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The Tibetan Plateau geographically contains internal and external drainage areas based on the distribu-
tions of river flows and catchments. The internal and external drainage areas display similar high-
elevations, while their topographic reliefs are not comparable; the former shows a large low-relief sur-
face, whereas the latter is characterized by relatively high relief. The eastern Lhasa terrane is a key tec-
tonic component of the Tibetan Plateau. It is characterized by high topography and relief, but the thermal
history of its basement remains relatively poorly constrained. In this study we report new apatite fission
track data from the eastern part of the central Lhasa terrane to constrain the thermo-tectonic evolution of
the external drainage area in the southern Tibetan Plateau. Twenty-one new AFT ages and associated
thermal history models reveal that the basement underlying the external drainage area in southern
Tibet experienced three main phases of rapid cooling in the Cenozoic. The Paleocene-early Eocene
(~60-48 Ma) cooling was likely induced by crustal shortening and associated rock exhumation, due to
accelerated northward subduction of the NeoTethys oceanic lithosphere. A subsequent cooling pulse
lasted from the late Eocene to early Oligocene (~40-28 Ma), possibly due to the thickening and conse-
quential erosion of the Lhasa lithosphere resulted from the continuous northward indentation of the
India plate into Eurasia. The most recent rapid cooling event occurred in the middle Miocene-early
Pliocene (~16-4 Ma), likely induced by accelerated incision of the Lhasa River and local thrust faulting.
Our AFT ages and published low-temperature thermochronological data reveal that the external drainage
area experienced younger cooling events compared with the internal drainage area, and that the associ-
ated differentiated topographic evolution initiated at ca. 30 Ma. The contributing factors for the forma-
tion of the high-relief topography mainly contain active surface uplift, fault activity, and the enhanced
incision of the Yarlung River.
© 2023 CHINA UNIVERSITY OF GEOSCIENCES (BEIJING) and PEKING UNIVERSITY. Published by Elsevier B.
V. on behalf of China University of Geosciences (Beijing). This is an open access article under the CCBY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Tibetan Plateau is the highest and largest topographic fea-
ture on Earth, it covers an area of approximately 3500 km by

The development of topographic relief in an active orogenic belt
is associated with the interaction between tectonic processes
occurring in the deep earth, at the surface (e.g., subsidence and
development of river systems) and the evolving climate
(Cloetingh et al., 2007). Exploring the coupling of tectonics, surface
erosion and climate change is always of great importance when
studying the intricate evolution of continental topography
(Willett et al., 2006; Whipple, 2009; Liu-Zeng et al., 2018a).
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1500 km, containing 82 % of the world’s land surface areas that
are >4 km above sea level (Fielding et al., 1994). One prominent
feature of the Tibetan Plateau is its high-elevation low-relief topog-
raphy (Fielding et al., 1994; Liu-Zeng et al., 2008). However, the
relief is not uniform across the plateau. The majority of the plateau
interior has low-relief topography with internal drainage in
absence of outflowing rivers (Fig. 1). In contrast, some regions out-
side the internal drainage area, especially at the Plateau’s edges,
such as the eastern Lhasa and Qiangtang terranes, display a rela-
tively high-relief topography (Fig. 1; Fielding et al., 1994; Liu-
Zeng et al., 2008). These areas have external drainage by a number
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Fig. 1. Geologic and geomorphic framework of the Tibetan Plateau. Tectonic features are from Tapponnier et al. (2001) and Pan et al. (2004). Slope distribution was calculated
using SRTMSLOPE images with a 90 m/pixel resolution. The white dashed line contours the modern internally drained area of the Tibetan Plateau (Liu-Zeng et al., 2008; Strobl
et al.,, 2012). Black lines are sutures zones: BNSZ = Bangong-Nujang suture zone; IYSZ = Indus-Yarlung suture zone; JSSZ = Jinsha suture zone; KSZ = Kunlun suture zone. The
black dashed lines delineate specific geological units. AB = Anduo basement; GB = Gaize basin; LB = Lunpola basin; NB = Nima basin. LTT ages (Ma) indicate “Low-temperature
thermochronometric ages (Ma)”. All LTT ages are listed in the Supplementary Data Table S1. LMST = Longmenshan thrust; LS = Lhasa; MFT = Main Frontal thrust;
NQLT = North Qilian thrust; Q = Qaidam; QT = Qiangtang; SG = Songpan-Ganzi; TH = Tethyan Himalaya; WKT = West Kunlun thrust.

of large river systems [e.g., the Yarlung, Salween (Nu), Mekong
(Lancang) and Yangtze Rivers], carrying massive volumes of sedi-
ments from the Tibetan Plateau margins to the Indian ocean
(Fig. 1). Previous studies have focused more on the formation pro-
cesses of the high-elevation low-relief geomorphic features in the
internal drainage area. Here, some researchers suggest that the
northern Lhasa terrane has attained a broad low-relief surface dur-
ing the early stages of the India-Asia collision (Hetzel et al., 2011;
Haider et al., 2013). Simultaneously, at ca. 45 Ma, the northern
Lhasa and Qiangtang terranes formed a high-elevation topography
(Rohrmann et al., 2012). However, previous studies found that a
topographic depression that includes the Nima-Lunpola-Garze
basins, with elevations lower than 2.0 km, probably existed in
the northern Lhasa terrane in the Eocene (e.g., Xu et al., 2015; Su
et al,, 2020; Xiong et al., 2022). The surface of this depression
was uplifted to its present elevation (>4.0 km) around ~29-
26 Ma ago, resulting in the formation of the regional proto-
plateau (Rowley and Currie, 2006; DeCelles et al., 2007; Fang
et al,, 2020; Su et al., 2020; Ding et al., 2022; Xiong et al., 2022).
Contemporaneously, the low-relief landscape of the depression
also developed as indicated by low-temperature thermochronolog-
ical data and sedimentary provenance analyses, due to mantle flow
or tectonic quiescence in an arid environment (Han et al., 2019; Li
et al.,, 2022; Xue et al., 2022).

In the contiguous external drainage area, such as the eastern
Lhasa and Qiangtang terranes, the topographic relief is compara-
tively high and quite different from that of the internal drainage
region (Figs. 1 and 2). So far, a series of studies have been con-
ducted to constrain the tectonic and topographic evolution of east-
ern Tibet, which displays unique high-elevation, low-relief ‘relict’
landscapes (e.g., Clark et al., 2006; Yuan et al., 2021; Cao et al,,
2022). By comparison, little attention has been paid to how the
contrasting topography developed in southern Tibet, although it
represents a distinct geomorphic feature with high significance
for understanding the topographic history of the Tibetan Plateau.
In this work, we study the morpho-tectonic evolution of the
unique, relatively high-relief external drainage area in the plateau,
by taking the eastern Lhasa terrane as a representative example. In
an effort to constrain the complex topography development in this
region, we applied apatite fission track (AFT) thermochronology,
which is sensitive to near surface (<~2-4 km) deformation and
erosion processes (Green et al, 1989; Wagner and Van den
haute, 1992; Reiners and Ehlers, 2005). In order to gain a more
comprehensive understanding of the morpho-tectonic evolution
of the external drainage area in the southern Tibetan Plateau, both
samples from deeply incised river valleys and from locations distal
to rivers and faults were studied. Combined with published low-
temperature thermochronological (LTT) data from the Lhasa and
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Fig. 2. Geologic and geomorphic framework of the eastern Lhasa terrane. Map key, symbols, and low-temperature thermochronological ages same as in Fig. 1. Tectonic
features are from Pan et al. (2004) and Zhu et al. (2013). The black lines represent the same sutures zones as in Fig. 1. HT = Himalaya terrane; QT = Qiangtang terrane. The red
dashed lines are the fault or suture zone that sub-divides the Lhasa terrane into three sub-terranes. CLT = central Lhasa terrane; LMF = Luobadui-Milashan fault;
NLT = northern Lhasa terrane; SLT = southern Lhasa terrane; SNMZ = Shiquan River-Nam Tso mélange zone. The red lines are thrusts and north-striking normal faults.
GCT = Great Counter thrust; GT = Gangdese thrust; NQT = Nyaingentanghla fault; PQX = Pum Qu-Xainza rift; WCF = Woka-Cuona fault. LZB = Linzhou basin; NB = Namche-
Barwa; QG = Qianggeren granite; R. = River. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Qiangtang terranes, we tried to decipher the thermo-tectonic evo-
lution of the eastern Lhasa terrane, and the timing of the develop-
ment of high-relief topography of the studied external drainage
area as well.

2. Geological setting

The Tibetan Plateau consists of four ~E-W trending terranes,
which are, from north to south, the Songpan-Ganzi, Qiangtang,
Lhasa and Tethyan Himalaya terranes (Fig. 1). The Lhasa terrane
is located in the southern Tibetan Plateau, and is separated from
the Qiangtang terrane to the north by the Bangong—Nujiang suture
zone (BNSZ) and the Himalaya terrane to the south by the Indus-
Yarlung suture zone (IYZS; Fig. 1). Based on marked differences
in both the basement geology and sedimentary cover sequences,
the Lhasa terrane can further be subdivided into the northern,
central and southern sub-terranes, which are separated by the
Shiquan River-Nam Tso mélange (SNMZ) and the Luobadui-
Milashan fault (LMF; Fig. 2; Pan et al., 2004; Zhu et al., 2011,
2013), respectively.

Cambrian crystalline basement is exposed in the southern Lhasa
terrane, it is represented by the Nyingchi Group that mainly con-
sists of gneiss, amphibolite, schist and marble (Dong et al., 2010).
Its Late Triassic-Cretaceous cover consists of volcano-
sedimentary strata including sandstone, dacite, limestone and
mudstone (Pan et al., 2004; Zhu et al., 2008, 2013), while middle
to late Paleozoic sedimentary units are scarce (Fig. 3). The meso-
Cenozoic magmatic belt in the southern Lhasa terrane is known
as the Gangdese batholith. It was formed during the northward
subduction of the NeoTethys oceanic slab and the subsequent
India-Asia collision (Yin and Harrison, 2000; Ding et al., 2014;
Zhu et al.,, 2019). The Gangdese batholith is mainly composed of

Mesozoic granites, hornblende gabbros, granodiorites and tona-
lites, and Eocene to Neogene calc-alkaline and shoshonitic rocks
(Ji et al,, 2009; Zhu et al., 2015). The Linzizong volcanic succession
formed around 69-43 Ma ago, unconformably overlying the
strongly deformed Cretaceous strata in the south and central Lhasa
terranes. Its rocks are of andesitic to rhyolitic composition and
occur mainly as lava flows, pyroclastics and ignimbrites. This mag-
matic system probably resulted from the rollback and break-off of
the subducting Indian slab (Pan et al., 2004; Mo et al., 2008; Lee
et al., 2009). The northern Lhasa terrane is dominantly composed
of Middle Triassic to Cretaceous sedimentary strata, including
slates and sandstones with radiolarian (Pan et al, 2004;
Nimaciren et al., 2005). The Mesozoic magmatic rocks mainly con-
tain Early Cretaceous volcanic rocks and contemporaneous grani-
toids (Zhao et al., 2008; Zhu et al, 2009). The central Lhasa
terrane has a Precambrian basement that is covered by very low-
grade Permo-Carboniferous meta-sediments and Early Cretaceous
volcano-sedimentary rocks (Fig. 3; Zhu et al., 2011; Zhang et al.,
2012). They were intruded by Mesozoic and Cenozoic plutonic
rocks (Fig. 3; Pan et al., 2004; Zhu et al., 2008, 2013). The Linzizong
succession is mainly exposed in the western part of this sub-
terrane, with limited outcrops in the north of the Linzhou basin
(Pan et al., 2004; Mo et al., 2008).

The structural architecture of the Lhasa terrane is characterized
by a number of major structures. The SNMZ extends ~SE-NW for
~2000 km in the northern part of the Lhasa terrane and probably
represents an Early Cretaceous collision zone between the Qiang-
tang and northern Lhasa terranes (Fig. 2; Zhu et al., 2011, 2013).
The LMF is a ~1500 km long thrust fault, representing a
Carboniferous-Permian suture zone in the southern part of the
Lhasa terrane (Fig. 2; Zhu et al., 2013). About 15 km south of the
LMEF, the local north-dipping Gulu-Hamu thrust cuts the Linzizong
Group, positioning Triassic and Jurassic strata in its hanging wall
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Fig. 3. Detailed geological map of the study area in the eastern part of the Lhasa terrane (modified from Yang, 2004; Li and Pan, 2011) with indication of our sample sites
(numbers between brackets represent their AFT ages, expressed in Ma). The black line (A-A’) represents the profile in Supplementary Data Fig. S1.

and the Linzizong Group in its footwall (He et al., 2007; Zhu et al.,
2013). Its eastern end merges with the LMF (Li and Pan, 2011). The
activity of the Gulu-Hamu thrust was limited to ~47-12 Ma based

on (1) crosscutting relationships with the Linzizong Group; and (2)
K-feldspar “°Ar/*°Ar and AHe ages from the Qianggeren granite in
the hanging wall of this thrust (Fig. 2; He et al.,

2007; Ingalls
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et al., 2018). The Great Counter thrust (GCT) and the Gangdese
thrust (GT) are located in the southernmost Lhasa terrane
(Fig. 2). The former is a south-dipping thrust system, juxtaposing
the Tethyan Himalayan strata, ophiolitic mélange and the Xigaze
basin (Murphy and Yin, 2003; Laskowski et al., 2018). Field and iso-
topic evidence indicates that this structure was active between
~23 and ~17 Ma (Yin et al, 1999; Harrison et al., 2000;
Laskowski et al., 2017). The latter is a crustal-scale north-dipping
thrust structure, and was active at ~27-17 Ma as determined by
Ar-Ar thermochronology and structural relationships with the Kai-
las Conglomerate (Yin et al., 1994, 1999; Laskowski et al., 2018).
The extension of the GT is still debated, Yin et al. (1994, 1999) sug-
gested that it extends a long distance from the west of Xigaze city
to the east of Zedang county (~84.5°E to ~93°E). Other researchers
argue that this fault is buried by the Xigaze basin and the Tethyan
sequences to the west of Lhasa city (Aitchison et al., 2003; Guo
et al., 2018; Laskowski et al., 2018). In addition to these ~E-W-
striking structures, several prominent ~N—S trending rifts are also
developed in the southern Tibetan Plateau, including the Lunggar,
Nyaingentanglha and Woka-Cuona rifts. Their evolution was
related to the Miocene ~E-W orogenic collapse and extension in
the Tibetan Plateau (e.g., Harrison et al., 1995; Styron et al.,
2013; Bian et al., 2020).

3. Sample description and analytical methods
3.1. Sample information

All the samples were collected from the eastern part of the cen-
tral Lhasa terrane, which geographically forms part of the external
drainage area. Sixteen samples were taken from Late Triassic-
Cretaceous granitic rocks, three sedimentary rocks were collected
from pre-Ordovician and Carboniferous strata, and two conglomer-
ates are from the late Eocene-Miocene Dazhuka Formation. The
conglomerates were analyzed for AFT as whole rock, including
both the matrix and clasts. Except for samples EGO1-05E and
EG75 that are near the Lhasa River and in the hanging wall of the
LMF, other samples were collected away from major faults and
river valleys (Figs. 2 and 3). Sample details including lithology,
crystallization or stratigraphic ages, and locations are presented
in Table 1.

Geoscience Frontiers 14 (2023) 101610
3.2. Apatite fission track (AFT) thermochronology

The AFT method is based on the spontaneous fission decay of
the 238U isotope. Fission tracks (FTs) are linear lattice damages
caused by 233U fission in the apatite crystal lattice, and can be ana-
lyzed under an optical microscope after chemical etching by nitric
acid. The surface density of etched FTs in apatite is a measure for
the AFT age, which is a cooling age through the characteristic tem-
perature window (e.g., Wagner and Van den haute, 1992). Between
~60-120 °C, FTs in apatite are partially annealed and shorten; this
temperature range is defined as the apatite partial annealing zone
(APAZ; e.g., Green et al., 1989; Wagner and Van den haute, 1992).
At temperatures below ~60 °C FTs in apatite are considered (quasi)
stable, while at elevated temperatures above ~120 °C, they anneal
completely and rapidly on geological timescales. Contrary to
etched surface tracks (used for determining the areal track den-
sity), some tracks occur completely below the observational sur-
face and can be etched as well (through another surface track for
example). These are called confined tracks and their etchable
length will become shorter at elevated temperatures. These can
thus be used as thermal history indicators (Gleadow et al., 1986).
AFT ages combined with confined track length distributions can
be used to model the thermal history of the samples through the
APAZ, corresponding to ~2-4 km crustal depth (Ketcham, 2005;
Ketcham et al., 2007).

In this work, the apatite grains were embedded in epoxy to be
grinded and polished. The mounts were analyzed using the exter-
nal detector method (EDM; Gleadow and Lovering, 1977). Sponta-
neous tracks in apatite were etched with a 5.5 M HNOs solution for
20 s at 21 °C, induced tracks in the muscovite ED with 40 % HF for
40 min at 20 °C. Irradiation was performed at the well-thermalized
channel X26 of the BR1 nuclear reactor at the Belgian Nuclear
Research Center (De Grave et al., 2010). Conventional {-ages were
used to report the AFT ages (Hurford and Green, 1983; Hurford,
1990), with an overall weighted mean zeta of 338.0 £ 3.7 a-cm?
(analyst W. Su), based on multiple Durango and Fish Canyon Tuff
apatite age standards (Dazé et al., 2003; McDowell et al., 2005)
and the IRMM-540 dosimeter glass (De Corte et al., 1998). The
AFT analyses were performed using 2000x magnification on a
Nikon Eclipse Ni-E microscope, with a DS-Ri2 camera and the
Nikon TrackFlow system (Van Ranst et al., 2020a). More details
on the analytical protocol used can be found in Nachtergaele

Table 1

Sample locations and lithology details.
Sample Lithology GPS Elevation Crystallization or stratigraphic age

N E (m)

EGO1 Sandstone 29°54'11.91” 91°59'02.88” 4158 E3-N1; Yang, 2004
EG02 Conglomerate 29°53'14.60" 92°00'23.48" 4221 E3-N1; Yang, 2004
EGO03 Biotite granite 29°56'01.25" 91°57'40.50” 4048 195 Ma; Wang et al,, 2017a
EG04 K-feldspar granite 29°58'33.61” 91°55'21.15” 3926 195 Ma; Zhu et al., 2011
EGO5A Biotite granite 30°01'11.76” 92°02'57.44" 4024 201 Ma; Li et al., 2016
EGO5E Granodiorite 30°01'11.76" 92°02'57.44" 4024 201 Ma; Li et al., 2016
EG62 Biotite granite 30°28'16.81” 92°32/45.57" 4695 K1; Yang, 2004
EG63 Sandstone 30°28'46.80” 92°28'20.95” 4622 C2-P1; Yang, 2004
EG64 Biotite granite 30°27'07.53" 92°29'22.66" 4679 J3; Yang, 2004
EG65 Biotite granite 30°25'50.90” 92°29'55.61” 4748 J3; Yang, 2004
EG66 Biotite granite 30°22'38.01” 92°31/29.04” 4806 J3; Yang, 2004
EG67 Biotite granite 30°20'45.49" 92°33'59.34" 4873 J3; Yang, 2004
EG68 Biotite granite 30°16'12.41"” 92°32'46.69" 5008 153 Ma; Zhu et al., 2011
EG69A Diorite 30°14'31.35" 92°31'37.68” 5062 154 Ma; Zhu et al,, 2011
EG69E Granite 30°14'31.35" 92°31'37.68" 5066 154 Ma; Zhu et al., 2011
EG70 Sandstone 30°11'53.23” 92°32/19.20” 4971 Pre-Ordovician; Yang, 2004
EG71 Schist 30°08'32.94" 92°27'02.88” 4777 Pre-Ordovician; Yang, 2004
EG72 Biotite granite 30°06'39.44" 92°22'43.50” 4621 154 Ma; Zhu et al., 2011
EG73 Biotite granite 30°06'08.11" 92°20'23.97" 4437 154 Ma; Zhu et al., 2011
EG74 Biotite granite 30°06'03.16" 92°13'41.29" 4244 210 Ma; Zhu et al., 2011
EG75 Granite 30°03'30.45" 92°08'37.85" 4124 84 Ma; Meng et al., 2014
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et al. (2018), Van Ranst et al. (2020b) and He et al. (2022). Not all
the dated samples yielded sufficient quantity of measurable con-
fined tracks due to their young AFT ages and/or low U concentra-
tions. To increase the numbers of measurable confined tracks
(i.e., tracks-in-track), 11 duplicate sample mounts were made
and irradiated with 2°2Cf fission fragments (Donelick and Miller,
1991) at The University of Adelaide (Table 2).

3.3. Thermal history modeling

All aforementioned 11 samples yielded sufficient numbers of
measurable confined tracks (>60) after 2°2Cf irradiation and were
used for Markov Chain Monte Carlo inverse modeling performed
by the QTQt software (Gallagher et al., 2009; Gallagher, 2012).
Track density data and length-frequency distributions are the main
inputs in the modeling software. We used the Ketcham et al.
(2007) annealing equations and kinetic parameter Dp,, (Donelick
et al., 2005) for inverse modeling. The samples taken from a same
plutonic massif were modeled together, (e.g., EG64/65, EG66/67,
and EG68/72). We also integrated published zircon U-Pb ages as
high-temperature constraints in the models. The prior time was
set to the oldest age + oldest age, and the prior for temperature
is defined as 70 = 70 °C. The present surface temperature was set
as 10 £ 10 °C. For each modeling run we first set a burn-in of
10,000 iterations and a post-burn-in of 50,000 iterations to find
the appropriate search parameters, after that 100,000 burn-in
and 200,000 post-burn-in iterations were run.

4. Results
4.1. AFT age and length data

A total of twenty-one new AFT ages are obtained in this study.
The mean zeta-ages (t({)) are used in the following discussion

Table 2
Apatite fission track data.

Geoscience Frontiers 14 (2023) 101610

(Fig. 3; Supplementary Data Fig. S1; Table 2), their central ages
are calculated as well. Radial plots for each sample are presented
in Supplementary Data Fig. S2. All the samples passed the homo-
geneity test (P(x?) > 5 %), indicating single age populations
(Galbraith, 1981; Green et al.,, 1989). Seven samples from near
the Lhasa River, in the hanging wall of the LMF, including sand-
stone (EGO1), conglomerate (EG02), and plutonic rocks (EG03-
05E and EG75), show the youngest AFT ages that range from mid-
dle to late Miocene (~12 to ~6.2 Ma). In contrast, other samples
that were collected away from the Lhasa River and LMF show older
AFT ages (Fig. 3). Three pre-Permian sedimentary rocks (EG63, 70-
71) yield late Eocene to middle Miocene AFT ages between ~36 to
~17 Ma, which are much younger than their depositional ages,
indicating that the AFT clocks in these sedimentary rocks have
been reset. The other 11 plutonic rocks whose crystallization ages
range from ~201 to ~84 Ma, yield AFT cooling ages from ~54 to
~22 Ma (Tables 1 and 2). Except for those samples whose apparent
AFT ages are younger than ~15 Ma, the ages exhibit a linear rela-
tionship with elevation (older at higher elevation) and latitude
(older to the north) (Fig. 5 and Supplementary Data Fig. S1). The
mean track lengths (MTL) of samples with old AFT ages (>41 Ma;
EG62, 64 and 65) are ~12.8-12.5 um, which are generally shorter
than those (~13.6 to ~12.8 um) of the youngest samples (<13 Ma;
EGO3, 05A and 75). The other 4 samples (EG66, 67,78 and 74) have
a wide range of MTLs, ranging from ~13.1 to ~11.4 pm (Table 2;
Supplementary Data Fig. S3).

4.2. Thermal history modeling results

Detailed t-T paths and length distribution histograms for each
modeled samples are shown in Supplementary Data Fig. S3, their
expected thermal history curves are compiled in Fig. 4b. For a more
quantitative description of the cooling history, we empirically
define the cooling rates of ~5-10 °C/Ma and >10 ‘C/Ma as moderate
and rapid cooling, respectively (e.g., Su et al., 2022).

Sample No. of Spontaneous Induced Dosimeter P(x?) Dispersion ps/p; Zeta (§) Central Track length and Dy,
Grains N, N opi N pa ® & (aﬁf ase N, MIL Length Dpar

3 3 3 atls. (Mazxls.

fem fam fam e) e) (um)  range (pm) (pm)
EGO1 45 50 0.257 483 2.558 2708 541,520 96.94 0.00 0114 104 16 95 14 | / / /
EG02 52 28 0.068 390 1.050 2798 559,592 99.16 0.00 0070 66 13 68 13 | / / /
EGO3 18 21 0.261 394 5.004 2803 560,515 42.81 2.76 0066 62 14 51 11 81 13.2 9.5-15.6 2.27
EG04 26 36 0.476 336 3.973 2807 561,485 89.06 0.00 0129 123 22 102 18 |/ / / /
EGO5A 27 85 0.457 1107  5.807 2711 542217 99.12 0.00 0082 75 09 70 08 |/ / / /
EGOSE 27 61 0.262 565 2428 2812 562,408 86.27 0.00 0.121 115 16 103 14 75 136 8.4-16.0 1.60
EG62 15 1276  8.889 2574 17.827 2817 563,330 8243 0.01 0500 474 19 470 19 101 125 9.7-15.4 1.38
EG63 41 1294 7.666 3606 21.186 2821 564,161 68.19 2.18 0375 357 14 341 13 | / / /
EG64 22 2165 11.143 3802 19.695 2825 565,084 41.57 2.08 0571 543 19 542 19 102 128 8.9-16.1 1.44
EG65 18 1171 7.324 2734 17.048 2830 566,053 32.72 2.53 0434 414 17 409 17 101 128 9.1-15.0 1.45
EG66 13 164 2170 543 7.263 2835 566,976 98.7  0.00 0303 29.0 27 289 27 102 13.1 9.4-16.0 1.48
EG67 26 272 1.287 272 5294 2839 567,899 46.63 3.59 0246 236 17 230 16 102 123 8.2-15.8 1.50
EG68 16 423 4.096 1378 13.402 2844 568,822 99.51 0.00 0308 295 18 294 18 103 125 10.1-153 139
EG69A 29 45 0386 133 1.146 2856 571,176 99.41 0.00 0347 334 58 326 57 | / / /
EG69E 25 237 2.067 634 5278 2860 572,053 429 4.80 0420 405 32 361 29 |/ / / /
EG70 19 128 2.090 378 6.330 2865 572,976 97.42 0.00 0333 322 34 327 34 | / / /
EG71 17 87 1.855 431 9.095 2869 573,899 90.34 0.00 0.174 168 20 194 23 | / / /
EG72 18 206 1.785 692 6.147 2875 574914 89.38 0.00 0315 306 25 289 24 100 13 10.1-15.8 1.62
EG73 27 239 1.180 858 4.187 2879 575,837 85.23 0.02 0292 284 22 271 21 | / / /
EG74 29 259 1.202 1228 5566 2884 576,760 91.67 0.02 0221 215 15 205 15 87 114 8.0-15.6 1.45
EG75 23 204 0.784 1882  7.249 2888 577,683 89.72 0.00 0.109 106 08 106 08 66 128 9.7-15.5 1.39

N, N; and Nq are the number of counted spontaneous tracks (in the apatite), induced tracks (in the muscovite external detector, ED) and induced tracks in the ED irradiated
against regularly spaced Uranium-doped glass dosimeters (IRMM-540) in the irradiation package, respectively. ps, p; and pq represent the density of spontaneous tracks (in
the apatite), induced tracks (in the ED) and induced tracks from the glass dosimeters, respectively. P(?) is the chi-squared probability that the dated grains have a constant
ps/pi ratio (Galbraith, 1981). An {-value of 338.0 # 3.7 a-cm? was used (Analyst W. Su) for the calculation of the AFT zeta ages. The AFT central ages were calculated using the
RadialPlotter software (Vermeesch, 2009). The number of measured lengths (N;), mean track lengths (MTL), length ranges are obtained by measuring a number of natural,
horizontal confined tracks. All the obtained confined tracks benefited from 2°2Cf irradiation.
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Fig. 4. (a) Timescale of major geologic and climatic events in the southern Tibetan Plateau: shoshonitic and ultrapotassic magmatism (Chung et al., 2005; Zhao et al., 2009);
activities of the N—S normal faults and rift systems (Sundell et al., 2013; Wolff et al., 2019; Zhang et al., 2020); activity of the Great Counter thrust (GCT, Laskowski et al.,
2018); motion along the Gangdese thrust (GT, Yin et al., 1994, 1999; Harrison et al., 2000; Murphy and Yin, 2003); incision of the Yarlung River (Dai et al., 2021); fast
denudation along the Lhasa River (Cai et al., 2021); initiation and intensification of the Asian monsoon (Sun and Wang, 2005; Sanyal et al., 2010); crustal thickening of the
Lhasa lithosphere (Zhu et al., 2017; Tang et al., 2020); delamination of the Lhasa lithospheric mantle (Chung et al., 2003; Zhao et al., 2009); initial India-Asia collision (Hu
et al., 2016a; Kapp and Decelles, 2019; Ding et al., 2022). (b) Compilation of all our thermal history models (expected models) from the central Lhasa terrane. (c) Crustal
thickness of the Lhasa terrane based on whole-rock (La/Yb), ratio (Zhu et al., 2017; Cao et al., 2020). Present-day crustal thickness is calculated by using the CRUST 1.0 model

(Laske et al., 2013).

Our samples can be divided into three groups based on differ-
ences in AFT ages and thermal histories (Fig. 4b; Table 2). The first
group is represented by samples EG62, 64 and 65 that exhibit the
oldest AFT apparent ages. Cooling path of sample EG62 enters the
APAZ in the latest Paleocene (~58 Ma), with fast cooling occurring
between ~58-52 Ma (Fig. 4b). A ‘reheating’ event is indicated to

have existed in the later stage, but this time-temperature curve
is beyond the APAZ and the sensitivity limit of the AFT system,
and thus will not be discussed. This (early Cenozoic) cooling phase
is also revealed by samples EG64 and 65, their joint model shows a
moderate cooling between ~60 and ~48 Ma (Fig. 4b). The second
group is composed of samples EG66-68, 72 and 74. The joint inver-
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Fig. 5. (a) Compilation of the low-temperature thermochronological data (AHe, AFT and ZHe) available from the Lhasa terrane (data from the Namche-Barwa were not used
here). The approximate locations of faults are marked along 92°E in Fig. 2. Abbreviations are as in Figs. 1 and 2. (b) and (c) Probability density plots of the low-temperature
thermochronological data in the external drainage area and internal drainage area of the southern Tibetan Plateau, respectively. The compiled dataset can be found in

Supplementary Data Table S1.

sion of EG68 and 72 indicates a moderate cooling between ~40-
32 Ma (Fig. 4b). While the joint modeling of EG66 and 67 starts
from a relatively low-temperature state and indicates a younger
moderated cooling phase around ~31-28 Ma, followed by slow
cooling rates until ~18 Ma (Fig. 4b). Sample EG74 shows a similar
cooling curve to the joint model of EG66 and 67, and a moderate
cooling during the early Oligocene with subsequent slow cool-
ing since the late Oligocene (Fig. 4b). The third group contains
the remaining three samples EGO3, 05E and 75, whose cooling
curves pass through the APAZ during ~16-4 Ma with moderate

to fast cooling rates during the middle Miocene-early Pliocene
(Fig. 4b).

5. Discussion

5.1. Cenozoic thermal-tectonic evolution of the eastern Lhasa terrane

The samples taken close to the Lhasa River and the Luobadui-
Milashan (LMF), in the southern part of the central Lhasa terrane
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(EGO1-05E and EG75; Fig. 3), have relatively young AFT ages
(~12.3-6.2 Ma; Fig. 4b; Table 2). The other samples further away
from river valleys and faults (in the central and northern parts of
the central Lhasa terrane), have comparably older AFT ages (~54.
3-21.5 Ma; Fig. 3), recording cooling and exhumation information
of the eastern segment of the central Lhasa terrane without the
influence of river incision and fault activity. Based on the acquired
thermal history models, three enhanced cooling phases during the
Cenozoic can be recognized: (i) the Paleocene-early Eocene (~60-
48 Ma); (ii) the late Eocene to early Oligocene (~40-28 Ma); and
(iii) the middle Miocene-early Pliocene (~16-4 Ma; Fig. 4b). For
a more comprehensive understanding of the thermal history of
the Lhasa terrane, we compiled previously published low-
temperature thermochronological (LTT) data (i.e., ZHe, AFT and
AHe) in the Lhasa and southern Qiangtang terranes. These data
can in first order be subdivided into two groups based on their
location (i.e., external or internal drainage area) (Figs. 1, 2 and 5).
In the external drainage area (southern Tibetan Plateau), all the
LTT ages are younger than ~60 Ma, and the majority of them are
younger than ~25 Ma (Fig. 5b). Compared to the data in other
places of the external drainage area, particularly regarding the
AFT ages, our samples yield several AFT ages that are older than
~40 Ma and a large set of ~40-20 Ma AFT ages. The latter are sim-
ilar to the other data pertaining to the external drainage area
(Fig. 5).

5.1.1. Paleocene-early Eocene (~60-48 Ma)

In the northernmost sampling profile, several granitic samples
recorded Paleocene-early Eocene accelerated cooling in the central
Lhasa terrane (~60-48 Ma; Figs. 3 and 4b). The published LTT data
show that the northern Lhasa terrane experienced accelerated
cooling phases mainly during the Late Cretaceous to middle Eocene
(~80-45 Ma; Hetzel et al., 2011; Rohrmann et al., 2012; Haider
et al., 2013), much earlier than those of the central and southern
Lhasa terranes (Fig. 5). The NeoTethys oceanic lithosphere under-
went long-lasting northward subduction, which probably initiated
between ~240 and ~190 Ma and consumed thoroughly when the
India plate collided with Asia continent (Ji et al., 2009; Wang et al.,
2016). Although there is no agreement on the onset of India-Asia
initial collision, which was considered to have occurred between
~60 and ~45 Ma (e.g., Hu et al., 2016a; Kapp and Decelles, 2019;
Ding et al., 2022), some other geological records are much clearer.
At ~70 Ma, the convergence rate between India and Asia plates
accelerated to>120 mm/yr (van Hinsbergen et al., 2011; Cande
and Patriat, 2015; Gibbons et al., 2015). The northward subduction
of the NeoTethys oceanic lithosphere produced massive ~70-
50 Ma magma that intruded the Gangdese arc, such as the wide-
spread Linzizong volcanic succession (Mo et al., 2008; Lee et al.,
2009). This is also accompanied by crustal shortening of the
Gangdese retroarc thrust belts (Kapp et al., 2003, 2007) and thick-
ening of the Gangdese arc. The crustal thickness of the southern
Lhasa terrane was ~37 km at ~70 Ma and thickened to ~58-
50 km during ~55-45 Ma (Fig. 4c; Zhu et al., 2017; Tang et al.,
2020). The crustal thickening could have led to the formation of
a high-elevation “Lhasaplano” (Kapp et al., 2007). For instance,
the Linzhou basin in the southern Lhasa terrane achieved a
>4100 m elevation in ca. 58-47 Ma as documented by the stable
isotope evidence (Ding et al., 2014; Ingalls et al., 2018). The ele-
vated Lhasa terrane was actively being eroded and provided detri-
tal sediments to the retro-arc foreland basin (Kapp et al., 2007) and
forearc basins along the Indus-Yarlung suture zone (Ding et al.,
2005; Wang et al., 2012; DeCelles et al., 2014; Hu et al., 2016b).
Consequently, we suggest that the Paleocene-early Eocene base-
ment cooling recognized in the study area was possibly linked to
denudation of the thickened crust as response to the accelerated
northward subduction of the NeoTethys oceanic lithosphere.
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5.1.2. Late Eocene to early Oligocene (~40-28 Ma)

The late Eocene to early Oligocene cooling event (~40-28 Ma) is
recorded by samples along the Menba - Cuoduo, and are not near
important river valleys or local tectonic structures (Figs. 3 and 4b).
In the external drainage area, this cooling phase is also recognized
in the northern Lhasa terrane (e.g., Anduo granitoids; Wang et al.,
2007; Li et al., 2019), the central part of the southern Lhasa terrane
(e.g., Qianggeren granite; Ge et al., 2017; Huang et al., 2022), and
the eastern part of the central Lhasa terrane (e.g., the Sharang por-
phyry Mo deposit and Yaguila skarn Pb-Zn-Ag deposit; Zhao et al.,
2015). The driving force for late Eocene-early Oligocene regional
basement cooling is diverse. This cooling event in the southern
Lhasa terrane was likely to have been triggered by crustal thicken-
ing (Ge et al., 2017). Whereas the cooling occurring in the Qiang-
geren granite is considered to be localized and resulting from the
movement of the Gulu-Hamu thrust (He et al.,, 2007; Huang
et al.,, 2022). In this study, samples with late Eocene to early Oligo-
cene AFT ages are distant from faults and large rivers valleys as
mentioned above (Fig. 3), thus this cooling event probably was
not induced by local fault activity or enhanced river incision, but
related to near-surface exhumation after crustal thickening of the
Lhasa lithosphere. During the late Eocene to early Oligocene
(~45-30 Ma), the igneous activity that produced the Gangdese
batholith over time gradually halted after the break-off of the Neo-
Tethys slab. Moreover, the continuous northward indentation of
the India plate into Eurasia caused significant contraction in the
Lhasa lithosphere and resulted in its thickening (Chung et al.,
2005, 2009; Zhu et al., 2015). The crustal thickening is demon-
strated by the calculation of whole-rock La/YDb ratios of intermedi-
ate intrusive rocks and Nd isotopes in the Gangdese batholith,
which indicates that the crust was ~58-50 km at ~45 Ma and then
thickened to over 70 km around 30 Ma (Fig. 4c; Zhu et al,, 2017;
DePaolo et al., 2019). After this crustal thickening and tectonic
uplift, relief developed and surface erosion followed. We hence
propose that the late Eocene-early Oligocene basement cooling in
the central Lhasa terrane was probably connected with coeval
crustal thickening and consequential erosion. Considering that
the precise time of (initial) India-Asia collision is still controversial
(Hu et al., 2016a; Kapp and Decelles, 2019; Ding et al., 2022), it
cannot be solely determined by the results in this study whether
this crustal thickening process was induced by the India-Asia
collision.

5.1.3. Middle Miocene-early Pliocene (~16-4 Ma)

The latest rapid cooling event identified in our study area is
revealed by samples EGO1-05E and EG75, and it took place during
the middle Miocene to early Pliocene (~16-4 Ma; Fig. 4b). Samples
EGO1 and 02 are from the Dazhuka Formation conglomerates,
whose depositional age is roughly constrained to the late Eocene-
early Miocene, and is considered an analogue of the coeval Liuqu
Conglomerate in the Indus-Yarlung suture zone (Li et al., 2015a).
The AFT ages of these two samples are ~10.4 and ~6.6 Ma, respec-
tively, younger than their envisaged depositional age (Table 2).
Some analyzed apatite grains display AFT ages that approximate
their depositional age (Tables 1 and 2), indicating that their AFT
systems were at least partially reset. Samples EGO03-05E and
EG75 are granitic rocks, their apparent AFT ages are ~12.3-
6.2 Ma and the inverse modeling results define a middle
Miocene-early Pliocene rapid cooling phase (Fig. 4b). All these
aforementioned samples (EGO1-05E and EG75) exhibit the young-
est AFT ages from our data set, which are younger than those from
downstream in the Lhasa River valley (Pan et al., 1993; Copeland
et al,, 1995; Li et al., 2016; Dai et al., 2021).

Our samples were collected near the midstream of the Lhasa
River valley and in the hanging wall of the LMF, i.e., one of the
major thrusts in the Gangdese retro-arc thrust belt (Figs. 2 and
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3; Zhu et al., 2013; Kapp et al., 2007). The Gulu-Hamu thrust is sit-
uated at the northern edge of the Linzhou basin, its middle section
(north of the Linzhou county) is located ~15 km south of the LMF,
and its eastern end merges with the LMF (Fig. 2; He et al., 2007; Li
and Pan, 2011). The Qianggeren granite was emplaced at ~52 Ma
and is situated now in the hanging wall of the Gulu-Hamu thrust
(He et al.,, 2007). It experienced rapid exhumation around 42-
26 Ma and 15-12 Ma, respectively, based on ZHe and AHe data,
probably as a consequence of movements along the Gulu-Hamu
thrust (Ingalls et al., 2018; Huang et al., 2022). This implies that
the Gulu-Hamu thrust was likely active around 47-12 Ma derived
from these thermochronological data and the crosscutting rela-
tionship with the Qianggeren granite (Fig. 2; He et al., 2007;
Ingalls et al., 2018). Considering the close temporal and spatial
relationship between our sample sites, the AFT ages and the LMF
(e.g., eastward extension of the Gulu-Hamu thrust), we suggest
that the activity of the Gulu-Hamu thrust was an important trig-
gering mechanism for the exhumation and hence cooling of these
rocks.

In addition, the Asia monsoon intensified consecutively around
~15-13 Ma, ~8 Ma and ~3 Ma ago (Fig. 4a; Sun and Wang, 2005;
Clift and Webb, 2018). This affected a large area of the Tibetan Pla-
teau, including southern and southeastern Tibet, and the Himalaya
orogen (Clark et al., 2005; Clift et al., 2008; Clift and Webb, 2018;
Nie et al., 2018; Dai et al., 2021). The Yarlung River drainage expe-
rienced a two-stage (~15-9 Ma and ~5-2 Ma) accelerated incision
due to the increased precipitation, causing accelerated rock
denudation (Clift et al., 2008; Nie et al., 2018; Cai et al., 2021;
Dai et al., 2021). Three samples (EG03, O5E and 75) near the Lhasa
River (one of the main tributaries of the Yarlung River) show a con-
temporaneous middle Miocene-early Pliocene accelerated cooling
period (Fig. 4a and b). Therefore, the enhanced incision of the Lhasa
River due to intensification of the Asian monsoon was likely to be
another mechanism causing this middle Miocene-early Pliocene
cooling event. It is noted that rock samples which exhibit late
Cenozoic AFT ages and cooling in their respective thermal history
models may have also experienced the aforementioned earlier
enhanced exhumation, as induced by regional tectonic events such
as lithospheric delamination. However, these thermal signals have
been removed by more recent erosion and exhumation.

5.2. Implications for relatively high-relief topography of the southern
Tibetan Plateau external drainage area

The internal and external drainage areas in the southern Tibe-
tan Plateau have contrasting relief. The former shows typical
high-elevation low-relief topography, while for the latter, the topo-
graphic relief is relatively high, and a clear boundary exists
between them (Fig. 1). Regarding the Lhasa terrane and the Hima-
laya, the LTT ages in the internal drainage area are generally older
than those in the external drainage area (Fig. 5). The LTT ages in the
internal drainage area are mainly clustered between the Late Cre-
taceous and early Eocene (Fig. 5a and c), whereas almost all the LTT
data in the external drainage area are younger than 60 Ma and
most even younger than ~25 Ma (Fig. 5a and b). Although LTT
studies suggest that the interior plateau (the northern Lhasa ter-
rane) has experienced intense uplift and exhumation during
~80-45 Ma (Hetzel et al., 2011; Rohrmann et al. 2012; Haider
et al., 2013), it was still a topographic depression in the Paleogene,
and did not reach its present elevation (>4 km) until ~29-26 Ma as
revealed by paleoaltimetry evidence (Rowley and Currie, 2006;
DecCelles et al., 2007; Fang et al., 2020; Xiong et al., 2022). The
low-relief surface was established at the same time as the northern
Lhasa terrane reached its high elevation (Han et al., 2019; Li et al,,
2022; Xue et al,, 2022). In contrast, the southern Lhasa terrane
reached its present elevation (>4 km) around 58-47 Ma ago, much
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earlier than the northern Lhasa terrane (Ding et al., 2014; Ingalls
et al,, 2018). At present, the whole Lhasa terrane has almost iden-
tical elevation but contrasting relief characteristics (Fig. 1), which
may have resulted from long-term effects from tectonic uplift, fault
activity, river incision and climate change (Su et al., 2022). We here
discuss the possible mechanisms that have led to the formation of
this ‘contrasting’ relief.

During the latest Cretaceous-early Eocene, the largest difference
of the southern Lhasa terrane and the northern Lhasa terrane is
that they have different elevations as previously mentioned
(Fig. 6a; Ding et al., 2022). During the late Eocene to early Oligo-
cene (~40-30 Ma), the igneous activity in the southern Lhasa ter-
rane halted because of the break-off of the NeoTethys slab. After
that, the Lhasa lithosphere thickened due to the continuous north-
ward indentation of the Indian plate (Chung et al., 2005, 2009; Zhu
et al,, 2015, 2017; DePaolo et al., 2019). The significant change in
the Lhasa terrane is that the northern Lhasa terrane uplifted to
the same elevation as the southern Lhasa terrane, and the low-
relief landscape was developed as well (Fig. 6b; Han et al., 2019;
Ding et al., 2022; Li et al., 2022; Xue et al., 2022). Since then, the
northern Lhasa terrane has resided in an arid environment and
experienced long-term tectonic quiescence. Thus, it makes sense
that the >30 Ma LTT ages are widely preserved in the internal drai-
nage area (Fig. 5; Han et al., 2019; Li et al., 2022; Xue et al., 2022).

The majority of the available LTT ages in the studied external
drainage area are Miocene, significantly younger than those from
the internal drainage area (Fig. 5a and b), implying that the exter-
nal drainage area (i.e., eastern Lhasa terrane) experienced more
recent crustal exhumation than the internal one. It is suggested
that these more recent exhumation events were triggered by vari-
ous mechanisms including tectonic uplift, river incision and cli-
mate change (e.g., Copeland et al., 1995; Dai et al, 2013;
Tremblay et al., 2015; Li et al., 2016; Ge et al., 2017; Su et al,,
2022). They may account for the development of relatively high-
relief topography in the external drainage area. In the following
we discuss these possible mechanisms chronologically.

During the latest Oligocene to middle Miocene, the southern
Tibetan Plateau experienced intense magmatism and tectonic
activity (Chung et al., 2005; Kapp and DeCelles, 2019). In the latest
Oligocene (~26-23 Ma), the southward rollback of the Indian con-
tinental lithosphere and subsequent slab break-off caused a fast
kinematic transition from extension to contraction along the Yar-
lung Zangbo suture zone, and coeval deposition of the Kailas Con-
glomerate (Fig. 6¢; DeCelles et al., 2011; Leary et al., 2016). In this
process, the Lhasa lithospheric root delaminated, resulting in the
upwelling of hotter asthenosphere, producing massive
shoshonitic-ultrapotassic magmatism (Chung et al, 2003,
2005,2009; Ji et al., 2009; Zhao et al., 2009; Kapp and Decelles,
2019). However, this magmatism mainly occurred in the southern
Lhasa terrane and only rarely reached the central and northern
Lhasa terranes (Kelly et al., 2020), owing to different crustal prop-
erties of these terranes (Lu et al., 2022). The crust of the southern
Lhasa terrane represents homogeneous juvenile accreted material,
while the central Lhasa terrane is characterized by relatively
ancient crystalline basement (Lu et al., 2022). In addition, the sub-
ducted Indian continental lithosphere is not a homogeneous slab. It
shows significant east—west lateral variations in its dip and geom-
etry (Zhao et al., 2010). The Indian continental lithosphere appears
to extend further north in central than in eastern Tibet. For exam-
ple, it reaches ~350 km depth at ~31°N along 85°E but at ~30°N
along 91°E (Liang et al., 2016). This corresponds to the internal
drainage area in the west and external drainage area in the east,
respectively (Figs. 1 and 6c).

Upper crustal tectonics also account for regional differences. In
the southern Tibetan Plateau, the GT was active during the late
Oligocene-early Miocene (~27-17), and the GCT between ~23 to
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area; [YSZ = Indo-Yarlung suture zone; K.C. = Kailas Conglomerate; L-N-G Basin = Lunpola-Nima-Gaize Basin; L.R. = Lhasa River; LB = Linzhou basin; LMF = Luobadui-Milashan
fault; LVS = Linzizong volcanic successions; N. Rift = Nyaingentanghla Rift; NLT = northern Lhasa terrane; SLT = southern Lhasa terrane; SNMZ = Shiquan River-Nam Tso
mélange zone; T. Rift = Tangra Yum Rift; TY = Tethyan Himalaya; X. Rift = Xainza Rift; XFB = Xigaze Forearc Basin.

~17 Ma (Fig. 2; Yin et al., 1994, 1999; Harrison et al., 2000;
Murphy and Yin, 2003; Laskowski et al., 2017, 2018). These two
thrusts temporally overlapped, constituting a hinterland-dipping
duplex that was controlled by subduction dynamics beneath the
Gangdese magmatic arc (Fig. 6¢; Laskowski et al., 2018). The single
activity of the GT (Dai et al., 2013; Li et al., 2016; Ge et al., 2017) or
the movement of this duplex (Laskowski et al., 2018; Taylor et al.,
2021) may have caused the late Oligocene-middle Miocene (~25-
15 Ma) accelerated exhumation of the Gangdese batholith. This
period of basement cooling probably only occurred in the southern
Lhasa terrane, and not in the central and northern Lhasa terranes,
for almost no contemporaneous cooling ages have been docu-
mented there (Figs. 2 and 5b).

During the middle Miocene to late Miocene (~15-5 Ma), the
India plate continued to subduct, producing smaller volumes of
magma that progressively diminish northward in the Lhasa terrane
(Chung et al., 2005; Kapp and DeCelles 2019; Kelly et al., 2020).
During slab break-off, additional segmentation occurred along
internal weak zones and heterogeneities. Low P- and S-wave veloc-
ities and magnetotelluric data show that the subducted Indian
lithosphere beneath southern Tibet was fragmented into four
pieces with differential subduction angles. The dip angle is steeper
in the east as compared to the west (Chen et al., 2015; Liang et al.,
2016; Wang et al., 2017b; Li and Song, 2018). This fragmentation or
tearing of the slab with subsequent asthenospheric upwelling
probably caused ~E-W orogen-parallel extension in the southern
Tibet Plateau. This process formed a series of north-striking normal
faults and associated rift structures in the northern Himalaya and
Lhasa terranes (Chen et al., 2015; Li and Song, 2018; Bian et al.,
2020, 2022). These were mainly active between ~23-3 Ma (e.g.,
Styron et al., 2013; Sundell et al.,, 2013; Li et al., 2015b; Kapp

11

and DeCelles, 2019; Wolff et al., 2019; Bian et al., 2020). The major-
ity of the LTT data in the southern Lhasa terrane coincide with this
time-span (Figs. 2 and 5). Hence, the rift development possibly had
an essential effect on basement exhumation and cooling of the
eastern Lhasa terrane (Fig. 6d; Pan et al., 1993; Harrison et al,,
1995; Dai et al., 2021).

River incision and climate conditions can have exerted addi-
tional influences on the regional topography. At present, the mean
precipitation in the southern Tibetan Plateau and the Himalayas is
more than ~1000 mm/a, much higher than that of the internal
drainage area (<500 mm/a) which mainly occupies central and
northern Tibet (Bookhagen et al., 2005; Maussion et al., 2014).
Except for the difference in present precipitation, the internal drai-
nage area has been in an arid climatic condition since the late Oli-
gocene (~26 Ma), estimated by the evaporitic lacustrine and eolian
dune-field deposits and their carbon and oxygen isotopic data
(DeCelles et al., 2007). An arid environment is usually character-
ized by less intensive chemical weathering and surface erosion,
which tends to facilitate the development of a low-relief topogra-
phy (Fielding et al., 1994; Xue et al., 2022). Whereas in the external
drainage areas, the environment is relatively humid and several
large rivers developed, causing rapid incision of the southern and
eastern Tibetan Plateau (Fig. 1; Liu-Zeng et al., 2018b; Nie et al.,
2018; Dai et al., 2021). Taking the Yarlung River as an example,
as the largest river in the southern Tibetan Plateau, it was formed
by integration of several tributaries originating in the Gangdese
Mountains and the Himalayas. Along the Xigaze-Gyacha section
(Fig. 2), rapid exhumation along the Yarlung River main stream
predominantly occurred in the mid-Miocene (~15-9 Ma) and
Pliocene-Pleistocene (~5-2 Ma; Dai et al., 2021). The Lhasa and
Nyingoh Rivers are two main tributaries of the Yarlung River.
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Recent studies have demonstrated that the Lhasa River caused a
two-stage rapid denudation along its trajectory around ~25-
16 Ma and ~16-12 Ma (Cai et al., 2021), and that the Nyingoh
River is also characterized by Miocene enhanced incision (Zeitler
et al.,, 2014). Furthermore, Miocene rapid exhumation near the
Lhasa River valley is also documented by inverse modeling results
obtained in this study. Therefore, enhanced river incision indeed
created deep river gorges that generally represent high-relief
topography. The occurrence of the Yarlung River and its tributaries
makes the SE Lhasa terrane a typical external drainage domain
which exhibits distinct higher relief compared with large internal
drainage areas in the north (Figs. 2 and 6d; Taylor et al., 2021).

In summary, in terms of topographic relief, the external (eastern
Lhasa terrane) and internal drainage areas represent different (to-
pographic) parts in the southern Tibetan Plateau. During the pro-
tracted geological evolution since the latest Cretaceous, the
internal drainage area in the southern Tibetan Plateau (especially
the northern Lhasa terrane) has been uplifted to the same elevation
as the southern Lhasa terrane at ~30 Ma. However, different relief
forms also developed within the Lhasa terrane since that time due
to the differential geological processes that occurred in each sub-
terranes. A key issue resulting in this difference is that the external
drainage area experienced more recent and widespread regional
basement cooling and exhumation during the late Oligocene to late
Miocene (~25-5 Ma). These events, however, did not occur in the
internal drainage area. These cooling events were probably related
to intense tectonic uplift, fault activity and enhanced river incision
that occurred in the southern Lhasa terrane.

6. Conclusions

Our new apatite fission track ages and inverse thermal history
modeling from the eastern Lhasa terrane generally show three
main accelerated basement cooling and thus exhumation events
in the external drainage area (southern Tibetan Plateau) during
the Cenozoic. The cooling phase occurring during the Paleocene-
early Eocene (~60-48 Ma) resulted from crustal shortening and
associated rock exhumation induced by accelerated northward
subduction of the NeoTethys oceanic lithosphere. A subsequent
cooling phase took place during the late Eocene to early Oligocene
(~40-28 Ma), and it is related to the thickening and resulting ero-
sion of the Lhasa lithosphere in response to the continuous north-
ward indentation of the India plate into Eurasia. The latest rapid
basement cooling occurred in the middle Miocene-early Pliocene
(~16-4 Ma) and a combination of the activity of Luobadui-
Milashan fault and enhanced incision of the Lhasa River may have
invoked this event. In addition, the external and internal drainage
areas in southern Tibet have contrasting reliefs. The low-
temperature thermochronological data reveal that the external
drainage area experienced more recent basement cooling events
compared with the internal drainage area, and their diverse evolu-
tion probably initiated at ca. 30 Ma. The driving mechanisms that
led to different reliefs include three aspects: (1) the intense tec-
tonic uplift occurring in the southern Lhasa terrane, largely due
to the delamination of the lithospheric mantle beneath the south-
ern Lhasa terrane; (2) fault activity, including the movements of
north-striking normal faults and several thrusts (i.e., Gangdese
thrust, Great Counter thrust and local thrusts); and (3) the
enhanced river incision along the Yarlung River drainage network.
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