima near the pole figure X axes. Misorienta-
tion axes (5–10°) on an inverse pole figure plot 
show maxima clustered around the c axis for 
both recrystallized and relict grains (Fig. 13). 
Recrystallized grains show more dispersed and 
variable distributions, whereas the relict grains 
are more focused with concentrations near the 
c axis, except for sample PH-1-15-20-14, which 
shows a relict misorientation cluster near the π’ 
axis (Neumann, 2000; Fig. 13). CVA analyses 
show that most are clustered near the center of 
the pole figure (Y axis), except for sample PH-1-
15-20-8, which plots along the primitive circle 
nearly perpendicular to the foliation (Fig. 13).

DISCUSSION

Correlation of the Lohit Plutonic Complex 
as Gangdese Lower Arc Crust

Geochronologic results show that leucogneiss 
and leucogranite bodies of the Western Lohit 
Plutonic Complex belt (ca. 100–82 Ma) (Fig. 10; 
Table 1), located both within the Lohit thrust 
shear zone and in its hanging wall to the north 
(Fig.  4), were not emplaced during Cenozoic 
thrusting and instead correspond with published 
ca. 156–69 Ma granitoid crystallization ages of 
the Western and Eastern Lohit Plutonic Complex 

belts (Lin et al., 2013; Bikramaditya et al., 2020; 
Haproff et al., 2019; Fig. 4). In addition, a com-
pilation of major- and trace-element geochemi-
cal data of 120 plutonic samples of the West-
ern and Eastern Lohit Plutonic Complex belts 
(Sharma et al., 1991; Lin et al., 2013; Goswami, 
2013; Haproff et al., 2019; Pebam and Kamal-
akannan, 2019; Bikramaditya et al., 2020) shows 
that Cretaceous Lohit Plutonic Complex granit-
oids are largely consistent in their granitoid-type 
classifications and compositions being indicative 
of volcanic arc origins (Figs. S6 and S7). Both 
the geochemical compositions and crystal-
lization ages of the Cretaceous Lohit Plutonic 
Complex granitoids are comparable to those of 
the northern Gangdese batholith of the southern 
Lhasa terrane to the west, which supports previ-
ous interpretations that the lithotectonic units are 
correlative and were generated along a laterally 
continuous Andean-type margin along the south-
ern Lhasa terrane (Lin et al., 2013; Haproff et al., 
2019; Bikramaditya et al., 2020).

Geobarometry results of Lohit Plutonic 
Complex rocks indicate pressures of 4.3–10.8 
kbar, equivalent to ∼16–40 km depth (Pebam 
and Kamalakannan, 2019; this study; Fig. 12; 
Table  3). Exceptions include a few bodies of 
granite, leucogranite, and trondhjemite emplaced 
at ∼7–8 km (∼2 kbar) (Pebam and Kamalakan-
nan, 2019; Fig. 12). Garnet-bearing migmatitic 
orthogneiss sample AZ-11-10-15-16, collected 
from the Cretaceous Western Lohit Plutonic 
Complex belt, records metamorphism at ∼32 km 
depth (8.5 kbar) (Fig. 12). Similarly, mylonitic 
orthogneiss sample PH-1-8-13-12A, collected 
from the Cretaceous Western Lohit Plutonic 
Complex belt in the Lohit thrust shear zone, was 
emplaced at ∼36 km depth (9.7 kbar) (Fig. 12). 
These depths are comparable to emplacement 
depths of ∼36–40 km (9.7–10.8 kbar) for two 
Lohit Plutonic Complex gabbro samples (Pebam 
and Kamalakannan, 2019; Fig. 12).

We estimated Lohit Plutonic Complex paleo-
crustal thickness by compiling whole-rock 
Sr/Y and La/Yb ratios of granitoid samples and 
applying the filtering criteria of Profeta et  al. 
(2015) and paired the Sr/Y–La/Yb calibration 
of Sundell et al. (2021; Fig. S27A). The results 
for six granitoid samples (Lin et al., 2013; Hap-
roff et al., 2019; Bikramaditya et al., 2020; this 
study) plotted with their U–Pb crystallization 
ages show that from ca. 115–69 Ma, the crustal 
thickness of the Lohit Plutonic Complex was 
between ∼38 km and 52 km (Fig. S27B). This 
range in crustal thickness is comparable to that 
of the Gangdese batholith of the Lhasa terrane 
over the same timespan (Cao et al., 2020; Sun-
dell et al., 2021). Given that Lohit Plutonic Com-
plex rocks were at ∼32–40 km depth within a 
∼38–52-km-thick crust from ca. 115–69 Ma, we 

interpret that the Lohit Plutonic Complex rep-
resents exposed lower arc crust of the northern 
Gangdese batholith. This interpretation is sup-
ported by the similarities of the Lohit Plutonic 
Complex and other exposed lower continen-
tal arc crusts (e.g., Sierra Nevada batholith of 
the North American Cordillera; Saleeby et al., 
2003), such as the presence of Mesoproterozoic 
garnet migmatitic orthogneiss (Fig. 6) intruded 
by latest Jurassic–Cretaceous intermediate- to 
felsic-composition, peraluminous, volcanic-arc 
diorite, tonalite, granodiorite, granite, and mig-
matitic orthogneiss and minor gabbro, amphibo-
lite, leucogneiss, and leucogranite (Figs. 7 and 
S1). Prior to this study, Zhang et al. (2020) iden-
tified Gangdese lower arc crust with similar lith-
ologic and geochemical characteristics ∼150 km 
to the northwest, in the hanging wall of a ductile 
shear zone that was previously mapped as the 
easternmost Gangdese thrust (e.g., Ding et al., 
2001; Fig. 1B). Researchers note that the exis-
tence of a major crustal thickening structure like 
the Gangdese thrust could have accommodated 
northward footwall underthrusting of old conti-
nental crust to generate S-type granitoids with 
negative ɛHf(t) in the lower crust (Zhang et al., 
2015, 2020).

Cenozoic Deformation of the Tidding 
Mélange Complex and Crustal Thickening 
along the Indian-Neotethys Boundary

Our field observations demonstrate that 
deformation of the Tidding mélange complex 
occurred as: (1) top-to-the-south ductile shear 
concentrated across the ∼1-km-wide Tidding 
thrust shear zone and discrete Tidding thrust 
fault located in the middle of the shear zone 
(Fig. 4B); and (2) the development of foliation-
parallel compositional layering, mineral stretch-
ing lineation, top-to-the-south S-C fabric, asym-
metric boudins, and south-vergent asymmetric 
and isoclinal folds (Fig. 9). Geothermobarom-
etry results and GBM quartz textures of Tidding 
mélange complex samples (PH-1-8-13-26 and 
PH-11-9-15-40) indicate upper amphibolite-
facies metamorphism at temperatures of >600 
°C and depths of ∼34–39 km (9–10.4 kbar) 
(Fig. 12; Table 3). These results are similar to 
published geothermobarometry results for horn-
blendite and amphibolite of the equivalent May-
odia mélange complex that indicate amphibolite-
facies conditions at ∼27–28 km depth (Ghosh 
and Ray, 2003a, 2003b; Ghosh et  al., 2007; 
Fig. 12). Garnet chlorite schist samples PH-1-9-
13-8 and PH-11-12-15-17 contain greenschist-
facies mineral assemblages and P–T conditions 
(Fig. 12) that may reflect retrogression of the 
Tidding-Mayodia mélange complex following 
peak upper amphibolite-facies metamorphism.
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Upper amphibolite-facies metamorphism 
(9–10.4 kbar; >600 °C) of the Tidding mélange 
complex must have occurred prior to ca. 
36–30 Ma, which is the oldest range of mus-
covite and biotite 40Ar/39Ar and zircon (U–Th)/
He ages (Haproff et al., 2020; Salvi et al., 2020) 
that track cooling through lower temperatures 
of ∼300–500 °C (Harrison et al., 1985; Hames 
and Bowring, 1994; Grove and Harrison, 1996; 
Harrison et  al., 2009) and ∼180 °C (Reiners, 
2005). Based on an implied fast cooling rate (i.e., 
>30 °C/m.y.) and the hanging wall  positions of 
the thermochronology samples, Haproff et  al. 
(2020) interpreted that the ca. 36–30 Ma cooling 
was related to coeval surface erosion and exhu-
mation of the Tidding mélange complex during 
motion over a footwall ramp along the Tidding 
thrust shear zone. Expanding upon this interpre-
tation, the depth estimates of ∼27–39 km for 
the Tidding mélange complex provide a mini-
mum estimate of displacement over the foot-
wall ramp. This displacement estimate, added 
to the ∼40 km map-view distance between the 
root zone of the Tidding thrust shear zone to the 
southernmost exposure of the thrust (Haproff 
et al., 2020; Fig. 2), yields a minimum net dis-
placement of ∼67–79 km.

The post-30 Ma slip history of the Tidding 
thrust shear zone is unclear. New biotite and 
muscovite 40Ar/39Ar ages of ca. 21–20 Ma 
(samples PH-1-8-13-22B and PH-11-9-15-36) 
(Fig. 11A; Table 2), located north and south of 
the ca. 36–30 Ma samples (Fig. 4B), may reflect 
cooling following localized intra-unit deforma-
tion. Alternatively, the ca. 21–20 Ma 40Ar/39Ar 
ages may be a result of renewed exhumation and 
cooling during reactivated slip along the Tidding 
thrust shear zone following burial and reheating 
in the footwall of the Lohit thrust shear zone 
(see below). The ca. 21–20 Ma 40Ar/39Ar ages 
could also be a product of exhumation and cool-
ing during displacement over a footwall ramp 
along the structurally lower Demwe thrust 
(Fig. 2), which has a minimum age of ca. 16 Ma 
based on biotite 40Ar/39Ar thermochronology 
(Salvi et al., 2020).

Given that the Tidding thrust shear zone is 
the major structure in the northern Indo-Burma 
Ranges placing remnant Neotethys oceanic lith-
osphere and accretionary metasedimentary rocks 
atop Indian continental rocks, we can compare 
its timing and geometry with those of other struc-
tures along the northern margin of the Himala-
yan orogen (Figs. 1B and 3). Initial obduction 
of Neotethys rocks atop the Tethyan Himalayan 
sequence occurred during the latest Cretaceous–
Paleocene in southwestern and south-central 
Tibet (Murphy and Yin, 2003; Ding et al., 2005). 
Peak eclogite-facies metamorphism of sub-
ducted Indian continental rocks, including the 

Tso Morari and Kaghan Valley complexes of the 
northwestern Himalaya, initiated at ca. 47 Ma, 
and was followed by thrust-related exhumation 
at ca. 47–31 Ma (de Sigoyer et al., 2000; Schlup 
et al., 2003; Wilke et al., 2010; Donaldson et al., 
2013). Similarly, Tethyan Himalayan sequence 
rocks exposed in the northwestern Himalaya, 
the Lopu Range of south-central Tibet, and 
southeastern Tibet record the onset of prograde 
metamorphism at ca. 46–40 Ma (Williams et al., 
2001; Wiesmayr and Grasemann, 2002; Dunkl 
et al., 2011; Laskowski et al., 2016). Subsequent 
thrust-related exhumation and retrograde meta-
morphism of Tethyan Himalayan sequence rocks 
in the Lopu Range occurred at ca. 39–34 Ma 
(Laskowski et  al., 2016). During the Oligo-
cene–Miocene, southward migration of thrust-
ing within the Tethyan Himalayan sequence and 
Greater Himalayan Crystalline Complex was 
coeval with out-of-sequence thrusting along 
the Indian-Neotethys boundary (Ratschbacher 
et al., 1994; Murphy and Yin, 2003; Dunkl et al., 
2011), including slip along the ca. 25–10 Ma 
Great Counter thrust (Yin et  al., 1999; Harri-
son et al., 2000; Wang et al., 2015; Laskowski 
et al., 2018).

In comparison with these existing con-
straints, the ca. 36–30 Ma earliest record of 
cooling, interpreted to be related to coeval sur-
face erosion and exhumation during slip along 
the Tidding thrust shear zone, may represent a 
significantly delayed initial obduction of Neo-
tethys rocks along the easternmost collisional 
boundary. Alternatively, ca. 36–30 Ma cooling 
may reflect the timing of reactivated, out-of-
sequence exhumation during slip along the Tid-
ding thrust shear zone that was roughly coin-
cident with shortening and exhumation along 
the northern margin of the Himalayan orogen 
following an earlier, possibly latest Cretaceous–
Paleogene obduction event.

Despite the broadly similar timing of thrust-
related exhumation along the Indian-Neotethys 
boundary, key orogen-parallel variations include 
the contrasting geometries, kinematics, and tim-
ing of the south-directed Tidding thrust shear 
zone versus the widely exposed, north-directed, 
ca. 25–10 Ma Great Counter thrust (Yin et al., 
1999; Harrison et al., 2000; Wang et al., 2015; 
Laskowski et al., 2018). In addition, the Tethyan 
Himalayan sequence and Greater Himalayan 
Crystalline Complex are not exposed in the foot-
wall of the Tidding thrust shear zone as Indus-
Yarlung suture zone rocks are thrust directly 
atop the Lesser Himalayan sequence-equivalent 
Mayodia gneiss (Sarma et  al., 2012; Haproff 
et al., 2019; Figs. 2 and 3). These differences 
may ultimately be related to variations in the 
structural style and magnitude of deformation 
along the Indian-Neotethys boundary across the 

eastern Himalayan syntaxis. The Great Coun-
ter thrust in the Himalaya may have overthrust 
and buried a south-directed thrust at the base of 
the Indus-Yarlung suture zone, whereas in the 
northern Indo-Burma Ranges, a backthrust with 
top-to-Lhasa-terrane kinematics did not develop. 
The absence of the Tethyan Himalayan sequence 
and Greater Himalayan Crystalline Complex in 
the footwall of the Tidding thrust shear zone 
may be related to local underthrusting and/or 
increased shortening and erosion (Haproff et al., 
2019, 2020).

Cenozoic Deformation of the Lohit Plutonic 
Complex and Crustal Thickening of the 
Neotethys-Lhasa Terrane Boundary

Field and microstructural observations 
demonstrate that crustal thickening along the 
southern Lhasa terrane margin of the northern 
Indo-Burma Ranges was concentrated along 
the ∼5-km-wide Lohit thrust shear zone and 
the discrete Lohit thrust fault near the base of 
the shear zone (Figs. 4 and 5). In contrast to 
previous observations, the Lohit thrust shear 
zone has an overall subvertical geometry and 
north-side-up kinematics (Figs. 5, 8, S3, and 
S4). This geometry may be a result of rotation 
from an initial north-dipping geometry during 
late Miocene duplexing at lower structural lev-
els (Haproff et al., 2020; Salvi et al., 2020). The 
Lohit thrust shear zone developed relatively 
weak CPOs as observed in our microstructural 
observations and EBSD results. GBM quartz 
deformation textures, c-axis distributions that 
plot near the Y axis, and misorientation axes 
are consistent with dominantly prism <a> slip 
(Fig. 13) at generalized temperatures of ∼550–
650 °C (e.g., Law, 2014). The misorientation 
plots for recrystallized grains show more 
variability, but we favor interpretations based 
on the relict grains, which potentially reveal 
more intra-granular crystallographic disper-
sion around the vorticity axis and therefore are 
more representative of flow conditions (e.g., 
Piette-Lauzière et al., 2020). These interpre-
tations support prism <a> activity in quartz. 
CVA analyses suggest that most samples 
record sub-simple shear parallel to the mineral 
stretching lineation except for sample PH-1-
15-20-8, which shows evidence of an out-of-
plane, wrench component (e.g., Michels et al., 
2015; Fig. 13). Thus, the recorded finite strain 
potentially reflects a variable kinematic his-
tory across the Lohit thrust shear zone, which 
explains the complicated and diffuse CPOs. 
The weak CPOs may also be related to pinning 
at quartz grain boundaries with other mineral 
phases. Nonetheless, we interpret that the Lohit 
thrust shear zone deformed at temperatures in 
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the range of ∼550–650 °C (e.g., Law, 2014), 
which is consistent with the relatively low 
flow stresses of ≤32 MPa that were observed 
via paleopiezometry (e.g., Hirth et  al., 2001; 
Table 4). However, we acknowledge that strain 
rate, the polyphase nature of this deformation, 
and water content make this estimate impre-
cise. We note that the deformation temperatures 
∼550–650 °C are slightly cooler than the tem-
perature of 725 ± 58 °C based on amphibole-
plagioclase thermometry for the Lohit thrust 
shear zone (sample PH-1-8-13-12A) (Fig. 12; 
Table 3). The hotter temperature of 725 ± 58 
°C may represent conditions during magmatic 
emplacement of the sample and/or adjacent 
plutons, whereas quartz within the sample re-
equilibrated under slightly lower temperatures 
during deformation.

Measured increases in fabric intensity across 
ductile shear zones have been used to identify 
discrete structural discontinuities along which 
strain is concentrated (e.g., Starnes et al., 2020). 
Within the Lohit thrust shear zone, fabric 
intensity decreases southwards toward the 
observed location of the discrete Lohit thrust 
fault (Fig. 5 and Table 4). Paradoxically, this 
finding suggests relatively lower finite strain 
magnitudes toward the Lohit thrust fault. This 
spatial relationship may be the result of migra-
tion of the highest strain during the lifespan 
of the shear zone. In this scenario, the fabric 
intensity measurements record concentrated 
ductile strain along the northern margin of the 
shear zone during an earlier, possible non-dis-
crete phase of the shear zone’s lifespan. Sub-
sequently, strain became concentrated along 
the southern margin of the shear zone where 
the Lohit thrust fault developed as the major 
structural discontinuity. This change may have 
occurred as the shear zone was exhumed and 
reached temperatures lower than ∼550–650 °C, 
thus localizing strain along a more discrete and 
spatially limited brittle-plastic structure. More 
detailed examination of strain intensities and 
deformation conditions, mechanisms, and tim-
ing is needed across the Lohit thrust shear zone 
to test this hypothesis.

Slip along the Lohit thrust shear zone is inter-
preted to have been underway at ca. 25–23 Ma 
and may have continued until ca. 12–10 Ma, 
based on the 40Ar/39Ar results of K-feldspar 
and muscovite grains (samples PH-11-11-15-
14 and PH-1-15-20-6, respectively) that form 
the mylonitic foliation and stretching lineation 
(Figs. 11 and S10–S12; Table 2). In this inter-
pretation, the section of the Lohit thrust shear 
zone that previously deformed at ∼550–650 °C 
was subsequently exhumed and cooled through 
∼500–125 °C as slip occurred along the basal, 
discrete Lohit thrust fault and erosion occurred 

on the surface (Figs. 4A, 5, and 11). Direct tem-
poral constraints on the cessation of slip along 
the Lohit thrust shear zone remain unknown. 
Two ca. 25–24 Ma biotite 40Ar/39Ar ages and 
four ca. 13–11 Ma zircon (U–Th)/He ages from 
the Eastern Lohit Plutonic Complex belt (Salvi 
et  al., 2020; this study; Figs.  4A and 11) fall 
within this time span and may reflect coeval 
cooling during hanging-wall exhumation and 
surface erosion. One ca. 31 Ma biotite 40Ar/39Ar 
age from the middle section of the Eastern 
Lohit Plutonic Complex belt (Salvi et al., 2020) 
(Fig. 4A) reflects slightly earlier cooling com-
pared to Lohit Plutonic Complex rocks to the 
north and south.

From our constraints on the structural posi-
tion, geometry, kinematics, and timing of the 
Lohit thrust shear zone, the most comparable 
structure to the west is the Gangdese thrust 
(Figs. 1 and 3). Both the Lohit thrust shear zone 
and the Gangdese thrust predominantly place 
Gangdese-equivalent, magmatic arc granitoids 
of the southern Lhasa terrane atop remnant 
Neotethys oceanic lithosphere and accretion-
ary metasedimentary rocks (Figs. 1 and 3). The 
Lohit thrust shear zone is interpreted to have 
initiated with a north-dipping geometry and top-
to-the-south kinematics like those of the Gang-
dese thrust. The Gangdese thrust was active at 
ca. 27–23 Ma and possibly terminated as late as 
ca. 18 Ma (Yin et al., 1994, 1999; Harrison et al., 
2000), which overlaps with our interpreted tim-
ing of slip along the Lohit thrust shear zone at ca. 
25–23 Ma and possibly as late as ca. 12–10 Ma. 
In addition, the Yarlung-Tsangpo Canyon thrust, 
located between the Gangdese thrust to the west 
and Lohit thrust shear zone to the southeast, has 
similar hanging-wall and footwall rock types as 
the two latter thrusts (Ding et al., 2001; Figs. 1 
and 3) and may have been active at ca. 21–13 Ma 
based on biotite 40Ar/39Ar and U–Pb zircon ages 
in its hanging wall (Booth et  al., 2004; Gong 
et al., 2015, and references therein). Although 
ca. 21–13 Ma slip along the Yarlung-Tsangpo 
Canyon thrust is largely more recent than the 
timing of the Gangdese thrust and Lohit thrust 
shear zone, it does overlap with the ca. 18 Ma 
lower age bound on the Gangdese thrust (Yin 
et al., 1994) and ca. 12–10 Ma possible young-
est ages of exhumation related to slip along the 
Lohit thrust shear zone.

Based on the similarities between the Gang-
dese thrust, Lohit thrust shear zone, and Yarlung-
Tsangpo Canyon thrust, we interpret that these 
faults were segments of a single, laterally con-
tinuous, south-directed thrust that served as the 
preeminent crustal thickening structure along 
the southern Lhasa terrane margin during the 
Oligocene–Miocene. This laterally continuous 
thrust may have formed part of a larger blind, 

south-directed duplex system analogous to the 
Gangdese culmination model of Laskowski 
et al. (2018) and remained at depths equivalent 
to just above the ∼300–500 °C range of com-
bined biotite and muscovite 40Ar/39Ar closure 
temperatures during its lifespan. Slip along 
the Gangdese thrust segment may have ceased 
by ca. 18 Ma (Yin et  al., 1994), whereas the 
Lohit and Yarlung-Tsangpo Canyon thrust seg-
ments potentially remained active until after ca. 
13–10 Ma. Following cessation of slip, much 
of the combined thrust remained buried, which 
explains the scarce exposures of the Gangdese 
thrust (Laskowski et al., 2018, Fig. 1B). In con-
trast, the more extensive surface exposures of the 
easternmost Gangdese thrust, Yarlung-Tsangpo 
Canyon thrust, and Lohit thrust shear zone in the 
eastern Himalayan syntaxis region and northern 
Indo-Burma Ranges are interpreted to be a prod-
uct of localized exhumation during duplexing of 
Indian continental rocks at lower structural lev-
els since late Miocene time (Ding et al., 2001; 
Booth et  al., 2009; Gong et  al., 2015; Govin 
et al., 2020). At Namche Barwa, late Miocene 
duplexing of Indian continental rocks resulted 
in broad antiformal folding and exhumation of 
the overlying combined Gangdese–Yarlung–
Tsangpo Canyon–Lohit thrust (Ding et  al., 
2001) and Gangdese lower arc crust in its hang-
ing wall. Similarly, late Miocene duplexing of 
Lesser Himalayan sequence-equivalent rocks in 
the northern Indo-Burma Ranges (Haproff et al., 
2020; Salvi et al., 2020) exhumed and rotated the 
overlying Lohit thrust shear zone and Lohit Plu-
tonic Complex lower arc crust in its hanging wall 
to their present-day orientations. Concentrated 
duplexing and exhumation in these regions 
since the late Miocene may have been related to 
clockwise crustal flow via distributed shortening 
around northeastern India (England and House-
man, 1986; Cobbold and Davy, 1988; Royden 
et al., 1997; Li et al., 2013; Haproff et al., 2018). 
In addition, focused river incision and erosion 
at the eastern Himalayan syntaxis and northern 
Indo-Burma Ranges may have assisted in con-
centrating duplexing to maintain critical taper, 
resulting in increased exhumation of overlying 
rocks (Zeitler et al., 2014; Govin et al., 2020; 
Liu et al., 2020).

Structural Evolution of the India-Asia 
Collisional Boundary

Beginning in the latest Cretaceous to latest 
Eocene, initial India-Asia collision and closure 
of the Neotethys Ocean resulted in the emplace-
ment of remnant oceanic lithosphere and accre-
tionary metasedimentary rocks atop the Indian 
continental margin (Murphy and Yin, 2003). 
During this period, Indian continental rocks 
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were subducted beneath the southern Lhasa ter-
rane and metamorphosed at peak eclogite-facies 
conditions, followed by thrust-related exhuma-
tion to mid-crustal depths (de Sigoyer et  al., 
2000; Schlup et  al., 2003; Wilke et  al., 2010; 
Dunkl et al., 2011; Donaldson et al., 2013; Las-
kowski et al., 2016). In the northern Indo-Burma 
Ranges, slip along the Tidding thrust shear zone 
by ca. 36–30 Ma exhumed Neotethys oceanic 
lithosphere and accretionary metasedimentary 
rocks (i.e., Tidding and Mayodia mélange com-
plexes) from depths of ∼27–39 km at upper 
amphibolite-facies conditions (Fig.  14A). A 
minimum estimate of displacement along the 
Tidding thrust shear zone is ∼67–79 km. It is 
unclear whether the ca. 36–30 Ma phase of slip 
along the Tidding thrust shear zone occurred 
during delayed initial emplacement of Neote-
thys rocks atop the Indian continental margin or 
out-of-sequence reactivation following an earlier 
obduction event. Directly southeast of the north-
ern Indo-Burma Ranges, slip along the Chong-
shan shear zone began at ca. 34–32 Ma (Wang 
et  al., 2006; Akciz et  al., 2008; Zhang et  al., 
2010; Fig. 14A), signaling the onset of partition-
ing of India-Asia convergence between shorten-
ing along the collisional boundary and south-
ward strike-slip extrusion of Asian lithosphere.

During the Oligocene–Miocene, crustal thick-
ening along the southern Lhasa terrane margin 
was accommodated by out-of-sequence slip 
along a laterally continuous, south-directed blind 
thrust formed by the Gangdese thrust, Yarlung-
Tsangpo Canyon thrust, and Lohit thrust shear 
zone (Fig. 14B). At the eastern Himalayan syn-

taxis, the combined Gangdese–Yarlung–Tsangpo 
Canyon–Lohit thrust was rooted in the lower 
crust and exhumed Gangdese lower arc rocks to 
mid-crustal levels. South of the southern Lhasa 
terrane, Oligocene–Miocene shortening in the 
Tethyan Himalayan sequence and slip along 
the South Tibetan detachment and Main Central 
thrust were coeval with out-of-sequence shorten-
ing along the Indus-Yarlung suture zone (Ratsch-
bacher et al., 1994; Murphy and Yin, 2003; Dunkl 
et al., 2011), including north-directed slip along 
the ca. 25–10 Ma Great Counter thrust (Yin et al., 
1999; Harrison et al., 2000; Wang et al., 2015; 
Laskowski et  al., 2018; Fig.  14B). Slip along 
the Gangdese–Yarlung–Tsangpo Canyon–Lohit 
thrust may have ceased by the early to middle 
Miocene, during which the thrust was buried 
along much of its length by the overlying Great 
Counter thrust and Kailas Formation. In the north-
ern Indo-Burma Ranges, shortening migrated to 
Lesser Himalayan sequence-equivalent rocks 
with slip along the Demwe thrust by ca. 16 Ma 
(Salvi et al., 2020), which may have been coeval 
with out-of-sequence deformation in the Tidding 
mélange complex and Lohit Plutonic Complex. 
During this period, India-Asia convergence con-
tinued to be partitioned between shortening along 
the collisional boundary and strike-slip motion 
in southeastern Tibet along the Jiali, Puqu, and 
Parlung faults (ca. 23–11 Ma), and the Gaoligong 
shear zone (ca. 18–13 Ma) and Chongshan shear 
zone (ca. 19–14 Ma) (Zhong et al., 1991; Ding 
et al., 2001; Lee et al., 2003; Wang et al., 2006; 
Akciz et al., 2008; Lin et al., 2009; Zhang et al., 
2010; Fig. 14C).

By late Miocene time, shortening continued 
to propagate southwards in the Himalayan oro-
gen with the activation of the Main Boundary 
thrust and Main Frontal thrust (Meigs et al., 
1995; DeCelles et al., 2001; Fig. 14C). At the 
eastern Himalayan syntaxis and northern Indo-
Burma Ranges, clockwise crustal flow around 
northeastern India (e.g., Haproff et al., 2018) 
resulted in concentrated duplexing (>163 km 
of crustal shortening; Salvi et  al., 2020) of 
Indian continental rocks at depth, modulated 
by focused river incision and erosion at the sur-
face (Zeitler et al., 2014; Govin et al., 2020; 
Liu et  al., 2020). Concentrated duplexing of 
Indian continental rocks folded, rotated, and 
exhumed the overlying Gangdese–Yarlung–
Tsangpo Canyon–Lohit thrust (Ding et  al., 
2001) and Gangdese lower arc crust to their 
present-day orientations and surface exposures 
(Fig. 14C).

CONCLUSIONS

Our integrated field and analytical study 
across the northern Indo-Burma Ranges, com-
bined with existing research of the Indus-Yar-
lung suture zone and southern Lhasa terrane to 
the west, improved our understanding of the 
Cenozoic crustal thickening history along the 
India-Asia collisional boundary. Key findings of 
this study include:

(1) Gangdese-equivalent, Cretaceous arc 
granitoids of the Lohit Plutonic Complex were 
emplaced at ∼32–40 km depth in crust that is 
estimated to have been ∼38–52 km thick. Based 

A B C

Figure 14. Schematic block diagrams show the Cenozoic structural evolution of the India-Asia collisional boundary. (A) By ca. 36–
30 Ma, shortening and exhumation occurred within the Tethyan Himalayan sequence and Indus-Yarlung suture zone, including the 
Tidding and Mayodia mélange complexes. The Tidding thrust shear zone was active at that time. (B) From ca. 27–10 Ma, slip along 
the Gangdese–Yarlung–Tsangpo Canyon–Lohit thrust and hanging-wall exhumation were coeval with slip along the Great Counter 
thrust. Himalayan shortening continued to propagate southwards toward the foreland. (C) By ca. 10–1 Ma, focused duplexing and 
erosion resulted in folding, rotation, and exhumation of the overlying Gangdese–Yarlung–Tsangpo Canyon–Lohit thrust and its 
hanging-wall rocks, including Gangdese lower-arc crust. Focused duplexing may have been related to clockwise crustal flow around 
northeastern India.
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on similar emplacement depths and lithological 
and geochemical characteristics, we interpret 
that the Lohit Plutonic Complex is Gangdese 
lower arc crust, which is supported by lithologic 
and geochemical characteristics that are similar 
to those of other lower arc sections, including 
Gangdese lower arc crust identified ∼150 km to 
the northwest (Zhang et al., 2020).

(2) Crustal thickening along the east-
ernmost Indus-Yarlung suture zone (i.e., 
Tidding-Mayodia mélange complex) was 
accommodated via slip along the subvertical, 
north-side-up Lohit thrust shear zone and the 
south-directed Tidding thrust shear zone that 
form the respective upper and lower boundar-
ies of the suture zone.

(3) Upper amphibolite metamorphic assem-
blages of Tidding and Mayodia mélange com-
plexes indicate burial depths of ∼27–39 km. 
Mélange rocks cooled at ca. 36–30 Ma, which 
we interpret was related to exhumation during 
slip along the north-dipping Tidding thrust shear 
zone. Similarly, Lohit Plutonic Complex rocks 
cooled at ca. 25–10 Ma, which is interpreted to 
be related to exhumation during slip along the 
Lohit thrust shear zone. Additional thermo- and 
geochronology coupled with geothermobarom-
etry across the Lohit and Tidding thrust shear 
zones and their hanging walls can improve esti-
mations of slip timing and P–T histories.

(4) Microstructural observations and EBSD 
results across the Lohit thrust shear zone show 
relatively weak CPOs, which indicate domi-
nantly prism <a> slip, GBM quartz deforma-
tion textures, and flow stresses of ≤32 MPa at 
interpreted amphibolite-grade conditions. Fabric 
intensity decreases toward the observed location 
of the discrete Lohit thrust fault within the shear 
zone, which may be a product of migration of 
the highest strain.

The Tidding thrust shear zone of the north-
ern Indo-Burma Ranges and the Great Coun-
ter thrust of the Himalayan orogen to the west 
both separate Indian continental rocks from 
the Indus-Yarlung suture zone. However, the 
north-dipping geometry, top-to-the-south kine-
matics, and ca. 36–30 Ma timing of the Tid-
ding thrust shear zone differ from the south-
dipping geometry, top-to-the-north kinematics, 
and ca. 25–10 Ma timing of the Great Counter 
thrust, which suggests that the thrusts are not 
correlative. In contrast, major contractional 
structures that separate the Lhasa terrane from 
the Indus-Yarlung suture zone, including the 
Lohit thrust shear zone and the Gangdese and 
Yarlung-Tsangpo Canyon thrusts to the west, 
initiated with similar north-dipping geometries, 
top-to-the-south kinematics, and Oligocene–
Miocene timing. Based on these similarities, 
we interpret that these thrusts formed a later-

ally continuous, blind thrust system that served 
as the preeminent crustal thickening structure 
along the southern Lhasa terrane margin and 
exhumed Gangdese lower arc crust in its hang-
ing wall during the Oligocene–Miocene. Sur-
face exposure of the blind thrust system in the 
eastern Himalayan syntaxis and northern Indo-
Burma Ranges may have been a product of late 
Miocene-focused duplexing, surface erosion, 
and exhumation related to clockwise crustal 
flow around northeastern India. Although the 
Gangdese thrust remains buried along much of 
its length, our investigation of the correlative 
Lohit thrust shear zone provides more details on 
the kinematic history of this important crustal 
thickening structure.
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