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Abstract: The east-west-trending South Tibetan Detachment System (STDS) and north-south-
trending rifts (NSTRs) are the two main types of extensional structures that have developed within
the Tibetan Plateau during continent-continent collision since the early Cenozoic. They have played
significant roles in the evolution of the plateau, but it is unclear how they are related genetically. In the
Yadong area of the eastern Himalaya, the NSTRs cross-cut the STDS. Apatite and zircon fission track
ages of a leucogranite pluton in the footwall of the two extensional faults can be used to reconstruct
the cooling and exhumation history and thereby constrain the activity of extensional structures.
The new AFT ages range from 10.96 £ 0.70 to 5.68 £ 0.37 Ma, and the ZFT age is 13.57 £ 0.61 Ma.
Track length distributions are unimodal, albeit negatively skewed, with standard deviations between
1.4 and 2.1 um and mean track lengths between 11.6 and 13.4 um. In conjunction with previously
published datasets, the thermal history of the region is best explained by three distinct pulses of
exhumation in the last 16 Ma. The first pulse (16-12 Ma) records a brittle slip on the STDS. The
two subsequent pulses are attributed to the movement on the Yadong normal fault. The normal
fault initiated at ~12 Ma and experienced a pulse of accelerated exhumation between 6.2 and 4.7 Ma,
probably reflecting the occurrence of two distinct phases of fault activity within the NSTRs, which
were primarily instigated by slab tear of the subducting Indian plate.

Keywords: southern Tibet; low-temperature thermochronology; pecube; extensional structure;
exhumation; Yadong region

1. Introduction

The Himalayan mountain chain is the largest orogenic belt on Earth, formed by the
collision of the Indian and Asian plates since the early Cenozoic [1,2]. The Tibetan Plateau
exceeds 2.5 million km? and is characterized by an average elevation of approximately
5000 m [3]. Two distinct sets of prominent perpendicular extensional structures are present
within the Himalaya-Tibetan Plateau system: the east-west oriented South Tibet Detach-
ment System (STDS) and the north—south-trending rifts (NSTRs) (Figure 1) [4-11].
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Figure 1. Major fault systems of the Himalayan-Tibetan orogen (modified from Cooper et al. [12]).
Digital elevation model generated from the Shuttle Radar Topography Mission 90 m elevation data.
The claret line represents north—south-trending normal faults (NSTRs), the violet line represents
strike-slip faults, and the red line represents the South Tibetan Detachment System (STDS) and
Main Frontal Thrust (MFT). The numbers in the yellow boxes represent estimates for the onset of
east-west extension, while the numbers in parentheses indicate the timing of accelerated footwall
exhumation. Their units are millions of years (Ma). LPR = Leo Pargil rift [13-15]; GMR = Gurla
Mandhata rift [16-18]; YR = Yari rift [19]; LGR = Lunggar rift [20-22]; TKR = Thakkhola rift [23-26];
LKR = Lopukangri Rift [27,28]; GRR = Gyirong rift [29]; KCR = Kung Co rift [1,30,31]; TYR = Tangra
Yumco rift [19,32,33]; SHG = Shuanghu graben [34]; XDR = Xainza-Dinggye rift [35-45]; YGR =
Yadong—Gulu Rift [12,46-51]; CWR = Cona-Woka Rift [52,53]. The numbers in the light pink boxes
represent estimates for the cessation of the STDS locally [40,54-72]. Detailed sample information and
references have been listed in Supplementary Table S1. KF = Karakorum fault, ATF = Altyn Tagh
fault. The black dashed box represents the area contained in Figure 2A.

The STDS appears as a series of shear zones and normal faults that dip to the
north [6,73]. They are present along the entire 2000 km length of the Himalayan topo-
graphic crest [74] and appear to separate the Tethyan Himalayan Sequence (THS) to the
north from the Greater Himalayan Sequence (GHS) to the south. The exhumation of
the GHS is believed to have been closely linked to the movement of the STDS [5,6,75].
Petrochronological analysis of leucogranite bodies located within the shear zone of the
STDS reveals that movement occurred predominantly during the Miocene [67,68,76,77].
However, the termination of motion along the detachment system exhibits localized di-
achroneity [63].

The NSTRs represent the most prominent active tectonic features within the Tibetan
Plateau, predominantly manifesting as north-south-trending extensional grabens and sets
of high-angle normal faults [78,79]. At least seven main rifts are recognized between 79° E
and 92° E. The rifts range from 240 to 500 km in length and are essentially parallel. Their
formation and evolution are intimately linked to the uplift of Tibet as well as the adjustment
of convergent deformation between the Indian and Eurasian plates [62]. Previous studies
have used the time of dyke emplacement or rapid cooling of the footwall to constrain the
initiation time of NSTRs, yielding a broad spectrum of temporal estimates as well as the
slip rate of faults [13,38,61].
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Both sets of structures have played a significant role in accommodating uninterrupted
convergence between the Indian and Asian plates, yet it is still unclear how they relate
mechanistically. One view is that the NSTRs were initiated after the cessation of main
activity on the STDS. This is based on indications that the NSTRs cross-cut the STDS, as
well as geochronological evidence suggesting that the east-west extension occurred after
the formation of the STDS in some areas [13,23,36,42,61,80]. However, this view is not
supported by age constraints, which imply that the primary period of activity along the
STDS was between 25 and 11 Ma [66-68,75,77], while the majority of the activity along
the NSTRs occurred between 19 and 3 Ma [30,31,53]. These age constraints suggest that
the activity of the two structures occurred simultaneously, at least in some areas. For
instance, the STDS and NSTR structures in the Jomolhari region of NW Bhutan had a
protracted and overlapping deformation history around 14 Ma [12,65]. Geochronological
data from the Ama Drime Massif (ADM) indicate that both were active in the Middle
Miocene (13 Ma) [63].

The STDS is well exposed at the southern end of the Yadong-Gulu rift in eastern
Himalaya. Here, the shear zone appears to be cut orthogonally by the north-south-trending
rift. This configuration presents an exceptional opportunity to better understand the
development and kinematic interrelation between these distinct extensional structures.
Previous studies of the tectonic evolution of the Yadong area have mainly focused on the
evolution of the STDS or NSTRs separately [50,75,81-83], without much attention being
paid to the genetic connections and potential interactions between the two structures. The
fission track thermochronology system exhibits a low closure temperature. Fission track
ages record the time of rock cooling during the exhumation of deep-seated rocks. In the case
of apatite during rapid cooling, the closure temperature is 110 = 10 °C and, for zircon, it is
205 + 18 °C [84,85]. Consequently, this method is highly sensitive to erosional or tectonic
exhumation events in the shallow crust [86,87]. This paper presents new apatite and zircon
fission track thermochronology from a sub-vertical profile in the footwall of these two
structures in the Yadong area. Pecube thermokinematic modeling of this and previously
published data allows the identification of regional tectonic evolution history, providing
insights into the inter-relation between the north-south and east-west extensions in a
region critical to understanding the evolutionary shift of Himalayan extensional structures.

2. Geological Setting
2.1. Himalayan Orogenic Belt

The Himalayan orogen contains four large orogenic-parallel faults that run from
west to east and slice the Himalaya into a series of orogenic wedges: the STDS, Main
Central Thrust (MCT), Main Boundary Thrust (MBT), and Main Frontal Thrust (MFT)
(Figure 2A) [88]. The STDS marks the structural boundary between the granulite-facies
schists, gneisses, migmatites, and calc-silicates of the GHS and the overlying low-grade
metamorphic to unmetamorphosed Cambrian to Eocene THS [11,89]. The MCT forms the
base of the GHS, as well as the top boundary of the Precambrian clastic sediments and
metasedimentary rocks of the Lesser Himalayan Sequence (LHS) [90,91]. The MBT is the
boundary demarcation of the LHS and Sub-Himalaya. The Sub-Himalaya, also known as
the Siwalik Group, comprises Cenozoic foreland sediments. To the south, the MFT is the
southern border of the Himalayan orogen [4,92].
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Figure 2. (A) Geological map of the eastern Himalaya (modified from Kellett et al. [64] and reference
therein). The black dashed box represents the area contained in Figure 2B. (B) Simplified geological
map of Yadong region (Long et al. [93] and reference therein). THS = Tethyan Himalayan sedimentary
sequence, GHS(1/h) = Greater Himalayan sequence (structurally lower/higher level), STDi = inner
STD system, STDo = outer STD system [94]. The black text within the orange box represents the
name of the pluton, along with its crystallization age (Ma) [83]. The gray shadow coverage area is the
thermokinematic numerical modeling area of the Pecube. (C) Model setup for Pecube modeling of
this work. The various symbols on the top of the topography represent thermochronological ages
that have been used as model inputs. Our AFT data are marked by a black solid cross, ZFT data are
marked by a green square, referenced AFT data are marked by a black hollow cross, referenced AHe
data are marked by a red pentagon, referenced ZFT data are marked by a pink square, referenced
ZHe data are marked by a blue circle, referenced ZFT data are marked by a pink square, and purple
triangle and yellow diamond represent “°Ar/3° Ar ages of muscovite and biotite, respectively [81-83].
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2.2. Structure and Deformation of the STDS

The STDS is a suite of low-angle, north-dipping, and normal-sense-of-motion subpar-
allel faults [4,73]. The motion along the primary trace of the STDS consists of ductile shear
and, later, ductile-brittle to brittle slip [4,89]. The shear zone can be identified along the
entire trace of the STDS, while brittle faults are only locally observed, such as the Everest
Massif [95]. The ductile shear zone, which is at a lower structural level, is typically a few
km thick and developed within the uppermost part of the GHS. An upright metamor-
phic field gradient from lower greenschist facies (250450 °C) to upper amphibolite facies
(650-750 °C) at the base has been identified within the ductile shear zone [60,67,94,96-99].
The rocks in the shear zone generally display retrograde P-T-t paths [67].

The structurally higher part, the ductile-brittle to brittle fault, comprises several
discrete normal faults that separate the metamorphosed GHS from the unmetamorphosed
or low-grade Paleozoic and Mesozoic sedimentary THS [100,101]. The microstructural
characteristics of the fault zone rocks indicate low-temperature deformational conditions
(~300 °C), while pressure plays a major role in the deformation [73].

Along the length of the STDS, a set of leucogranites was emplaced during the Oligocene—
Miocene. Their formation is thought to be linked to the migmatitic partial melting of the
middle crust during the India—Asia collision process or post-collisional stage [102,103].
The dating of pre-, syn-, and post-tectonic leucogranite bodies within the shear zone and
determining the exhumation ages of the GHS are major methods to constrain the timing
and evolution of motion along the STD [64,75,95,104].

2.3. Geological Characteristics of the NSTRs

Many north—south trending faults have developed within the Tibetan Plateau, several
extending northward into the Qiangtang terrane [14,26,38,45]. They appear to have played
a vital role in accommodating the east-west extension of the Tibetan Plateau. They represent
the latest tectonic deformation associated with the subducting Indian slab and are the most
active tectonic system in the plateau at the present time [88,105]. The spacing between
rifts displays a distinctive pattern of being narrower in the western portion and broader in
the eastern region. The age of NSTRs generally falls within the age range of between 19
and 3 Ma [30,31,53]; certain rifts exhibit an initial onset time predating 20 Ma [15]. There
are variations in the initiation ages among different rifts. Overall, the initial age decreases
progressively from west to east [53]. The presence of ultrapotassic rocks in the Plateau
region, primarily exposed along rifts, suggests a potential inherent genetic connection
between them [106-108].

2.4. Yadong Regional Structural Setting

Yadong is located in the eastern part of the Himalayan orogenic belt, bounded by
STDS, with THS in the north and GHS in the south (Figure 2A,B). The THS is composed
of Ordovician to Cretaceous carbonates and clastic sediments that, in some places, have
undergone low-grade metamorphism and weak deformation [101]. The GHS is composed
of paragneiss, marble, and calc-silicate rocks that are highly metamorphosed and deformed.
Zircon U-Pb ages of 17 Ma from the Zherger-La HP granulite likely records the initi-
ation of extrusion and exhumation of the GHS [81,109]. Along the strike of the STDS,
there are several leucogranite dykes and sills and two large plutons (Dingga and Gaowu).
Dong et al. [38] reported Early Miocene zircon U-Pb ages of 20-22 Ma for the magmatism.

To the west, the STDS extends into northern Sikkim. Kellett et al. [64] determined that
the Sikkim STDS was active between 23.6 and 13 Ma. The STDS continues eastward to
northern Bhutan and splits into two branches. The northern segment, closer to the orogenic
front, is considered to be the inner STDS (STDi), and the southern segment is regarded
as the outer STDS (STDo) [66]. The former separates the THS from the metasedimentary
Chekha group (local name in Bhutan), while the STDo separates the amphibolite and
granulite facies (at a structurally higher level, the GHSh) from the metasedimentary unit
(at a structurally lower level, the GHSI) ([93] and references therein). Cooper et al. [12]
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extracted geochronological data from leucogranite and metasedimentary rocks collected
in the footwall and demonstrated that deformation in Bhutan’s STDS persisted at least
until 14 Ma, and the N-S fault as well as the STDS underwent protracted and overlapping
histories of deformation.

The Yadong-Gulu rift stretches over 500 km and is one of the longest NSTRs. The
northern end extends to the Lhasa terrane, and the southern end passes through the Yarlung
Zangbo belt and THS into the Himalayan terrane. The southernmost segment, also known
as the Yadong fault, cuts the STDS, offsetting it in a left-lateral sense by at least 70 km [81].

3. Methods

Seven granite samples were collected from the Dingga pluton. Six samples were
collected along a sub-vertical transect over approximately 600 m (Figure 3A,B). The lim-
ited horizontal distance between samples is an attempt to minimize the influence of the
wavelength of the topography on age—elevation relationship results.
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Figure 3. (A) Google Earth image of the sampling profile; the sampling location and AFT ages are
marked as red inverted triangles and white boxes. (B) Age—elevation plots of the sampling profile
The blue dots represent the age and elevation of each sample, black horizontal lines indicate the error,
and the slope represents the average exhumation rate. The plots showing that the exhumation rate
was 0.1 km/Myr between 11 and 6 Ma. (C) Field outcrops of the Dingga pluton. (D) Thin section
photographs of Dingga granite. “Pl” represents plagioclase; “Q” represents quartz; “Hb” represents
hornblende; “Bt” represents biotite.

The samples are dark gray, characterized by a medium-grained texture and blocky
structure (Figure 3C). They are composed of 40-50 vol.% quartz, 30-35 vol.% plagioclase,
10-15 vol.% biotite, 5 vol.% hornblende, and trace amounts of accessory minerals. Biotite
and hornblende display chloritization (Figure 3D).

The samples were crushed, and apatite and zircon grains were concentrated using
conventional heavy liquid and magnetic separation methods. For fission track analysis,
grains were embedded in epoxy resin (apatite) and FEP Teflon (zircon), followed by grind-
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ing and polishing. Zircon crystals were etched for 20-35 h with NaOH/KOH (=1:1) eutectic
etchant at 210 °C, while apatite crystals were etched in 5.5% HNOj3 for 20 s at 21 °C. Thin,
low-uranium muscovites were used as external detectors and packed together with sample
grain mounts and CN2, as well as CN5 uranium dosimeter glass, which was then irradiated
in a well-thermalized hot-neutron nuclear reactor [110]. Post-irradiation, the muscovite ex-
ternal detectors were separated and etched in 40% HF for 20 min at 25 °C to reveal induced
fission tracks. Track densities for both spontaneous and induced fission track populations
were assessed with a dry objective at 100x magnification. Fission track ages (FTAs) were
determined using the International Union of Geological Sciences (IUGS)-recommended
Zeta calibration approach, with the Zeta values derived from repeated measurements of
standard apatites [111,112].

In order to reconstruct the tectonic and exhumation, we have used Pecube (V4.2.1) [113],
a software that is designed to interpret thermochronological data by solving the heat equa-
tion in 3D in the crust (Supplementary for detailed description of Pecube).

4. Results

AFT ages from the seven samples are in the range of 5.7-11.0 Ma (detailed in Figure 4,
Table 1). XTKé61, the highest sample, displays the oldest age (~10.96 & 0.7 Ma), with a
confined mean track length (MTL) of 12.5 &= 2.1 mm. Samples XTK-62 and XTK-63 yielded
AFT ages of 8.03 = 0.47 and 9.23 & 0.56 Ma, with slightly longer MTL values of 12.9 + 1.9
and 12.7 £ 1.4 mm, respectively. The other three samples of sub-vertical transect (XTK64,
XTK65, XTK-PL2) yielded ages between 7.52 4= 0.47 Ma and 6.16 £ 0.47 Ma. The sample
from the lowest elevation yields the youngest age of 5.68 £ 0.37 Ma. Sample XTK-61
yielded a ZFT age of 13.57 & 0.61 Ma and did not pass the x? test.

Table 1. Summary information of collected samples.

Sa;lngle Lon(goitude Lat(ig;lde Ele(\;ra‘t)ion N (1053;“2) (1057ém2) (105‘;‘cim2) PG) (%) ?l\e/elr;t)r(a:llﬁgi MTL (um)
(Ns) (N1) N)
AFT result
XTK61 89.055 27.784 4809 35 (3584516) (gjgg) (1&;%% 0 1096 +£07  125+21
XTK62 89.042 27.787 4686 37 %é(i% (31(1);3%3) }5’663}5’ 25 803+047 129419
XTK63 89.025 27.788 4581 35 %73% (g%ggg) %6663%? 23 923+056 127414
XTK64 89.012 27.791 4482 34 %él;g (35;312) &%%? 37 7524047  120+2.1
XTK65 89.004 27.793 4386 35 (11'(};177) (géﬁ% }g’ég%g 0 7354047  116+2
XTK-PL2  88.997 27.795 4285 35 %316973’ (Zg;ﬁg) }gé%? 1 6.16 + 0.4 13442
XTK-KBl 88974 27.757 3855 35 ?467}5 (ﬂ;%}]) (1&% 100 568+037 127418
ZFT result
XTK-61 89.055 27.784 4809 36 ?2173;%? 1(%'1521)7 (16%22) 0 13.57 £ 0.61

All samples were dated using the external detector method. The AFT and ZFT ages were evaluated by the
RadialPlotter [114].
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The track length distributions of samples are unimodal, with standard deviations
between 1.4 and 2.1 um, and exhibit a negative skewness, with mean track lengths of
11.6 and 13.4 um (Figure 5, Table 1), indicating that the samples have not been disturbed
thermally since cooling [115]. The six samples from the sub-vertical transect show a positive
age-elevation relationship (Figure 3B). Assuming that this reflects cooling through the AFT
closure temperature, they yield an average exhumation rate of ~0.1 km/Myr between 11
and 6.2 Ma.

. XTK-61 s | XTK-62
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Figure 5. Fission track length distributions of samples. MTL represents mean track length; SD
represents the standard deviation of the confined fission track lengths.

It should be noted that the AFT age of XTK-61, XTK-65, and XTK-PL2, and the ZFT age
of XTK61 do not pass the x test, suggesting multiple age groups (Figure 4). This phenomenon
has also been observed in previous investigations of Himalayan granites [82,116,117]. This
may be attributed to the intricate genesis of the Himalayan leucogranite [118,119], coupled
with the presence of hydrothermal alteration or mineral inclusions. This would result in
differences in chemical composition, leading to inconsistent annealing properties among
some grains. However, given that only a small number of the 35 grains in each sample are
affected, the overall impact on the age is small. Consequently, we have opted to retain the
data that do not pass the chi-square test.
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5. Thermal History and Thermokinematic Numerical Modeling
5.1. Thermal History from HeFTy Modeling

The thermal histories have been modeled using the software HeFTy (V2.1.7) [84].
AFT data were simulated using the Ketcham et al. [120] multi-kinetic annealing model,
employing Dpar as a kinetic parameter. We selected two samples from the top and bottom
of the elevation profile for modeling and compared them with samples from Sikkim [64],
which is located in the immediate footwall of the Inner STDS and the southern part of
Yadong County [83]. The results of this modeling indicate a rapid cooling around 12-14 Ma,
followed by a slower cooling rate in the middle to late Miocene, which suggests a quite
stable tectonic setting during this time. Towards the end of the Miocene, there is evidence
of another phase of rapid cooling, which is represented by grey stripes in Figure 6a,b.

0

Temperature(°C)

XTK61
(this study)

XTKPL2
(this study)

(d)

100

southern part of
Yadong County

Temperature(°C)

Inner STDS of Sikkim

200 Miocene |P1iocene| Q Miocene Pliocenel Q
20 18 16 14 12 10 8 6 4 2 O 16 14 12 10 8 6 4 2 0

Time (Ma) Time (Ma)

Figure 6. Representative HeFTy models for samples from (a) top and (b) bottom of the sub-vertical
transect, (c) from the immediate footwall of the Inner STDS of Sikkim [64], and (d) from the southern
part of Yadong County [83]. The gray bands indicate periods of rapid cooling. Purple envelopes
represent ‘good’ thermal paths (goodness of fit (GOF) > 0.5), while green envelopes represent
“acceptable” thermal paths (GOF > 0.05). The optimal thermal path for each sample is depicted by a
black line.

5.2. Pecube Model Setup

In order to model the regional cooling history, we have selected a domain (56 x 18 km)
around the Dingga and Gaowu plutons that extends north to near the main trace of STDS
and in the footwall of the STDS, as well as the Yadong fault (Figure 2C). We use a digital
elevation model (DEM) of the present-day surface as the topography of the model. Recent
research conducted in the Yadong region has revealed that while the ductile deformation
of STDS ended around 20 Ma [75], brittle movement persisted after 16 Ma [83], and
the area experienced rapid exhumation-related cooling in the Middle Miocene [81,82].
Thirty-five sets of thermochronological ages are incorporated in the Pecube model which
is aimed at determining how exhumation, geothermal gradient, and topography have
changed—these ages include apatite (U-Th)/He (AHe), AFT, zircon (U-Th)/He (ZHe), ZFT,
biotite °Ar/%° Ar (BAr), and muscovite “°Ar /3 Ar (MAr) (for details, the data are listed in
Supplementary Table S2). Given that the oldest BAr age is 15 Ma and the Pecube model
cannot currently simulate ductile fault deformation, we set 16 Ma as the starting time of
the model.
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Twenty-five inversion models were run in the Advanced Computing East China
Subcenter. Each inversion model contained 10,000-50,000 forward modeling times. We have
selected the five inversion models that are most consistent with the geological constraints.

The oldest and youngest AFT ages from the sub-vertical profile are 11 and 6.2 Ma,
respectively, and yield an average exhumation rate of ~0.1 km/Myr. Therefore, in the
model, we regard 11 and 6.2 Ma as key times when exhumation rates changed. In the
models below, we vary the number of phases of exhumation between 3 and 5 (Figure S1).
Table 2 shows the default thermal and flexural parameter settings in our mode. Table 3
shows the inversion results of Pecube for the different scenarios. We will explicate the
five models.

Table 2. Default thermal parameter input Pecube.

Thermal Parameters Value Reference
Crustal density (kg/m?) 2700 [121]
Mantle density (kg/ m?) 3200 [121]

Young’s modulus (Pa) 1.1011 [121]
Poisson ratio 0.25 [121]

Equivalent elastic thickness(km) 22.8 [122]
sea level temperature (°C) 15 [123]
model thickness (km) 35 [124]
Thermal diffusivity (km?2/ Myr) 25 [121]
Atmospheric lapse rate (°C/km) 6 [125]
Radiogenic heat production (°C/Myr) 9 [121]

Table 3. Inversion results of Pecube for the different scenarios.

Model Name YDO01 YDO02 YDO03 YDO04 YDO05
Best misfit 4.99 4.06 491 4.06 4.18
Ty (°C) 947 (900:1200) 904 (900:1200)  1125(900:1200) 1077 (900:1200) 1038 (900:1200)
Topographic evolution nil nil nil nil 0.1/5
Exhumation stage 3 4 4 5 5
Stage 1 (Ma) 16-11 16-11 16-12.1 16-12.3 16-15.1
E 1 (km/Myr) 1.46 1.25 0.98 1.61 3.77
Stage 2 (Ma) 11-6.2 11-6.2 12.1-11 12.3-11 15.1-11
E 2 (km/Myr) 0.47 0.49 0.33 1.79 0.89
Stage 3 (Ma) 6.2-0 6.2-5 11-6.2 11-6.2 11-6.2
E 3 (km/Myr) 0.6 29 0.34 0.17 0.39
Stage 4 (Ma) nil 5-0 6.2-0 6.2-4.7 6.2-5.7
E 4 (km/Myr) nil 0.29 0.1 2.52 1.77
Stage5 (Ma) nil nil nil 4.7-0 5.7-0
E 5 (km/Myr) nil nil nil 0.28 1.11

T}, represents the temperature at the bottom of the model; the range of temperature is denoted by values in
brackets, while the lowest misfit values for models are highlighted in bold. Within the topographic evolution
line, the topography amplification is denoted by the number preceding the semicolon, while the offset value is
indicated by the number following the semicolon. The variables Stage and E represent distinct exhumation stages
along with their corresponding exhumation rates.

5.3. Modeling Results
5.3.1. YDO1 Scenario

In this model, we assume that the region experienced three exhumation stages
(16-11 Ma, 11-6.2 Ma, and 6.2 to the present day) and steady-state topography. The
numerical simulation results show that the exhumation rate is 1.46 km/Myr from 16 to
11 Ma, a lower cooling rate (0.47 km/Myr) from 11 to 6.2 Ma that is followed by rapid
exhumation at a rate of 0.6 km/Myr since 6.2 Ma (Figure 52). The model results also
generate the temperature at the bottom of the model (947 °C), which implies a geothermal
gradient of 27 °C/km.
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Scatter plots for the inversion model show that the parameters do not converge well
to the lowest misfit, although 1D-PPDFs reveal that the parameters are well resolved.
Furthermore, we note that while the exhumation rate from 11 to 6.2 Ma (0.47 km/Myr) is
not particularly fast, it is significantly higher than the rate (0.1 km/Myr) determined from
our elevation profile data for the middle-late Miocene.

5.3.2. Scenario YD02

In this inversion, we assume that there have been four distinct exhumation periods,
and the topography has remained in a steady state. Compared with YDO01, 6.2-0 Ma is
separated by an uncertain transition time into two stages, and the remaining stages are
unchanged. We ran 10,000 models (60 iterations of 150 models, with 1000 cells resampled).

The model gives the lowest misfit of 4.06, and the misfit scatterplots and the posterior
PPDFs of the parameter values demonstrate that most of the input-free parameters of
this inversion are rather well bounded. The best-fit model requires that the exhumation
rate is 1.25 km/Myr between 16 and 11 Ma. A cooling rate of 0.49 km/Myr was also
obtained for the middle to late Miocene. The rate of exhumation from 5 Ma to the present
is 0.29 km/Myr, which comes after a brief period of rapid exhumation (2.9 km/Myr from
6.2 to 5 Ma). According to the model, the temperature at the base is estimated to be 904 °C;
consequently, the geothermal gradient has been 26 °C/km.

Figure S2 shows that the bottom temperature derived by this model is very close to
the minimum border of the specified parameter range (900-1200 °C). It is possible that we
will obtain a lower geothermal gradient if we expand the bottom temperature range. Given
the simulated geothermal gradient of only 26 °C/km at the plateau region, the sustained
decline in bottom temperature unequivocally contravenes geological principles. For the
same reason, the value of the short-term rapid exhumation at the end of the Miocene
is also close to the parameter boundary, and the scatter diagram shows that it is not
well constrained.

5.3.3. YDO03 Scenario

YDO03 has modeled four distinct exhumation stages. The new transition time is within
16-11 Ma, unlike YDO02. The best-fit model indicates that the exhumation rate in the study
area is 0.98 km/Myr between 16 and 12.1 Ma and 0.33 km/Myr within the next 1 Myr.
Exhumation is at a rate of 0.34 km/Myr between 11 and 6.2 Ma, and it was relatively slow,
at barely 0.1 km/Myr since the end of the Miocene. In this model, the temperature at 35 km
is 1125 °C, which means that the average geothermal gradient was 32 °C/km.

While the 10,000 model runs have yielded a good misfit value (4.91), it is clear from
the misfit scatterplots and the posterior PPDFs of parameter values that the model is not
perfect (Figure S2). The free parameters, such as the temperature at the bottom of the
model, the transition time of the exhumation rate, and the exhumation rate of each phase,
are not well resolved, and the results of the optimal misfit parameters are beyond the
convergence window.

5.3.4. YDO04 Scenario

In this inversion, we assume that the topography has not changed and that there have
been five phases of exhumation. Ages 16-11 Ma and 6.2-0 Ma are separated by an uncertain
transition time into two stages, respectively. This model achieved the lowest misfit of 4.06
based on 51,000 forward runs. According to the best-fit results, the initial exhumation rate
reached 1.61 km/Myr, followed by a transition at 12.3 Ma that caused an acceleration in
cooling to 1.81 km/Myr until 11 Ma. Between 11 Ma and 6.2 Ma, the exhumation rate was
0.17 km/Myr, which is consistent with our age—elevation relationship. Following a period
of rapid exhumation between 6.2 and 4.7 Ma, at a rate of 2.5 km/Myr, the exhumation rate
remained relatively stable at 0.28 km/Myr from the early Pliocene. The posterior PPDFs of
the parameter values and the misfit scatterplots demonstrate that the parameters utilized
in this scenario are highly constrained (Figure 7).
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Figure 7. Scatterplots of the Pecube inversion results for model YD04. The white star denotes
the optimal solution obtained from the analysis. The red lines indicate parameter values for the
lowest misfit forward model. (a) Transition time 1 (between the first and second exhumation phases)
versus the exhumation rate during the first phase. (b) Exhumation rate during the first phase versus
the exhumation rate during the second phase. (c) Exhumation rate during the third phase versus
transition time 4 (between the fourth and last exhumation phases). (d) Exhumation rate during the
fourth phase versus the exhumation rate during the last stage.

5.3.5. YDO5 Scenario

To investigate the impact of incision on the cooling history, building upon model YD04,
model YDO5 started with a plateau at 5000 m and imposed 10% of the present-day relief at
the beginning of the model and linear evolution toward the present topography. This kind
of proto-plateau scenario has been shown in the study of Mount Everest [124]. Because
there is only one river in the study area, we assume that the increase in the relief results
from preferential fluvial erosion; in other words, valley bottoms decrease while ridges
maintain a fixed elevation in relation to an external reference frame.

This inversion includes 10,000 forward models, and the minimum obtained misfit is
4.18. The best-fit results show that the exhumation rate in the Yadong area is 3.77 km/Myr
between 16 and 15 Ma, and over the next 4 Myr, it is 0.89 km/Myr. The exhumation rate
between 11 and 6.2 Ma is 0.39 km/Myr, which is followed by a phase of swift exhumation
at 1.77 km/Myr between 6.2 and 5.7 Ma that slowed to 1.11 km/Myr until the present.
The posterior PPDFs and the misfit scatterplots (Figure S2) demonstrate that the free
parameters in this scenario are not well limited, although misfit values are close to those of
the earlier models.

6. Discussion

The best-fit cooling history (YD04) implies that the region underwent five distinct
stages of exhumation (Figure 8). Figure 9 shows the agreement between the observed
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and predicted ages of the best-fit model, with the majority of the samples displaying
consistency. Only a minor proportion of older samples exhibit variances, which can
possibly be attributed to the limited size of the corresponding age bracket.
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Figure 8. Time-depth plot depicting the evolution of the Yadong region since 16 Ma based on YD04
modeling results. Each orange line represents a sample (each sample information and reference

has been listed in the Supplementary Table S2), and depth is calculated based on the simulated
geothermal gradient (30.8 °C/km).
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Figure 9. Age—elevation profiles of observed and predicted ages for YDO04. (A) Observed AFT ages
and predicted ages. (B) Observed AHe ages and predicted ages. (C) Observed/predicted ZFT and
ZHe ages, respectively. Empty symbols represent predicted ages, while the corresponding solid
symbols represent measured ages. Red symbols represent data from this study, light green symbols
are from [81], yellow symbols are from [82], and blue symbols are from [83]. Each sample information
and reference has been listed in the Supplementary Table S2.

The incorporation of topography changes in model YDO5 reveals that the greatest
difference in elevation between the ridges and valleys was approximately 3.2 km within
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the last 16 million years, equating to an erosion rate of 0.2 km/Myr. However, Valla
et al. [123] demonstrated that for topographic changes to be registered by low-temperature
thermometry, growth rates need to be 2-3 times greater than the background exhumation
rate. Despite accounting for topographic evolution due to river erosion, our inversion
results did not indicate such a low exhumation rate, revealing that topographic changes
are insufficient to influence our findings.

6.1. New Constraints on the Movement of STDS

The integrated thermal histories show that the region experienced a pulse of rapid
exhumation between 16 and 12.3 Ma at a rate of 1.61 km/Myr (i.e., 1.61 mm/y) and a
slowing of exhumation rate to 0.17 km/Myr since 11 Ma. Because of the region located
in the footwall wall of STDS, the movement of the STDS will unavoidably result in the
exhumation-related cooling of the footwall. Previous studies have shown that the ductile
shear of the STDS in the Yadong region terminated at approximately 20 Ma [75], but the
brittle slip associated with it lasted to at least 14 Ma [12,65], possibly continuing until
11 Ma [83]. Our results refine these findings, confirming that the motion along the STDS at
least continued until after 12.3 Ma and ceased no later than 11 Ma.

Recently, it has been demonstrated that the movement of STDS has been region-
ally diachronous. Ductile shearing of the STDS came to a halt in the Everest region at
15-13 Ma [95,126-128]. In the Sa’er region, to the east of Everest, the most recent ductile
deformation of the STDS occurred between 14.2 and 13.6 Ma [64]. Kellett et al. [64] also used
the largely undeformed leucogranites to determine that the most recent ductile activity
of the Sikkim STDS occurred before 13 Ma. The latest ductile movement of the STDS in
NW Bhutan occurred between 11 and 10 Ma [66,69-72]. The cessation time of brittle slip
has also varied. Schultz et al. [129] performed a low-temperature thermochronology study
to constrain the brittle slip cessation time of the STDS in the Everest area and obtained
an age of 13 Ma. Previous studies have shown that the brittle activity of the STDS in the
Dinggye area persisted possibly until 11 Ma [61,63]. In addition, the different segments
across the strike appear to present local diachroneity. The brittle-ductile transition in a
branch of the STDS, which is preserved in Bhutan klippen, occurred during 20-13 Ma,
while the ductile shear of the STDS in the main trace continued until at least 11 Ma ([89]
and references therein).

The fresh data and interpretations offered here, together with data that have already
been published, show that the cessation of STDS has a temporal progression, whether it
is the early ductile activity or the later brittle sliding. Webb et al. [130] used a comprehen-
sive review of data to demonstrate that the cessation of STDS appears to be diachronous
along the Himalayas, from early in the western Himalaya (24-20 Ma) to the easterncentral
Himalaya (13-11 Ma) for a duration of approximately 13 My, and there is a general ten-
dency towards becoming younger from west to east. The age constraints from Sikkim (ca.
13 Ma)-Yadong (12.3-11 Ma)-Bhutan (11-10 Ma) align with this trend. Certainly, due to
constraints related to sampling locations, sample types, and experimental methods, the true
significance represented by different ages may vary. However, they still provide valuable
references for subsequent research on the STDS.

6.2. New Constraints on the Movement of NSTRs

The results of the inversion procedure suggest that the region experienced a short-
lived exhumation pulse between 12.3 and 11 Ma, which coincides with the end of the brittle
slip of the STDS. It appears unlikely that STDS would affect the exhumation rate to cause
such an increase. Given that the study area is situated at the footwall of the southern end
of the Yadong rift, we assume that the force driving exhumation during this stage came
from the east-west extension. This age constraint for the initiation of the Yadong fault
aligns with previous age estimates in the region. Based on K-Ar dating and paleomagnetic
analysis of the sediments in the adjacent sedimentary basins, Antolin et al. [49] proposed
that the Yadong normal fault initially formed at 13 Ma. Cooper et al. [12] employed zircon
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U-Pb dating of leucogranite veins that cross-cut the STDS and NSTRs and proposed that
the east-west extension occurred at 14 Ma. U-Pb monazite ages from the Khula Kangri
granite, Tibet-Bhutan frontier show that the onset of the Yadong-Gulu rift is probably
younger than 10 Ma [46]. Studies of the Pali Basin in northeastern Yadong indicate that the
Yadong fault began at ca. 13 Ma [131]. It has recently been shown from low-temperature
thermochronology and thermokinematic modeling that the Yadong fault began at 13-11 Ma
and had a slip rate of 1 km/Myr [50]. The STDS may have ceased to be active at this
stage, and the east-west extension was responsible for the relatively high exhumation rate
(~1.8 km/Myr). Another plausible scenario is that at this time, the brittle slip along the
STDS was still ongoing, and it, in conjunction with the activity of the Yadong normal fault,
collectively resulted in an exhumation rate of 1.8 km/Myr. Considering the initiation age of
other rifts, it can be inferred that the initial activity of the rift exhibits a trend of becoming
progressively younger from west to east.

It is noteworthy that our results are slightly older than the recent K-Ar ages (9 £ 1 Ma)
of illite from fault gouges 70 km to the north [132]. This may be explained by along-strike
variation in the activity of the Yadong-Gulu rift, as well as variations in the onset time of
faulting among different segments of the rift. Wolff et al. [133], in their study of the Tangra
Yumco graben, propose that fault activity propagates northward at a rate of 25 km/Myr.
Considering the age difference of ca. 3 Ma and the distance between the two sites, the
average propagation rate of the Yadong rift is closely aligned with this value.

From 11 Ma onwards, the Yadong area experienced regional exhumation at a rate of
0.17 km/Myr until 6 Ma, suggesting that both the STDS and Yadong fault activity had
ceased. A third pulse of fast exhumation appears to have initiated at ~6.2 Ma and lasted
until 4.7 Ma. We assume that the second phase of the normal fault(Figure 10). This is
consistent with the paleomagnetic analysis of Pali basin sedimentation by He [131], who
proposed that the contraction of the basin during this period is correlated with the activity
of neighboring faults.

Figure 10. Schematic diagram of extensional tectonic activity in the Yadong area (modified from
Kellett et al. [64] and reference therein). Since the middle Miocene (16 Ma), the brittle movement
of the STDS continued until at least 12 Ma and probably until ca. 11 Ma. There were two phases of
east—-west extension: the first occurred from 12-11 Ma, and the second occurred from 6—4.7 Ma. Blue
vertical arrows indicate locations of uplift and exhumation. The legend for this figure is identical to
that of Figure 2.

A second period of activity has been recognized on several NSTRs. The Kung Co fault
initiated at 19 Ma and experienced a second extensional stage at 4 Ma [1,30]. Sundell et al. [21]
conducted a low-temperature thermochronological study on the Lunggar rift. The results
showed that the rift was formed prior to 10 Ma, and the extensional rate of the rift was
1 km/Myr, while the rift was rapidly extended at a rate of 4-10 km/Myr at 5-2 Ma. In
addition, Sundell et al. [21] believe that two-stage activities are also commonly found in
other rifts in southern Tibet. Although not all rifts have currently been found to exhibit
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two-stage movement, the second phase of activity could be masked by factors such as
sampling locations and experimental methods.

A significant quantity of adakite and ultrapotassic rocks is recognized in the Tibet
Plateau. The ages of these rocks (825 Ma) are not only consistent with movement on
the NSTRs, but they appear to have to be located close to NSTRs (e.g., [134,135]). This
observation suggests the possibility that the extension of the NSTRs was the response to
a profound period of lithospheric evolution. Geophysical and geological investigations
have unveiled the existence of slab tear within the Indian plate as it subducts underneath
southern Tibet (e.g., [136,137]). Hou et al. [138] deem that the slab tear of the Indian
plate due to the collision resulted in the upward movement of a significant volume of
asthenosphere material. This phenomenon triggers the partial melting of lower crustal
material (adakitic rock) and the upwelling asthenosphere mantle (ultrapotassic rock) which
subsequently rise along the rift zones situated above the tear plate.

The slab tear model proposed by Bian et al. [50] can explain our above conclusion. In
this scenario, lateral slab detachment pushed the eastward development of rifting, and
the resultant slab tear induced the second stage of the activity. This model is essentially
in agreement with the fault activity and the distribution characteristics of adakite and
ultrapotassic rocks.

7. Conclusions

The STDS and NSTRs in the Yadong region of eastern Himalaya exhibit a cross-cutting
relationship. New thermochronological data combined with thermokinematic numerical
modeling of the footwall of these extensional structures reveal several significant findings:

1.  The region has undergone five distinct phases of cooling since the middle Miocene,
which included three pulses of faster exhumation caused by the slip on extensional
structures.

2. There is notable diachronicity in the cessation of movement along the strike of the
STDS, with the activity of the STDS leading to the first period of rapid exhumation-
related cooling, which ceased at 12-11 Ma.

3. The Yadong fault initiated at approximately 12 Ma and experienced pulses of rapid
exhumation between 6.2 and 4.7 Ma. These two periods of activity contributed to the
rapid exhumation of the region in the middle Miocene and early Pliocene.
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