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1 | INTRODUCTION

The South Tibetan Detachment System (STDS) can be divided into a
detachment fault in the North Himalayan Gneiss Dome (NHGD; north-
ern continuation of the STDS; Larson, Godin, Davis, & Davis, 2010), an
inner STDS or the strict sense STDS (between the Greater Himalaya
Crystalline Complex [GHC] and Tethyan Himalayan Sequence [THS];
Burchfiel et al., 1992), and an outer STDS (at the base of a synformal
klippe; Kellett, Grujic, & Erdmann, 2009) in a broad sense. Himalayan
leucogranites are widely distributed in the interior of the NHGD and at
the top of the GHC (Guo & Wilson, 2012), controlled by the extensional
detachment fault at the edge of the dome (Jessup, Langille, Diedesch, &
Cottle, 2019) and the STDS at the bottom of the THS (Kellett, Cottle, &
Larson, 2019), respectively. The crystallization ages of prekinematic (cut
by the STDS), synkinematic (sheared parallel to the STDS fabrics), and
postkinematic (cut across the STDS) leucogranites can be used to limit
the activities of these detachment faults (STDS; Leloup et al., 2010;
Searle, 2013; Weinberg, 2016; laccarino et al., 2017; Liu et al., 2017;
Goscombe, Gray, & Foster, 2018; Spencer et al., 2019, Spencer, Kirk-
land, Prave, Strachan, & Pease, 2019; Spencer, Kirkland, Roberts,
Evans, & Liebmann, 2020; Ji et al., 2020). The time of STDS activity is
one of the important factors to resolve the Himalayan orogenic process
(Burchfiel et al.,
model for the GHC and the dome-forming model (Chambers, Parrish,

1992), especially the exhumation and denudation

Argles, Harris, & Horstwood, 2011; Godin, Gruijic, Law, & Searle, 2006;
Webb et al., 2017).

The ages of foliated synkinematic leucogranite sills in the shear
zone are equivalent to the STDS activity age, and undeformed
postkinematic leucogranites can limit the latest time of ductile shear
2016). Therefore, the dating of deformed and unde-
formed leucogranites is one of the important ways to study the Hima-
layan orogenic process (Goscombe et al., 2018; Harris & Massey,
1994). Compared with the Middle and Western Himalaya, the Eastern
Himalaya (east of 89°E) has received lesser attention, especially in

(Wang et al.,

China's Tsona County, where previous studies on the STDS are almost
non-existent (Yin & Harrison, 2000). Based on a regional geological sur-
vey at a scale of 1:50,000, nine synkinematic and postkinematic
leucogranites in four regions (Lhozhag [LZ], Kuju [KJ], Xiaozhan [XZ],
and Cuonadong [CND]) affected by the STDS were collected in this
study. Seven zircon U-Pb and six monazite U-Th-Pb geochronologies
were tested to determine the ages of the leucogranites and to ulti-
mately define the active time of north-south extension (STDS). This
paper summarizes the previous results for the above three parts of the
STDS in the Himalayas in detail. On this basis, it is believed that there
were two stages of STDS activity in the Himalayas. In the early
stage (45-28 Ma), south-vergent thrusting of the STDS (a predecessor of
the STDS, namely, the South Tibet Thrust System) occurred, and in the
late stage (28-17 Ma), the northward extension of the STDS occurred.
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FIGURE 1 Sketch map of the Himalayan orogenic belt showing the distribution of Leucogranite, gneiss domes, and South Tibetan
Detachment System (Burg & Bouilhol, 2019) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Geological sketch showing the South Tibetan Detachment System in Lhozhag (LZ), Kuju (KJ), Xiaozhan (XZ), and Cuonadong dome
(CND). Remote sensing satellite map revised from Google Earth. The age of the leucogranites from Huang et al. (2017), Edwards and Harrison

et al. (1997), Aikman et al. (2012), Wang et al. (2016), Shi et al. (2017), Lin et al. (2016), Dong et al. (2017), Gao et al. (2017), Fu et al. (2018), Xie
et al. (2018), and Huang et al. (2018) [Color figure can be viewed at wileyonlinelibrary.com]

2 | REGIONAL GEOLOGICAL SETTING

The Himalayan orogenic belt belongs to the southernmost part of the
Qinghai-Tibetan Plateau, with an east-west length of more than
2,000 km. This belt is the result of collision between the Indian Plate
and the Eurasian Plate since the Cenozoic (Cao et al., 2019; Zhang
et al., 2020). Its south side is limited by the Main Boundary Thrust
Fault, and its north side is confined by the Indus-Yarlung Zangbo
River suture zone (IYZS) and Gangdese magmatic rock (Lhasa Block).
From south to north in Himalaya, it consists of four tectonic units,
namely, the sub-Himalaya, Lesser Himalaya (LHS), GHC, and THS. The
THS is clamped by the 1YZS to the north and the STDS to the south
(Figure 1).

The THS is mainly composed of Palaeozoic-Mesozoic-Eocene
shallow metamorphosed marine sediments and Oligocene continental
sediments, among which the Triassic, Jurassic, and Cretaceous sedi-
mentary rocks are the best developed, and the main lithologies are
sandstone, siltstone, limestone, and shale (Cao et al., 2018). During
the collision of India and Asia, the crust of the Tethyan Himalaya was
compressed and thickened, forming the Tethyan Himalayan fault-
fold belt.

Early Cretaceous (135-130 Ma) bimodal magmatic rocks (Huang
et al,, 2019) are widely developed in the Tethyan Himalaya and are
called the Cuomei igneous province. The lithologies mainly include

diabase and gabbro intrusive bodies and acid extrusive rock, which

represent the separation of the Indian landmass from Gondwana and
its northward drift.

The beaded NHGD, which is parallel to the orogenic belt, is a typ-
ical feature of the Tethyan Himalayan orogenic belt. Early to middle
Palaeozoic (530-470 Ma) granitic gneisses (orthogneiss) developed in
the core of NHGD (Gao et al., 2019; Zhang et al., 2019), and Eocene
to Miocene (44-7 Ma) highly fractionated leucogranites intruded
them (Dai et al., 2020).

A large number of Pb-Zn, Sb-Pb-Zn, Au, and Au-Sb deposits
have developed in the Tethyan Himalaya belt, which is called the
Tethyan-Himalayan Sb-Au-Pb-Zn polymetallic metallogenic belt. Its
spatial distribution is mainly controlled by the STDS, north-south-
trending rifts (NSTR) and the dome structure. However, the latest
research and geological surveys show that the Tethyan-Himalayan
region is not only an antimony-gold-lead-zinc metallogenic area (Cao
et al., 2019) but also an important Sn-W rare metal enrichment area
(Cao et al., 2020 submitted).

The STDS is the largest normal fault system in the world
(Burchfiel et al., 1992). In this fault system, the low-grade metamor-
phosed THS (slate, phyllite, etc.) is directly superposed on the high-
grade metamorphosed GHC (kyanite and sillimanite phase metamor-
phism) thus forming one of the most important geological boundaries
of the Himalayan orogenic belt. Kinematically, the upper side of the
STDS slides northward relative to the lower side. In terms of struc-

tural assemblage, most studies suggest that the STDS is composed of
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two parts: the mylonitized ductile shear zone at the bottom and the
brittle normal fault at the top. The STDS is a ductile shear zone with a
width of several kilometres. The shear zone is mainly composed of
mylonite gneiss, schist, and deformed leucogranite sills and is intruded
by undeformed leucogranite dykes.

A large number of leucogranites intruded during the northward
extension ductile shear activity of the STDS and after the end of
STDS activity, producing deformed and undeformed leucogranites,
respectively. By dating these deformed (synkinematic) and unde-
formed (postkinematic) leucogranites, it can be inferred that (a) the
latest time of STDS activity (the time of extensional activity) is
equivalent to or slightly earlier than that of strongly deformed syn-
kinematic granites and (b) the final time of STDS activity (the age of

ductile shear) is earlier than that of undeformed postkinematic

granites.
3 | SAMPLES AND ANALYTICAL METHODS
3.1 | Samples

In this study, nine synkinematic and postkinematic leucogranites
(Figure 2, Table 1) in four areas (LZ, KJ, XZ, and CND) affected by the
STDS and dome structures were collected.

Two kinds of leucogranite have mainly developed in the eastern
LZ County: One kind is deformed leucogranite (LZ-1; Figure 3a),
which is deformed along schist foliation and has obvious distortion
and ductile deformation; the other kind is undeformed muscovite leu-
cogranite (LZ-2; Figure 3c), which is in intrusive contact with meta-
morphic rocks. The microscopic characteristics of the two kinds of
leucogranite are consistent with those observed in the field. The
deformed leucogranite was distorted together with the schist and
developed obviously recrystallized quartz, and biotite and muscovite
are in directional arrangement (Figure 3b). Under the microscope, the
mineral deformation characteristics of undeformed muscovite leu-
cogranite are not obvious (Figure 3d).

Leucogranites are also widely developed in KJ village in eastern
LZ County. Consistent with the above rocks, one kind is lenticular
garnet-bearing, tourmaline-muscovite granite, and granite pegmatite
(KJ-1) and deformed along with schist (Figure 4a), and the other kind
is leucogranite (KJ-2) without ductile deformation (Figure 4c).

The STDS extends from west to east and is dislocated by the
Tsona rift (NSTR) east of KJ village. The STDS is exposed in the XZ
area southeast of KJ village (Figure 2). A large number of leucogranites
have developed in the XZ area; one kind is tourmaline two-mica gran-
ite (XZ-1) strongly deformed along with schist (Figure 5a), while the
other kind is muscovite granite (XZ-2) lacking ductile deformation and
having intrusive contacts with metamorphic rocks (Figure 5b).

TABLE 1 Summary of the lithology, sample location, zircon, and monazite ages of leucogranites from Lhozhag, Kuju, Xiaozhan, and
Cuonadong
Number Location Sample no. Occurrence Lithology GPS position Zircon age (26)? Monazite age (26)°
1 Lhozhag LZ-1 Deformed dyke Two-mica granite E 90°54'47.75", 24.6 +0.2 Ma 244+ 0.1 Ma
N 28°22'04.44"  (n=13, MSWD =0.9) (nh=11, MSWD =
1)
2 LZ-2 Undeformed dyke Garnet-bearing E 90°54'47.31", 13.6+0.1 Ma 13.6 £ 0.1 Ma
muscovite granite N 28°22'01.59” (n=14,MSWD =1.4) (n =14, MSWD =
0.3)
3 Kuju KJ-1 Deformed boudin Muscovite granite E 91°48'22.85", 23.4+0.2Ma 23.9+0.1 Ma
N 28°05'05.54"  (n =14, MSWD = 1.9) (n =31, MSWD =
1.9)
4 KJ-2 Undeformed main body Tourmaline-bearing E 91°48'15.35”, 16.5+0.1 Ma 16.9 + 0.1 Ma
muscovite granite N 28°03'36.05” (n=12,MSWD =1.5) (n=27, MSWD =
0.6)
5 Xiaozhan XZ-1 Deformed boudin Tourmaline two-mica E 91°50'17.42", 20+ 0.1 Ma
granite N 27°48'25.01" (n=11, MSWD =
1.4)
6 XZ-2 Undeformed dyke Muscovite granite E 91°50'48.93", 17.4 £ 0.1 Ma
N 27°48'26.18" (n =16, MSWD =
2.3)
7 Cuonadong CND-1 Deformed boudin Garnet-bearing two-  E 91°59'57.16”, 23.7 £+ 0.2 Ma
mica granite N 28°14'35.35”  (n =20, MSWD = 1.3)
8 CND-2 Deformed boudin Garnet-bearing E 92°03'06.57”, 18.4 £ 0.1 Ma
muscovite granite N 28°1518.22" (n =20, MSWD = 2)
9 CND-3 Undeformed main body Garnet-bearing E 92°04'42.05”, 16.8 £ 0.2 Ma

*Weighed average age of zircon 2°Pb/2%8U date.
P\Weighted average age of monazite 2°6Pb/?2Th date.

muscovite granite

N 28°11'25.17”

(n =9, MSWD = 0.6)
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FIGURE 3

(a and b) Photographs showing the geology and mineralogical features of the deformed leucogranites (sample LZ-1) from Lhozhag.

(c and d) showing the geology and mineralogical features of the undeformed leucogranites (sample LZ-2) from Lhozhag. Bt-biotite, Grt-garnet,
Kfs-potassium feldspar, Ms-muscovite, Pl-plagioclase, and Qtz-quartz, Tur-tourmaline [Color figure can be viewed at wileyonlinelibrary.com]

In addition, the undeformed garnet-bearing muscovite granite was cut
by NSTR in the later stage due to the action of the Tsona rift fracture,
resulting in brittle deformation (Figure 5b).

The CND dome is a dome newly discovered by the authors in
recent years, which is consistent with the structural characteristics of
the NHGD. The CND dome mainly consists of three parts from exte-
rior to interior: (a) Rim: Mesozoic low-grade sediments, (b) Mantle:
Palaeozoic high-grade schist, marble, and Miocene leucogranite sills,
and (c) Core: Miocene leucogranite and Cambrian orthogneiss. These
three parts are separated by an upper brittle detachment fault and a
lower ductile detachment fault. The lower ductile detachment fault of
the CND dome is consistent with the STDS and belongs to the north-
ern extension of the STDS. The movement of the lower detachment
fault of the CND dome resulted in the intense deformation of leu-
cogranite within the mantle (shear zone) of the dome, forming lenticu-
lar or 6-shaped structures (Figure 6a,c). In addition, a set of post dome
granites (Figure ée) has developed in the core of the dome, which is
not deformed or affected by the activity of the detachment fault.
The strongly deformed leucogranites are mainly a set of garnet-

bearing two-mica granite (CND-1) and garnet-bearing muscovite

granite (CND-2). It is found that quartz has undulose extinction and
recrystallized vermicular structure (Figure 6b,d). The undeformed
leucogranites (CND-3) are mainly a set of muscovite granite (Figure 6f)
with a small amount of tourmaline, and the features of its deformation

or recrystallization are not obvious under the microscope.

3.2 | Laser ablation-inductively coupled plasma-
mass spectrometry zircon and monazite U-Pb dating

Conventional electromagnetic and heavy fluid separation methods
were used to separate zircon and monazite grains from the nine
leucogranites. Selected zircon and monazite grains were mounted on
epoxy resin, polished to expose the grains, and photographed under
transmitted and reflected light, followed by cathodoluminescence
(CL) and backscattered electron imaging.

U-Pb dating and trace element analysis of zircon and monazite
were conducted by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) at the Wuhan Sample Solution Analytical
Technology Co., Ltd., Wuhan, China. Detailed operating conditions for
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FIGURE 4

(a and b) Photographs showing the geology and mineralogical features of the deformed leucogranites (sample KJ-1) in Kuju. (c and

d) showing the geology and mineralogical features of the undeformed leucogranites (sample KJ-2) in Kuju [Color figure can be viewed at

wileyonlinelibrary.com]

the laser ablation system and the ICP-MS instrument and data reduc-
tion were the same as those described by Zong et al. (2017). Laser
sampling was performed using a GeolLasPro laser ablation system that
consists of a COMPexPro 102 ArF excimer laser (wavelength of
193 nm and maximum energy of 200 mJ) and a MicrolLas optical sys-
tem. An Agilent 7700e ICP-MS instrument was used to acquire ion
signal intensities. Helium was applied as a carrier gas. Argon was used
as the make-up gas and mixed with the carrier gas via a T-connector
before entering the ICP. A “wire” signal-smoothing device was
included in this laser ablation system (Hu et al., 2015).

The spot size and frequency of the laser were set to 24 pm and
5 Hz, respectively, for zircon dating. Zircon 91500 and glass NIST610
were used as external standards for zircon U-Pb dating and trace ele-
ment calibration, respectively. The spot size and frequency of the laser
were set to 16 pm and 2 Hz, respectively, for monazite dating. Mona-
zite standard 44069 and glass NIST610 were used as external standards
for monazite U-Pb dating and trace element calibration, respectively.

Each analysis incorporated a background acquisition of approxi-
mately 20-30 s followed by 50 s of data acquisition from the sample.
The Excel-based program ICPMSDataCal was used to perform offline
selection and integration of background and analysed signals and

time-drift correction and quantitative calibration for trace element
analysis and U-Pb dating (Liu et al., 2010). Concordia diagrams and
weighted mean calculations were constructed using Isoplot/
Ex_ver3.75 (Ludwig, 2012). The ages are weighted means with 2 sigma
(20) errors calculated at 95% confidence levels. The zircon and mona-
zite in situ LA-ICP-MS U-Pb dating results of the leucogranites are
presented in Tables S1 and S2.

4 | ANALYTICAL RESULTS

4.1 | Zircon U-Pb geochronology

Cenozoic zircons of the deformed and undeformed leucogranites from
LZ, KJ, and CND dome in the eastern Himalaya have lower Th/U ratios
(usually less than 0.1; Figure 7a) and high Th and U contents (Th + U
values usually approximately 3,000-10,000 ppm; Figure 7b). The spots
are characterized by high Th and U contents, but the nearly constant
206py /238y ages with large variations in Th+U concentrations
(Figure 7b) indicate that the zircon U-Pb system was not strongly
affected by high U content (Zeng et al., 2015).
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FIGURE 5

(a and b) Photographs showing the geology and mineralogical features of the deformed leucogranites (sample XZ-1) in Xiaozhan.

(c and d) showing the geology and mineralogical features of the undeformed leucogranites (sample XZ-2) in Xiaozhan [Color figure can be viewed

at wileyonlinelibrary.com]

411 | LZleucogranites

Most of the zircon crystals extracted from the LZ (samples LZ-1
and LZ-2) subhedral
80-200 pm in length with aspect ratios of 2:1 to 3:1. CL images

leucogranites are euhedral to prisms,
reveal that most grains display core-rim textures (Figure 8a,d). The
cores are commonly irregular and display brighter oscillatory zoning,
and the rims show homogeneous dark bands with weak oscillatory
growth zoning.

Seventeen analyses focused on the dark CL rims and two on the
light cores for the deformed two-mica granite (LZ-1). The rim has two
groups of peak values of 2°°Pb/2%8U ages, except for one with an age
of 18.9 Ma (Figure 8b). The older three analyses range from 30.1 to
30.6 Ma, and the other 13 spots vyield approximately uniform
206p /238 ages from 24.1 to 24.9 Ma with a mean age of 24.6 Ma
(n = 13, mean square weighted deviation [MSWD] = 0.9; Figure 8c).
The two analyses on cores (inherited zircons) yield 470.9 and
480.5 Ma. We interpret the spots clustering at approximately
24.6 Ma on the U-Pb concordia diagram as reflecting the crystalliza-
tion time for the deformed granite, and the 18.9 Ma age represents

the timing of metamorphism.

Sixteen analyses focused on the dark CL rims and one on the light
core for the undeformed garnet-bearing muscovite granite (LZ-2). The
14 rim spots yield 2°°Pb/?38U ages from 13.3 to 14 Ma and two spots
with ages of 17.7 and 17.4 Ma (Figure 8e). The younger 14 analyses
define a weighted mean age of 13.6 Ma (h = 14, MSWD = 1.4;
Figure 8f), which are taken to represent the time of crystallization for
the undeformed granite. One analysis on a core yields 289.7 Ma for

the inherited zircon.

4.1.2 | KIJleucogranites
All the zircons from KJ leucogranites display euhedral to subhedral
crystals and sponge-like textures and are stout prisms, 50-150 pm
long and 50-100 pm wide (Figure 9a,d). In spite of the low Th/U
ratios ranging from 0.004 to 0.39 (average at 0.04; Figure 7a), the
well-developed oscillatory zoning suggests a magmatic origin and
growth from granitic melts (Zeng et al., 2015).

A total of 14 spots were analysed for the deformed leucogranite
(KJ-1) and form a tight cluster on the concordia curve (Figure 9b),
yielding concordant 2°°Pb/?%8U ages from 23.1 to 24.2 Ma with a


http://wileyonlinelibrary.com

ZHANG ET AL

Cuonadong| (b)

FIGURE 6

(a and b) Photographs showing the geology and mineralogical features of the deformed leucogranites (sample CND-1) in

Cuonadong. (c and d) showing the geology and mineralogical features of the deformed leucogranites (sample CND-2) in Cuonadong. (e and f)
showing the geology and mineralogical features of the undeformed leucogranites (sample CND-3) in Cuonadong [Color figure can be viewed at

wileyonlinelibrary.com]

weighted mean age of 23.4 + 0.2 Ma (n = 14, MSWD = 1.9; Figure 9¢).
A total of 12 spots were analysed for the undeformed leucogranite
(KJ-2) and form a tight cluster on the concordia curve (Figure 9e),
yielding concordant 2°Pb/2%8U ages from 16.2 to 16.9 Ma with a
weighted mean age of 16.5 + 0.1 Ma (n = 12, MSWD = 1.5; Figure 9f).
Thus, we interpret the weighted mean ages of 23.4 and 16.5 Ma as
the crystallization ages of the deformed muscovite leucogranite and

undeformed tourmaline-bearing muscovite granite, respectively.

413 | CND leucogranites

Zircon grains separated from CND leucogranites are euhedral to
subhedral, long prisms and 100-300 pm long with aspect ratios of
2:1 to 3:1. Most of the zircon grains have core-rim structures
(Figure 10a,d,g), with light and irregular cores and dark grey and
oscillatory overgrowth rims. The LA-ICP-MS spots on the
sponge-like and oscillatory overgrowth zoning domains have the
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FIGURE 7 Variation of zircon U-Pb ages with Th/U and Th + U values of the deformed and undeformed leucogranites from Lhozhag (LZ-1
and LZ-2), Kuju (KJ-1 and KJ-2) and Cuonadong dome (CND-1, CND-2, and CND-3) [Color figure can be viewed at wileyonlinelibrary.com]

same ages, which suggests that all zircon rims are magmatic
(Figure 10).

There were twenty-one analyses on zircon rims of deformed
garnet-bearing two-mica granite (CND-1). Except for one spot with an
age of 42.1 Ma, the other 20 spots on the zircon rims form a tight
cluster on the concordia curve (Figure 10b), yielding concordant
206ppy /238 ages from 23.4 to 24.6 Ma with a weighted mean age of
23.7 £0.2 Ma (n = 20, MSWD = 1.3; Figure 10c). Eight analyses on
the cores yield 2°°Pb/238U ages of 210.7-1,547 Ma.

Five spots on zircon rims of deformed garnet-bearing muscovite
granite (CND-2) vield relatively concordant 2°°Pb/?8U ages ranging
from 38.3 to 24.9 Ma. However, 20 analyses are clustered at approxi-
mately 18 Ma on the concordia curve (Figure 10e) and yield a
weighted mean age of 18.4 + 0.1 Ma (n = 20, MSWD = 2; Figure 10f).
In addition, two cores give ages of 470.3 and 329.2 Ma.

Undeformed garnet-bearing muscovite granite (CND-3) has abun-
dant inherited zircon cores. Thirteen spots on zircon core range from
472.1 to 1,616.8 Ma. It is worth noting that seven spots cluster
around 786 Ma (n = 7, MSWD = 2.6; Figure 10h). Except for one spot
with an age of 22.4 Ma, the other nine spots on the zircon rims form a
tight cluster on the concordia curve (Figure 10h), yielding a weighted
mean age of 16.8 + 0.2 Ma (n = 9, MSWD = 0.6; Figure 10a).

We interpret the weighted mean ages of 23.7, 18.4, and 16.8 Ma
as the crystallization times of the deformed two-mica granite (CND-
1), the muscovite granite (CND-2), and the undeformed muscovite
granite (CND-3), respectively.

4.2 | Monazite U-Pb geochronology

Most monazite grains are euhedral to subhedral with grain sizes of
80-200 pum. In backscattered electron images, they are homogeneous,
and a few of them show weak oscillatory overgrowth or patchy zon-
ing (Figures 11, 12, and 13). Young monazite (Cenozoic) usually con-
tains high 232Th and 2°8pb, low amounts of radiogenic 207ph and

excess 2%°Pb; as a result, 2°®Pb/?%2Th dates are more precise than

206pp/238 and 2°7Pb/2%°U ages (Cottle, Searle, Jessup, Crowley, &
Law, 2015). In this study, we take monazite 2°8Pb/232Th ages as the
best estimates of the crystallization ages of the leucogranites. Except
for monazite grains in the undeformed garnet-bearing muscovite gran-
ite (LZ-2) from LZ, no inherited ages are identified. Notably, the mona-
zite 2°8Pb/2%2Th ages are similar to the zircon 2°°Pb/?%8U ages of

their counterpart leucogranites.

421 | LZleucogranites

Eleven analyses on monazite from deformed two-mica granite (LZ-1)
in LZ define a weighted mean 2°®Pb/?32Th age of 24.4+0.1 Ma
(n = 11, MSWD = 1; Figure 11d). There were 20 measurements on
monazite grains from undeformed garnet-bearing muscovite granite
(LZ-2). Six spots yield 2°6Pb/?32Th ages of 14.8-26.2 Ma (Figure 11f),
but the other 14 analyses yield a weighted mean 2°8Pb/232Th age of
13.6 £ 0.1 Ma (n = 14, MSWD = 3; Figure 11h).

4.2.2 | KlJleucogranites

The 2%8Pb/2%2Th dates and 2%°Pb/?%8U ages from the KJ leucogranites
are concordant and define a tighter cluster on the concordia curve
(Figure 12b,f). Thirty-one spots on monazite from deformed muscovite
granite (KJ-1) yield a 2°®Pb/?%2Th weighted average age of 23.9
+0.1 Ma (n = 31, MSWD = 1.9; Figure 12d). Twenty-seven spots on
monazite from undeformed tourmaline-bearing muscovite granite (KJ-2)
yield a 2%®Pb/?32Th weighted average age of 16.9 +0.1 Ma (n = 27,
MSWD = 0.6; Figure 12h).

423 | XZleucogranites

Monazite grains from the XZ deformed tourmaline two-mica granite
(XZ-1) yield homogeneous 2°®Pb/2%2Th dates with a weighted average
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FIGURE 13 Backscattered electron (BSE) images of representative monazite grains (a and e), monazite LA-ICP-MS Th-Pb concordia
diagrams (b and f), U-Pb concordia diagrams (c and g) and weighted mean model ages of 2°2Pb/?32Th (d and h) for the deformed leucogranite
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age of 20+ 0.1 Ma (n = 11, MSWD = 1.4; Figure 13d). Monazite
grains from the XZ undeformed muscovite granite (XZ-2) yield homo-
geneous 2°Pb/2%2Th dates with a weighted average age of 17.4
+ 0.1 Ma (nh = 16, MSWD = 2.3; Figure 13h).

5 | DISCUSSION
5.1 | Ages of leucogranites and the cessation of
STDS activity in the eastern Himalaya

The zircon and monazite U-Th-Pb ages of deformed two-mica granite
(LZ-1) in LZ are 24.6 (Figure 8c) and 24.4 Ma (Figure 11d), respec-
tively. The zircon and monazite U-Th-Pb ages of nondeformed
garnet-bearing muscovite granite (LZ-2) are 13.6 Ma (Figures 8f and
11h). According to the ages and structural characteristics of
leucogranites in the LZ area, it can be inferred that the starting time of
STDS activity in the LZ area was equivalent to or slightly earlier than
25 Ma, and the end of STDS activity was between 25 and 14 Ma.

The zircon and monazite U-Th-Pb ages of the deformed muscovite
granite (KJ-1) in the KJ area are 23.4 (Figure 9¢) and 23.9 Ma (Figure 12d),
respectively. The zircon and monazite U-Th-Pb ages of the undeformed
tourmaline-bearing muscovite granite (KJ-2) are 16.5 (Figure 9f) and
16.9 Ma (Figure 12h), respectively. Therefore, it is speculated that the
duration of STDS activity at KJ village was ~24—17 Ma. Meanwhile, the
tourmaline-bearing muscovite granite (KJ-2) without ductile deformation
developed brittle deformation under the influence of Tsona rift (NSTR;
Figure 2), so the development time of NSTR was later than 17 Ma.

The U-Th-Pb ages of monazites from two kinds of granites in the
XZ area indicate that the intrusive ages of metamorphosed tourmaline
two-mica granite (XZ-1) and undeformed muscovite granite (XZ-2) are
20 and 17.4 Ma, respectively. The end of STDS activity in the XZ area
was between 20 and 17 Ma. In addition, the fault activity of Tsona rift
(NSTR) cut the late muscovite granite (XZ-2; Figures 2 and 5c), so the
starting time of NSTR is consistent with the conclusion for the above-

mentioned in KJ area, which is later than the age of the muscovite
granite (XZ-2), that is, later than 17 Ma.

The zircon U-Pb ages of deformed two-mica granite (CND-1) and
muscovite granite (CND-2) are mainly approximately 23.7 and
18.4 Ma (Figure 10c,f), respectively, while the main zircon U-Pb age
of undeformed muscovite granite (CND-3) is approximately 16.8 Ma
(Figure 10a). It can be inferred that the detachment shear zone in the
CND dome was still active at 18.4 Ma but that ductile deformation
ended before 16.8 Ma. Therefore, the end of the activity of the lower
ductile detachment fault (the northern extension of the STDS) was
between 18.4 and 16.8 Ma.

In summary, the study of leucogranites in four areas of the east-
ern Himalayas leads to the following three conclusions: (a) the oldest
synkinematic leucogranites affected by the STDS are two-mica gran-
ites (LZ-1) from LZ, with ages of 24 to 25 Ma, so the starting time of
STDS activity was no later than (or earlier than) 25 Ma (Figure 14).
(b) The youngest synkinematic leucogranite affected by the STDS is
the garnet-bearing muscovite granite (CND-2) in the CND dome, with
an age of 18.4 Ma; the oldest postkinematic undeformed leucogranite
(not affected by the STDS) is the muscovite granite (XZ-2) in XZ, with
an age of 17.4 Ma (Figure 14). (c) Therefore, the end of STDS activity
can be limited between 18.4 and 17.4 Ma. The Tsona north-south rift
among the NSTR cuts the KJ and XZ rocks, and the youngest leu-
cogranite is the tourmaline-bearing muscovite granite (KJ-2), whose
age is 16.9-16.5 Ma. At the same time, the W-Sn ore bodies in the
CND dome occur in the north-south rift system fault zone, and the
U-Pb age of cassiterite is 14.3 Ma (Cao et al., submitted). Therefore,
the starting time range of NSTR can be limited to 16.5-14.3 Ma.

5.2 | Southward thrust shearing along the STDS
(Eo-Himalayan 45-28 Ma)

The north-south extension time of the STDS is mainly concentrated

in the Miocene, namely, the Neo-Himalayan, but increasingly more
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FIGURE 15 Tectonic models for the emplacement and
exhumation of the GHC (Webb, 2013) [Color figure can be viewed at
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evidence shows that the predecessor of the STDS was a southward
thrust shear zone in the Eocene-Oligocene (Eo-Himalayan; Vannay &
Hodges, 1996; Hodges, 2000; Antolin et al., 2011; Finch, Hasalova,
Weinberg, & Fanning, 2014; Goscombe et al., 2018; Yang, Liu, Wang, &
Wau, 2019). To distinguish these activities easily, this paper names the
activity of the south-vergent thrust as the South Tibet Thrust System
(STTS) in the early stage and that of the northward extension as the
STDS in the late stage. The metamorphism of the GHC includes
kyanite-facies Barrovian metamorphism (M1) early in the Eo-Himalayan
and sillimanite-facies metamorphism (M2) late in the Neo-Himalayan
(Simpson, Parrish, Searle, & Waters, 2000; Viskupic, Hodges, &
Bowring, 2005; Walker et al., 1999). The two stages of activity along
the STTS and the STDS approximately correspond to the two stages of
metamorphism (M1 and M2) in the GHC, respectively.

In the Eo-Himalayan (Eocene-0Oligocene), the south-vergent thrust
of the STTS resulted in (a) folding, faulting, and greenschist-facies
metamorphism of the THS (locally high-pressure metamorphism);
(b) northward subduction of the GHC, burial of the GHC, high
amphibolite-facies prograde metamorphism (M1), and anatexis; and
(c) formation of small amounts of Eocene-Oligocene leucogranite and
pegmatite. In the following discussion, this paper summarizes the
timing and characteristics of structure, metamorphism, and magmatism

in the Eo-Himalayan.

5.21 | The Eo-Himalayan metamorphism and
deformation in the THS

Anticlines and synclines are widely developed in the THS. The axial
traces of these folds are nearly east-west, and the axial planes incline
to the north, which is generally interpreted as a result of the south-
ward thrusting of the THS along the STTS (Dunkl et al., 2011;
Montomoli et al., 2017). Sericite and muscovite Ar-Ar ages in the
low-grade metamorphic strata of the THS record these structural
events well. For example, the Ar-Ar ages of K-feldspar are 43, 39, and
32 Ma (Aikman, Harrison, & Lin, 2008) in the THS of Shannan munici-
pality, China. The mica Ar-Ar ages in Gyaca County are 56 and 48 Ma
(Zhao et al., 2019), and the U-Th/He age of zircon in southern Zedang
town is 37 Ma (Li et al., 2015). The amphibole Ar-Ar age of mylonitic
rocks at the bottom of the STDS in the Everest area of China is 33 Ma
(Gébelin et al., 2017). The Ar-Ar ages of amphibole-biotite-
phlogopite at the bottom of the THS in the Annapura-Manaslu area
are 30-27 Ma (Coleman & Hodges, 1998). The K-Ar ages of illite in
Dhaulagiri and Hidden Valley in Nepal are 30-25 Ma (Crouzet et al.,
2007). The Ar-Ar ages in the Spiti region in India are 46-45 Ma
(Wiesmayr & Grasemann, 2002). In the Lapukangri area of Saga
County west of the IYZS, the THS strata underwent high-pressure
metamorphism, and its Lu-Hf age is 40 Ma, which represents the time
of prograde metamorphism (Ding, Paul, & Qiao, 2005; Laskowski,
Kapp, Vervoort, & Ding, 2016).

5.2.2 | The Eo-Himalayan metamorphism and
deformation in the NHGD and GHS

In the eastern Himalayas, the zircon U-Pb ages of schist in the CND
dome are 47-29 Ma (Ding, Li, & Jiang, 2019). In this study, inherited
zircon ages of late Eocene-early Oligocene are also obtained in the
leucogranites (Figure 10). The zircon U-Pb ages of the metamorphic
rocks of the Yardoi dome indicate that they underwent prograde
metamorphism at 48-36 Ma (Ding et al., 2016; Ding et al., 2016; Gao,
Zeng, & Xie, 2012). The zircon U-Pb ages of the two-mica granitic
gneiss in the core of the Ramba dome are 44-43 Ma (Liu, Wu, Ji,
Wang, & Liu, 2014). The earlier metamorphic ages of garnet Lu-Hf in
the sillimanite-kyanite-bearing gneiss in the Mabjia and Kangmar
domes are 54-52 and 51-49 Ma, respectively (Smit, Hacker, & Lee,
2014). The hornblende Ar-Ar age of the amphibolite in the Mabjia
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dome also shows the metamorphic activity of this period (Lee,
McClelland, Wang, Blythe, & McWilliams, 2006). However, the U-Pb
isotope record of the zircon rims of the sillimanite-bearing gneiss in
the Mabjia dome shows a metamorphic age of 35 Ma (Lee & Whit-
ehouse, 2007). The U-Pb zircon age of mylonitic augen gneiss in the
Xiao Gurla area of the western Himalayas is 35 Ma (Pullen, Kapp,
DeCelles, Gehrels, & Ding, 2011). According to the U-Pb age of the
monazite from metamorphic rock in the core of the Leo Pargil dome,
Langille, Jessup, Cottle, Lederer, and Ahmad (2012) proposed that the
time of prograde Barrovian metamorphism of the GHC is 40-28 Ma.
Garnet and whole-rock Sm-Nd ages are 33-28 Ma in the Zanskar
Himalayas (Vance & Harris, 1999). Through further work, Horton, Lee,
Hacker, Bowman-Kamaha'o, and Cosca (2015) found that the U-Th-
Pb ages of monazite in the gneiss and pegmatite veins of the Gianbul
dome are 37-33 Ma, representing the time of prograde Barrovian
metamorphism (M1) of the GHC. Metamorphism at 36-28 Ma is also
developed in the GHC in central and eastern Bhutan (Zeiger
et al.,, 2015).

In addition, a large number of M1 metamorphism records have
been preserved in the middle Himalaya. The monazite U-Th-Pb age

of limited Barrovian-type sillimanite-bearing metamorphic rocks in the
Kala Patar of the Everest area from the GHC yields a peak metamor-
phic time of 32 Ma (Simpson et al., 2000), which is consistent with
the 33-Ma metamorphic time reflected by the zircon U-Pb age in the
Kharta area (Liu, Siebel, Massonne, & Xiao, 2007), and the U-Th-Pb
ages of monazite in the Dudh Kosi Everest GHC are 46-34 Ma
(Catlos et al., 2002). The whole-rock Rb-Sr age of the Yellow Band in
the Everest area is 40 Ma, and the muscovite Ar-Ar age is 33 Ma
(Sakai et al., 2005). The U-Th-Pb age of monazite from cordierite-
bearing metamorphic rocks in the Makalu area is limited to 35 Ma
(Street et al., 2010); the study of Kangshung Valley (Cottle, Searle,
Horstwood, & Waters, 2009) advances the metamorphic age to
39 Ma. Therefore, the M1 metamorphic age in the Everest area is
between 46 and 32 Ma. The Rb-Sr age of kyanite-bearing metamor-
phic rocks in the GHC of Langtang Valley is 34 Ma, indicating that the
M1 metamorphism time is before 34 Ma (Inger & Harris, 1992). Zircon
U-Pb ages of the sillimanite migmatitic gneiss are concentrated from
34 to 40 Ma in Nyalam, China (Wang, Zhang, & Wang, 2013). The U-
Th-Pb ages of monazite and the Ar-Ar ages of amphibole from the
GHC metamorphic rocks in the Annapurna area define the M1
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metamorphic time as 36-32 Ma (Godin, Brown, Hanmer, & Parrish,
1999; Godin, Parrish, Brown, & Hodges, 2001; Hodges, Parrish, &
Searle, 1996; Vannay & Hodges, 1996). More recently, Larson and
Cottle (2015) showed that the monazite U-Th-Pb ages of kyanite
gneiss in the GHC of Dhaulagiri Annapurna peak in southern Nepal
reveal prograde metamorphism and crustal thickening at 48-30 Ma
and melting at 28-18 Ma (Gibson, Godin, Kellett, Cottle, & Archibald,
2016). The results for the Kali Gandaki Valley (Carosi et al., 2015;
laccarino et al., 2015; Mottram, Cottle, & Kylander-Clark, 2019) and
Modi Khola Valley (Corrie & Kohn, 2011; Martin, Gehrels, & DeCelles,
2007) are almost consistent with the above ages. The dating results of
monazite-sphene from the GHC metamorphic rocks in Kali Gandaki
and Modi Khola show that the timing of M1 kyanite-facies metamor-
phism is 43-28 Ma and that of decompression melting is 25-18 Ma.

Monazites in kyanite-bearing gneisses from the Lower Dolpo area
in the western Himalayas record prograde events from 43 to 33 Ma
(Carosi, Montomoli, Rubatto, & Visona, 2010). The U-Th-Pb ages of
monazite in garnet are 44-36 Ma (Foster, Kinny, Vance, Prince, & Har-
ris, 2000) of the Bhagirathi Valley in the Garhwal area, and the U-Pb
ages of zircons from migmatite and in situ partial melt are 46-20 Ma
(Singh, 2019). The garnet Sm-Nd ages of pegmatites in the Malana
Parbati area are 41 and 29 Ma (Thdoni, Miller, Hager, Grasemann, &
Horschinegg, 2012). Stiibner et al. (2014) dated the U-Pb ages of
monazite and zircon, and the ages of Barrovian prograde metamor-
phism in the Himachal Pradesh area are 41-27 Ma, which are similar
to the U-Pb ages of monazite in garnet from mica schist (34-28 Ma)
at the bottom of the THS in the Morong area (Chambers et al., 2009).

There are not only many Eo-Himalayan metamorphic rocks in the
NHGD and GHC but also much related information in the klippes. In
the Bhutan area, the U-Th-Pb ages of monazite from the STTS shear
zone of the Karnali klippe indicate that M1 prograde metamorphism
occurred in the bottom of the THS at 36-30 Ma (Soucy La Roche,
Godin, Cottle, & Kellett, 2016). The U-Th-Pb ages of monazite
enclosed in kyanite and garnet in the lower part of the Karnali klippe
are 47-30 Ma (Braden, Godin, & Cottle, 2017; Soucy La Roche,
Godin, Cottle, & Kellett, 2018), indicating that M1 prograde metamor-
phism also occurred in the GHC at 47-30 Ma.

5.2.3 | The Eo-Himalayan leucogranite-pegmatite
in the NHGD and GHS

The Eocene-Oligocene leucogranites and pegmatites are another
manifestation of structural activity in the Eo-Himalayan period.
Strongly deformed o-type and lenticular leucogranite and pegmatite
are developed in the detachment fault of the CND dome. The Yardoi
dome not only recorded late Eocene-early Oligocene metamorphism
in schist and gneiss but also extensively developed contemporaneous
(44-35 Ma) magmatic rocks (Aikman, Harrison, & Hermann, 2012;
Zeng et al., 2015; Zeng, Gao, Xie, & Jing, 2011; Zeng, Liu, Gao, Xie, &
Wen, 2009). The zircon and monazite U-Th-Pb ages of the deformed
leucogranite in the Xiaoru dome are 36-34 Ma (Liu et al., 2016). The
age of lenticular leucogranite in the detachment zone from the

Changgo dome is 35 Ma (Larson et al., 2010). The U-Th-Pb ages of
monazite in schist and mylonite pegmatite in the Zanskar area are
37-29 Ma (Walker et al., 1999).

In conclusion, it is believed that shortly after the India-Lhasa colli-
sion, the south-vergent STTS occurred throughout the Himalayas
from 45 to 28 Ma (Eo-Himalayan), which resulted in thrusts, folds,
faults, and low-grade metamorphism in the hanging wall (THS), as well
as subduction, crustal thickening, burial, melting, and M1 metamor-
phism in the footwall (GHC).

5.3 | Northward extension shearing along the
STDS (Neo-Himalayan 28-17 Ma)

In addition to the development of the STDS between the northern
GHC and the THS, a series of klippes developed in Nepal, central and
western Bhutan, and northwest India. These klippes belong to the
THS and are separated from the GHC by the STDS. For the conve-
nience of distinction, the north side (or hinterland) of the STDS is
defined as the inner STDS, and the south side (or foreland) is defined
as the outer STDS at the bottoms of klippes (Kellett et al., 2009). Most
researchers interpret the detachment shear zone in the NHGD as the
northern continuation of the STDS (Larson et al., 2010). Compared
with the typical NHGD dome in the THS, the Ama Massif, Gurla
Mandhata, and Leo Pargil domes were exhumed during orogen-
parallel extension in a later period, which formed with the NSTR and
postdates the STDS (Jessup et al., 2019).

In this paper, we consider that the STDS in the Himalayas can be
divided into three types: (a) the detachment zone of the NHGD on
the north side of the THS, (b) the strict sense STDS or inner STDS
between the GHC and the THS, and (c) the outer STDS at the bot-
toms of klippes on the south side of the GHC. In this paper, we review
the previous research results on the time limits of the STDS (north-

south extension) from the eastern to the western Himalaya.

531 |
the NHGD

Detachment faults or shear zones (STDS) in

CND dome (92°5'E)

The age of the deformed leucogranite in the core of the CND dome
ranges from 24 to 18 Ma (Lin et al., 2016; Dong, Xu, Meng, & Vi,
2017; Gao, Gao, Zhao, Hou, & Tang, 2017; Huang et al., 2018; Zhang
et al., 2018; this study), and the age of the undeformed leucogranite is
17-16 Ma (Fu et al., 2018; Xie et al., 2018; Zhang et al., 2018; Xie
et al,, 2020; This study). The muscovite Ar-Ar ages of leucogranite
pegmatite are 19-14 Ma (Fu et al,, 2018; Xie et al., 2017; Xie et al.,
2018). Therefore, the activity time of the detachment zone of the
dome is ~24-17 Ma (this study).

Yardoi (Yalaxiangbo) dome (92°E)
The zircon and monazite U-Th-Pb ages of metamorphic rocks in the
Yardoi dome are 18-15 Ma (Chen et al., 2018; Wang et al., 2018).
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The ages of synkinematic deformed leucogranite sills are 21-18 Ma
(Wang et al., 2018; Yan et al., 2012), and the age of the undeformed
two-mica granite is 17 Ma (Wang et al., 2018). The amphibole Ar-Ar
age is 18 Ma, and the muscovite Ar-Ar ages of leucogranite and schist
are 14-13 Ma (Yan et al.,, 2012). Recently, Dong et al. (2019) con-
ducted a more detailed study on the deformation time of the detach-
ment fault. The zircon U-Pb ages of the leucogranite lenses affected
by the detachment fault in the Yardoi dome are 20-16 Ma, indicating
that the activity time of the STDS is earlier than 20 Ma; the muscovite
and biotite Ar-Ar ages are 14-13 Ma, indicating that the activity
lasted until ~13 Ma. Therefore, the STDS activity time of the Yardoi
dome is ~21-17 or until 13 Ma.

Ramba dome (90°5'E)

The Ramba dome is close to the IYZS, and its east side is cut by the
Yadong-Gulu rift fault (NSTR). The zircon rim U-Pb age of granitic
gneiss representing the metamorphic age is 28 Ma; the zircon, mona-
zite, and xenotime U-Pb ages of the undeformed mica granite are
8-7 Ma (Liu et al., 2014; Ratschbacher et al., 2011), and the muscovite
and biotite Ar-Ar ages of granite are 6 Ma (Guo, Zhang, & Zhang,
2008). It is speculated that the metamorphic age (28 Ma) of the gneiss
represents the initial age of doming (i.e.,, the STDS). However, its
younger (8-7 Ma) undeformed leucogranite formed after STDS activ-
ity and is related to the NSTR activity under east-west extension
(Ratschbacher et al., 2011).

Kangmar dome (89°40'E)

The U-Th-Pb ages of monazite from metamorphic rocks in the
Kangmar dome are 20-14 Ma (Stearns et al., 2013) and record the
time of dome exhumation. The muscovite and biotite Ar-Ar ages in
the Kangmar detachment zone are 15-11 Ma (Lee et al., 2000; Mal-
uski, Matte, Brunal, & Xiao, 1988). Therefore, the STDS activity time
represented by the Kangmar detachment fault is ~20-15 Ma.

Kampa dome (88°50'E)

The U-Th-Pb ages of monazite and xenotime in granitic gneiss and
deformed leucogranite in the Kampa dome are 29-23 Ma (Lin et al., 2020;
Liu et al, 2016). The biotite and muscovite Ar-Ar ages of metamorphic
rocks (pelite, marble, and slate) are 16-14 Ma (Quigley et al., 2006). There-
fore, the activity time of the STDS in the Kampa dome may be ~27-14 Ma.

Mabja-Sakya-Kude domes (87°50'E-88°30'E)

The zircon U-Pb ages of metamorphic rocks in the Mabja-Sakya-Kude
dome are 23-22 Ma (Lee & Whitehouse, 2007), and the monazite U-
Th-Pb ages are 29-19 Ma (Stearns et al., 2013). Corresponding to the
metamorphic ages of metamorphic rocks, the zircon and monazite U-
Th-Pb ages of deformed leucogranites are 28-23 (King, Harris, Argles,
Parrish, & Zhang, 2011), 28 (Zhang et al., 2004; Zhang, Harris, Parrish,
Zhang, & Zhao, 2004), and 23 Ma (Lee et al., 2006).

The zircon-monazite-xenotime U-Pb ages of the undeformed
leucogranites in the Mabja-Sakya-Kude dome are 16 (Lee & Whit-
ehouse, 2007), 15-9 (King et al., 2007; King et al., 2011), 15-14 (Lee
et al., 2006), 14 (Zhang, Harris, Parrish, Kelley, et al., 2004; Zhang,

Harris, Parrish, Zhang, & Zhao, 2004), and 11-10 Ma (Schérer, Xu, &
Allégre, 1986).

The Ar-Ar ages of muscovite and biotite in the Mabja-Sakya-
Kude dome are relatively young at 17-13 (Lee et al., 2006), 14-8
(King et al., 2011), 12-10 (Zhang, Harris, Parrish, Kelley, et al., 2004),
and 9-6 Ma (Maluski et al., 1988). The Mabjia dome area, located
northeast of the Ama Drime Massif, is also cut by NSTR, so the late
15-8 Ma leucogranite veins and Ar-Ar ages of mica may be related to
east-west extensional activity. In conclusion, the activity time of the
STDS in the Mabjia dome is 29-16 Ma.

Lagoi Kangri dome (87°35'E)

Studies on the Lagoi Kangri dome are relatively rare. The monazite U-
Th-Pb age of leucogranite is 16-15 Ma (Schérer et al., 1986), and the
mica Ar-Ar age is 12-11 Ma (Maluski et al., 1988).

Ama Drime Massif (87°30’E)

The Ar-Ar age of amphibolite in the GHC in the Ama Drime Massif is
25 Ma (Hodges et al., 1994), and the monazite U-Pb ages in the stage
of isothermal decompression in the course of retrograde metamor-
phism are 30-19 Ma (Wang et al., 2017), which represent the begin-
ning of exhumation and denudation of the GHC, that is, the time
when the STDS may have started to be active is 30-19 Ma. The youn-
ger middle Miocene K-feldspar and mica Ar-Ar ages (15-10 Ma) and
monazite and zircon U-Th-Pb ages (15-11 Ma) in this area (Cottle
et al., 2009; Hodges et al., 1994; Kali et al., 2010; Kellett, Cottle, &
Smit, 2014; Leloup et al., 2010; Liu et al., 2007; Wang, Zhang,
Zhang, & Wei, 2017; Zhang & Guo, 2007) may be related to the activ-
ity of NSTR (Kharta and Dinggye rifts or Ama Drime and Nyénno Ri
detachments). The late Miocene fast exhumation of the Ama Drime
was affected by the east-west extension (Kali et al., 2010).

Xiaru dome (86°15'E)

The Xiaru dome, like the Ramba dome, is close to the IYZS. However,
research on the metamorphism and deformation of the Xiaru dome is
very scarce, and only some studies on leucogranite have been publi-
shed. The zircon and monazite U-Th-Pb ages of garnet-tourmaline-
bearing leucogranite in the core of the Xiaoru dome are 36-34 Ma
(Liu, Wu, Ding, et al., 2016), and the zircon U-Pb age of tourmaline-
bearing leucogranite is 29 Ma (Gao et al., 2016).

Malashan-Cuobu-Paiku Co domes (85°10'E-85°50'E)

The leucogranite of the Malashan dome has been studied in detail,
but the formation mechanism of the dome is relatively unknown.
Some scholars thought that the metamorphic rocks in the Malashan
dome represent the contact metasomatism associated with magma
intrusion (Aoya et al., 2005). The zircon and monazite U-Th-Pb ages
of the leucogranites in the Malashan-Cuobu-Paiku Co area are as fol-
lows: 28 (Gao et al., 2016), 28 and 20 (Gao et al., 2013), 22-16
(Kawakami et al., 2007), 19-18 (Aoya et al., 2005), 18-17 (Gao &
Zeng, 2014), and 17 Ma (Zhang et al., 2012). The mica Ar-Ar ages are
17-16 (Zhang et al., 2012), 16 (Kawakami et al., 2007), and 16-15
(Aoya et al, 2005). According to the age of the leucogranite
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mentioned above, the time of detachment fault activity in the
Malashan dome area is estimated to be 28-15 Ma.

Changgo-Kuang Tang domes (84°20'E-85°E)

Larson et al. (2010) conducted a very detailed study on the Changgo-
Kuang Tang dome. The zircon U-Pb age of the main body of the
deformed leucogranite in Changgo dome is 24 Ma, and the mica Ar-
Ar ages are 19-17 Ma. The main phase of the Changgo leucogranite
is cut by undeformed aplite dikes, but the aplite dikes are strained
within the STDS. The monazite U-Th-Pb age of the aplite dikes is
22 Ma, and the muscovite Ar-Ar age is 19 Ma in the STDS. The mus-
covite Ar-Ar age of pelitic schist is 18 Ma; the muscovite Ar-Ar age
of a quartz vein at the bottom of the THS is 21 Ma. The zircon U-Pb
age of the deformed leucogranite affected by the doming of Kuang
Tang is 20 Ma and that of the undeformed leucogranite is 17-16 Ma.
Therefore, the active time of the detachment zone in the Changgo-

Kuang Tang dome is ~24-18 Ma.

Gurla Mandhata-Xiao Gurla domes (81°20'E)

The Gurla Mandhata dome separates the GHC and THS along with the
Gurla Mandhata detachment system (GMDS), recording the early
southward extended detachments related to STDS activity and the late
orogen-parallel (west-east trending) extended deformation related to
NSTR activity (Nagy, Godin, Antolin, Cottle, & Archibald, 2015).

The zircon U-Pb ages of leucogranites in the Gurla Mandhata-
Xiao Gurla area are 20-15 Ma (Pullen et al., 2011). The monazite U-
Th-Pb ages and muscovite Ar-Ar ages are 19-15 and 13-10 Ma,
respectively. The early ages represent the activity of the STDS, and
the late ages are NSTR; therefore, the transition time between them
is 15-13 Ma (Nagy et al., 2015). Xu et al. (2013) analysed the meta-
morphic rocks in the dome affected by E-W strike-slip shear and
obtained zircon U-Pb ages of 22-15 Ma. These ages may record the
early activity of the GMDS (Nagy et al., 2015). Murphy et al. (2002)
and Murphy and Copeland (2005) studied the deformation character-
istics and ages of synkinematic dikes in the GMDS. The monazite Th-
Pb ages are 15-7 Ma, and the muscovite Ar-Ar ages are 12-7 Ma.
This interval (15-7 Ma) may be related to the late Karakoram strike-
slip fault activity (McCallister, Taylor, Murphy, Styron, & Stockli,
2014). In conclusion, this study considers that the time range of
detachment faults related to the STDS in the Gurla Mandhata-Xiao
Gurla dome area is ~22-15 Ma.

Leo Pargil dome (78°40'E)

The GHC and THS of the Leo Pargil dome are separated by the Leo
Pargil shear zone (LPSZ). The zircon U-Pb ages are 27-19 Ma (Leech,
2008), the garnet Sm-Nd age is 19 Ma (Thoni et al., 2012), and the
monazite U-Th-Pb ages are 23-18 Ma (Langille et al., 2012) for the
dome. More recently, a large number of U-Th-Pb ages of monazite in
leucogranite from the Leo Pargil dome have been tested (Lederer,
Cottle, Jessup, Langille, & Ahmad, 2013). The results show that the
ages of foliated, boudinaged, and folded leucogranite sills in the dome
are 30-23 Ma and that the ages of massive, crosscutting leucogranites

in the dome are 23-18 Ma, which is consistent with the time of

decompression and melting (Jessup, Langille, Cottle, & Ahmad, 2016),
showing that the initial extension time of the dome is 23 Ma. The age
of synkinematic deformed leucogranites cutting the LPSZ at the edge
of the dome is 20 Ma (Lederer et al., 2013), indicating that the LPSZ
was still active at 20 Ma.

The muscovite Ar-Ar ages of the LPSZ from Thiede et al. (2006)
and Hintersberger, Thiede, Strecker, and Hacker (2010) are
17-14 Ma, which are interpreted as the starting time of west-east
extension. Therefore, it is suggested that the time range related to
STDS extension in the Leo Pargil dome area may be ~23-18 Ma, and
the starting time of NSTR extension may be 17-14 Ma.

Gianbul-Gumburanjon domes (77°E)

The GHC and THS in the Gianbul Gumburanjon dome are separated
by the Miyar (or Khanjar) shear zone (MSZ) to the south and the
Zanskar shear zone (ZSZ) to the north. The monazite U-Th-Pb age of
migmatite at the bottom of the MSZ is 27 Ma (Robyr, Hacker, &
Mattinson, 2006), which is interpreted as the starting time of exten-
sion for the detachment fault. The age of an undeformed leucogranite
vein in the MSZ is 23 Ma (Robyr et al., 2006; Robyr, Epard, & El Korh,
2014), so the active time of the extensional detachment fault of the
MSZ is 27-23 Ma. The ages of Gianbul dome migmatite and
deformed pegmatite are 23-21 Ma, the age of undeformed pegmatite
vein in ZSZ in the north is 21 Ma, and the mica Ar-Ar ages of leu-
cogranite, schist, and gneiss in the Gianbul area are 22-20 Ma
(Horton et al., 2015). The active time of extension and the detach-
ment fault of the Gianbul dome can be limited to 27-20 Ma.

The ages of the metamorphosed leucogranites in Gumburanjon are
26-22 Ma (Finch et al., 2014), the U-Pb age of the undeformed leu-
cogranite cutting the ZSZ is 22-21 Ma (Dézes, Vannay, Steck, Bussy, &
Cosca, 1999; Finch et al., 2014; Walker et al., 1999), and the mica Ar-Ar
ages of the undeformed leucogranites are 22-19 Ma (Dézes et al.,
1999; Walker et al., 1999). The mica Ar-Ar age of the leucogranite is
consistent with the zircon and monazite U-Pb ages, indicating that rapid
uplift and denudation occurred shortly after the intrusion of leu-
cogranite. Therefore, the extension and detachment time of ZSZ in the
Gumburanjon dome is ~26-19 Ma. In conclusion, the extension and

doming time of the Gianbul-Gumburanjon dome is 27-19 Ma.

5.3.2 | Inner STDS or the strict sense STDS
between the GHC and THS

LZ-Khula Kangri-Gonto La (90-91°E)

In Gonto La valley-Khula Kangri mountain-LZ County, the 300-m-
thick Gonto La detachment fault resulted in the deformation of the
Khula Kangri leucogranite. The monazite 2°2Pb/232Th age of the gran-
ite under the Gonto La shear zone is 12.5 + 0.4 Ma, which indicates
that the activity of the STDS in this area lasted beyond 12.5 Ma
(Edwards & Harrison, 1997). The mica Ar-Ar age of the Khula Kangri
pluton is approximately 11-12 Ma (Guillot, Cosca, Allemand, & Le
Fort, 1999; Maluski et al., 1988), which indicates that the rapid uplift
and cooling age of the lower part of the STDS fault is 11 Ma.
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However, this study considers that the age of the undeformed leu-
cogranite cutting the bedding plane is approximately 13.6 Ma in LZ,
so the ductile shear activity of the STDS in this area had ended before
13.6 Ma.

Wagya La-Masang Kang (89°50'E)

The age of the deformed tourmaline-bearing leucogranite at the
bottom of the Lingshi klippe is 14 Ma (Cooper, Hodges, Parrish,
Roberts, & Horstwood, 2015). The GHC on the north side of the
Lingshi klippe is intruded by 14 Ma deformed mylonitic two-mica
granite (Montomoli, Carosi, Rubatto, Visona, & laccarino, 2017). The
monazite age of deformed leucogranite in Wagye La is 12-11 Ma
(Kellett et al., 2009; Wu et al., 1998). The granulite-facies metamor-
phic age of eclogite on the south side of Masang Kang is 14 Ma
(Grujic, Warren, & Wooden, 2011; Warren et al, 2011). These
results show that there was obvious ductile deformation at approxi-
mately 14-11 Ma in the Lingshi area. However, the Lingshi area is
affected not only by the activity of the inner STDS but also by the
NE-SW-trending Yadong-Gulu rift and Lingshi-Masang Kang rift
faults that formed after the STDS. Therefore, the ductile deforma-
tion of leucogranite and the rapid exhumation of eclogite in the
inner STDS belt at 14-12 Ma in northern Bhutan (Gonto La-Khula
Kangri-LZ-Wagya La-Masang Kang) may have been the result of
the nearly east-west extension of NSTR (Carosi, Montomoli,
Rubatto, & Visona, 2006; Cooper et al., 2015; Xu et al., 2013). In
addition, it may be the result of out-of-sequence thrusting along the
later Kakhtang Fault (Kellett et al., 2009).

Yadong-Sikkim (88°E-89°30'E)

The zircon U-Pb age of the Zherger-La high-pressure granulite in the
north of Yadong is 17 Ma, which represents the age of exhumation
and extrusion of the GHC (Gong et al., 2012). Liu et al. (2017) deter-
mined the zircon, monazite, and xenotime U-Pb geochronology of the
undeformed leucogranite in the Yadong area, limiting the ductile shear
activity along the STDS in the Yadong area to 20 Ma.

The zircon and monazite U-Th-Pb ages of the deformed leu-
cogranite north of Sikkim are 17-15 Ma (Catlos, Dubey, Harrison, &
Edwards, 2004), indicating that the deformation activity along the STDS
in this area continued from 17 to approximately 15 Ma. Kellett, Gruijic,
Coutand, Cottle, and Mukul (2013) considered that the U-Th-Pb age of
monazite enclosed by garnet in gneiss north of Sikkim (35-24 Ma) repre-
sents the prograde metamorphism (consistent with the prograde meta-
morphism of 26-23 Ma, Rubatto, Chakraborty, & Dasgupta, 2013); the
U-Th-Pb ages of monazite in the matrix (24-13 Ma) indicate the retro-
grade stage. Combining zircon U-Pb ages (28.5-14 Ma) and the musco-
vite Ar-Ar age (13 Ma), Kellett et al. (2013) suggested that the activity
time along the STDS north of Sikkim is 24-13 Ma.

Kharta-Ama Drime-Dinggye-Saer (87°30’'E-88°E)

The U-Th-Pb ages of monazites from the deformed and undeformed
leucogranites in the Saer area on the east side of the Ama Drime Mas-
sif are 16 and 15 Ma, respectively (Leloup et al., 2010), representing
the end of STDS activity between 16 and 15 Ma. According to the

interval of isothermal decompression (30-19 Ma, Wang, Wu, et al.,
2017), it is speculated that the time of STDS ductile shear activity in
the Saer area may have lasted from 30 to 16-15 Ma.

Rongbuk-Mount Everest-Makalu-Dzakaa Chu (86°30’
E-87°30'E)

The research on the STDS in the Mount Everest area is more compre-
hensive (see review by Waters, Law, Searle, & Jessup, 2019), including
the Qomolangma detachment at the top and the Lhotse detachment
at the bottom. On Mount Everest and in Rongbuk Valley, the U-Th-
Pb isotopes of zircon, monazite, and xenotime grains are used to
define the age of the undeformed Rongbuk leucogranite as
22-19.5 Ma. The metamorphic age of the GHC during STDS activity
is obtained from sphene U-Pb and hornblende Ar-Ar ages
(20-19 Ma) for sillimanite-bearing metamorphic rocks, so Hodges
et al. (1992) and Copeland, Parrish, and Harrison (1988) concluded
that the time limits of STDS activity are 22-19 Ma. However, Hodges,
Bowring, Davidek, Hawkins, and Krol (1998) suggested that Hodges
et al. (1992) and Copeland et al. (1988) were wrong to obtain the age
(22-19.5 Ma) of the Rongbuk leucogranite by analysing whole mineral
U-Pb ages. The age of the undeformed Rongbuk leucogranite mea-
sured by mica Ar-Ar is 16.4 Ma (Hodges et al., 1998). Combined with
the zircon, monazite, and xenotime U-Th-Pb ages of mylonitized
granite sills (16.7 Ma), Hodges et al. (1998) limited the activity time
along the STDS to 16.7-16.4 Ma.

All of the above researchers considered that the undeformed
Rongbuk leucogranite cut the STDS, but new mapping results show that
Hodges et al. (1992), Copeland et al. (1988), and Hodges et al. (1998)
are all wrong. The Rongbuk leucogranite does not cut the STDS (Cottle
et al,, 2015; Murphy & Harrison, 1999). Under the STDS (top of the
GHC) is a set of rocks containing a deformed mylonitic sill, a deflected
dyke, and an undeformed crosscutting dyke. The monazite U-Th-Pb
age of deformed leucogranites is 16.8-16.4 Ma, and the age of unde-
formed leucogranite is 15.6-15.4 Ma (Cottle et al., 2015; Murphy &
Harrison, 1999; Searle, Simpson, Law, Parrish, & Waters, 2003).

The monazite U-Th-Pb ages of the deformed leucogranite sill
and the undeformed leucogranite in the Kangshung valley area are
21 and 16.7 Ma, respectively (Cottle, Searle, et al., 2009); the mona-
zite U-Th-Pb age of the undeformed granite dyke at the bottom of
the STDS in the Dzakaa Chu valley is 20 Ma (Cottle et al., 2007); the
monazite U-Th-Pb age of the synkinematic to postkinematic
leucogranite in Nuptse is 24 Ma (Jessup et al., 2008). The U-Pb and
Ar-Ar ages of the late undeformed leucogranite in Namche Bazaar-
Gokyo Ri-Fifth west of Everest indicate that its crystallization time is
18 Ma (Viskupic et al., 2005). In addition, Viskupic et al. (2005)
thought that the isothermal decompression time of sillimanite-facies
metamorphism (M2) in the Mount Everest area was 26.3-22.6 Ma.
However, Cottle, Searle, et al. (2009) advanced the metamorphism
time of the sillimanite stage to 28 Ma (28-22.6 Ma). The muscovite
Ar-Ar ages in the Qomolangma Formation are 28-18 Ma (Corthouts,
Lageson, & Shaw, 2016), which limit the time of STDS activity. The
schist in the Rongbuk valley is affected by the activity along the STDS,
and its monazite U-Th-Pb age (16.9 Ma) represents the ductile shear
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time along the STDS (Searle et al., 2003). Therefore, the STDS activity
time in Rongbuk-Mount Everest-Lhotse-Dzakaa Chu should have
been 28-17 Ma. This result is similar to that for Makalu, southeast of
Mount Everest. In the Makalu area, the age of early deformed garnet
tourmaline muscovite leucogranite is 24-21 Ma and that of late unde-
formed cordierite-bearing leucogranite is 16 Ma (Scharer et al., 1986;
Streule, Searle, Waters, & Horstwood, 2010), implying that the initial
age of STDS activity is greater than or equal to 24 Ma and that the
end age is greater than 16 Ma.

It is worth noting that low-temperature chronology (such as AFT,
AHe, and Ar-Ar) in the Mount Everest area suggests that the activity
time of the STDS may have been as late as 13-12 Ma (Carrapa et al.,
2016; Schultz, Hodges, Ehlers, van Soest, & Wartho, 2017), which
may represent the time of brittle deformation along the STDS. The
hydrogen isotopes of synkinematic biotite indicate that atmospheric
precipitation had infiltrated into the footwall of the STDS along the
porosity-permeability structure in Everest at 17-15 Ma (Gébelin
et al., 2017). The Kung Co granite northwest of Everest is cut by NSTR
while retaining the lineation of the east-west and north-south ductile
shearing. Its zircon U-Pb age (Lee et al., 2011) indicates that it experi-
enced the same period of E-W and N-S extension (Mitsuishi, Wallis,
Aoya, Lee, & Wang, 2012) at 19 Ma. In conclusion, the transition time
from ductile deformation (28-17 Ma) to brittle deformation (16-12 Ma)
along the STDS in the Everest area is between 17 and 16 Ma.

Nyalam-Shisha Pangma-Gyirong (85°E-86°10'E)
According to Wang, Zhang, and Wang (2013) and Leloup et al. (2015),
the M1 metamorphic interval of the GHC is 40-30 Ma. The ages of
deformed leucogranites affected by ductile shear under the STDS are
27-17 Ma (Leloup et al., 2015; Liu et al., 2012; Scharer et al., 1986;
Wang et al., 2016; Xu et al., 2013; Yang et al., 2019), and the ages of
undeformed leucogranites are 16-14 Ma (Leloup et al., 2015; Wang,
Zhang, & Wang, 2013). The initial fast denudation and cooling episode
obtained by mica Ar-Ar ages from the GHC is 18-15 Ma (Leloup
et al., 2015; Maluski et al., 1988; Wang et al., 2016; Wang, Li, & Qu,
2006). Therefore, the starting time of ductile shear along the STDS in
Nyalam is 27-25 Ma, and the ending time of STDS activity is
17-15 Ma (Leloup et al., 2015; Wang et al., 2016).

The Shisha Pangma area lies 30 km to the west of Nyalam. The U-

Dhaulagiri-Annapuma-Manaslu (83°30’'E-84°E)

The monazite U-Th-Pb ages of the Manaslu leucogranite are
23-19 Ma (Copeland, Harrison, & Fort, 1990; Cottle, Lederer, &
Larson, 2019; Harrison et al., 1999; Harrison, McKeegan, & LeFort,
1995), and the whole-rock Rb-Sr age of the Manaslu leucogranite is
18 Ma (Deniel, Vidal, Fernandez, Le Fort, & Peucat, 1987). The amphi-
bole, muscovite, and biotite Ar-Ar ages of the Manaslu leucogranite
and its surrounding metamorphic rocks are concentrated from 24 to
16 Ma (Copeland et al., 1990; Copeland et al., 1991; Godin, Gleeson,
Searle, Ullrich, & Parrish, 2006; Guillot, Hodges, Fort, & Pécher, 1994).
These ages are interpreted as the cooling age after granite intrusion
(Copeland et al., 1990), the denudation of normal faults on the north
side of the Manaslu leucogranite (Guillot et al., 1994), or the fold age
of the Annapurna Formation and the Chame detachment fault (Godin,
Gleeson, et al., 2006). The monazite U-Th-Pb ages are 22 Ma for the
deformed leucogranite and 18 Ma for the granite sill cutting the STDS
(Coleman, 1998). According to the Ar-Ar ages in the Annapura-
Manaslu region (Coleman & Hodges, 1998), the activity time of the
STDS is 22-18 Ma.

Walters and Kohn (2017) limited the activity of the STDS to
17 Ma by comparing the cooling rates and cooling times of the THS
and GHC. Moreover, the Thakkhola rift on the west side of Anna-
purna cuts the STDS, and the muscovite Ar-Ar age in the north-south
rift is 14 Ma (Coleman & Hodges, 1995), indicating that the STDS
activity time is before 14 Ma.

In the lower Kali Gandaki Valley, the monazite U-Th-Pb ages of
kyanite-bearing migmatitic paragneiss are 25-18 Ma (laccarino et al.,
2015), and the sphene U-Pb age is 23 Ma (Mottram et al., 2019),
which represents the time of decompressive melting of the GHC. In
the Modi Khola valley (Corrie & Kohn, 2011; Martin et al., 2007),
Budhi Gandaki (Larson, Cottle, & Godin, 2011) and Daraudi (Shrestha,
Larson, Duesterhoeft, Soret, & Cottle, 2019) south of Manaslu, the
GHC also has similar decompression melting ages (28-18 Ma,
Larson & Cottle, 2015).

Therefore, the activity time of the STDS in the Dhaulagiri-
Annapuma-Manaslu area is at least 22-17 Ma. It is worth noting that
some researchers (Hodges et al., 1996) think that there were two
alternations between shortening and extension in the Dhaulagiri-

Annapuma-Manaslu area in the Miocene.

A U-PbPb age of the weakly foliated biotite granite under the STDS is 20 Ma,
and the main body of the Shisha Pangma granite is undeformed. The

19-17Ma Bura Buri-Dolpo-Mugu (82°E-83°40'E)
stpeU-Pb age and muscovite Ar-Ar age are both 17 Ma (Searle & Whit-

The main body of the Bura Buri leucogranite is undeformed and

19-17Ma

ehouse, 1997), which indicates that rapid uplift and cooling occurred

! after the intrusion of the Shisha Pangma granite. At 17 Ma, the ductile

shear activity along the STDS ended, and the starting age of STDS
activity in the Shisha Pangma area was earlier than 20 Ma.

The crystallization ages of the deformed leucogranite affected by
the STDS in the Gyirong area are 26-19 Ma (Wang, Zhang, Liu, Yan, &
Wang, 2013; Yang et al., 2009; Zhang et al., 2012). The rapid exhuma-
tion obtained from the ages of detrital zircons and apatite fission-track
dating in northern Gyirong is 18-15 Ma (Shen et al., 2016). In conclu-
sion, 28-17 Ma can represent the time of ductile shear activity along

the STDS in the Nyalam-Shisha Pangma-Gyirong area.

intrudes into the top of the GHC and the bottom of the THS. Its zir-
con and monazite U-Th-Pb ages are 25-23 Ma. Carosi, Montomoli,
Rubatto, and Visona (2013) argued that the STDS activity in this area
ended before 25-23 Ma. However, the margin of Bura Buri has weak
deformation characteristics, and its age may be more representative
of the starting time of the STDS. The Mugu leucogranite is located
20 km north of Bura Buri. The U-Th-Pb age of the Mugu leucogranite
is 17.6 Ma (Harrison et al, 1999), and the mica Ar-Ar age is
17-15 Ma (Guillot et al., 1999). These results indicate that a cooling
event of rapid uplift occurred after the Mugu granite intrusion, which

may indicate that the STDS was still experiencing rapid activity at
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17 Ma. The Mangri shear zone (i.e., the high Himalayan discontinuity,
HHD) on the southwest side of the Mugu granite was thrust from
25 to 18 Ma (Montomoli, laccarino, Carosi, Langone, & Visona, 2013).
In conclusion, the activity time of the STDS in the Bura Buri-Dolpo-

Mugu area may have been 25-17 Ma.

Shivling-Gangotri-Malari (79-80°E)

The Malari leucogranite is exposed at the top of the GHC and the bot-
tom of the STDS in the Dhauliganga valley of the Garhwal area.
Sachan, Kohn, Saxena, and Corrie (2010) believed that the Malari leu-
cogranite has no deformation and that its zircon U-Pb age (19 Ma)
can limit the end of STDS activity before 19 Ma. However, later geol-
ogists (Sen, Chaudhury, & Pfander, 2015) found that the Malari leu-
cogranite displays ductile deformation due to the influence of the
STDS. The monazite U-Th-Pb age of this deformed leucogranite at
the top of the GHC is 20-19 Ma (laccarino et al., 2017); the Ar-Ar
ages of the Malari leucogranite and deformed and undeformed granite
sills are 16.5-15 Ma (Montemagni et al., 2018; Sen et al., 2015).
Therefore, the latest research results show that the activity time of
the STDS in the Malari area is ~20-15 Ma.

Approximately 90 km northwest of Malari are the Shivling and
Gango Tri deformed leucogranites, affected by STDS activity. The
monazite U-Th-Pb age from the leucogranites is 23-22 Ma (Harrison,
Lovera, & Grove, 1997; Searle, Noble, Hurford, & Rex, 1999). The
results of fission-track dating of zircon and apatite and K-Ar and Ar-
Ar ages of muscovite and biotite show that there is rapid cooling from
23 to 18 Ma and low cooling rates from 18 to 2 Ma (Searle et al.,
1999; Sorkhabi, Stump, Foland, & Jain, 1996). These ages imply that
the activity time of the STDS in Shivling and Gango Tri is ~23—18 Ma.

Manali-Sutlej-Peo (77°E-78°30'E)

The Kinnaur Kailash Early Ordovician (472 Ma) two-mica granite in
the Peo area in the upper Sutlej valley, 100 km northwest of Gango
Tri, has metamorphic ages of 26-21 Ma in zircon rims (Stlbner et al.,
2014), and the zircon age of deformed leucogranite is 18.5 Ma
(Tripathi, Sen, & Dubey, 2012). The U-Pb ages of the matrix monazite
in the metamorphic rocks at the bottom of the THS in the Morang
area on the north side of Kinnaur Kailash are 30-22 Ma (Chambers
et al,, 2009). The muscovite Ar-Ar age at the bottom of the THS,
30 km northwest of Kinnaur Kailash and affected by ductile shear
along the STDS, is 19-17 Ma (Vannay et al., 2004). The above infor-
mation indicates that the time of STDS activity in this area is from
30 to 17 Ma.

In the Manali area in central Himachal Pradesh, the monazite U-
Th-Pb ages in mica schist are 26-22 Ma, and the muscovite Ar-Ar
age is 22 Ma (Stubner et al., 2014; Walker et al., 1999), which indi-
cates that the high cooling rates of the GHC are related to the activity
of the STDS in the early Miocene.

Umasi La-Haptal-Suru-Shafat (76°E-77°E)

The monazite U-Th-Pb ages from migmatitic schist in the Umasi La-
Haptal-Suru-Shafat area at the bottom of the STDS (locally termed
the Zanskar shear zone; Horton & Leech, 2013) are 27-17 Ma, and

the zircon and monazite U-Th-Pb ages of deformed leucogranite are
27-20 Ma (Horton & Leech, 2013; Noble & Searle, 1995). The activity
time of the STDS is from 26 to 16 Ma (Inger, 1998) and 25-20 Ma
(Searle, Waters, Rex, & Wilson, 1992; Vance, Ayres, Kelley, & Harris,
1998) by mica Rb-Sr and A-Ar dating of the GHC, respectively. In the
Tapachan area southeast of the Zanskar shear zone, the activity time
of the STDS defined by zircon and apatite fission-track dating is
22-19 Ma (Schlup et al., 2011). Therefore, the activity time of the
STDS in the Zanskar area is 27-16 Ma.

5.3.3 | Outer STDS in klippes

Lingshi-Tang Chu-Shemgang-Ura-Sakteng klippes in Bhutan
(89-92°F)

The prograde metamorphism and deformation times along the Main
Central Thrust (MCT) in eastern Bhutan started at 22 Ma. And Daniel,
Hollister, Parrish, and Grujic (2003) believed that channel flow
occurred in the GHC in this area, so the northward extension and slid-
ing of the STDS at the top of the GHC is consistent with the south-
ward thrust timing of the MCT at the bottom of the GHC. That is, the
prograde metamorphism age (22 Ma) of the MCT represents the initi-
ation age of STDS extension.

There are obvious folds in the THS in the Tang Chu-Black Moun-
tain (Shemgang) klippes in central Bhutan. Some undeformed
leucogranites intrude and cut the THS stratigraphic foliation. Green-
wood, Argles, Parrish, Harris, and Warren (2016) determined that the
zircon U-Pb age of the undeformed granites is approximately 18 Ma.
Therefore, the extension of STDS ended before 18 Ma.

The zircon U-Pb ages of the deformed leucogranite in the Lin-
gshi klippe in western Bhutan and the Ura klippe in central Bhutan
are 24.5-16.5 and 20.5-15.5 Ma, respectively (Kellett et al., 2009).
Meanwhile, the monazite U-Th-Pb ages (27.2-15.9 Ma) in meta-
morphic rocks near the outer STDS zone in the Lingshi and Ura
klippes are nearly the same as the zircon U-Pb age of the above-
mentioned leucogranite (Kellett et al., 2010), indicating that the duc-
tile shear associated with STDS extension lasted from 23 to approx-
imately 16 Ma.

The deformation and metamorphism of the inner STDS in north-
ern Bhutan were affected by the late Kakhtang out-of-sequence
thrust, while the outer STDS at the bottom of the klippe in the front
of the orogenic belt is representative of the early northward extension
age of the whole Himalayan belt (Kellett & Grujic, 2012). Therefore,
based on the above results, the starting and ending time range of
STDS extension in Bhutan should be 25-16 Ma.

Kathmandu Klippe in Nepal (85-86°E)

He, Webb, Larson, Martin, and Schmitt (2015) considered that the
strata in the Kathmandu klippe belong to the THS, and its south side
is in contact with the LHS with the boundary along the STDS; the
GHC is located between the THS and the LHS on the north side of
the Kathmandu klippe. As a result, the STDS and the MCT merge at
depth. The ages of the deformed granite affected by STDS extension



ZHANG ET AL

WILEY_L %

and the undeformed granite are 30.8-23.1 and 18.8-13.8 Ma, respec-
tively, so the time range of STDS activity on the north side of Kath-
mandu is 23.1-18.8 Ma (He et al., 2015; Webb, Schmitt, He, &
Weigand, 2011).

Dadeldhura-Karnali-Jajarkot Klippes in India And Nepal
(80-83°E)

The Jajarkot klippe is located west of Nepal. The muscovite Ar-Ar
ages of the THS formation in the upper part of the STDS are
28-19 Ma, and the monazite U-Th-Pb ages of the metamorphic
rocks in the STDS ductile shear zone are 27-23 Ma (Soucy La Roche,
Godin, Cottle, & Kellett, 2019). Therefore, the activity time of the
outer STDS in the Jajarkot klippe area is 27-19 Ma.

The Karnali klippe is located on the west side of the Jajarkot
klippe. The monazite U-Th-Pb age in the STDS shear zone indi-
cates that the initiation time of ductile shear associated with north-
ward extension is 30 Ma, and the muscovite Ar-Ar age is 19 Ma
(Soucy La Roche et al., 2016). Meanwhile, the monazite U-Th-Pb
age of the GHC at the bottom of the Karnali klippe indicates that
retrograde metamorphism of the GHC began at 30 Ma (Soucy La
Roche et al., 2018). Therefore, the extension time of the outer
STDS ductile shear zone represented by the Karnali klippe is
30-19 Ma.

The Dadeldhura klippe is located on the west side of the
Karnali klippe. Antolin, Godin, Wemmer, and Nagy (2013) analysed
the muscovite Ar-Ar ages (23-17 Ma) of the metamorphic rocks
affected by the ductile shear of the outer STDS. He, Webb, Larson,
and Schmitt (2016) determined the zircon U-Pb age of a
postkinematic granite sill cutting the outer STDS as 17-14 Ma.
Therefore, the outer STDS extended northward under the
Dadeldhura klippe at 22-17 Ma.

However, north of the Dadeldhura klippe, the muscovite Ar-Ar
age of the inner STDS (hinterland) in the Chainpur area is 12-11 Ma
(Robinson, DeCelles, & Copeland, 2006), which is nearly the same as
the active age of the inner STDS in the Wagya La-Masang Kang-
Gonto La-Khula Kangri-LZ area; both of these ages are younger than
that of the outer STDS in the foreland area. The activity of the inner
STDS at 12-11 Ma in the Chainpur area may be related to the out-of-
sequence thrusting of the Ramgarh Fault (Robinson, 2008).

In this study, it is found that in LZ, KJ, and CND, the oldest
granites affected by ductile shear along the STDS are 25-23 Ma
(Table 1, Figure 7), indicating that by at least 25 Ma, the STDS in
these three places had begun to move. Combining this information
with the results from other regions mentioned above, the duration
of STDS northward extension across the whole Himalaya region is
approximately 28-17 Ma (Figure 14), which corresponds to the
Neohimalayan sillimanite metamorphism (M2) of the GHC. However,
in some areas, the timing of the end of STDS activity is slightly dif-
ferent; for example, the time of the end of activity along the inner
STDS in the hinterland is 14-11 Ma. More evidence shows that the
late Miocene activity of the inner STDS is related to the out-of-
sequence thrusting of faults such as the Kakhtang and Ramgarh

thrusts.

5.4 | Extrusion and exhumation of the GHC
54.1 | Model comparison of the extrusion and
exhumation of the GHC

The GHC is surrounded by the STDS in the upper part and by the
MCT in the lower part. Many different models have been proposed to
explain the exhumation and extrusion of the GHC and the activity

along the STDS and MCT. The main models are as follows.

Gravity-driven collapse

According to this model, the activity of the STDS is caused by the
gravitational instability of thickened crust in the orogenic belt
(Figure 15a). The slip surface is a pre-existing weak lithological sur-
face. There are two triggering factors for the northward sliding of
the STDS (Searle, 2010): One factor is the decrease in compressive
stress, which is caused by a decrease in the convergence velocity or
in the subduction angle; the other factor is the decrease in crustal
strength, which is mainly caused by the remelting of thickened

crust.

Wedge extrusion

This model considers that the thickened crust of the Qinghai-Tibetan
Plateau produces gravity loading (Figure 15b), which results in the
remelting of the thickened root zone (Indian crust) and the formation
of plastic deformation bodies. Driven by gravity loading, the plastic
body is wedge-shaped and extruded southward along the STDS and
MCT (Burchfiel et al., 1992; Grujic et al., 1996). That is, the GHS is a
downward-thinning wedge, extruding southward from two low-grade
metamorphic rocks. However, the seismic interpretation of the
INDEPTH project did not find the intersection of the MCT and the
STDS at depth (Nelson et al., 1996).

Channel flow

In this model, continental collision and convergence lead to the thick-
ening of the crust, the accumulation of radiative heat, and the addition
of a large amount of fluids. At the same time, possible lithospheric
mantle detachment leads to the rise of asthenospheric materials,
coupled with the strain heat energy of large structures, resulting in
the partial remelting of the thickened middle crust. The remelted
crustal materials flow laterally through accumulation and compression,
forming tunnel flow (Godin, Gleeson, et al., 2006; Godin, Grujic, et al.,
2006; Figure 15c). At the edge of the plateau, the height difference is
largest, and climatic denudation is strongest, which leads to the emer-
gence and exhumation of the partially remelted middle crust. The
upper and lower boundaries of the outcrops are the STDS and the
MCT, respectively. The GHS is material from the middle lower crust in
the melting orogenic belt, which flows southward under the gravity of
doubly thickened crust. Due to the concentrated denudation caused
by a large amount of precipitation on the southern slope of the
Himalayas, the tunnel flow material moves out to the surface through
two ductile shear zones (the STDS to the north and the MCT to the
south).
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Tectonic wedging (Wedge insertion)

This model suggests that the northward movement of the THS along
the STDS does not represent north-south extension but is the result
of reverse thrusting of the hanging wall of the MCT (Figure 15d). The
STDS is connected to the GCT thrust system in the north and to
the MCT in the south. The northward thrusting of the GCT pushes the
THS rocks over the Lhasa Plate and IYZS in the north. This model is
based on the discovery that the MCT and STDS merge into a fault at
the front of the orogenic belt (Webb et al., 2011; Webb et al., 2017).

In-sequence shearing
This model considers that there are two tectono-metamorphic disconti-
nuities between the MCT and the STDS (Carosi, Montomoli, & laccarino,
2018; Carosi, Montomoli, laccarino, & Visona, 2018). The southward
thrusting of the Himalayas starts from the STDS at the top (45-28 Ma),
and a series of rocks gradually thrusts southward, that is, the thrusting
moves towards the MCT at the bottom gradually. The thrusting activity
of the STDS begins earlier than that of shear zone (41-30 Ma) with
south-vergent thrusting in the middle-upper part of the GHC, and
thrusting in the middle-upper part of the GHC occurs earlier than that
along the HHD (26-18 Ma) in the middle to lower part of the GHC. The
HHD is earlier than that of MCT (17-13 Ma) at the bottom of the GHC.
According to the regional research results for the STDS and this
study, the activity time of the STDS is 28-17 Ma, which is earlier than
that of the MCT (19.8-8.5 Ma; Goscombe et al., 2018). The channel
flow, wedge extrusion, and tectonic wedging models all require that
the activity times along the STDS and MCT be consistent (Montomoli
et al., 2013). This requirement is not consistent with the results of this
study. Increasingly more recent studies show that the GHC is not a
complete whole but is divided into the GHC pper and GHCjger by the
HHD (Goscombe et al., 2018; Waters, 2019). Previous studies on the
activity time of the HHD have shown that the time of HHD activity is
28-17 (Carosi, Montomoli, & laccarino, 2018; Carosi, Montomoli,
laccarino, & Visona, 2018) or 25-16 Ma (Goscombe et al., 2018;
Wang, Rubatto, & Zhang, 2015). The activity time of the STDS is iden-
tical to that of the HHD but earlier than that of the MCT. Therefore,
this paper considers that a sequential shearing model can better

explain the GHC exhumation process in the study area.

5.4.2 | In-sequence shearing tectonic model,
evolution of the STDS and exhumation of the GHC in
the Himalayas

In this study, it is outlined that the STDS has a two-stage evolution
model, that is, from 45 to 28 Ma, the STTS (predecessor of the STDS)
thrusts southward, and from 28 to 17 Ma, the STDS extends north-
ward, corresponding to kyanite metamorphism (M1) and sillimanite
metamorphism (M2) in the GHC, respectively. On the basis of previ-
ous studies (Carosi, Montomoli, & laccarino, 2018; Goscombe et al.,
2018; Imayama et al., 2012), combined with the thrusting time and
kinematic characteristics of the HHD and MCT in the south, as well as

the dome formation time of the NHGD in the north and the stretching

time and structural kinematic characteristics of the STDS, this paper
considers that the study area is dominated by in-sequence shearing or
thrusting and that at a later time in the area, there was out-of-
sequence thrusting. The extrusion evolution of the GHC in the study
area is divided into three stages (Figure 16).

In the early stage (45-28 Ma), the STTS at the top of the GHC was
thrust, the THS was folded and faulted, the GHCpper + 1ower Was buried
deep, and kyanite metamorphism (M1) occurred in the GHC
(Figure 16a). In the middle stage (27-21 Ma), the HHD in the middle of
the GHC was thrust, the STDS was extended in the north-south direc-
tion, the NHGD (such as the Yardoi and CND domes) was formed in the
middle of the THS, the GHC,pper Was exhumed, and the GHC, o, CON-
tinued to be deeply buried. The sillimanite metamorphism
(M2) occurred in the GHC (Figure 16b). In the later stage (20-9 Ma), the
MCT thrust at the bottom of the GHC, resulting in the extension along
the STDS and HHD, the east-west extension of the THS, the exhuma-
tion of the GHC pper + lower» and the deep burial and shallow metamor-
phism of the LHS (Figure 16c). Out-of-sequence thrusting occurred in
some areas, forming the klippes of the THS in the front zone.

6 | CONCLUSIONS

1. The oldest synkinematic leucogranite affected by the STDS is the
Lz leucogranite, with an age of 24-25 Ma, so the initial activity
time of the STDS is equivalent to or slightly earlier than 25 Ma.

2. The youngest synkinematic leucogranite affected by the STDS is
the CND leucogranite with an age of 18.4 Ma; and the oldest
postkinematic leucogranite unaffected by the STDS is the XZ leu-
cogranite with an age of 17.4 Ma. Therefore, the end of STDS
activity is between 18.4 and 17.4 Ma.

3. The eastern Himalayas are affected by the Tsona north-south rift
among the NSTR. The youngest leucogranite affected by NSTR is
the KJ leucogranite with an age of 16.9-16.5 Ma. Therefore, the
starting time of NSTR can be limited to 16 Ma.

4. At 45-28 Ma, the THS is thrust southward along the STTS, and at
28-17 Ma, the THS extends northward along the STDS.

5. The GHC is exhumed southward by in-sequence thrusting. The
first event is the STTS (predecessor of the STDS) thrusting south-
ward at 45-28 Ma, the second episode is the HHD thrusting
southward at 28-17 Ma, and the last occurrence is the MCT
thrusting southward at 17-9 Ma.
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