W) Check for updates

Two stages of accelerated exhumation in the middle reach of the Yarlung River,
southern Tibet since the mid-Miocene

Jin-Gen Dai'*, Matthew Fox?, Xu Han?, Marissa M. Tremblay?, Shi-Ying Xu?, David L.
Shuster*®, Bo-Rong Liu?, Jiawei Zhang®, Cheng-Shan Wang"’

School of Earth Sciences and Resources, Research Center for Tibetan Plateau Geology, China
University of Geosciences, Beijing 100083, China.

2 Department of Earth Science, University College London, Gower Street, London, UK.

% Department of Earth, Atmospheric, and Planetary Sciences, Purdue University, West Lafayette,
Indiana, 47907, USA.

4 Department of Earth and Planetary Science, University of California, Berkeley, CA94720,
USA.

% Berkeley Geochronology Center, 2455 Ridge Road, Berkeley, CA94709, USA.

® State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake
Administration, Beijing, China.

" State Key Laboratory of Biogeology and Environmental Geology, China University of
Geosciences, Beijing 100083, China.

Corresponding author: Jin-Gen Dai (djgtibet@163.com)

Key Points:

e Two stages of accelerated exhumation occurred in different parts of the middle reach of
the Yarlung River.

e Mid-Miocene rapid exhumation of wide valley and its tributaries was related to enhanced
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¢ Pliocene-Pleistocene accelerated exhumation of gorges was associated with north-south
normal faulting.
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Abstract

Climate change and tectonic activity through erosion control Earth’s topography, much of which
is shaped by river incision. The Yarlung River has dissected the Indian-Asian Collision Zone,
and is one of the Earth’s largest rivers. However, its erosion rate history and how it interacts with
regional tectonics remain ambiguous. Here we apply low-temperature thermochronometry and
thermal-kinematic models for bedrock samples from the Yarlung River. Our analysis reveals two
stages of relatively fast exhumation occurred in different parts of the middle reach of the Yarlung
River followed by remarkedly slow exhumation rate. First, a mid-Miocene period (15-9 Ma) of
rapid exhumation occurred along much of the Yarlung River, including within wide portions of
the valley and its tributaries. This period of rapid exhumation coincides with the stage of high
precipitation rates recorded in the Asian marginal basins and the timing of the east-west
extensional faults. In combination with extensional faults, the enhanced precipitation due to the
onset of Asian monsoon would increase river discharge and thus accelerate mid-Miocene
exhumation rates. Second, a Pliocene-Pleistocene (5-2 Ma) period of accelerated exhumation
limited to gorges occurred in response to north-south normal faulting, implying local tectonics as
a first-order control. Our results highlight roles of climatic and tectonic processes in shaping
fluvial topography and how these change with time.

1 Introduction

Orogenic topography results from the complex processes imposed by climate, tectonics
and their feedbacks mainly through river incision (e.g., Champagnac et al., 2012; Whipple,
2004). In this context, fluvial topography and exhumation rate histories can provide an archive of
climatic (e.g., Bender et al., 2020) and tectonic (e.g., Schildgen et al., 2007) changes with time.
As fluvial topography evolves over geological time, the control it exerts on erosion would also
change with time (e.g., Champagnac et al., 2012), but how the control changes through time
remains ambiguous. The Tibetan Plateau is the highest plateau on Earth and is characterized by
high topographic relief at its margins (Montgomery and Brandon, 2002; Yin, 2006) formed
through river incision (Figure 1) and these rivers are expected to be very sensitive to climate and
tectonic changes (e.g., Nie et al., 2018). There are several large river drainages including the
Yangtze, Mekong, Salween and Yarlung across the southern and southeastern Tibetan Plateau
and Himalayas (Figure 1). Their unusual geometries and topographies have been considered to
be the result of tectonic deformation and drainage reorganization (e.g., Wang et al, 2014b; Zhang
etal., 2019; Fox et al., 2020), as well as climate change (e.g., Nie et al., 2018). Therefore, rivers
in the Tibetan Plateau and the Himalayas are natural laboratories to investigate the complex links
amongst tectonics, climate, surface process and drainage reorganization.

The west-to-east flowing Yarlung River, located within the Indian-Asian Collision Zone
(IACZ, including the Gangdese arc, the Yarlung Zangbo Suture Zone, and the Tethyan
Himalayas), is one of the largest rivers that flows from the Tibetan Plateau (Figures 1 and 2). Its
source is high in southern Tibet and the Yarlung River cuts through the eastern syntaxis before
flowing through Siang River into the Brahmaputra River. Provenance studies from the Oligocene
to Pliocene sediments in the Indo-Burma Range (IBR) peripheral basin of the ancestral
Brahmaputra delta reveal an increase in the proportion of Gangdese arc materials at the expense
of Himalayan sources at around 12 Ma. This suggests enhanced erosion of the Yarlung-
Brahmaputra river following the mid-Miocene onset of the Indian Monsoon (Betka et al., 2019).
However, the exhumation histories and their controls of the middle reach of the Yarlung River
which mainly cuts through the southern part of the Gangdese arc remain unclear.
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At least five knickpoints have developed along the Yarlung River (e.g., Zhang et al.,
2016), with narrow gorges separated by braided valleys (Zhang, 1998). The Yarlung Gorge is the
steepest knickpoint and one of the deepest canyons on Earth. The Yarlung Gorge is also spatially
coincident with Namche Barwa massif in the eastern Himalayan syntaxis and coincides with the
highest Pliocene exhumation rates observed on Earth (e.g., Finnegan et al., 2008; Zeitler et al.,
2014; Figure 1). Such high exhumation rates at this knickpoint have been interpreted as the
consequence of Brahmaputra capture (e.g., Cina et al., 2009; Zeitler et al., 2001), or the coupling
of tectonic and surface process through rivers and glaciers (Finnegan et al., 2008; Zeitler et al.,
2014). If the former model is correct, it predicts that these knickpoints may potentially migrate
upstream from the Yarlung Gorge into the Tibetan Plateau. However, the Yarlung Gorge
knickpoint has not propagated as anticipated by a simple fluvial incision model, but instead it
appears to have been pinned in the Namche Barwa massif since the Pliocene (e.g., Finnegan et
al., 2008). This stagnant knickpoint may form due to local tectonics, probably through crustal
folding (e.g., Burg et al., 1998), rather than crustal extension (e.g., Finnegan et al., 2008). In
order to understand the development of the Yarlung Gorge through the Pliocene, it is necessary
to accurately determine the exhumation histories of other knickpoints in the Yarlung River
upstream of the gorge. Interestingly, the other knickzones overlap with north-south trending
normal faults in space. What is the role of the extensional faults in controlling the formation of
these knickpoints?

Changes in topography driven by valley incision are expected to result in a change in
near-surface crustal temperatures, which can be measured using low-temperature
thermochronometry (e.g., Shuster et al., 2011). We collected samples from the middle reach of
the Yarlung River and its tributaries and conducted apatite (U-Th)/He (AHe), apatite “He/*He
and apatite fission track (AFT) analysis. We constructed both forward and inverse thermal-
kinematic models constrained by these data to determine permissible exhumation histories along
the Yarlung River. The data reveal two stages of rapid cooling since the mid-Miocene. Coupled
with regional geological settings, our results confirm that rapid exhumation during the mid-
Miocene was regional and coincident with an intensified Asian monsoon and east-west
extension. Accelerated exhumation during the Pliocene-Pleistocene was limited to steep, narrow
reaches of the Yarlung River coincident and coeval with local tectonic structures.

2 Geological setting

Geologically, the Himalaya is defined by the Yarlung-Zangbo Suture Zone (YZSZ) in the
north and the Main Frontal Thrust (MFT) in the south (Yin, 2006), while the Tibetan Plateau is
composed of several terranes which were accreted into Asia since the Paleozoic and is bounded
by the YZSZ to the south and the Ayimagin—Kunlun suture zone (AKSZ) to the north (e.g.,
Wang et al., 2014a). Geographically, southern Tibet usually refers to the Lhasa terrane, the
YZSZ and part of the Tethyan Himalaya. Oxygen isotopic compositions from paleosols and
lacustrine calcareous carbonates in the Linzhou Basin indicate that the Linzhou area had attained
near-present elevation as early as Paleocene-Eocene (60-48 Ma; Ding et al., 2014; Ingalls et al.
2018). In contrast, other stable-isotope paleoaltimetry studies of the Himalayan Neogene basins
suggest that they had obtained an elevation similar to modern at around 11-9 Ma (Garzione et al.,
2000; Huntington et al., 2015; Rowley et al., 2001). The above geographic evolution of the
Lhasa and Himalayas might facilitate the formation of the Yarlung River which straddles both
geological units. The Yarlung River generally flows eastward along the YZSZ and then flows
southward through the eastern Himalayan syntaxis. The middle reach of the Yarlung River is
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characterized by alternating steep gorges and braided valleys (Zhang, 1998; Figure 2a). Four
major knickzones have been identified upstream in its middle-western reach (Zhang et al., 2016),
which are located at or near the intersection of the Yarlung River and major active north-south-
trending fault zones (Figures 2b). These knickzones spatially coincide with steep, narrow gorges.
We investigate two key gorges in the middle reach, termed here the Dazhuka-Yueju gorge in the
west and the Zedong-Jiacha gorge in the east (Figure 2a).
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Figure 1. Major drainage settings in the southern and eastern Tibetan Plateau. Topographic map of southern
and eastern Tibetan Plateau, showing AHe and AFT ages (Carrapa et al., 2014, 2017; Dai et al., 2013; Ge et
al., 2017, 2018, 2020; Gourbet et al., 2019; Ingalls et al., 2018; Lee et al., 2000, 2007; Li et al., 2015, 2016,
2017; Nie et al., 2018; Orme, 2019; Ouimet et al., 2010; Replumaz et al., 2020; Rohrmann et al., 2012;
Schmidt et al., 2015; Seward and Burg, 2008; Tremblay et al., 2015; Tu et al., 2015; Wang et al., 2007; Yang
etal., 2018; Yuetal., 2011; Yuan et al., 2002, 2009; Zeitler et al., 2014). Locations of measured sections of
Siwalik Group are from Lang and Huntington (2014). Inset displays broader geographic context with locations
of ODP 1148, well Indus Marine A-1 and IODP (Integrated Ocean Drilling Program) Expedition 354 drill sites
those are discussed for environmental indicator, total sediment flux (Clift et al., 2008) and detrital zircon age
(Blum et al., 2018). The red line represents the location of a schematic cross-section of southern Tibet in
Figure 2d. SCS, South China Sea; AB, Arabian Sea; BB, Bengal Bay.
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Figure 2. (a) Middle reach of the Yarlung River and its tributaries showing sample locations and AHe ages.
Circle, this study; triangle, Dai et al. 2013; star, Schmidt et al. 2015; diamond, Tremblay et al. 2015; square, Li
et al. 2015; these points representing AHe ages are the same in a, b and ¢. The Dazhuka-Yueju and Zedong-
Jiacha are two gorges. (b) Simplified geological map (modified from Pan et al. 2004) of the southern Tibet
showing the major different lithologies, and two north-south rifts. (c) Yarlung River profile showing local
slope (crosses). The grey line is the maximum elevation within the buffer area, while the blue line is the
minimum elevation. (d) Schematic cross-section across the Gangdese arc, the Yarlung Zangbo Suture Zone,
the Tethyan Himalaya (modified from Orme et al. 2015). () Mean AHe age versus sample elevation. YBF,
Yangbajin fault; YDF, Yadong fault; WF, Woka fault; YLF, Yalaxiangbo fault; ZGF, Zhegu fault; GT,
Gangdese thrust; GCT, Great Counter thrust; STDS, South Tibetan Detachment System; MCT, Main Central
Thrust; GRTB, Gangdese Retroarc Thrust Belt; XFB, Xigaze Forearc basin; Oph, Ophiolite; GB, Gangdese
Batholith; PMS: Paleozoic-Mesozoic Strata; LZV, Linzizong Volcanics; LHS, Lesser Himalayan Sequence;
GHC, Greater Himalayan Sequence; THS, Tethyan Himalayan Sequence; Fm., Formation; IACZ, Indian-
Asian Collision Zone; YR, Yarlung River; DYG, Dazhuka-Yueju Gorge; ZJG, Zedong-Jiacha Gorge; ACR,
Adjacent Canyon Rim.
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In general, the Dazhuka-Yueju gorge is located in the center of the north-south (N-S)
trending Yadong-Gulu fault (Harrison et al., 1992), while the Zedong-Jiacha gorge is located in
the N-S trending Woka-Cuona fault zone (Zhang et al., 2016; Figure 2b). In the Dazhuka-Yueju
gorge, the Yangbajin (YBF) and Yadong (YF) normal fault developed to the north and south of
the Yarlung River, respectively. In the Zedong-Jiacha gorge, the west-dipping Woka (WF) fault
developed north of the Yarlung River, while the west-dipping Zhegu (ZGF) fault, the east-
dipping Yalaxiangbo (YLF) and Cuona fault (CNF) developed south of the river (Zhang et al.,
2016; Figure 2b). For the southern Tibetan Plateau and Himalayas, estimates for the initiation of
the N-S trending normal faults range from 20 Ma to 2 Ma (e.g., Bian et al., 2020; Sundell et al.
2013; Styron et al. 2013; Langille et al. 2012; Laskowski et al. 2017), but the majority of
extensional faulting began in the mid-Miocene (15-10 Ma; as summarized in Sundell et al., 2013
and Wolff et al., 2019). Between these two steep gorges, the Yarlung River is wide and braided
with shallower slopes (Figure 2c). The Yarlung River and its tributaries cut through both the
Tethyan Himalayan rocks to the south, and the Gangdese granitoid batholiths to the north (Figure
2b). These batholiths provide suitable minerals for thermochronometry and an ideal chance to
extract exhumation histories (Cao et al., 2020) along the Yarlung River.

The middle reach of the Yarlung River occurs within the Indian-Asian Collision Zone
(IACZ; Figure 2). In the western part of our study area, the IACZ consists of the Gangdese arc
(e.g., Zhu et al., 2011), the Kailas Formation (deposition at 26-21 Ma, Decelles et al., 2011), the
Xigaze forearc basin (e.g., Orme and Laskowski, 2016), the Yarlung Zangbo ophiolite (e.g., Dai
et al., 2020) and the Tethyan Himalaya (e.g., Kapp and DeCelles, 2019; Yin, 2006; Figures 2b
and 2d); while in the eastern part, the north-dipping Gangdese thrust (GT) juxtaposes the
Gangdese arc over Tethyan Himalayan sequence (THS), and the south-dipping Greater Counter
thrust (GCT) juxtaposes the THS over the Gangdese granitic rocks, both of them resulting in the
disappearance of the Xigaze forearc basin (Yin et al., 1994; Figures 2b). The timing of the GT
movement was estimated to be 27-23 Ma by “°Ar/*®Ar thermochronology data (Yin et al., 1994),
whereas that of the GCT was constrained to be 23-16 Ma by the field relationship that the GCT
cuts the Kailas Formation, and the GCT was crosscut by local faults (movement as early as 16
Ma; Laskowski et al., 2018).

3. Analytical methods

Samples were crushed and apatite crystals were separated using standard heavy liquid and
magnetic separation techniques. For apatite (U-Th)/He measurements, individual apatite crystals
were selected and photographed under a polarizing stereographic microscope. Euhedral,
inclusion-free, unfractured crystals were selected and measured for geometric parameters to
calculate a-ejection corrections (Farley, 2002). The measured grains were packaged into Nb
tubes, loaded into an ultra-high vacuum laser microfurnace, and heated with a 70 W, 810 nm-
wavelength diode laser to ~1050 °C. The extracted gas was spiked with pure 3He, exposed to
getter pumps to remove reactive gases, and cryogenically separated to isolate helium. Helium
content was then measured by isotope dilution on a Pfeiffer Prisma quadrupole mass
spectrometer QMS 200 under static vacuum in the Noble Gas Thermochronometry Lab at
Berkeley Geochronology Center (BGC). Following He extraction and analysis, apatite grains
were dissolved and the abundances of U, Th, and Sm were measured by isotope dilution using a
Thermo Scientific Neptune Plus multi collector inductively coupled plasma mass spectrometer
(ICP-MS) at the BGC. Most samples have AHe analyses on three apatite grains. AHe analytical
data are provided in Table S1.
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Measurements for apatite “He/*He thermochronometry were also made in the Noble Gas
Thermochronometry Laboratory at BGC. To generate *He, several hundred apatite grains from
each sample were irradiated with protons at the Francis H. Burr Proton Therapy Center at the
Massachusetts General Hospital in Boston, Massachusetts, USA, in November 2014 with protons
of ~220 MeV incident energy for 6 Hours. The total proton fluence for this irradiation was
1x10% protons/cm?. Following irradiation, individual apatite crystals were selected and their
geometric parameters were measured, as described above for AHe analyses. Selected grains were
placed inside platinum packets and heated in a sequence of increasing temperature steps in the
ultra-high vacuum laser microfurnace. The extracted gas in each step was purified as described
above, and the helium isotopic composition was measured using an MAP 215-50 sector field
mass spectrometer in pulse counting mode. Following step heating measurements, abundances of
U, Th, and Sm were measured by solution ICP-MS following the same procedure as for AHe
analyses. A highly detailed description of these AHe and “He/*He analytical procedures are
reported in Tremblay et al. (2015). Apatite “He/*He analytical data are provided in Table S2.

Fission track ages, track lengths, and Dpar measurements were performed at the State
Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake
Administration, using the external detector method (Donelick et al., 2005) and the zeta
calibration technique (Huford and Green, 1983). Samples were irradiated at the USGS TRIGA
Reactor in Oregon, USA. Apatite grains were irradiated together with IRMM 540R dosimeter
glass to check the constancy of the neutron flux. The AFT data were reported in Table S3. The
central age was calculated using TrackKey (Dunkl, 2002) and its uncertainty or age error was
calculated according to Galbraith and Laslett (1993).

4 New thermochronometric data

We report 82 single-grain AHe ages from 28 samples from both the Dazhuka-Yueju and
Zedong-Jiacha gorges and braided valleys of the main Yarlung River trunk and its tributaries
(Figure 2b and Table S1). The overwhelming majority of samples were collected from river-level
plutonic rocks (Figures 2a and 2b). Four samples were analyzed for “He/*He (Table S2), and one
sample was analyzed for AFT (Table S3). The published AHe age data from the river valleys
have been compiled (Figure 2a).

The single-grain AHe ages of most samples from the Yarlung River are consistent,
however, some samples show some dispersion with anomalously old ages (Table S1). These
anomalously old ages are ages that are 50% older than the mean of other replicates, and they are
excluded in the following discussion. AHe ages display neither any positive correlation with eU
(effective Uranium) concentration nor with crystal radius (Figure S1), and they can basically be
separated into two groups. AHe ages from the braided valleys of the Yarlung River and its
tributaries are mainly concentrated in the mid-Miocene, whereas those from the gorges are
scattered throughout the Pliocene-Pleistocene (Figure 2a).

AHe ages from the braided valley of the Yarlung River and its small tributaries range
from 9.1 Ma to 12.8 Ma. In the two main tributaries of the Yarlung River, the Lhasa and Nienchu
Rivers ages range from 13.9 Ma to 14.3 Ma and from 9.3 Ma to 12.8 Ma, respectively (Figures
2a, 2e and S1). Two samples from an elevation profile of 300 m in the Lhasa River tributary
yield an average age of 10.1 Ma (4,700 m) and 7.2 Ma (4,400 m), which are much younger than
other AHe ages in its main trunk and are possibly related to the Yangbajin fault activity (Figure
2a).
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AHe ages of river-level samples from the Dazhuka-Yueju gorge range from 2.8 Ma to 5.5
Ma, whereas samples from the Zedong-Jiacha gorge are as young as 1.8 Ma and 3.3 Ma, younger
than previously published AHe ages further to the east that are concentrated between 4.8 Ma and
5.8 Ma (Schmidt et al., 2015; Figures 2b and 2e). In the Dazhuka-Yueju gorge, four samples
from top to bottom of one 780-m elevation transect have AHe ages of 7.3 Ma, 5.7 Ma, 5.0 Ma,
5.3 Ma, and one AHe age of one sample from the adjacent gorge rim is ca. 7 Ma. One reported
AFT age of the Dazhuka-Yueju gorge is ca. 6.9 Ma (Copeland et al., 1995), while one AFT age
from the youngest AHe sample in the Zedong-Jiacha gorge is ca. 9 Ma (Figure 2b). In order to
extract more thermal information, thermal history and thermokinematic numerical modelling was
conducted.

5 Thermal history and thermokinematic numerical modelling

5.1 Thermal history from QTQt modelling

The thermal histories have been modelled using the software QTQt, which is based on a
trans-dimensional Bayesian Markov Chain Monte Carlo method (Gallagher, 2012). We
conducted inverse simulations assuming He diffusion kinetics in apatite as prescribed by the
radiation damage model of Flowers et al. (2009). Given that the range of temperature
sensitivities for the thermochronometers (AFT and AHe) we have data for, we imposed explicit
constraints of 160£30 °C during the time 2515 Ma and of 70+70 °C from now to twice the
oldest age in the thermal history models (Gallagher, 2012). We also impose a no reheating
restriction in the QTQt models.

On the basis of similar AHe ages and topographic characteristics, at least two river-level
samples have been modelled together in a particular location. For the Zedong-Jiacha gorge,
sample DJG14-03 and DJG14-02 have been jointly modelled, whereas for the Dazhuka-Yueju
gorge, samples DJG14-66, DJG14-68, L06-04, L07-01 and LO7-02 have been modelled together.
For the braided valley in between the two gorges, samples DJG14-05, DJG14-08, DJG14-63
have been used. For the braided tributaries of the Yarlung River, we used samples L07-12 and
L08-05 for Lhasa river, samples DJG14-61 and DJG14-62 for Nienchu river, and sample L03-12
and L05-13 for the small tributary. All the modelling results are shown in Figures 3 and S2.

5.2 Thermal history from apatite “He/*He data

To determine which thermal histories are consistent with the apatite “He/*He data, we
employed the algorithm presented in Schildgen et al. (2010). Using this algorithm, we tested
2000 random cooling paths with initial temperatures of 150 °C and starting times at least four
times greater than the AHe age of a particular sample (i.e., 10 Ma for DJG14-66 and DJG14-03;
40 Ma for DJG14-08 and L05-13). Model thermal paths end at the present-day and at a
temperature of 0 °C, within the range of modern mean annual temperature (MAT) expected for
our sample elevations in southern Tibet (0.1 to —9.0 °C; Quade et al., 2011). If a cooling path did
not predict the observed (U-Th)/He age within analytical uncertainty, it was colored grey; if it
did predict the observed age, it was colored red, yellow or green based on the misfit between the
predicted and observed “He/*He spectrum using a statistic M described by Schildgen et al. (2010)
(red, M >4; yellow, M< 4; green, M< 2). Cooling paths constrained from apatite “He/*He data of
each sample are shown in Figure 4.
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Figure 3. Expected thermal histories of samples in the middle reach Yarlung River using QTQt. Extracted
thermal histories of the braided valley (a), the Lhasa river (b), the Dazhuka-Yueju gorge (c) and the Zedong-
Jiacha gorge (d) inferred from AHe and AFT data employing the radiation damage model of Flowers et al.
(2009). In panels a-d, blue lines represent thermal history of the uppermost sample, whereas the cyan lines are
95% credible intervals; red lines represent thermal history of the lowermost sample, while the magenta lines
are 95% credible intervals. The grey lines represent thermal histories for all samples in between them (see
Figure S2 for details).

5.3 Thermokinematic numerical modelling from Pecube

We performed thermokinematic modelling using the Pecube code (Braun et al., 2012).
Pecube solves the heat production, conduction, and diffusion equation for a given 3D kinematic
field, and thus allows to explore the effects of tectonic heat transport and erosion on the thermal
structure of the crust, mineral cooling ages and histories. We use Pecube forward models to
predict thermochronological ages at the present-day surface (Table S4). We also use inverse
models to explore the sensitivity of the model to changes in a specific model parameter (Table
S5). Inverse modelling can constrain input parameters such as fault slip rate and relief history
through comparing observed data and predicted ones (Braun et al., 2012). Here we explore one
model parameter at a time so that the input parameter is free while other parameters are held
constant at reference values, following Carrapa et al. (2016).

The ASTER 30 m global digital elevation model (GDEM) has been used for the present-
day surface. We conducted different models for the Zedong-Jiacha gorge (Figures 5, S3a and
S3b) and the Dazhuka-Yueju gorge (Figure S3c), respectively. Both models simulate 10 Ma of
exhumation. For each set of models we impose the same thermal parameters that lead to a
modern average geothermal thermal gradient of approximately 30 °Ckm (Jiang et al., 2019)
with a thermal diffusivity of 25 km?Ma; a temperature at the base of the model of 915 °C, a
temperature at the sea level of 15 °C, an atmospheric lapse rate of 6 °Ckm and a heat production
of 0 °C/Ma (Braun et al., 2012; Table S4). It is important to note that the exact geothermal
gradient evolves through time due to exhumation and varies spatially due to fault slip and
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topography. We explore the sensitivity of our results to the temperature at the base of the model

in Table S5.
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Figure 4. Apatite “He/*He thermochronometry of samples from braided valley (DJG14-08), small tributary
(L05-13), the Dazhuka-Yueju gorge (DJG14-66) and the Zedong-Jiacha gorge (DJG14-03). Normalized
“He/*He ratios (Rstep/Rouik) are plotted as a function of cumulative *He released (XF*He) during stepwise
degassing analysis of each sample (a-d). Modeled cooling paths (2,000 times randomly) and their level of
agreement with the observed “He/*He data (e-h). Colored cooling paths predict the observed (U-Th)/He age
within analytical uncertainty (1c), whereas the gray paths do not. Green cooling paths are most consistent with
the observed “He/*He release spectra, yellow and red cooling paths are progressively less consistent. For the
gorge samples, the “He/*He datasets are characterized by large uncertainties in the observed “He/*He, which
prevent us from constraining these samples’ thermal histories beyond what is constraint by the conventional
(U-Th)/He age. For the tributary and braided valley samples, the “He/*He data indicate that rapid cooling
within the last ~5 Ma is not likely.

For the Zedong-Jiacha gorge, we explore two different scenarios with and without a
normal fault to evaluate its impact. This normal fault is west-dipping, two samples from the
eastern parts are located in the footwall and three samples from the western part are distributed in
the hanging wall. The hanging wall moves westward with respect to the footwall (Figures 2a and
5a). We compared the model-predicted age patterns with the observed data (Figure S3b). In the
model with a normal fault, the model is subdivided into three stages (See discussion section): the
fault was not active during stage 1 (10-4 Ma) and stage 3 (1.5-0 Ma), while the fault was active
at various rates (0-5 mm/a) during stage 2 (4-1.5 Ma). These durations are based on the results of
the QTQt models but we test this duration below. In the model without a normal fault, the uplift
rate is uniform across the model domain. The lowest misfit values for these two models were
obtained by inverse modelling with respect to a reference model. The lowest misfit of the model
without a normal fault is ~270, which is 15 times greater than the misfit for a model with the
normal fault. This model predicts older ages for two samples in the footwall than we observe
(Figure S3b). In contrast, the model with a normal fault predicts cooling age patterns similar to
observations, with a lowest misfit of ~18 (Figure S3Db).
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Figure 5. Forward and inverse 3D thermokinematic model using Pecube (Braun et al., 2012). (a, b) Predicted
forward modelling ages for a scenario in which western dipping fault was localized in the Zedong-Jiacha
gorge. Circles represent AHe ages (Ma). (¢) Fault slip rates inferred from inverse model based on the misfit
(the lower the misfit, the better the model; see the modelling section and Figure S3 for details).

For the Dazhuka-Yueju gorge, due to the complexity of the normal fault distribution, only
one scenario has been explored that includes the geometry of a fault. Three stages of fault motion
have been defined on the basis of previous studies (See discussion section): the fault was not
active during stage 1 (10-8 Ma) and stage 3 (3-0 Ma), while the fault was active at various rates
(0-5 mm/a) during stage 2 (8-3 Ma). The forward models with faults for both gorges (Figures
S3a and S3c) predicted AHe ages which are consistent with observed ages.

The one-dimensional inversions for fault slip rate, fault angle, basal temperature, and end
of the fault activity for the Dazhuka-Yueju and Zedong-Jiacha gorges are presented in Figures 5,
S3a, S3c and Table S5, respectively.
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6 Discussion

6.1 Mid-Miocene exhumation of the Yarlung River braided valley and tributary

AHe ages from the braided valley and tributary are mainly concentrated around the mid-
Miocene (Figure 2b). AFT ages from the braided sections of the Yarlung River and Lhasa River
cluster around 15-20 Ma (Figures 1 and 6b), and the early Miocene exhumation was related to
activity of Gangdese thrust (Copeland et al., 1995; Dai et al., 2013). There is overlap between
AFT and AHe ages (Figure 6b), suggesting rapid exhumation at approximately 15 Ma. This
inference is supported by thermal modelling that reveals river-level samples from the Lhasa
River underwent rapid cooling from ca. 80 °C to ca. 20 °C during 15-10 Ma (Figures 3b and
S2d). The stage of rapid cooling was accelerated during 11-9 Ma with cooling from ca. 100 °C to
ca. 30 °C according to the thermal modelling results from samples in the braided valleys, small
tributaries and the Nienchu River (Figures 3a, S2c, S2e, S2f). The cooling history of one sample
from the braided valley (Figures 4d and 4h) and another sample from the small tributary (Figures
4c and 4g) derived from apatite “He/*He and AHe data also reveal a period of rapid cooling
around 10-9 Ma. Considering that the lack of coeval magmatic activity in the sampled area
during cooling stages (Cao et al., 2020; Zhu et al., 2011), we tend to think that the cooling is
mainly caused by exhumation. Assuming a geothermal gradient of ~25-30 °C/km, the river-level
samples from the braided sections of the Yarlung River and tributaries were exhumed from 2.8-
2.0 km depth to near-surface temperatures during 15-9 Ma, and have experienced remarkedly
slow erosion rates since then.

The mid-Miocene stage of rapid exhumation reported here is compatible with the
exhumation history in the IACZ recorded by thermochronometric data from both plutonic and
sedimentary rocks (Dai et al., 2013; Li et al., 2016; Figure 1). Apatite “He/*He, AHe, and ZHe
ages and thermokinematic models from an elevation transect from granitoids in the central
Gangdese (Figure 2a) also indicate a stage of rapid exhumation of 1 km/Ma during 17-11 Ma
(Tremblay et al., 2015). Detrital AFT ages from the Kailas Formation (26-21 Ma; Leary et al.,
2016) in the IACZ range from ca. 14 to 18 Ma have been interpreted to be fully reset by burial,
and therefore indicate significant erosional unroofing (Carrapa et al., 2014). Similarly, AFT ages
of the Upper Triassic sandstones in the northern Tethyan Himalaya mainly cluster at ca. 12-8 Ma
(Li et al., 2015). In addition, there is an increase in the proportion of the Gangdese detrital
zircons during the mid-Miocene in the Indo-Burma Range (IBR) (Betka et al., 2019).

The above observations suggest that the mid-Miocene rapid exhumation occurred
simultaneously across the IACZ in the southern Tibetan Plateau (Figure 6b). Given that timing of
Gangdese thrust (27-23 Ma, Yin et al., 1994) and Greater Counter thrust activity (23-16 Ma,
Laskowski et al., 2018; Figure 6d), this stage of exhumation is likely related to high erosion rates
along the Yarlung River (Carrapa et al., 2014, Li et al., 2015). However, the onset timing of the
N-S trending normal faults in southern Tibetan Plateau and the Himalayas was mainly in the mid
Miocene (15-10 Ma; e.g., Sundell et al. 2013; Styron et al. 2013; Figure 6d). This stage of
extensional faulting led to extensive exhumation of the footwalls of normal faults, which
suggests that the extensional tectonics is a possible major contributor to the regional rapid mid-
Miocene exhumation rate in the IACZ. In addition, it has been proposed that the India plate was
thrust under southern Tibet during the Early Miocene, following slab-breakoff of Greater India
(DeCelles et al., 2011). This would drive rapid rates of rock uplift and exhumation (DeCelles et
al., 2011; Carrapa et al., 2014).
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Is it possible that this stage of rapid exhumation was related to the drainage
reorganization? Tremblay et al. (2015) proposed a transition from transverse drainage across
paleo-Himalayas to longitudinal drainage in the IACZ to explain the dramatic decrease in
erosion rates since 11-10 Ma across the Southern Tibetan Plateau. If so, this model predicts that
the IACZ was drained by south-flowing drainage systems and moisture was steered northwards
into the IACZ along these drainages pre-10 Ma. This is supported by the observation that the
Himalayas did not obtain their current high elevations until 11-9 Ma as evidenced by the stable
isotopic paleoaltimeters (Garzione et al., 2000; Huntington et al., 2015; Rowley et al., 2001;
Figure 6d). Thus, the mid-Miocene high exhumation rates are hypothesized to result from a
combination of steeper rivers and higher precipitation rates. This south-flowing drainage model
is possible under the condition that the modern east-flowing Yarlung River (i.e., the Yarlung-
Brahmaputra drainage) was not established pre-10 Ma.

The timing for the establishment of the modern Yarlung-Brahmaputra drainage via the
Siang River ranges from ca. 18 Ma (Robinson et al., 2014), Early Miocene (Bracciali et al.,
2015), ca. 7 Ma (Chirouze et al., 2013), to ca. 3-4 Ma (Cina et al., 2009). More recent studies
based on the provenance analysis of both the proximal deposits of the Lower Siwalik Group (cf.
Lang and Huntington, 2014; Lang et al., 2016; Figure 1) and the distal deposits of IODP core (cf.
Blum et al., 2018; Figure 1 insert) reveal that the occurrence of Gangdese zircons as early as >13
Ma and >18 Ma, respectively. The proportion of Gangdese arc increases up section from ~3%
within the Oligocene to early Miocene strata to ~30% within the late Miocene-Pliocene strata in
the Indo-Burma Range (IBR) suggesting that the cross-suture drainage might be established by at
least the Oligocene-Miocene boundary (Zhang et al., 2019; Betka et al., 2019). Even though, the
above observations cannot rule out the south-flowing drainage systems, such as the Subansiri-
Brahmaputra (Cina et al., 2009), the integration of the Yarlung-Siang-Brahmaputra is most likely
to have occurred by the early Miocene. Interestingly, Leary et al. (2016) proposed the early
Miocene Liugu Conglomerate represents the southern part of the Yarlung River catchment based
on the observation that it has both north and south sources from the Gangdese and the mélange,
respectively. This scenario is reasonable because elevations across the Himalayas are expected to
increase since at least the early Miocene through duplex fault systems (Grujic et al., 2002, 2020;
Long et al., 2011), even if it did not obtain its current elevation. The surface uplift in the
Himalayas might have facilitated the formation of longitudinal rivers parallel to the orogenic
belt. It should be noted that the depositional age of the Liugu Conglomerate is not well
constrained, and one recent study indicates it was deposited during the Paleocene (Ding et al.,
2017).

The mid-Miocene phase of rapid exhumation is not limited in the IACZ, but it is a
regional geological event. For example, AHe data of bedrock samples collected at river-level
from the upper and lower reaches of the Mekong River in the southeastern Tibetan Plateau
revealed a stage of rapid exhumation in the mid-Miocene (Figure 1; Nie et al., 2018). Therefore,
other factors including climate may control the mid-Miocene erosion rates. Notably,
environmental indicators including mineralogical ratio chlorite/(Chlorite+haematite +goethite)
(Crat) and Chemical Index of Alteration (CIA) from Neogene sediments (Figure 1 inset) of the
South China Sea (ODP site 1148) and Arabian Sea (Indus Marine A-1) suggest particularly high
precipitation rates from 15 Ma to 10 Ma ago due to Indian and East Asian summer monsoon
strength (Clift et al., 2008; Figure 6a). This mid-Miocene intensified monsoon would increase
the precipitation rates, increasing river discharge, and thus erosion rates (Nie et al., 2018; Figure
6¢). Because it is difficult to accurately reconstruct the paleo-morphological features of southern
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and eastern Tibet, it is challenging to evaluate whether the high precipitation rates caused by the
intensified monsoon would be uniform across the large geographic area. Here we argue that the
coeval exhumation acceleration across the large, externally-drained Tibetan Plateau might be
associated with monsoon strength. Additionally, this stage of large-scale exhumation in the
IACZ provides enormous volumes of continental material to the Bengal Fan which resulted in
the occurrence of Gangdese provenance as early as ca. 18 Ma with a continuous increase during
the mid-Miocene (Blum et al., 2018). Similarly, Nie et al. (2018) noticed this stage of rapid
erosion in the Mekong River coincides with the enhanced Eastern Asian summer monsoon
precipitation during the Middle Miocene Climatic Optimum (MMCO), and they proposed that
this rapid erosion was controlled by the high monsoon precipitation rates given that absence of
regional tectonic deformation. It is important to stress, however, that climate-driven erosion can
only erode topography that is present. As discussed above, a tectonic feedback mechanism is
required to sustain high rates of erosion to produce the large amounts of exhumation constrained
by the thermochronology, which is estimated to be about 6.4 km in the IACZ (Orme, 2019).
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Figure 6. Correlation of climate proxies, low-temperature thermochronological ages and tectonic events. (a)
The chemical weathering index CRAT of sediments from ODP Site 1148, South China Sea and CIA data from
well Indus Marine A-1, Arabian Sea (Clift et al., 2008). (b, ¢) Probability distribution functions of compiled
thermochronological data of southern and southeastern Tibetan Plateau (the same data source in Figure 1). (d)
Tectonic activities in the southern Tibetan Plateau. Timing of South Tibetan Detachment System (STDS,
Wehb et al., 2017), Gangdese Thrust (GT, Yin et al., 1994), Greater Counter Thrust (GCT, Laskowski et al.,
2018), E-W extension (Bian et al., 2020; Sundell et al. 2013; Styron et al. 2013; Langille et al. 2012;
Laskowski et al. 2017) and obtaining their current elevations of the Himalayas (Garzione et al., 2000;
Huntington et al., 2015; Rowley et al., 2001).
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6.2 Pliocene-Pleistocene exhumation of the Yarlung River gorge

Most AHe ages of river-level samples in the gorges are Pliocene-Pleistocene. Thermal
histories derived from AHe ages by QTQt inverse modelling (Gallagher, 2012) reveal rapid
cooling from ca. 100 °C to ca. 20 °C occurred during ca. 5-3 Ma for the Dazhuka-Yueju gorge
(Figures 3c and S2a), whereas accelerated cooling from ca. 70°C to ca. 20°C occurred at ca. 2
Ma in the Zedong-Jiacha gorge after ca. 8 Ma of residence at temperatures of 90-70 °C, inferred
from both AHe and AFT ages (Figures 3d and S2b). The above cooling histories are consistent
with those from the *He/®He data (Figures 4e and 4f). However, the reported early Pliocene AHe
ages (Schmidt et al., 2015) indicate the initiation of cooling for the Zedong-Jiacha gorge might
be as early as 5 Ma, similar to that of the Dazhuka-Yueju gorge.

This acceleration in exhumation rate of the above two gorges is coeval with that of the
Yarlung Gorge which was constrained from both bedrock and detrital thermochronological data
(Finnegan et al., 2008; Gemignani et al., 2018; Govin et al., 2020), as well as worldwide rapid
exhumation rates. A worldwide compilation of bedrock thermochronometric ages appears to
reveal that mountain exhumation rates, regardless of latitudes, have increased since 6 Ma and
most rapidly since 2 Ma (Herman et al., 2013). The worldwide increased mountain exhumation
rate temporally corresponds to the increased sedimentation rate and grain size in both active and
inactive mountain ranges (Zhang et al., 2001), as well as the global climate cooling recorded by
benthic foraminifera oxygen isotope (Zachos et al., 2001). It suggests that late Pliocene-
Quaternary climate fluctuation (e.g., Zachos et al., 2001) could be a major control for this stage
of worldwide rapid mountain exhumation (Herman et al., 2013). However, an analysis of 30
mountainous locations with accelerated late Cenozoic exhumation recorded by low-temperature
thermochronological ages suggested that many of these locations were controlled by tectonic
activity (Schildgen et al., 2018). Thus, alternatively, local and regional tectonic activity might
control exhumation rate (Schildgen et al., 2018). It remains debated whether this global signal is
related to tectonics or climate (Fox and Carter, 2020; Willett et al., 2020).

Here, we propose that this acceleration is associated with local tectonics due to the spatial
coincidence of the gorges with the N-S trending rifts in the southern Tibetan Plateau. Our new
thermochronometric data paired with existing thermochronometry (Bian et al., 2020) support the
idea that the young AHe ages result from motion on the N-S trending normal faults. Relevant for
the Dazhuka-Yueju gorge, “°Ar-**Ar ages of biotite and K-feldspar, and AFT ages from gneissic
granitic rocks in the Yangbajin shear zone reveal the timing of significant motion on the
Yadong-Gulu normal fault should be between 8 and 3 Ma (Harrison et al., 1992; Pan and Kidd,
1992). For the Zedong-Jiacha gorge, AFT and AHe data indicate the Woka and Cuona footwalls
have been rapidly exhumed since ca. 3.8 Ma (Li et al., 2015) and ca. 3-2.3 Ma (Bian et al.,
2020), respectively. Obviously, timings of normal fault tectonic denudation within the two rifts
are coeval with those of exhumation within the gorge portion of Yarlung River. Such good
coincidence in space and time between rift zones and river gorges, integrated with the regional
slow exhumation rates in the IACZ since 10 Ma (Tremblay et al., 2015), indicates that
exhumation of the gorge is controlled by local normal fault activity. Normal faults cut across the
river and formed a series of local steepened river reaches, which increase erosion rates of these
areas (Zhang, 1998). It is also important to note that the river evolution is a function of signals
that migrate upstream. The tectonic processes shaping the Yarlung Gorge, downstream of our
study area, are expected to exert a control on transient incision. Schmidt et al. (2015) showed
that the fluvial knickpoint associated with the Zedong-Jiacha gorge can also be identified in
tributaries. Celerity modelling support the idea that the knickpoint in the Zedong-Jiacha gorge
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and tributaries are genetically linked to tectonic activity just above the Yarlung Gorge.
Furthermore, Wang et al. (2014b) reveal large thicknesses of sediments immediately above the
Yarlung Gorge, suggesting that enhanced rock uplift of Nambche Barwa ~2 million years ago
led to an apparent decrease in incision upstream. Understanding these interactions is key to
interpreting the exhumation rate histories of the Dazhuka-Yueju, and more importantly, the
Zedong-Jiacha knickpoints.

In order to further test the normal fault control on the Pliocene-Pleistocene exhumation in
the gorges, we applied forward and inverse 3D thermokinematic model using Pecube (Braun et
al., 2012; Figures 5 and S3). Forward model results show good agreement between predicted and
observed AHe ages in both the hanging and footwalls. In contrast, models without a normal fault
cannot yield agreement between predicted and observed AHe ages in both hanging and footwalls
(Figure S3b). Inverse models for free parameters indicate that (1) normal faults should be active
before ca. 1.5 Ma for the Zedong-Jiacha gorge and ca. 3.1 Ma for the Dazhuka-Yueju gorge; (2)
slip rates of normal faults should be ca. 3.0 mm/y for the Zedong-Jiacha gorge and 1.7 mm/y for
the Dazhuka-Yueju gorge to explain the young AHe ages and thus to yield the smallest misfit
(Figure 5 and S3).

7 Conclusions

We present low-temperature thermochronological ages and compile published data from
both the gorge and braided valley in the main trunk and tributaries of the middle reach Yarlung
River. AHe ages can be divided into two groups. First, AHe ages from braided valleys and
tributaries of the Yarlung River are mainly between 9.1 Ma and 14.3 Ma. Thermal modelling
reveals river-level samples from these regions underwent rapid cooling during 15-9 Ma. Given
that a geothermal gradient of ~25-30 °C/km, these samples recorded a rapid exhumation from
2.8-2.0 km depth to near-surface during 15-9 Ma, and then they experienced slow exhumation
rates since then. The above mid-Miocene period of rapid exhumation might be attributed to the
synergistic effect of the enhanced precipitation due to the onset of Asian monsoon and
extensional tectonics. Second, AHe ages of river-level samples from the gorges vary from 1.8
Ma to 5.5 Ma. Thermal histories reveal a rapid cooling during ca. 5-3 Ma in the Dazhuka-Yueju
gorge and at ca. 2 Ma in the Zedong-Jiacha gorge, respectively. This stage of accelerated
exhumation was limited within gorges, and it is coeval with north-south normal fault activity.
Pecube modelling indicates that normal fault activity is required to explain the observed ages.
Therefore, local tectonics is the first-order control on this stage of rapid exhumation.
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