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ABSTRACT

Models for the origin and deformation of 
Himalayan rocks are dependent upon geo-
metric and age relationships between major 
units. We present fi eld mapping and U-Pb 
dating of igneous and detrital zircons that es-
tablish the lithostratigraphic architecture of 
the eastern Himalaya, revealing that: (1) the 
South Tibet detachment along the Bhutan-
China border is a top-to-the-north ductile 
shear zone; (2) Late Triassic and Early Cre-
taceous sedimentary samples from the north-
ern Indian margin show a similar age range 
of detrital zircons from ca. 3500 Ma to ca. 
200 Ma, but the Late Triassic rocks are distin-
guished by a signifi cant age cluster between 
ca. 280 and ca. 220 Ma and a well-defi ned 
age peak at ca. 570 Ma, (3) an augen gneiss 
in the South Tibet detachment shear zone 
in southeast Tibet has a Cambrian–Ordo-
vician crystallization age, (4) Main Central 
thrust hanging-wall paragneiss and footwall 
quartzites from the far western Arunachal 
Himalaya share similar provenance and Late 
Proterozoic maximum depositional ages, and 
(5) Main Central thrust footwall metagray-
wacke from the central western Arunachal 
Himalaya has a Paleoproterozoic maximum 
depositional age, indicated by a single promi-
nent age peak of ca. 1780 Ma. Recent work 
in the eastern Himalaya demonstrates that 
in the early-middle Miocene, the Himalayan 
crystalline core here was emplaced south-
ward between two subhorizontal shear zones 
that merge to the south. A proposed subse-
quent (middle Miocene) brittle low-angle 
normal fault accomplishing exhumation of 
these rocks along the range crest can be pre-
cluded because new and existing mapping 
demonstrates only a ductile shear zone here. 

The ca. 280–220 Ma detrital zircons of the 
Late Triassic strata are derived from an arc 
developed along the northern margin of the 
Lhasa terrane. Detritus from this arc was de-
posited on the northern margin of India dur-
ing India-Lhasa rifting. Along-strike hetero-
geneity in Main Central thrust footwall 
chronostratigraphy is indicated by detrital 
zircon age spectrum differences from central 
western to far western Arunachal. Nonethe-
less, the Late Proterozoic rocks in the Main 
Central thrust hanging wall and footwall in 
far western Arunachal can be correlated to 
each other, and to previously analyzed rocks 
in the South Tibet detachment hanging wall 
to the west and in the Indian craton to the 
south. These fi ndings are synthesized in a 
reconstruction showing Late Triassic India-
Lhasa rifting and Cenozoic eastern Hima-
layan construction via in situ thrusting of 
basement and cover sequences along the 
north Indian margin.

INTRODUCTION

Simple questions of Himalayan geology—
i.e., where does Himalayan material originate, 
and how was it assembled?—may have surpris-
ingly complex answers. The geometric frame-
work of the Himalayan orogen was established 
by Heim and Gansser (1939), who divided it 
into a generally north-dipping stack of three 
units separated from foreland detritus to the 
south and Asian plate rocks to the north. These 
units are now termed the Lesser Himalayan Se-
quence (LHS, at the base), the Greater Himala-
yan Crystalline complex (GHC, in the middle), 
and the Tethyan Himalayan Sequence (THS, at 
the top) (Fig. 1; e.g., Yin, 2006). Early models 
for the origin and assembly of these units were 
straightforward, suggesting that as the southern 
front of the India-Asia collision, the Himalayan 
orogen was generated via in situ thrusting of 

Indian basement and cover sequences (Argand, 
1924; Heim and Gansser, 1939; Dewey and 
Bird, 1970; Le Fort, 1975).

Assembling the Himalaya

Structural evidence provided the fi rst intima-
tion that the kinematic evolution might have 
involved complexities beyond thrust tectonics. 
Recognition of top-to-the-north shear structures 
along the gently north-dipping GHC-THS con-
tact at the range crest (e.g., Caby et al., 1983; 
Burg et al., 1984) quickly led to acceptance of a 
new paradigm—that this contact was defi ned by 
a top-to-the-north low-angle normal fault sys-
tem with tens or even hundreds of kilometers of 
slip (e.g., Searle, 1986; Burchfi el et al., 1992). 
This fault system is termed the South Tibet de-
tachment. Current models for the assembly of 
the Himalayan units focus on the emplacement 
of the GHC along the South Tibet detachment 
and the Main Central thrust, which emplaced 
the GHC southward over the LHS.

The fi rst kinematic model proposed for this 
emplacement is wedge extrusion, in which the 
GHC extruded southward between the other 
two units as a northward-tapering wedge (Fig. 
2A; Burchfi el and Royden, 1985). Some recent 
workers associated these kinematics with criti-
cal taper–Coulomb wedge theory (e.g., Robin-
son et al., 2006; Kohn, 2008; Zhang et al., 2011), 
which suggests that normal faulting may occur 
during collapse of overthickened thrust wedges 
(e.g., Davis et al., 1983; Dahlen, 1990). In the 
second kinematic model, channel fl ow–focused 
denudation, the GHC represents partially mol-
ten lower to middle crust that tunneled south-
ward during the Eocene–Oligocene (Fig. 2B), a 
process driven by the lateral pressure gradient 
created by the gravitational potential difference 
between the Tibetan Plateau and its margins 
(e.g., Beaumont et al., 2001, 2004; Godin et al., 
2006). Subsequently, this channel was exhumed 
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by enhanced erosion (in response to a climatic 
change) across a narrow zone where precipita-
tion was focused along the topographic front of 
the orogen (e.g., Beaumont et al., 2001; Hodges 
et al., 2001; Clift et al., 2008).

In both wedge extrusion and channel fl ow–
focused denudation models, the Main Central 
thrust and South Tibet detachment were active, 
surface-breaching faults during early-middle 
Miocene GHC emplacement. However, the 
South Tibet detachment map pattern in the west-
ern and Bhutan Himalaya (Yin, 2006) and fi eld, 
structural, and U-Pb geochronologic studies in 
the western and central Himalaya (Webb et al., 
2007, 2011a, 2011b) indicate that the South 
Tibet detachment intersects with the Main Cen-
tral thrust at the leading edge of the GHC. This 
frontal tip of the GHC is locally preserved; 
south of this tip, the THS is thrust directly atop 
the LHS along the Main Central thrust. These 
observations led to a third kinematic model—
that the GHC was emplaced in the early-middle 
Miocene via tectonic wedging (Fig. 2C; Yin, 
2006; Webb et al., 2007). Model kinematics 
are analogous to thrust tectonics of the frontal 
Canadian Cordillera (Price, 1986): The South 
Tibet detachment is a backthrust and its motion 
accommodated GHC emplacement entirely be-
low Earth’s surface, with current GHC exposure 
resulting from subsequent erosion and footwall 
deformation. Top-to-the-north displacement 
along the South Tibet detachment is kinemati-
cally linked to the north-directed Great Counter  
thrust system, which juxtaposes THS rocks 
atop Asian plate–suture-zone rocks to the north 
(Yin et al., 1994, 1999). Sparse records of alter-

nating top-to-the-north and top-to-the-south 
shear along the South Tibet detachment (e.g., 
Hodges et al., 1996; Mukherjee and Koyi, 2010) 
could be accommodated by slip transfer along a 
second  thrust wedge geometry across the GHC 
hinter land (Webb et al., 2007).

Some workers have noted similarity be-
tween tectonic wedging and channel tunneling 
processes , as both feature southward motion 
of the GHC between two subhorizontal shear 
zones that merge to the south (Kellett and Godin , 
2009; Larson et al., 2010a). Modes of inter- and 
intra-unit shearing may indeed correspond. 
Nonetheless, the kinematic models of channel 
fl ow–focused denudation and tectonic wedging 
can be distinguished by two criteria: timing and 
extrusion. In the fi rst model, proposed chan-
nel tunneling occurs in the Eocene–Oligocene, 
preceding the Miocene surface emplacement 
of the GHC via channel fl ow coupled to extru-
sion (e.g., Beaumont et al., 2001; Hodges et al., 
2001; Godin et al., 2006). In contrast, proposed 
tectonic wedging occurred in the Miocene 
and accomplished emplacement of the GHC 
at depth, without extrusion (Yin, 2006; Webb 
et al., 2011b).

A recently proposed GHC emplacement 
model features southward motion of this unit 
between two subhorizontal shear zones that 
inter sect to the south in the early Miocene, suc-
ceeded by middle Miocene low-angle normal 
fault development restricted to the crest of the 
Himalaya (Fig. 2D; Kellett and Grujic, 2012). 
We term this the tectonic wedging–low-angle 
normal fault extrusion model, favoring the 
“tectonic wedging” terminology over “chan-

nel tunneling” because of the proposed early 
Miocene timing, and because the leading edge 
of the modeled GHC was not exhumed by ex-
trusion. Rather, a localized, hinterland portion 
of the GHC and the early Miocene “lower” 
South Tibet  detachment was extruded between 
the low-angle normal fault, termed the “upper” 
South Tibet detachment, and an out-of-sequence 
thrust (the Kakhtang thrust). Restricted low-
angle normal fault motion may be consistent 
with critical taper theory, as discussed above. 
Alternatively, such faulting could result from 
sub hori zontal shear tractions applied to the base 
of the Himalayan brittle upper crust by fl ow 
of middle crust (driven southward in response 
to the lateral pressure gradient that varies with 
topog raphy; Yin, 1989).

Origins of Himalayan Material

The fi rst model to include non-Indian mate-
rial in the Himalayan orogen was the early chan-
nel fl ow concept of Nelson et al. (1996). These 
workers speculated that the GHC might repre-
sent Tibetan middle crust that was thickened, 
partially melted, and extruded southward to 
the Himalaya during collision. However, most 
subsequent channel fl ow–focused denudation 
models show suffi cient northward underthrust-
ing of the suture such that all channelized rock 
is derived from Indian material (e.g., Beaumont 
et al., 2004).

Detrital zircon investigation of central Hima-
laya rocks also suggested a non-Indian GHC 
origin: differences in detrital zircon age spectra 
between the GHC and LHS led to the proposal 
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that the GHC was an exotic terrane accreted 
onto the northern margin of the Indian conti-
nent in Cambrian–Ordovician time (DeCelles 
et al., 2000). Since this work, signifi cant ad-
vances have been made in our understanding 

of key tectonic relationships in the western and 
eastern Himalaya via systematic fi eld mapping, 
thermochronological analysis, determination 
of pressure-temperature (P-T ) conditions, geo-
chronologic dating of major lithologic units and 
deformation events, and chronostratigraphic/
biostratigraphic work (e.g., Myrow et al., 2003, 
2006, 2009, 2010; Hughes et al., 2005, 2011; 
Grujic et al., 2006; Meyer et al., 2006; Richards 
et al., 2006; Drukpa et al., 2006; Hollister and 
Grujic, 2006; Carosi et al., 2006; Webb et al., 
2007, 2011a; McQuarrie et al., 2008; Célérier 
et al., 2009a, 2009b; Kellett et al., 2009, 2010; 
Long and McQuarrie, 2010; Long et al., 2011a, 
2011b; Tobgay et al., 2010; Yin et al., 2006, 
2010a, 2010b; Chambers et al., 2009, 2011; 
McKenzie et al., 2011). Many of these studies 
indicate potential equivalence of LHS and GHC 
protoliths. For example, geochronological stud-
ies from the western and eastern segments of the 
Himalayan range demonstrate close correlation 
of Proterozoic–early Paleozoic stratigraphic 
units within the THS, GHC, and LHS with the 
age-equivalent units deposited on the Indian cra-
ton (Myrow et al., 2003, 2009, 2010; Richards 
et al., 2005; McQuarrie et al., 2008; Yin et al., 
2010a, 2010b; Long et al., 2011a; Webb et al., 
2011a). This result supports the early model that 
Himalayan materials are derived from Indian 
basement and cover sequences. Along-strike 
differences from western and eastern segments 
to the range center could either be induced by 
missing stratigraphic sections in the central 
Himalaya (i.e., Neoproterozoic and Cambrian 
strata in the LHS in Nepal; Myrow et al., 2003), 
or by different tectonic processes operating 
along different parts of the Himalayan orogen.

Recent work suggests that the Himalayan 
orogen may contain exotic material within its 
far northeastern part. Late Triassic sedimen-
tary rocks comprise the northern half of the 
THS in the eastern Himalaya (e.g., Pan et al., 
2004). Southward-directed paleofl ow indica-
tors, anomalously high εNd values, and anoma-
lously young U-Pb/Hf detrital zircon age signals 
are interpreted to refl ect a non-Indian source for 
these rocks (Li et al., 2003a, 2003b, 2004; Dai 
et al., 2008; Li et al., 2010). Zircons of appropriate 
age are not known in India, but they occur in the 
Lhasa terrane: circa 190–250 Ma inherited zir-
con occurs in granitoids of the Nyainqentanglha 
Shan (Kapp et al., 2005); high-pressure meta-
morphism during intra-Lhasa terrane subduc-
tion is dated at ca. 239 Ma (Zeng et al., 2009); 
amphibolites-facies rocks in the central Lhasa 
terrane contain ca. 225–213 Ma metamorphic 
zircon (Dong et al., 2011); and Late Triassic 
granitoids occur in the eastern Lhasa terrane 
(Zhu et al., 2011). Three models are proposed 
(Fig. 3): (1) Rift-fi ll: Detritus was shed from 

the Lhasa terrane and deposited across both 
southern Lhasa and northern India during initial 
continental rifting (Dai et al., 2008). (2) Lhasa 
forearc: Detritus was shed from an arc devel-
oped in southern Lhasa in response to north-
ward subduction of the Neotethys Ocean plate 
(Li et al., 2010). Deposition occurred in the 
corresponding forearc basin. (3) Intra-oceanic 
forearc: Detritus was shed from an arc devel-
oped within the Neotethys Ocean associated 
with a north-directed subducting plate (Li et al., 
2010). Deposition occurred in the correspond-
ing forearc basin. The rift-fi ll model shows 
India-Lhasa rifting and drifting initiating in the 
Late Triassic, whereas the latter two models re-
quire India-Lhasa separation prior to the Late 
Triassic. These latter models also indicate that 
Late Triassic “THS” rocks were structurally em-
placed on India. For the Lhasa forearc model, 
the predicted structural southern boundary 
would also represent the Indus-Tsangpo suture 
(i.e., the suture between India and Asia).

Approach

This study addresses questions of Hima-
layan material sources by using U-Pb dating 
of igneous and detrital zircons to establish the 
lithostratigraphic architecture of the eastern 
Hima laya. We also present new mapping of the 
South Tibet detachment along the range crest 
in southeast Tibet and thereby test models for 
the assembly of the orogen. The work presented 
here complements two related studies dealing 
with the stratigraphic and tectonic evolution of 
the Shillong Plateau (Yin et al., 2010a) and the 
structural development of the eastern Himalaya 
(Yin et al., 2010b).

GEOLOGIC BACKGROUND

Main Himalayan Structures and Units

Models for the origin and assembly of rocks 
across the Himalayan orogen commonly hinge 
upon the deformation histories of the LHS, 
GHC, and THS units and the Main Central 
thrust and South Tibet detachment structures 
(Fig. 1). Therefore, it is a signifi cant challenge 
that the criteria by which these units and struc-
tures are defi ned are not generally agreed upon 
(e.g., Upreti, 1999; Searle et al., 2008; Long 
and McQuarrie, 2010). A common approach 
involves fault-based division of the major units. 
That is, the LHS, GHC, and THS are separated 
by the Main Central thrust and South Tibet de-
tachment (e.g., Yin, 2006; Searle et al., 2008). 
This division requires defi nitions of the Main 
Central thrust and South Tibet detachment that 
are independent of unit descriptions. We follow 
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this approach herein, fi rst discussing the Main 
Central thrust and South Tibet detachment, and 
then characterizing the tectonic units.

All proposed defi nitions of the Main Central 
thrust allow that it occurs in the middle width 
of the range within a zone of top-to-the-south 
shear that marks an inverted metamorphic fi eld 
gradient. Accordingly, a defi nition based on 
strain and metamorphism has been proposed: 
the Main Central thrust would be the complete 
top-to-the-south shear zone, with all rocks 
within the shear zone and all rocks within the 
inverted metamorphic fi eld gradient assigned to 
the GHC (Searle et al., 2008; Larson and Godin, 
2009). This defi nition has limited utility because 
the width of the zone of continuous top-to-the-
south shearing depends upon the basal transition 
from distributed to discrete deformation at the 
scale of fi eld mapping, which is dependent on 
lithology (Yin et al., 2010b). Rheological varia-
tions would therefore locally determine the base 
of the Main Central thrust shear zone and the 
GHC. It follows that the timing of Main Central 

thrust shearing would vary regionally. Also, the 
lower limit of distributed strain does not always 
correspond to the lower limit of the inverted 
metamorphic fi eld gradient (e.g., Vannay and 
Grasemann, 1998; Webb et al., 2011a).

Main Central thrust defi nitions that explicitly 
incorporate timing considerations are more use-
ful for characterizing the kinematic evolution of 
the orogen (Yin, 2006). Himalayan reconstruc-
tions based on fi eld observations, structural 
geometry, and thermochronology demonstrate 
that a large thrust sheet was emplaced to the 
south in the early and middle Miocene, with 
subsequent south-directed deformation domi-
nated by footwall accretion of smaller horses 
(e.g., DeCelles et al., 1998, 2001; Robin-
son et al., 2003, 2006; Bollinger et al., 2004; 
McQuarrie  et al., 2008; Célérier et al., 2009a, 
2009b; Herman et al., 2010; Mitra et al., 2010; 
Long et al., 2011b; Webb et al., 2011a). The two 
phases of deformation can be locally diffi cult 
to distinguish, particularly in the middle width 
of the range in some arc segments. Nonethe-

less, across much of the range, the upper thrust 
sheet is contiguous and deformed into gentle 
to tight folds, and can therefore be readily  dif-
ferentiated from thrust duplexes below (e.g., 
Valdiya, 1980; Webb et al., 2011a). Follow-
ing the works  cited already, we interpret the 
early and middle Miocene thrust underlying 
this thrust sheet to represent the Main Central 
thrust, and we provide further description in a 
companion paper (Yin et al., 2010b).

The South Tibet detachment is distinguished 
by a zone of top-to-the-north shear, which is 
uncommon within the largely south-directed 
Hima layan deformation, occurring within a right-
way-up metamorphic fi eld gradient (Burg et al., 
1984; Burchfi el et al., 1992). Locally, this struc-
ture displays upper, brittle strands (e.g., Hodges 
et al., 1996; Searle, 2001), whereas a ductile 
shear zone is present at all known South Tibet 
detachment exposures (e.g., Carosi et al., 1998; 
Cottle et al., 2011; Webb et al., 2011a, 2011b; 
Kellett and Grujic, 2012). The South Tibet  de-
tachment was active in the early and middle 
Miocene (see review by Godin et al., 2006).

The LHS consists largely of Proterozoic to 
Cambrian sedimentary and metasedimentary 
strata with small volumes of igneous rocks (e.g., 
Valdiya, 1980; DeCelles et al., 2001; Long et al., 
2011a). Metamorphic conditions are largely 
greenschist facies but increase to amphibolite 
facies with increasing proximity to the Main 
Central thrust (e.g., Beyssac et al., 2004; Martin 
et al., 2005; Robinson et al., 2006; Célérier et al., 
2009a, 2009b; Long et al., 2011c). The GHC is 
dominated by Late Proterozoic metasedimen-
tary rocks, Cambrian–Ordovician granitoids, 
and mid-Cenozoic migmatites that display per-
vasive ductile deformation fabrics and have ex-
perienced metamorphism across amphibolite- to 
granulite-facies conditions (e.g., Le Fort, 1975; 
Hodges et al., 1996; Vannay and Grasemann, 
1998; Vannay et al., 2004; Kohn, 2008; Larson 
et al., 2010a; Yin et al., 2010b), with eclogite-
facies conditions locally preserved (e.g., Corrie 
et al., 2010; Grujic et al., 2011).

The THS is composed of Late Proterozoic–
Phanerozoic (meta-)sedimentary rocks and 
Cambrian–Ordovician granitoids deformed in 
an early Cenozoic top-to-the-south fold-and-
thrust belt (e.g., Gaetani and Garzanti, 1991; 
Ratschbacher et al., 1994; Frank et al., 1995; 
Corfi eld and Searle, 2000; Aikman et al., 2008). 
The THS is largely anchizone facies, but grade 
increases monotonically down section such that 
the South Tibet detachment commonly displays 
a <100 °C increase from THS rocks above to 
~650–750 °C GHC rocks below (e.g., Schneider  
and Masch, 1993; Crouzet et al., 2007; Kellett 
and Grujic, 2012). Unit affi liations of amphibo-
lites-facies rocks within and above the basal 
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vation from an intra-oceanic arc; deposition in the corresponding 
forearc basin (Li et al., 2010).

 as doi:10.1130/B30626.1Geological Society of America Bulletin, published online on 21 November 2012



U-Pb zircon geochronology of major lithologic units in the eastern Himalaya

 Geological Society of America Bulletin, Month/Month 2012 5

South Tibet detachment are not uniformly as-
signed. In places where these rocks occur below 
upper, brittle strands of the South Tibet detach-
ment, they have been variably interpreted as GHC 
(e.g., Larson et al., 2010a), THS (Webb et al., 
2011b), or an intermediate unit (Jessup et al., 
2008). These horse rocks may be only modestly 
offset from contiguous THS rocks because in 
regions where the South Tibet detachment is 
a single shear zone, the up-section decrease 
in maximum metamorphic temperatures from 
~650 °C to ~350 °C occurs across 1–5 km of 
structural thickness above and/or within the 
shear zone (Grujic et al., 2002; Chambers et al., 
2009; Kellett et al., 2009, 2010; Cottle et al., 
2011; Webb et al., 2011a; Kellett and Grujic, 
2012). That is, the thermal pattern from the 
basal South Tibet detachment to the anchizone 
facies rocks high above is not changed by the 
presence or absence of the brittle, upper strands.

Bhutan Himalaya

The Bhutan Himalaya is distinguished from 
the rest of the range by isolated southern expo-
sures of THS rocks that occur as close as ~2 km 
north of the Main Central thrust (Figs. 1 and 4; 
e.g., Gansser, 1983; Bhargava, 1995). Geologi-
cal investigations generally reveal that these 
THS rocks comprise klippen of the South Tibet 
detachment above the GHC (e.g., Grujic et al., 
2002; McQuarrie et al., 2008; Kellett et al., 
2009, 2010; Chambers et al., 2011). Deposi-
tional contacts between THS and GHC rocks 
were also interpreted by Long and McQuarrie 
(2010) in south-central Bhutan, although this 
interpretation is controversial (cf. Webb et al., 
2011b; Greenwood et al., 2011).

The LHS is dominated by garnet-bearing 
schist in the Jaishidanda Formation, quartz-
ite and phyllite in the Daling-Shumar Group, 
quartzite and minor carbonates in the Baxa 
Formation, and sandstones and shales of the 
Gondwanan succession (Gansser, 1983; Bhar-
gava, 1995; McQuarrie et al., 2008). Detrital 
zircon U-Pb geochronology yields maximum 
depositional ages of ca. 475–500 Ma for the 
Jaishidanda Formation (and loosely correla-
tive Paro Formation), ca. 1.8–1.9 Ga for the 
Daling-Shumar Group, ca. 520 Ma for the Baxa 
Formation, and ca. 390 Ma for the Gondwanan 
succession (and correlative Diuri Formation; 
Richards et al., 2006; McQuarrie et al., 2008; 
Tobgay et al., 2010; Long et al., 2011a). Nu-
merous granitic gneisses are exposed as lenses 
in map view and are interlayered with LHS 
metasedimentary rocks. These include the 
Jhumo Ri granitic gneiss of Jangpangi (1974) 
and the Gachhang granitic gneiss of Ray et al. 
(1989), which yielded Rb-Sr ages of ca. 1.1 Ga 

(Bhagava, 1995) and U-Pb zircon ages of ca. 
1.76 Ga (Daniel et al., 2003), respectively. 
Similar orthogneiss crosscuts bedding in the 
Daling-Shumar Group and yields crystallization 
ages of ca. 1.8–1.9 Ga (Long et al., 2011a). The 
Jaishidanda Formation schist unit directly below 
the lithological Main Central thrust experienced 
peak metamorphism at 650–675 °C and 9–13 
kbar during 18–22 Ma (Daniel et al., 2003).

The GHC in Bhutan consists of paragneiss, 
orthogneiss, migmatite, and Tertiary leuco-
granite (Gansser, 1983). Detrital zircon U-Pb 
geochronology yields maximum depositional 
ages ranging from ca. 460 Ma to ca. 0.9 Ga for 
proposed GHC samples in central Bhutan (Long 
and McQuarrie, 2010), but these are alternately 
considered THS rocks (e.g., Kellett et al., 2009; 
Webb et al., 2011b; Greenwood et al., 2011). In 
eastern Bhutan, an 825 Ma orthogneiss intrudes 
a quartzite unit in the GHC, which yields U-Pb 
detrital zircon ages between 980 and 1820 Ma 
(Richards et al., 2006). Kyanite-bearing mig-
matites in eastern Bhutan experienced peak P-T 
conditions of ~750–800 °C and 10–14 kbar at ca. 
18 Ma, followed by retrograde metamorphism 
under P-T conditions of 500–600 °C and ~5 
kbar, which was accompanied by 13 Ma leuco-
granite crystallization and a cooling event at 14–
11 Ma in the Main Central thrust zone (Stüwe 
and Foster, 2001; Daniel et al., 2003). Peak 
metamorphic temperatures across the bulk of 
the debated GHC/THS rocks of central Bhutan 
are ~200–300 °C lower, ranging from ~475 °C 
to ~675 °C (Long and McQuarrie, 2010). A re-
cent discovery of Miocene granulitized eclogites 
in the northwest Bhutan GHC further expands 
the range of known GHC P-T conditions here 
(Grujic  et al., 2011; Warren et al., 2011).

The THS in Bhutan is exposed mostly in 
the South Tibet detachment klippen and con-
sists of the garnet-bearing pelitic rocks and 
quartzite of the Neoproterozoic(-Ordovician?) 
Chekha Formation, rhyolite-dacite flows of 
the Singhi Formation, and quartz arenite of the 
Deshichiling Formation, all overlain by Cam-
brian–Jurassic strata (Gansser, 1983; Tangri  
et al., 2003; Long and McQuarrie, 2010; Hughes 
et al., 2011; McKenzie et al., 2011). The Chekha 
Formation is generally considered to form the 
oldest, deepest unit observed in the South Tibet  
detachment hanging wall, but its regional dis-
tribution is uncertain. Recent work documents 
both ca. 493 Ma age-diagnostic trilo bites in 
rocks above interpreted Chekha Formation 
strata in central Bhutan (Hughes et al., 2011) 
and a youngest detrital zircon age peak of 
ca. 460 Ma from interpreted Chekha Forma-
tion rocks of south-central Bhutan (Long and 
McQuarrie , 2010). New regional stratigraphic 
determinations appear warranted.

Southeast Tibet

Southeast Tibet, north of the Himalayan 
crest, exposes THS rocks (Figs. 1, 4, and 5A). 
They are dominantly Triassic, Jurassic, and 
Cretaceous flysch deposits bounded by the 
south-dipping Renbu-Zedong thrust zone (al-
ternatively termed the Great Counter thrust) 
in the north and the north-dipping South 
Tibet  detachment in the south (Fig. 5A; Pan 
et al., 2004). Major structures in the area in-
clude the Yalaxianbo gneiss dome, the Lhunze 
thrust, and the Lhamei thrust. The Yalaxianbo 
gneiss dome exposes high-grade gneisses and 
is bounded by a low-angle ductile shear zone 
with both top-to-the-north and top-to-the-south 
sense of shear indicators (Pan et al., 2004; Aik-
man, 2007). Doming occurred during or after 
the middle Miocene, as recorded by tilting of 
fabrics developed in the early and middle Mio-
cene (Antolín et al., 2010).

North of the Lhunze thrust, axial-planar 
cleavage is well developed in the Late Triassic 
strata and in many places replaces the original 
bedding (Yin et al., 1999; Antolín et al., 2010, 
2011; Dunkl et al., 2011). Signifi cant shorten-
ing of these rocks was accomplished prior to 
and at ca. 44 Ma, as constrained by U-Pb ages 
of undeformed granite crosscutting cleavage 
fabrics (Aikman et al., 2008) and K-Ar ages of 
metamorphic muscovites (Dunkl et al., 2011). 
As discussed earlier herein, the Late Trias-
sic rocks of southeast Tibet are probably not 
sourced from India (Dai et al., 2008; Li et al., 
2010). Existing sedimentologic observations 
from these strata (i.e., southward paleocurrent 
directions) are consistent with a northern source 
(Li et al., 2003a, 2003b, 2004). Detrital zircon 
U-Pb geochronology yields age peaks ranging 
from ca. 200 Ma to ca. 3 Ga for the Triassic 
strata; the youngest ages (ca. 224–266 Ma) 
yield juvenile εHf(T) values (5.5–13.5; Aikman 
et al., 2008; Li et al., 2010). Late Triassic strata 
have εNd(0) values between –5.42 and –9.76 (Dai 
et al., 2008; see sample distributions and cor-
responding Nd isotope values in Fig. 5A). In 
contrast, Cretaceous samples to the south of 
the Lhamei thrust yield εNd(0) values between 
–16.74 and –18.00, consistent with an Indian 
source, with one exception (–7.95) discussed 
later herein (Dai et al., 2008).

South of the Lhamei thrust, Early Cretaceous 
strata form the immediate hanging wall of the 
South Tibet detachment (Pan et al., 2004). The 
Early Cretaceous age for these rocks is inferred 
via lithologic correlation to similar, dated strata 
~100 km to the northwest (Zhu et al., 2008) and 
Cretaceous fossils in similar rocks to the west 
(Pan et al., 2004; Dai et al., 2008). The juxta-
position of Cretaceous strata against the South 
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 Tibet detachment contrasts sharply to the pres-
ence of the Proterozoic Chekha Formation di-
rectly above this structure in southern Bhutan 
(Grujic et al., 2002), suggesting that the South 
Tibet detachment cuts up section in its north-
ward transport direction. On the other hand, the 
rocks of the immediate South Tibet detachment 
hanging wall in southeast Tibet are transposed 
by isoclinal folding, and their stratigraphy is 
poorly constrained (Dai et al., 2008). An excep-
tionally low εNd(0) value was obtained from the 
structurally deepest THS sample analyzed by 
Dai et al. (2008), yielding a value (–7.95) con-
sistent with the range for Late Triassic samples. 
Therefore, future stratigraphic studies may bet-
ter delineate the possible up-section cutting 
along the South Tibet detachment here.

Intermediate to mafi c shallow intrusive and 
volcanic rocks occur across southeast Tibet 
(e.g., Zhu et al., 2005, 2007, 2008). These oc-
cur as 145–130 Ma sills and dikes crosscutting 
Early Cretaceous rocks south of the Lhamei 
thrust, where they are interpreted as initial mag-
matic products of the Kerguelen plume (Zhu 
et al., 2008). Similar rocks are folded with Late 
Triassic strata to the north (Antolín et al., 2010). 
The age of the igneous rocks in the Late Triassic 
strata is uncertain, although Dunkl et al. (2011) 
interpreted Early Cretaceous illite growth (con-
strained by K-Ar geochronology) in adjacent 
metapelites as indicative of similar 145–130 Ma 
igneous crystallization. If correct, this interpre-
tation implies that the Late Triassic strata were 
proximal to the Early Cretaceous strata at 145–
130 Ma, despite the apparently exotic source of 
the former rocks.

Arunachal Himalaya

The Arunachal Himalaya only exposes the 
LHS and GHC units, with the THS exposed 
north of the Himalayan crest in southeast 
Tibet  (Figs. 1, 4, 5B, and 5C). Yin et al. (2006) 
showed that a quartz arenite unit in the LHS 
contains detrital zircon with ages younger than 
ca. 960 Ma. The arenite and its inter bedded 
phyllite constitute the Proterozoic Rupa Group 
of Kumar (1997). Orthogneiss in the LHS 
yields U-Pb ages of ca. 1.74 Ga (Yin et al., 
2010b) and Rb-Sr ages of 1.5–1.9 Ga (Dikshi-
tulu et al., 1995). The carbonate-bearing Baxa 
Formation of Tewari (2001), equivalent to the 
uppermost part of the Rupa Group of Kumar 
(1997), contains latest Proterozoic to Early 
Cambrian fossils. The GHC in Arunachal con-
tains orthogneisses that yield U-Pb zircon ages 
of ca. 1.74 Ga, ca. 878 Ma, and ca. 500 Ma, all 
of which were also found in the Main Central 
thrust footwall rocks and in the Indian craton 
(Yin et al., 2010a, 2010b).
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Figure 5 (on this and following page). (A) Geo-
logical map of southeast Tibet based on Yin 
et al. (1994, 1999), Harrison et al. (2000), Pan 
et al. (2004), Aikman et al. (2008), and our 
work. Location of Figure 6 map is indicated. 
(B) Geological map of Bhalukpong traverse 
region, modifi ed from Yin et al. (2010b). 
(C) Geological map of Kimin traverse region, 
modifi ed from Yin et al. (2010b). (D) Geologi-
cal map of central Shillong Plateau, modifi ed 
from Yin et al. (2010a). MCT—Main Central 
thrust; STD—South Tibet Detachment.
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Shillong Plateau and NE Indian Craton

The Shillong Plateau is a Cenozoic pop-up 
structure (Bilham and England, 2001; Gupta 
and Sen, 1988; Rajendran et al., 2004; Biswas 
and Grasemann, 2005; Biswas et al., 2007), 
and it exposes a crystalline basement overlain 
by Proterozoic to Neogene sedimentary strata 
(Das Gupta and Biswas, 2000) (Figs. 1, 4, and 
5D). The basement is composed of sillimanite-
bearing paragneiss, amphibolites, banded iron 
formations, granulites, and orthogneiss (e.g., 
Ghosh et al., 2005). The basement is overlain 
by the Proterozoic Shillong Group, consist-
ing of quartz arenite, sandstone, and phyllite; 
all of these units experienced multiple phases 
of folding and locally lower-greenschist-
facies metamorphism (Ghosh et al., 1994; 
Mitra and Mitra, 2001). The Shillong Plateau 
and its neighboring region are also exten-
sively intruded by granitoids that yield Rb-Sr 
whole-rock isochron ages of ca. 1700 Ma, ca. 
1400 Ma, ca. 1100 Ma, ca. 800 Ma, and ca. 
700 Ma (Crawford, 1969; van Breemen et al., 
1989; Ghosh et al., 1991, 1994, 2005). Some 
of the granitoids were recently dated using the 
U-Pb zircon method, which yields three groups 
of ages at 1600 ± 50 Ma, 1100 ± 50 Ma, and 
500 ± 30 Ma (Yin et al., 2010a). The young-
est granitoids intrude into the Shillong Group, 
requiring part of the Shillong Group to have 
been deposited prior to ca. 500 Ma (Yin et al., 
2010a). Two samples from the Shillong Group 
yield detrital zircon age distributions domi-
nated by Proterozoic ages, with dominant age 
clusters at 900–1150 Ma and 1450–1850 Ma 
for one sample and 1100–1250 Ma and 1500–
1750 Ma for the second sample (Yin et al., 
2010a). The youngest ages suggest that parts 
of the Shillong Group were deposited after ca. 
560 Ma and ca. 1100 Ma.

STRUCTURAL GEOLOGY OF THE 
SOUTH TIBET DETACHMENT NEAR 
LHAKANG, SOUTHEAST TIBET

The South Tibet detachment is exposed 
~10 km southwest of Lhakang as a distributed 
shear zone with a minimum thickness of 200 m 
(Fig. 6). As the fault is located along the inter-
national border between Bhutan and China, 
we did not observe the base of the shear zone. 
The shear zone is primarily developed across a 
coarse-grained augen gneiss unit dominated by 
large K-feldspar phenocrysts, 0.5–3 cm in diam-
eter, and plagioclase with minor muscovite, bio-
tite, hornblende, and quartz. The shear zone also 
involves minor amounts of garnet schist and 
quartzite. Rocks above the shear zone include 
both biotite schist and garnet schist. The garnet 
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schist unit is intruded by both deformed and un-
deformed leucogranite sills. The leucogranites 
are fi ne-grained, containing quartz, muscovite, 
and tourmaline, ± garnet. They occur as dikes 
and sills with maximum widths of a few meters. 
Farther to the north, ~10–15 km north of the 
shear zone, the metamorphic grade decreases 
from biotite schist to phyllitic schist, phyllite, 
and metagraywackes. In general, metamorphic 
grade across the mapped shear zone and hang-
ing wall decreases gradually with increasing 
structural elevation.

The augen gneiss unit displays well-devel-
oped mylonitic fabrics with dominantly top-to-
the-north sense of shear (Fig. 7A). Mylonitic 
fabrics are not distributed uniformly in the 
augen gneiss unit, and in places they are com-
pletely lacking in regions bounded by sheared 
rocks. Similar mylonitic fabrics and extensional 
boudinage are developed across the shear zone 
quartzite and garnet schist. There is no sharp 
contact marking the upper limit of the shear 
zone. For example, in some locations above 
the mapped upper limit, asymmetric folds that 
deform leucogranites also indicate top-to-the-
north sense of shear (Fig. 7B).

SAMPLE LOCATIONS AND LOCAL 
GEOLOGICAL SETTINGS

In this study, we analyzed a total of eight 
samples using U-Pb zircon geochronology, six 
from sedimentary rocks and paragneiss units for 

detrital zircon analysis and two samples from 
plutonic bodies. Samples were collected from 
southeast Tibet, far western Arunachal (Bhaluk-
pong-Tawang traverse of Yin et al., 2010b), and 
central western Arunachal (Kimin traverse of 
Yin et al., 2010b) (Fig. 4).

Detrital zircon sample AY06–29–06–10A 
was collected from intensely folded upper Tri-
assic turbidite strata of the Tethyan Himalayan 
Sequence in southeast Tibet (Fig. 5A). The 
strata where sample AY06–29–06–10A was 
collected are intruded by northwest-trending 
diabase dikes (see Fig. 7C for a similar rela-
tionship exposed to the south). Sample AY06–
29–06–10B was collected from a diabase dike 
to constrain the age of igneous emplacement 
(Fig. 5A).

Sample AY07–01–06–5B was collected from 
Cretaceous strata exposed between the Lhamei 
thrust and the South Tibet detachment (Fig. 5A; 
Pan et al., 2004). To our knowledge, Cretaceous 
strata are the youngest stratigraphic unit that the 
South Tibet detachment cuts in its hanging wall 
(see prior review of southeast Tibet geology; 
Yin, 2006; Yin et al., 2010b). This relationship 
in southeast Tibet contrasts with the typical re-
lationship of the South Tibet detachment, which 
places Cambrian–Ordovician or Neoproterozoic 
strata in its hanging wall in the central Hima-
laya (Burchfi el et al., 1992) and in the Bhutan 
Himalaya directly south of this sample loca-
tion (e.g., Grujic et al., 2002; McQuarrie et al., 
2008; Hughes et al., 2011; McKenzie et al., 

2011). Despite its young age, Cretaceous rocks 
where sample AY07–01–06–5B was collected 
are metamorphosed into biotite schist. We also 
collected augen gneiss sample AY07–02–06–1 
from within the South Tibet detachment shear 
zone on the Bhutan-Tibet border (Fig. 6). It is 
mylonitized and displays a top-to-the-north 
sense of shear.

Three samples were collected from the 
Bhaluk pong-Tawang traverse. Samples AY02–
13–06–7, AY02–13–06–8, and AY02–13–
06–9B were collected systematically from 
lower to higher structural levels in a north-
dipping section of the GHC in the Main Central 
thrust hanging wall (Fig. 5B). Samples AY02–
13–06–7 and AY02–13–06–9B were collected 
from quartzofeldspathic biotite gneiss, whereas 
sample AY02–13–06–8 was collected from a 
garnet biotite gneiss unit.

Sample 12–31–04–1 was collected from the 
Lesser Himalayan Sequence directly below 
the Main Central thrust fault in the Kimin area 
(Fig. 5C). The composition of this sample is 
an arkosic sandstone. The arkosic sandstone 
is interlayered with phyllite, both of which are 
folded with well-developed cleavage. Intense 
isoclinal folding in the phyllite units has mostly 
transposed the original bedding, and the newly 
developed cleavage itself is broadly folded 
(Fig. 6; Yin et al., 2010b). Yin et al. (2010b) re-
ferred to this sequence as metagraywacke and 
assigned it to the lower unit of the Proterozoic 
Rupa Group.
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U-Pb ZIRCON GEOCHRONOLOGY

Methods

U-Pb measurements were undertaken using 
laser ablation–multicollector–inductively coupled 
plasma–mass spectrometry (LA-MC-ICP-MS; 
methods following Gehrels et al., 2006) at the 
Arizona LaserChron Center. For construction of 
relative probability distributions, we generally fol-
low the “best age” approach common to detrital 
zircon studies: For ages older than 1000 Ma, we 
use the 207Pb/206Pb age, whereas for ages younger 
than 1000 Ma, we use the 206Pb/238U age. How-
ever, our three GHC samples have a few, discor-
dant ages slightly younger than 1000 Ma. For 

these samples, we use 207Pb/206Pb results for all 
analyses. We also obtained U-Pb ages for two ig-
neous samples using the CAMECA IMS 1270 ion 
microprobe at The University of California–Los 
Angeles. The analytical procedures are described 
in detail in Schmitt et al. (2003). Uncertainties dis-
cussed herein are quoted as ±1σ standard devia-
tions, except where otherwise noted.

Detrital Zircon Spectra of the THS Samples

To determine and differentiate the prov-
enance of Triassic and Cretaceous THS strata, 
we analyzed 92 zircon grains from a Late Tri-
assic turbidite sequence north of the Lhunze 
thrust (sample AY 06–29–06 10A). We also 

analyzed 83 zircon grains from Early Creta-
ceous strata south of the Lhamei thrust (sample 
AY 07–01–06 5B; locations shown in Fig. 5A). 
Analyses for both samples are dominantly con-
cordant for ages younger than 1200 Ma and dis-
cordant for ages older than 1200 Ma (see GSA 
Data Repository Supplementary File 11). Both 

Figure 7. Photographs of key structural relation-
ships within the South Tibetan detachment shear 
zone and the Tethyan Himalayan Sequence. 
(A) Top-to-the-north S-C fabric in mylonitic 
augen  gneiss, South Tibetan detachment shear 
zone. Location noted in Figure 6; pencil for scale; 
view looking to west. (B) North-vergent folds de-
veloped above the South Tibetan detachment 
shear zone. Location noted in Figure 6; hammer 
for scale; view looking to west. (C) Dike cross-
cutting bedding in Triassic Tethyan Himalayan 
Sequence sedi mentary rocks, southeast Tibet . 
Location noted in Figure 5A; view to south.

1GSA Data Repository item 2012341, Supple-
mentary File 1. Detrital zircon U-Pb results: A. Con-
cordia diagrams. B. Age histograms with relative 
probability curves. C. Cumulative probability curves. 
D. Tabulated data. Supplementary File 2. Cathodo-
luminesence (CL) images of analyzed zircons from 
igneous samples, with analysis locations indicated, is 
available at http://www.geosociety.org/pubs/ft2012
.htm or by request to editing@geosociety.org.
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samples feature a large variety of ages that range 
from ca. 200 Ma to ca. 3500 Ma (Fig. 8). Results 
are concentrated in the Cambrian, Late Protero-
zoic, and to a lesser extent the late Middle  
Protero zoic. Results from the two samples can 
be distinguished because (1) the Triassic sam-
ple has a well-defi ned age peak at ca. 570 Ma, 
whereas the Cretaceous sample lacks well-de-
fi ned age peaks, and (2) the Triassic sample has 
an age cluster between 220 Ma and 280 Ma with 
a peak at ca. 250 Ma, whereas the Cretaceous 
sample has only three scattered ages younger 
than ca. 500 Ma. Comparison of the spectra 
using  the Kolmogorov-Smirnov statistic (see 
Press et al., 2007; Fletcher et al., 2007) indicates 
that the age distributions are distinguishable at 
the 95% confi dence level (Table 1).

Detrital Zircon Spectra of the GHC Samples

We acquired U-Pb detrital zircon age data 
from three GHC paragneiss samples: 108 analy-
ses for AY 02–13–06 7 at the lowest structural 
level, 112 analyses of AY 02–13–06 8 in the 
middle level, and 108 analyses of AY 02–13–06 

9B at the highest level (see Fig. 5B for sample 
locations). Results are dominantly concordant 
to weakly discordant, with a main age range 
spanning from the Middle Proterozoic through 
the early Late Proterozoic, with a few older 
ages (Fig. 8).

Samples AY 02–13–06 7 and AY 02–13–06 
9B yield similar age populations, with similar 
ranges and moderately well-defi ned peaks at ca. 
1000 Ma, ca. 1150 Ma, and ca. 1380 Ma. The 
Kolmogorov-Smirnov statistic indicates that 
these two age distributions are indistinguishable 
at the 95% confi dence level (Table 1). Interest-
ingly, we note that the two samples also have 
very similar lithology. This may indicate that 
the two units have been duplicated tectonically 
either by thrusting or folding.

Sample AY 02–13–06 8 features broadly simi-
lar age peaks in comparison with the other two 
samples collected from the GHC in the Bhaluk-
pong-Tawang traverse, but it has an additional, 
well-defi ned youngest age peak at ca. 830 Ma. 
This indicates a maximum depositional age that 
is ~170 m.y. younger than those of the other two 
samples (Fig. 8). The Kolmogorov-Smirnov sta-

tistic indicates that AY 02–13–06 8 results rep-
resent a distinct age distribution versus the other 
two GHC samples (Table 1).

Detrital Zircon Spectra of the LHS Samples

Detrital zircon age spectra of Yin et al. (2006) 
for two Lesser Himalayan Sequence samples 
(AY 09–16–03 14A, AY 9–17–03 15) along 
the Bhalukpong-Tawang traverse (Fig. 5B) are 
indistinguishable at the 95% confi dence level 
(Table 1): they are dominated by late Early 
Proterozoic through Middle Proterozoic ages 
with sparse ages older than 1900 Ma. These 
age ranges are similar to the age distributions 
for Bhalukpong GHC samples AY 02–13–06 7 
and AY 02–13–06 9B (Fig. 8). Indeed, the Kol-
mogorov-Smirnov statistic indicates that GHC 
sample AY 02–13–06 7 is indistinguishable 
from sample AY 09–17–03 15 at the 95% confi -
dence level (Table 1).

In contrast, new results from sample AY 
12–31–04 1 of a LHS graywacke unit along the 
Kimin traverse (Fig. 5C) reveal an age popula-
tion that is distinct from the Bhalukpong GHC 
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lished samples). N—number of analyzed zircons. (B) Similar published data from Nepal (fi rst age spectra), southeast 
Tibet (second age spectra), and Bhutan (remaining spectra). Age spectra marked by asterisks (e.g., “*N = 250”) 
combine results from multiple samples.
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and LHS samples (Fig. 8; Table 1). Dominated 
by a single prominent age peak at ca. 1780 Ma, 
this sample may represent an older stratigraphic 
unit, perhaps from a nearby pluton with a 
ca. 1780 Ma crystallization age. The young-
est detrital  zircon in this sample is a single ca. 
1640 Ma grain in the young fl ank of the ca. 
1780 Ma age peak. Depending on the signifi -
cance assigned to the youngest grain, the inter-
preted maximum depositional age of this unit is 
ca. 1640 Ma or ca. 1780 Ma.

U-Pb Ages of Intrusive Rocks

To determine the age of intrusive rocks in the 
Late Triassic strata, we dated a crosscutting dia-
base (sample AY 06–29–06 10B in Fig. 5A). We 
were only able to obtain two zircon separates 
from the sample, one yielding a 207Pb/206Pb age 
of 803 ± 73 Ma and the other a 238U/206Pb age 
of 57 ± 4 Ma (Fig. 9; Table 2; cathodolumines-
cence images provided in Data Repository Sup-
plementary File 2 [see footnote 1]). We suggest 
that the older age represents an inherited zircon. 
A wide range of interpretations could be applied 
to the younger age: it could represent inher-
ited zircon, the crystallization age of the intru-
sion, or a mixed age signal affected by Pb-loss/
metamorphism.

To evaluate the age of GHC rocks imme-
diately below the South Tibet detachment in 
southeast Tibet, we dated an augen gneiss unit 
(sample AY 07–02–06 1 in Fig. 6). We obtained 
eight analyses from six zircons (Fig. 9; Table 2; 
cathodoluminescence images provided in Data 

Repository Supplementary File 2 [see footnote 
1]). Five analyses yield UO/U outside the range 
of calibration, and the analysis below the cali-
bration range has a very large error. Excepting 
the analysis below the calibration range, the 
weighted mean 207Pb/206Pb age for the augen 
gneiss is 485 ± 20 Ma (2σ), which we interpret 
as the igneous protolith crystallization age.

DISCUSSION

Our fi eld mapping and U-Pb zircon dat-
ing across the eastern Himalaya reveal the fol-
lowing: (1) The South Tibet detachment along 
the Bhutan-China border is a top-to-the-north 
ductile shear zone; (2) Triassic and Cretaceous 
THS sedimentary samples show a similar age 
range of detrital zircons from ca. 200 Ma to ca. 
3500 Ma, but Triassic rocks are distinguished 
by a signifi cant age cluster between ca. 220 and 
ca. 280 Ma and a well-defi ned age peak at ca. 
570 Ma; (3) a 57 ± 4 Ma date of uncertain sig-
nifi cance from a dike crosscutting Late Triassic 
THS strata; (4) an augen gneiss within the South 
Tibet detachment shear zone in southeast Tibet 
has a Cambrian–Ordovician crystallization age; 
(5) GHC paragneiss and LHS quartzites from the 
Bhalukpong-Tawang traverse share similar prov-
enance and Late Proterozoic maximum deposi-
tional ages; and (6) LHS metagraywacke from 
the Kimin traverse has a distinct provenance, 
with a Paleoproterozoic maximum depositional 
age indicated by a single prominent age peak of 
ca. 1780 Ma. We discuss broader implications 
of these fi ndings in the following sections.

Ductile Shear along the South Tibet 
Detachment at the Bhutan-China Border

Here, we combine the new mapping of the 
South Tibet detachment along the Bhutan-China 
border with prior mapping in order to test GHC 
emplacement models (Fig. 2) across the eastern 
Himalaya.

Wedge extrusion kinematic models require 
a north-dipping South Tibet detachment dur-
ing motion (e.g., Burchfi el and Royden, 1985). 
However, there is extensive evidence that the 
South Tibet detachment was subhorizontal dur-
ing its activity. First, its current orientation is 
subhorizontal. The main trace is commonly gen-
tly north-dipping (e.g., Burchfi el et al., 1992), 
but its overall orientation is locally warped and 
nearly fl at. Klippen extend up to ~100 km south 
of the main trace in Bhutan (e.g., Edwards et al., 
1996; Grujic et al., 2002; Long and McQuarrie, 
2010; Kellett and Grujic, 2012), and high-grade 
domes up to ~100 km north of the main trace 
are bounded by the South Tibet detachment (e.g., 
Chen et al., 1990; Larson et al., 2010b; Wagner 
et al., 2010; Zhang et al., 2012). Second, there 
is no thermochronologic offset across the fault. 
Rather, matching ages are observed or a smooth, 
slow age increase is observed from the foot-
wall to the hanging wall (e.g., Metcalfe, 1993; 
Godin  et al., 2001; Vannay et al., 2004; Cham-
bers et al., 2009; cf. Coleman and Hodges, 1998; 
see review by Yin, 2006). This pattern cannot be 
accomplished if the footwall is exhumed rela-
tive to the hanging wall. Third, the cold-over-
hot thermal pattern associated with the South 

TABLE 1. KOLMOGOROV-SMIRNOV STATISTIC APPLIED TO THE PROBABILITY DENSITY FUNCTION OF U-Pb DETRITAL ZIRCON RESULTS

puorGgnollihSSHLCHGSHT
AY AY AY AY AY AY AY AY AY AY

06-29-06 07-01-06 02-13-06 02-13-06 02-13-06 09-16-03 09-17-03 12-31-04 02-04-06 02-04-06
10A 5B 7 8 9B 14A 15 1 12 18

N 92 83 108 112 108 100 97 95 37 96
AY 07-01-06 5B D 0.31
  PROB 3E–4
AY 02-13-06 7 D 0.65 0.43

PROB 3E–19 2E–8
AY 02-13-06 8 D 0.56 0.32 0.42

PROB 1E–14 7E–5 3E–9
AY 02-13-06 9B D 0.65 0.43 0.17 0.41
  PROB 2E–19 3E–8 0.068 8E–9
AY 09-16-03 14A D 0.68 0.51 0.19 0.57 0.34

PROB 1E–20 4E–11 0.030 1E–15 5E–6
AY 09-17-03 15 D 0.65 0.44 0.10 0.46 0.24 0.17

PROB 3E–18 2E–8 0.631 3E–10 0.005 0.110
AY 12-31-04 1 D 0.83 0.70 0.77 0.92 0.85 0.75 0.75
  PROB 1E–29 2E–20 3E–27 8E–40 1E–33 3E–25 1E–24
AY 02-04-06 12 D 0.54 0.37 0.30 0.54 0.44 0.23 0.24 0.70

PROB 2E–7 0.001 0.010 9E–8 2E–5 0.104 0.080 2E–12
AY 02-04-06 18 D 0.74 0.56 0.31 0.63 0.45 0.17 0.24 0.75 0.28
  PROB 2E–23 4E–13 1E–4 7E–19 1E–9 0.107 0.006 2E–24 0.024

Note: N—number of zircon grains analyzed per sample; D—maximum vertical separation between the cumulative probability spectra of the indicated samples; PROB—
probability of valid null hypothesis (PROB > 0.05 indicates that the distributions being compared are indistinguishable at the 95% confi dence level). THS—Tethyan Himalayan 
Sequence; GHC—Greater Himalayan Crystalline complex; LHS—Lesser Himalayan Sequence.
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Tibet detachment is a gradual transition. Peak 
metamorphic temperatures decrease monotoni-
cally from ~750–650 °C to ~400–350 °C across 
100 m scale to kilometer-scale sections across 
the South Tibet detachment shear zone and im-
mediately adjacent rocks (e.g., Crouzet et al., 
2007; Jessup et al., 2008; Cottle et al., 2011). 
This pattern is essentially constant from the 
northern Himalayan domes to the southerly klip-
pen (e.g., Lee et al., 2000; Grujic et al., 2002; 
Kellett and Grujic, 2012). Likewise, microstruc-
tural studies show that South Tibetan detachment 
deformation temperatures are roughly consistent 
from north to south, showing a sequential evolu-
tion from ~700 °C to ~400 °C and continuing 
deformation down to ~300 °C along the main 
trace and northern dome exposures (e.g., Jessup 
et al., 2008; Kellett et al., 2009; Wagner et al., 
2010; Law et al., 2011). The cold-over-hot ther-
mal juxtaposition is not accomplished via sec-
tion-cutting normal faulting, but rather through 
general shear involving ~50% pure shear (e.g., 
Jessup et al., 2006; Langille et al., 2010; Cottle et 
al., 2011). These geometric, thermochronologic, 
and thermal patterns all support a subhorizontal 
South Tibet detachment extending ~200 km in 
the arc-perpendicular direction, ruling out wedge 
extrusion models.

Channel fl ow–focused denudation mod-
els are largely consistent with a subhorizontal 
South Tibet detachment. This geometry would 
be maintained during GHC emplacement, ex-
cept at the southern terminus during the Mio-
cene, when this part of the structure would 
have dipped to the north, allowing southward 
extrusion of the GHC. The recently discovered 
intersection of the South Tibet detachment and 
Main Central thrust to the south in the western 
and central Himalaya, and the corresponding 
preservation of the leading edge of the GHC 
preclude southward extrusion there (Yin, 2006; 
Webb et al., 2007, 2011a, 2011b). Likewise, 
the Bhutan map pattern shows the southward 
convergence of the South Tibet detachment and 
Main Central thrust (e.g., Grujic et al., 2002; 
Kellett et al., 2009; Chambers et al., 2011; cf. 
Long and McQuarrie, 2010). These two faults 
are exposed within 2 km of each other in south-
ern Bhutan. This would be an exceptionally 
narrow aperture for extrusion, and it is instead 
interpreted to show that the frontal tip of the 
GHC has only recently been eroded away in 
this area (Yin, 2006). Kellett and Grujic (2012) 
recently introduced a second reason to exclude 
the channel fl ow–focused denudation model: 
the updip (i.e., to the south) progression of fault 
kinematics along the South Tibet detachment is 
not consistent with normal faulting. Along the 
range crest to the north, brittle fabrics are lo-
cally associated with this structure (e.g., Law 

et al., 2011), but in the klippen to the south, the 
shear zone displays only ductile fabrics.

Remaining models are tectonic wedging and 
tectonic wedging–low-angle normal fault extru-
sion (Fig. 2). The latter model is distinguished 
by late brittle detachment faulting along an 
upper  South Tibet detachment strand that would 
cut the previously developed, largely ductile 
lower South Tibet detachment at the range 
crest. Our new mapping addresses this predic-
tion, because the Bhutan-China border closely 
coincides with the range crest. The exclusively 
ductile shear zone we observe is consistent with 
the South Tibet detachment exposures across 
the Bhutan klippe, rather than a late brittle de-
tachment cutting that structure. Burchfi el et al. 
(1992) and Edwards et al. (1996) also mapped 
along the GHC–THS contact exposed near the 
Bhutan-China border. They speculated that brit-
tle South Tibet detachment strands occur there, 
although both groups of authors agree there is 
no evidence for a brittle detachment along a 
South Tibet detachment exposure defi ned by 
a ductile shear zone occurring ~10 km to the 
northeast of our new mapping. Edwards et al. 
(1996) inferred a brittle detachment ~50 km to 
the west based on a lithologic contact, but only 
ductile fabrics are reported, and the description 
of lithologies and metamorphic grade above and 
below the contact is consistent with the ductile 
shear zone exposures. Another ~50 km to the 
west, Burchfi el et al. (1992) inferred a low-
angle, north-dipping brittle detachment beneath 
Quaternary fi ll (at their Wagye La transect). 
The inferred detachment separates ductile 
shear zone rocks from THS and Cenozoic sedi-
ments. However, the necessary pre-Quaternary 
juxtaposition could be readily accomplished 
along northwest- and northeast-striking steep 
normal faults. Such normal faults are the domi-
nant structures in the area and are presumably 
associated with the adjacent Yadong rift (e.g., 
Taylor et al., 2003). Finally, both author groups 
show that one steep brittle normal fault (the 
Zhong Chu fault) locally juxtaposes THS and 
shear zone rocks. They also noted that it directly 
juxtaposes Mesozoic THS strata in the footwall 
against Mesozoic THS strata in the hanging 
wall, suggesting a modest (<3–4 km) total slip. 
In short, evidence for a major low-angle normal 
fault along the range crest north of Bhutan is 
equivocal at best. We therefore favor the tec-
tonic wedging model for the eastern Himalaya. 
A medium- to low-temperature thermochrono-
logical investigation across the potential upper 
South Tibet detachment would provide another 
test of the tectonic wedging–low-angle normal 
fault extrusion model. As discussed already 
herein, results from such studies to the west are 
inconsistent with normal faulting (Yin, 2006).

Origin of Late Triassic THS Strata 
and Implications for Timing of 
India-Lhasa Rifting

The dominant range of detrital zircon age 
spectra for both the Early Cretaceous THS 
sample and the Late Triassic THS sample, and 
existing detrital zircon geochronology of Late 
Triassic THS rocks north of the Lhunze thrust 
in southeast Tibet by Aikman et al. (2008) and 
Li et al. (2010) (Fig. 8) extends from ca. 500 Ma 
to ca. 3000 Ma, with a concentration between ca. 
500 Ma and ca. 1000 Ma. This pattern is typi-
cal of the THS, GHC, and Lhasa terrane (e.g., 
DeCelles et al., 2000; Martin et al., 2005; Leier 
et al., 2007; Gehrels et al., 2011), and therefore 
suggests Gondwanan provenance for Mesozoic 
sediments in southeast Tibet. However, the Tri-
assic population is differentiable from the Creta-
ceous results on the basis of a substantial group 
of ca. 200–300 Ma zircons in the former, which 
Hf isotopic signatures indicate come from juve-
nile crust (Li et al., 2010). As discussed earlier 
herein, there is no known source for these zir-
cons in northern India, and paleocurrent observa-
tions suggest that the sediments are derived from 
the north (Li et al., 2003a, 2003b, 2004). Three 
proposed models for the deposition of the Late 
Triassic rocks, i.e., the rift-fi ll, Lhasa forearc, 
and intra-oceanic forearc models, were dis-
cussed earlier herein and are shown in Figure 3.

A critical distinction between the three 
models is that only the rift-fi ll model involves 
depo si tion of the Late Triassic rocks along the 
northern Indian margin. Therefore, a poten-
tially important geological relationship is the 
intrusion of the Late Triassic rocks by diabase 
sills and dikes (e.g., Fig. 7C). These intrusive 
units may correlate with similar 145–130 Ma 
intrusions and volcanics associated with Early 
Cretaceous THS strata across southeast Tibet 
(Zhu et al., 2005, 2007, 2008; Dunkl et al., 
2011). The 145–130 Ma rocks are interpreted 
to refl ect initial magmatism of the Kerguelen 
plume. Therefore, crosscutting of Late Triassic 
strata by these igneous rocks would place the 
Late Triassic strata along the northern Indian 
margin in the Early Cretaceous. We attempted 
to test this possibility by dating a sample from a 
diabase crosscutting Late Triassic strata, but our 
limited zircon yield (2 grains) afforded only one 
possible crystallization age date of 57 ± 4 Ma. 
K-Ar dates of metamorphic muscovite in these 
rocks are ca. 44 Ma (Dunkl et al., 2011), so the 
57 Ma datum may be affected by Pb loss dur-
ing metamorphism. Nonetheless, the diabase 
lithology and contact relationships, as well as 
Early Cretaceous illite growth in surrounding 
strata (Dunkl et al., 2011), continue to favor 
correlation of these diabase intrusions with the 
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145–130 Ma igneous rocks. We therefore favor 
a rift-fi ll model. Dai et al. (2008) suggested that 
a possible source for rift-fi ll detritus could be 
an arc developed along the northern Lhasa ter-
rane margin, perhaps as a result of subduction 
of Meso tethys Ocean lithosphere. The juvenile 
crustal signature evinced by the Hf isotopic rec-
ord of the youngest detrital zircons (Li et al., 
2010) indi cates an arc source, so we include the 
northern Lhasa arc as a necessary component of 
the rift-fi ll model.

Chronostratigraphy of the 
Eastern Himalaya

The three dated GHC paragneiss samples 
from the Bhalukpong-Tawang traverse show 
similar provenance to LHS quartzite arenite  
samples from the same traverse (Yin et al., 
2006), sharing Late Proterozoic maximum depo-
si tional ages and, in one case, indistinguishable 
age spectra at the 95% confi dence level based 
on a Kolmogorov-Smirnov test (Table 1). These 
GHC and LHS strata appear to be derived from 
similar sources, and they may occur as a single 
stratigraphic unit that is duplicated by the Main 
Central thrust in this region. This interpretation 
is consistent with an Indian source and depo-
sitional environment for both GHC and LHS 
protoliths.

The LHS sample from the Kimin traverse, 
some 200 km east of the Bhalukpong-Tawang 
traverse (sample AY 12–31–04 1 in Fig. 5C), 
shows a very different age pattern, with a Paleo-
protero zoic maximum depositional age. This 
highlights along-strike heterogeneity in LHS 
stratigraphy. The aforementioned GHC samples 
show one signifi cant variation: The sample from 
an intermediate structural horizon has a ca. 
0.83 Ga youngest age peak, whereas the upper 
and lower samples have similar, older youngest 
age peaks of ca. 0.99 and ca. 1.01 Ga. This could 
refl ect structural duplication of a subunit con-
taining the upper and lower sampled horizons.

Correlations of Eastern Himalayan and 
NE Indian Cratonal Units

Moderately to weakly defi ned age peaks at 
ca. 1110 Ma occur in most of the samples from 
the THS, GHC, and LHS units of the eastern 
Himalayan and from the Proterozoic Shillong 
Group in NE India (Fig. 8). The exceptions are 
sample AY 12–31–04 1 from the LHS in the 
Kimin  traverse and sample AY 02–04–06 18 
from the Shillong Group (Fig. 8). These samples 
have the youngest age peaks at ca. 1780 Ma and 
ca. 1190 Ma, respectively, indicating that they 
may have been deposited prior to 1110 Ma. Gra-
nitic gneisses of ca. 1100 Ma may have served 

as a common source for the 1110 Ma zircon in 
both the eastern Himalayan and Shillong sam-
ples; orthogneiss of this age occurs in the nearby 
Indian craton (Yin et al., 2010a) and may occur 
in the Bhutan LHS (Bhargava, 1995). The ca. 
1110 Ma signal in Triassic THS rocks may indi-
cate an Indian craton source for these rocks, or 
detrital input from both India and Lhasa, in con-
trast to the exclusively northern-source interpre-
tations of Dai et al. (2008) and Li et al. (2010). 
Alternatively, if the northern-source interpreta-
tion is maintained, this signal would suggest 
similar basement evolution in the Lhasa block 
and Indian craton (cf. Gehrels et al., 2011).

Zircons with ages of 1600–1750 Ma occur as 
a major or minor component of all age spectra 
of the Arunachal samples except sample AY 
12–31–04 1 from the Kimin traverse, which 
was possibly deposited prior to this time period. 
Although 1600–1750 Ma zircons are a common 
minor component in age spectra from across 
the Himalaya (e.g., Gehrels et al., 2003), their 
major presence in some zircon-age populations 
may be unique to Arunachal, and may refl ect 
signifi cant along-strike differences in source-
to-sink pathways prior to the Cenozoic defor-
mation. Moderately to weakly defi ned peaks in 
the relative probability plots may indicate two 
dominant age groups within the 1600–1750 Ma 
time window: (1) 1630–1650 Ma (evidenced by 
age spectra of samples AY 09–16–03 14A, AY 
9–17–03 15, AY 02–04–06 12, AY 02–04–06 
18, and perhaps by samples AY 07–01–06 5B 
and AY 02–13–06 7), and (2) ca. 1730 Ma age 
(evidenced by age spectra of samples AY 02–
13–06 7 and AY 02–04–06 12 and perhaps by 
samples AY 9–17–03 15 and AY 02–04–06 18). 
The ca. 1730 Ma ages could correlate with ca. 
1745 Ma granitic gneisses that occur in both 
the GHC and LHS of the Arunachal Himalaya 
(Yin et al., 2010a). The presence of zircon with 
these ages in the Shillong Group (as in sample 
AY 02–04–06 12 and possibly sample AY 02–
04–06 18) may thus provide another link be-
tween the Himalayan units and the Indian craton 
stratigraphy.

In general, the dominance of Middle Protero-
zoic detrital zircons common to GHC, Bhaluk-
pong LHS, and Shillong Group samples suggests 
the possible existence of a regionally correlative 
Late Proterozoic unit spanning this portion of 
the northern Indian margin. A summary of the 
age relationships obtained from this study and 
those from McQuarrie et al. (2008), Tobgay 
et al. (2010), Long et al. (2011a),  Hughes  et al. 
(2011), and McKenzie et al. (2011) is shown 
in Figure 10. The Arunachal Lesser Hima-
layan sedimentary units may correlate with the 
Jaishidanda Formation and possibly the Baxa 
Group of Bhutan to the west (Figs. 8B and 10; 

McQuarrie et al., 2008; Tobgay et al., 2010; 
Long et al., 2011a). Likewise, the age spectrum 
of the Kimin LHS sample suggests a possible 
correlation to the Paleoproterozoic Daling-
Shumar Group of the Bhutan Lesser Himalayan 
Sequence to the west (McQuarrie et al., 2008; 
Tobgay et al., 2010; Long et al., 2011a). Both 
of these correlations may extend to include Late 
Proterozoic and Paleoproterozoic clastic units 
along the whole length of the Himalaya as sug-
gested by Long et al. (2011a).

Crustal Architecture of NE India in 
the Early Paleozoic

The eastern Himalayan orogen (east of the 
Sikkim Himalaya) is unique in that it has a 
narrow foreland basin along its southern mar-
gin (Yin, 2006). As a result, basement rocks of 
the Indian craton are exposed as close as only 
30 km from the Himalayan frontal thrust zone 
(Gansser, 1983). Recent work in the eastern 
Hima laya, including Bhutan and Arunachal and 
the work from Shillong Plateau, allows us to 
make a preliminary reconstruction of the struc-
tural architecture of the NE Indian continental 
margin prior to the Cenozoic India-Asia colli-
sion. As shown in Yin et al. (2010a, 2010b), the 
Arunachal Himalaya and the NE Indian craton 
share a common geologic history from Paleo-
proterozoic to Late Cambrian–Early Ordovi-
cian time. Specifi cally, both areas experienced 
magmatism at ca. 1.65–1.75 Ga, ca. 1.1 Ga, and 
550–460 Ma. In the Shillong region, a deforma-
tion event can be bracketed from deformed and 
undeformed early Paleozoic plutonic rocks at 
around 520–480 Ma. Although there is no direct 
evidence in the eastern Himalaya for this early 
Paleozoic deformation event, the marked change 
in the Lesser Himalayan stratigraphy across the 
Arunachal Himalaya between the Bhalukpong-
Tawang and Kimin traverses led Yin et al. 
(2010b) to suggest that the NE-striking Shilling 
thrust may have extended into the eastern Hima-
laya, causing juxtaposition of different Protero-
zoic rocks across its inferred trace.

Based on the existing age data summarized 
in Figure 11, we suggest that both the eastern 
Himalaya and NE Indian craton had crystalline 
basement rocks comprising augen gneisses with 
ages mostly greater than 1750–1650 Ma. The 
lower Rupa Group exposed in the Kimin tra-
verse and the lower Shillong Group exposed in 
NE India may represent the oldest sedimentary 
cover sequence on top of the basement. This 
lower sequence may have been locally intruded 
by the 1.1 Ga plutons (Fig. 11). The majority of 
the Proterozoic sediments in NE India and the 
eastern Himalaya appear to have been deposited 
in the period of 1.1 Ga and 560 Ma, and they 
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are intruded by plutons with ages mostly in the 
range of 520–480 Ma. If the youngest zircon 
ages in the GHC represent their true deposi-
tional ages, it appears that the GHC rocks are 
mostly correlated with the middle section of 
the cover sequence that was deposited after the 
depo sition of the lower Rupa Group but prior to 
the massive plutonic intrusion between 520 Ma 
and 480 Ma in the region (Fig. 11).

Late Triassic–Late Cenozoic Tectonic 
Evolution of the Eastern Himalaya

We compile our results into a new model for 
the tectonic evolution of the eastern Himalaya 
since the Late Triassic, as presented in a series 
of schematic cross sections (Fig. 12). The fi rst 
stage depicts the deposition of the Late Triassic 
THS strata during India-Asia rifting, in accor-
dance with the rift-fi ll model (Dai et al., 2008). 
The model is modifi ed to include subduction of 
the Mesotethys along the northern Lhasa ter-
rane margin, thereby providing a source of 200–
300 Ma zircons with juvenile crustal Hf isotopic 
signatures (cf. Li et al., 2010). Excepting the 
200–300 Ma age population, detrital zircon age 
patterns from the Lhasa terrane are largely simi-
lar to age spectra from the northern margin of 
India (Leier et al., 2007; Gehrels et al., 2011). 
The interpreted pre-Triassic contiguity of the 
Lhasa terrane and India is consistent with this 
observation.

After rifting and drifting, the tectonic evolu-
tion followed a Wilson cycle pattern (Wilson, 
1966): The ocean basin collapsed via a subduc-
tion margin developed along the southern mar-
gin of the Lhasa terrane. The second schematic 
cross section depicts the late phase of ocean 
basin closure, just prior to the initiation of conti-
nent-continent collision of India with the Lhasa 
terrane at ca. 65–50 Ma (Fig. 12; e.g., Yin and 
Harrison, 2000; Cai et al., 2011). Dashed lines 
mark major boundaries that developed in the 
next time step, i.e., the base of the Himalayan 
orogenic wedge during early collision and the 
Gangdese thrust. A southerly pinch-out of Trias-
sic and Jurassic strata is included as a potential 
explanation for arc-perpendicular changes in 
South Tibetan detachment hanging-wall stratig-
raphy, as discussed in the following.

The third schematic diagram depicts the 
Hima layan orogenic wedge prior to synchro-
nous motion along the Main Central thrust and 
South Tibetan detachment. The northern por-
tions of the orogenic wedge show internal thick-
ening of units during shortening (e.g., Yin et al., 
1999; Antolín et al., 2010, 2011; Dunkl et al., 
2011). Cenozoic granite crosscut folds devel-
oped during the early thickening (as displayed 
in the inset), constraining at least some initial 
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shortening  to precede ca. 44 Ma (Aikman et al., 
2008). Cessation of illite growth at ca. 24–22 Ma 
is interpreted by Dunkl et al. (2011) to indicate 
the end of this shortening period within the main 
Himalayan wedge. Although some thrust propa-
gation across the THS is shown to penetrate into 
the GHC in this diagram, clearly there are many 
possible kinematic histories for internal GHC 
deformation across the time period  represented 
by this diagram. These include GHC growth via 
channel tunneling (e.g., Beaumont et al., 2001) 
or underplating (e.g., Corrie and Kohn, 2011). 
Our data do not shed new light on these proc-
esses, but the schematic geometry is compatible 
with both models. To the north, two concepts are 
proposed for hinterland deformation between ca. 
32 and ca. 25 Ma: Shortening continues, con-
centrated along the Gangdese thrust (Figs. 4, 5, 
and 12; Yin et al., 1994, 1999); or regional ex-
tension occurs along the Indus-Tsangpo suture 
in response to rollback of the downgoing Indian 
plate beneath Tibet (DeCelles  et al., 2011; Zhang 
et al., 2011). Both mechanisms result in uplift of 
the Gangdese batholith, accomplishing neces-
sary initial conditions for the development of 
the Great Counter thrust system (which places 
suture zone and THS rocks atop the Gangdese 
batholith). Here, we show the Gangdese thrust, 
which is mapped in the eastern Himalaya (Yin 
et al., 1999); evidence for extension is cur-
rently limited to the western and west-central 
Himalaya (DeCelles et al., 2011; Zhang et al., 
2011). The early Miocene development of the 
Main Central thrust, South Tibetan detachment, 
and Great Counter thrust follows this period, 
so the predeformation traces of these structures 
are highlighted by dashed lines in the third 
schematic cross section. A tectonic wedging 
kinematic model is shown. The South Tibetan 
detachment trace is interpreted to cut a path that 
roughly corresponds to the warped base of the 
Mesozoic strata, which could correspond to a 
strength discontinuity and may roughly coincide 
with the brittle-ductile transition (cf. Kellett and 
Grujic, 2012).

The fourth schematic cross section shows 
the orogenic wedge after coeval motion along 
the Main Central thrust and South Tibetan de-
tachment ceased. The path of the predeforma-
tion and deformed South Tibetan detachment 
through the shortened north Indian stratigraphy 
shows how a pinch-out of Triassic and Jurassic 
strata could achieve arc-perpendicular changes 
in South Tibetan detachment hanging-wall stra-
tigraphy. Another end-member solution could 
be a South Tibetan detachment that cuts across 
large-scale folds of the THS section. Below the 
Main Central thrust, initial duplexing of foot-
wall rocks in the hinterland is shown, with a 
dashed line indicating the approximate base of 

Main Central thrust footwall duplex develop-
ment up to the present (e.g., Bollinger et al., 
2004; Nàbelek et al., 2009). Continued growth 
of the Main Central thrust footwall duplex is 
the most likely cause for warping of the Main 
Central thrust, South Tibetan detachment, and 
the rocks in their hanging walls (e.g., Robinson 
et al., 2003; King et al., 2011).

In the reconstruction, the paths of the Main 
Central thrust and South Tibetan detachment 
cutting across stratigraphy satisfy the many 
new observations presented here and by Yin 
et al. (2010a, 2010b) indicating that the LHS, 
GHC, THS, and foreland basement of the east-
ern Himalaya contain at least some matching 
stratigraphic sequences. This demonstrates the 
general viability of models involving thrust-
ing of the north Indian margin (e.g., Heim and 
Gansser, 1939) for construction of the Hima-
layan orogen, even if small portions of the mar-
gin sequences are sourced from elsewhere (Dai 
et al., 2008; Li et al., 2010).

CONCLUSIONS

This work offers new constraints on the prov-
enance of rocks across the eastern Himalaya and 
the development of the Himalayan orogen. U-Pb 
geochronology of igneous and detrital zircons 
establishes the chronostratigraphy and informs 
models for the Cambrian–Ordovician northeast-
ern Indian margin and the tectonic evolution of 
this region since it rifted from the Lhasa terrane. 
Detrital zircons in Late Triassic and Early Cre-
taceous THS rocks share a similar age range of 
ca. 3500 to ca. 200 Ma, but Late Triassic rocks 
are distinguished by a well-defi ned age peak at 
ca. 570 Ma and a signifi cant age cluster between 
ca. 280 and ca. 220 Ma. The young age cluster 
represents material that was (1) derived from an 
arc developed along the northern margin of the 
Lhasa terrane and (2) deposited on the northern 
margin of India during India-Lhasa rifting. GHC 
paragneiss from the Bhalukpong-Tawang tra-
verse shares Late Proterozoic maximum depo si-
tional ages and general age spectra characteristics 
with LHS quartzites exposed along this same tra-
verse. However, LHS metagraywacke from the 
Kimin traverse has a Paleo protero zoic maximum 
depositional age, indicated by a single prominent 
age peak of ca. 1780 Ma, indicating along-strike 
heterogeneity in LHS chronostratigraphy. None-
theless, the Late Proterozoic rocks in the LHS 
and GHC along the Bhalukpong traverse can 
be correlated to each other, and to previously 
analyzed THS rocks to the west and crystalline 
rocks of the Indian craton. New fi eld mapping of 
the South Tibetan detachment along the Bhutan-
China border is integrated with existing knowl-
edge to test models of GHC emplacement. Only 

tectonic models featuring early-middle Miocene 
southward emplacement of the GHC between 
two subhorizontal shear zones that intersect to 
the south—i.e., tectonic wedging models—can 
satisfy current constraints. We synthesize our 
results in a reconstruction showing Late Trias-
sic India-Lhasa rifting and Cenozoic eastern 
Himalayan construction via in situ thrusting of 
basement and cover sequences along the north 
Indian margin.
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