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ABSTRACT

Knowledge of the late Mesozoic topog-
raphy and drainage system of the Tibetan
Plateau is essential for understanding the Ce-
nozoic tectonic dynamics of the plateau. How-
ever, systematic analyses of the pre-Cenozoic
surface uplift history and sediment-routing
systems of the Tibetan Plateau remain sparse.
Here we present new results for paleocur-
rents and U-Pb detrital zircon geochronol-
ogy from the Lanping Basin, a key junction
in the southeastern (SE) Tibetan Plateau, and
integrate multidisciplinary data sets to con-
strain sediment provenance and reconstruct
paleotopography and its drainage system
throughout the Cretaceous. Our results indi-
cate that mid- to Late Cretaceous (ca. Albian—
Santonian) tectonically induced surface uplift
occurred in the SE Tibetan Plateau, leading
to the build-up of an extensive topographic
barrier, and resultant rain shadows in the
interior of east Asia. Superimposition of this
topographic pattern by uplands in the east-
ern margin of Asia meant that the Cretaceous
topography of east Asia was characterized
by an enclosed paleo-relief pattern that was
high in both the east and west, with drainage
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from the east and west to the south, contrast-
ing with previously proposed configurations.
This topographic pattern interrupted the at-
mospheric circulation pattern and generated
widespread intracontinental desertification
and drainage network evolution in east Asia.
Our study constrains a key part of the late
Mesozoic growth of the Tibetan Plateau prior
to the Cenozoic collision between India and
Eurasia and will improve our understanding
of the paleoclimate, atmospheric circulation,
and modern drainage system evolution of the
east Asian continent.

INTRODUCTION

Surface uplift of the Tibetan Plateau has long
been considered to be a direct result of the India-
Eurasia collision during the Cenozoic (Dewey
et al., 1988; England and Houseman, 1988;
Ruddiman and Kutzbach, 1989; Tapponnier
et al., 2001; Wang et al., 2008; van Hinsbergen
et al., 2012; Meng et al., 2012, 2017; Molnar,
2018; Spicer et al., 2021). This continent-con-
tinent collision event and resultant topographic
uplift are believed to have had an impact on the
atmospheric circulation pattern of the Northern
Hemisphere and to have stimulated the Asian
monsoon system (Ruddiman and Kutzbach,
1989; Farnsworth et al., 2019; Spicer et al.,
2021). The formation of this large-scale high
stepped landform and the Paratethys retreat have
been proposed triggers of the aridification of the
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interior of east Asia (Guo et al., 2002; Sun et al.,
2010; Bosboom et al., 2014; Carrapa et al., 2015;
Wang et al., 2019; Sun et al., 2020), although,
in constrast, the major drainage systems of the
Asian continent are currently understood to have
evolved within the framework of the tectonically
induced uplift of the Tibetan Plateau during the
Cenozoic (Clark, et al., 2004; Zheng, 2015;
Chen et al., 2017; Zhao et al., 2021).

Owing to the existence of Cretaceous coastal
mountains and eastern plateaus (Chen, 2000; Wu
et al., 2018; Suo et al., 2019; Cao et al., 2020),
the late Mesozoic paleotopography of east Asia
has been generally considered to have been
elevated in the east while low in the west, and
may not have shifted to a reversed pattern until
the Cenozoic India-Eurasia collision occurred
(Wang, 1998). However, recent recognition of
cryospheric processes on the Cretaceous pla-
teau-desert oases of SE Tibet suggests an already
uplifted plateau before the India-Eurasia colli-
sion in the western South China Block and the
northern Indochina Block (Wu and Rodriguez-
Lépez, 2021). Actually, various studies have
confirmed that there were extensive mountain
systems or even plateaus in the east Asian inte-
rior during the mid- to Late Cretaceous, specifi-
cally in the SE Tibetan Plateau area (Wu et al.,
2022), including the possible existence of land-
forms referred to as the initial Tibetan Plateau
(Xuetal., 2016), or the Zoige Plateau (Liu et al.,
2019), and the Gangdese Mountains (Kapp and
Decelles, 2019; Meng et al., 2018, 2019, 2020;
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Ding et al., 2022). On the landward side of these
uplands, sedimentary records suggest extensive
long-lasting aridification processes occurred,
accompanied by the formation of widespread
ergs and playas (Wu et al., 2017, 2022; Li et al.,
2018a, 2018c¢; Rodriguez-Lépez and Wu, 2020;
Wang et al., 2023). Moreover, almost all of the
Cretaceous intracontinental basins in the SE
Tibetan Plateau record widespread coeval aque-
ous to eolian sedimentary systems and paleocli-
matic transition events (Wu et al., 2017, 2022; Li
et al., 2018a, 2018c¢), which occurred around the
time of regional magmatic and tectonic activity
(Hou et al., 2001; Reid et al., 2005; Wilson and
Fowler, 2011; Wang et al., 2014; Xu et al., 2016;
Liu et al., 2019; Wang et al., 2021). However,
although the links between the evolution of tec-
tonism, climate, and geomorphology have been
recently elucidated (Wu et al., 2022), there is a
gap in the knowledge of how tectonic dynamics
during the Cretaceous influenced the hydrologic
evolution of the SE Tibetan Plateau area.

The Lanping Basin (LPB; Fig. 1) developed in
a key junction of several blocks (the Indochina
and South China blocks, the eastern Song-
pan—Ganzi Complex, and the Yidun Arc), and
contains exceptional Cretaceous stratigraphic
successions that record environmental varia-
tions in response to changes in the topography
and climate of the SE Tibetan Plateau (Schérer
et al., 1990; Burchfiel and Chen, 2013; Li et al.,
2018a). In addition, the completed Cretaceous
stratigraphic sequences and detrital zircon age
data set from the Sichuan Basin can also be
used for comprehensive comparative study of
paleoenvironment and provenance analysis (Li
et al., 2018c). The aim of this work is to under-
stand from a multiproxy analysis whether the
pre-Cenozoic mountain building processes had
an impact on the paleotopography and drainage
basin hydrology of the SE Tibetan Plateau before
the collision of India and Eurasia. For this, we
apply several main approaches, including: (1) to
combine sedimentological and paleocurrent data
sets with detrital zircon U-Pb geochronology
of Cretaceous rocks from the LPB, integrating
them with previous results for other basins on the
SE Tibetan Plateau; (2) to use three-dimensional
multidimensional scaling analysis (3-D MDS)
and detrital zircon U-Pb age unmixing modeling
to constrain the provenance of the Cretaceous
windblown and water-lain sediments; and (3) to
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integrate these data sets with other multidisci-
plinary data sets, such as low-temperature ther-
mochronology and tectonic-magmatic data sets.
Further, we discuss the co-evolutionary mecha-
nisms of tectonics, climate, and geomorphol-
ogy, and examine paleoclimatic variation and
rain-shadow migration in east Asia throughout
the Cretaceous.

GEOLOGICAL SETTING

The SE Tibetan Plateau consists of several
continental fragments, including parts of the
Qiangtang, Lhasa, Indochina, and South China
blocks, the eastern Songpan—Ganzi Complex,
and the Yidun Arc (Fig. 1A) (Bally et al., 1980;
Sengor, 1985; Yin and Harrison, 2000; Burchfiel
and Chen, 2013). During the Late Permian—Trias-
sic accretion of these blocks, several suture zones
related to the closure of the Paleo-Tethys Ocean
were formed (Metcalfe, 2011). The SE Tibetan
Plateau has undergone a complex deformation
history that spans the Mesozoic and Cenozoic and
developed a series of Mesozoic basins (Burchfiel
and Chen, 2013), including the LPB, Sichuan
Basin (SIB), Simao Basin, Chuxiong Basin, and
Korat Basin (Figs. 1A and 1B; Fig. S1 in the
Supplemental Material'). The LPB is located at
the junction of the Indochina Block, the South
China Block, the Songpan—Ganzi Complex, and
the Yidun Arc (Schiérer et al., 1990; Burchfiel and
Chen, 2013), and is bounded by two large and
deep faults, the Lancang River fault in the west
and the Jinsha—Ailao—Red River fault in the east
(Fig. 1B). The southern end of the LPB intersects
with the Simao Basin, Vientiane Basin, and Korat
Basin, jointly forming a large-scale lake chain-
rift basin system during the late Mesozoic (Met-
calfe, 2011; Wang et al., 2021, 2023).

The LPB contains Cretaceous deformed red-
bed successions of the Jingxing, Nanxin, and
Hutousi formations, from bottom to top (see Fig.

ISupplemental Material. Stratigraphic division
of Cretaceous in the SE Tibetan Plateau. Methods:
Detrital zircon U-Pb results of Cretaceous in the
Lanping Basin. Detrital zircon U-Pb signals of
Cretaceous in the Sichuan Basin. Detrital zircon
U-Pb signals of potential source areas. Figures S1-
S5. Supplementary References. Please visit https:/
doi.org/10.1130/GSAB.S.23800506  to  access
the supplemental material, and contact editing@
geosociety.org with any questions.

S1). The Jingxing Formation (Fm.) is dominated
by red and grayish-green sandstones and mud-
stones of fluvial-lacustrine origin and contains
Early Cretaceous fossils such as sporopollen
(Classopollis sp.), Ostracoda (Monosulcocy-
pris-Cypridea), and lamellibranchs (Cyotrigo-
nioides—Nippononaia—Plicatounio) (Li et al.,
2018a). The Nanxin Fm. consists of cross-bed-
ded red sandstone deposited in an erg (aeolian
sandy desert) system, whereas the Hutousi Fm.
is characterized by yellowish-gray and purplish
sandstones with cross-bedding, also indicating
an eolian origin (Li et al., 2018a). The Nanxin
and Hutousi formations have similar characteris-
tics both in terms of their lithology and sedimen-
tary environment origins as well as their lack of
direct evidence of biological activity. Systematic
magnetostratigraphic studies combined with the
study of volcanic rock chronology have dated
the Hutousi Fm. as a Late Cretaceous Conia-
cian—Santonian (89.8-83.6 Ma) unit, the Nanxin
Fm. as a mid-Cretaceous Albian—Turonian
(113-89.8 Ma) unit, and the Jingxing Fm. as an
Early Cretaceous Hauterivian—-Barremian unit
(132.9-125 Ma) (see Fig. S1) (Yin et al., 1999;
Yuan et al., 2013; Wang et al., 2015, 2023; Yan
et al., 2021).

MATERIALS AND METHODS
Paleocurrent Analysis

Paleocurrent orientation data from the LPB
have been collected from Cretaceous eolian and
water-lain facies from cross-bedding, long-axis
transverse imbrications in channel lag conglom-
erates, and asymmetric ripples (Figs. S2 and S3).
A total of 206 groups of paleocurrent orientation
data from 16 outcrops were measured (Fig. 2),
comprising 74 groups of paleo-water flow data
and 132 groups of paleo-wind data (including
20 groups we collected in the Changxing area
(Li et al., 2018a). Paleocurrent orientation data
were corrected for post-Cretaceous average
clockwise rotation (37°) of the crust based on
paleomagnetic results (see Tong et al., 2013; Li
etal., 2018a). Paleo-wind flow data is principally
used to identify the prevailing paleo-winds of
the study area (Wu et al., 2017, 2018; Li et al.,
2018a), while paleo-water flow data is applied to
reconstruct the sediment-routing system (Weis-
logel et al., 2010; Jian et al., 2019).
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Figure 1. (A) Distribution of continental/micro-continental blocks in east Asia (after Li et al., 2018b). (B) Schematic tectonic map of
southeastern Asia (modified from Li et al., 2018a). (C) Geological map of the Lanping Basin, showing sample locations of the present
study. CA—Cathaysia Block; DB—Dabie orogen; ESPGZ—eastern Songpan—-Ganzi Complex; Fm.—Formation; ICB—Indochina Block;
JS-ALTZ—Jinsha-Ailao tectonic zone; KB—Khorat Basin; LCJTZ—Lancangjiang tectonic zone; LPB—Lanping Basin; NQT—North
Qiangtang Block; NYD—North Yidun terrane; QDB—Qaidam Basin; SIB—Sichuan Basin; SL—Sulu orogen; SMB—Simao Basin;
SQL—South Qinling orogen; SQT—South Qiangtang Block; SYD—South Yidun terrane; VB—Vientiane Basin; YZ—Yangtze Craton.
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Sample Collection

Eight samples were collected from Creta-
ceous rocks of the LPB for detrital zircon U-Pb
geochronology analysis: three samples from
the Jingxing Fm. (MZP15 from the Mizhi area;
PAPOQ9 from the Weishan area; and LTP09 from
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the Yongping area), three from the Nanxin Fm.
(PAP15 and PAP23 from the Weishan area;
CXPO09 from the Lanping area), and two from
the Hutousi Fm. (DX50 from the Yongping
area; DX83 from Yunlong area) (Fig. 1C). Of
these eight samples, those from the Jingxing
Fm. are from fluvial deposits, while the rest are
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Figure 2. Reconstruction of
paleocurrent orientations in
the Lanping Basin (LPB) in
east Asia for the Cretaceous.
Numbers indicate studied out-
crops; arrows indicate paleo-
current orientations. The 16
outcrops from which paleocur-
rent data were obtained are
as follows: 1—Changpingtan
(CPT); 2—Zhuopanhe (ZPH);
3—Taoyuanpu (TYP); 4—
Shicheng (SC); 5—Changxin
(CX); 6—Zhongshuifeng
(ZSF); T7—Mizhi (MZ01);
8—Mizhi (MZ02); 9—Xin-
sheng (XS); 10—Fenglian-
chang (FLC); 11—Wengu
(WG); 12—Mofanghe (MFH);
13—Anlongchun (ALC);
14—Pinganzhuang (PAP); 15—
Xiaosanjia (XSJ); 16—Nan-
jian (NJ). Fm.—Formation;
n—number of paleocurrent
orientations.

eolian facies. In terms of the formation process,
these coarse eolian sands are basically formed
from the sediments of the alluvial-fluvial
environment within the basin through eolian
reworking. So, the detrital zircon signal of aeo-
lian sands can be used in provenance (source-
to-sink) analysis.
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Detrital Zircon U-Pb Geochronology

All aspects of sample preparation, analysis, and
data generation were conducted at Guangdong
Provincial Key Laboratory of Marine Resources
and Coastal Engineering, Guangzhou, China,
where standard techniques of mineral separation
and laser ablation—inductively coupled plasma—
mass spectrometry U-Pb dating of zircon grains
were used (see the Supplemental Material for
details). A complete data set of isotopic measure-
ments for detrital zircon U-Pb geochronology of
the eight samples from the LPB is presented in
Supplemental Data S1. Samples were divided into
three groups according to stratigraphy: Groups
K, JX, K,NX, and K,HTS. Results from these
samples were combined with previous results for
Groups K;SC, K,JG, and K,GK from the SIB (Li
et al., 2018c) (see the Supplemental Material) to
make six “daughter groups” (Fig. 2). In addition,
to better constrain the potential provenances of
these Cretaceous sandstones (daughter groups)
from the LPB and SIB, available detrital zircon
geochronological data from adjacent potential
source areas (parent groups) were compiled as
follow: the Jinsha-Ailao (JS-ALTZ), Lancangji-
ang (LCJTZ), and South Qinling (SQL) tectonic
zones; the eastern Songpan—Ganzi Complex
(north depocenter [N-ESPGZ], middle depocen-
ter [M-ESPGZ], south depocenter [S-ESPGZ]);
and the Qiangtang (Northern Qiangtang [NQT]
and Southern Qiangtang [SQT]), Western Yang-
tze (W-YTZ), and Yidun Arc (North Yidun
[N-YD] and South Yidun [S-YD]). Initial com-
parisons of detrital zircon U-Pb age distributions
among parent groups and daughter groups were
accomplished by visual inspection of the relative
abundances of component (subpopulation) age
groups (Fig. 3A).

Eastern Songpan—Ganzi Complex (ESPGZ)
The ESPGZ is characterized by 5-10-km-
thick Upper Triassic flysch and widespread
Mesozoic granitoids (ca. 224—-112 Ma, Roger
et al., 2004, 2010; Zhang et al., 2006; Xiao
et al., 2007; Weislogel, 2008; Yuan et al., 2010),
with intense deformation and a large arc-shaped
structural belt (Nie et al., 1994; Harrowfield and
Wilson, 2005; Weislogel et al., 2006, 2010). The
ESPGZ is not a single unified turbidite system,
but consists of three relatively independent dep-
ocenters (Weislogel et al., 2010) (Fig. 3A). The
N-ESPGZ depocenter contains a high density of
ca. 256 Ma, ca. 469 Ma, ca. 1852 Ma detrital zir-
con ages with a minor portion of ca. 330 Ma and
ca. 2498 Ma. The M-ESPGZ depocenter shows
dominate age populations of ca. 267 Ma and
ca. 443 Ma with few ca. 1876 Ma zircon while
the S-ESPGZ depocenter predominates at ca.
1872 Ma with a minor portion of ca. 262 Ma, ca.

440 Ma, and ca. 740 Ma zircon (Weislogel et al.,
2010). In addition, the M-ESPGZ and S-ESPGZ
contain granite intrusions dated at 224—188 Ma
and 228-112 Ma, respectively (Roger et al.,
2004, 2010; Zhang et al., 2006; Xiao et al., 2007;
Weislogel, 2008; Yuan et al., 2010).

Yidun Arc (YD)

The YD comprises the Triassic Yidun Group
flysch-volcanic succession and arc-related gran-
ite and granodiorite plutons with ages at ca.
245.2-75.8 Ma, integrally concentrating at ca.
86 Ma, ca. 215 Ma, and ca. 241 Ma (Hou et al.,
2001; Reid et al., 2005; Wang et al., 2014; Weis-
logel, 2008; He et al., 2013). However, there are
some differences between the detrital zircon ages
of flysch-sediments in the south and north of
YD (Fig. 3A). Detrital zircon ages of the Yidun
Group in the N-YD fall into two prominent age
populations of 490400 Ma (ca. 440 Ma) and
2010-1790 Ma (ca. 1896 Ma), whereas the
Yidun Group in the S-YD is characterized by a
high density of ca. 261 Ma, ca. 424 Ma, and ca.
1885 Ma, with a minor portion of ca. 768 Ma
and ca. 2476 Ma (Wang et al., 2014; Jian et al.,
2019). By contrast, the N-YD contain granite
intrusions dated at 238-76 Ma concentrating at
ca. 86 Ma, while the age of granite intrusions in
the S-YD concentrates at 245-80 Ma, and fur-
ther concentrates at ca. 215 Ma and ca. 241 Ma.

South Qinling Tectonic Zone (SQL)

The SQL is composed of Triassic granitoids
(Li et al., 2015, and references therein), Paleo-
zoic sediments (Dong et al., 2013), and Neo-
proterozoic volcanic and complex assemblage
(Li et al., 2018c, and references therein). In
general, the SQL is characterized by principal
age populations of 245-189 Ma (with peak at
ca. 221 Ma), 459-432 Ma (ca. 443 Ma), and
890-660 Ma (ca. 765 Ma), with a minor portion
at 2550-2340 Ma (ca. 2496 Ma).

Western Yangtze Craton (W-YTZ)

The W-YTZ consists of late Neoproterozoic
plutonic complexes and sediments (Chen et al.,
2013; Meng et al., 2015), Paleozoic sediments
(Duan et al., 2011; Chen et al., 2018), and early
to middle Mesozoic sediments (Zhu et al., 2017,
Li et al., 2018c¢). In addition to these, the Late
Permian Emeishan large igneous province is
well exposed in the western margin of the Yang-
tze Block and yielded ages concentrating at ca.
261 Ma (Shellnutt, 2014, and references therein).
As awhole, the W-YTZ is characterized by prin-
cipal age populations of 300-210 Ma (with peak
at ca. 261 Ma) and 1020-720 Ma (ca. 798 Ma),
with minor portions at 690-420 Ma, 2010-
1159 Ma (ca. 1860 Ma), and 2580-2310 Ma (ca.
2464 Ma) (Fig. 3A).
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North Qiangtang Block (NQT) and South
Qiangtang Block (SOT)

The NQT contains abundant late Paleozoic—
early Mesozoic and Precambrian zircon ages
forming two prominent major populations at
304-228 Ma (with peak at ca. 259 Ma) and
1080-700 Ma (ca. 803 Ma), with smaller popu-
lations of Neoproterozoic (700-500 Ma), Paleo-
proterozoic (1920-1860 Ma), early Archean—
early Paleoproterozoic (2610-2400 Ma), and
3566-2701 Ma (Gehrels et al., 2011) (Fig. 3A).
The SQT is mainly dominated by Precambrian
zircon ages forming several populations at 700—
500 Ma (peaking at ca. 562 Ma), 1130-700 Ma
(ca. 956 Ma), 2010-1780 Ma (ca. 1865 Ma),
and 2650-2380 Ma (ca. 2471 Ma), with smaller
populations of late Paleozoic—early Mesozoic
320-201 (ca. 262 Ma) (Gehrels et al., 2011)
(Fig. 3A).

Jinshajiang-Ailaoshan Tectonic Zone
(JS-ALTZ)

The JS-ALTZ is principally composed of Silu-
rian—Devonian and Triassic—Jurassic metasedi-
mentary in the west and high-grade metamor-
phic rocks in the east (Liu et al., 2014; Wang
et al., 2017). In addition, the magmatism related
to the paleo-Tethys Ocean closure is widespread
in the Jinshajiang-Ailaoshan suture zone and
Lincang area. Along the Jinshajiang-Ailaoshan
suture zone, zircons from volcanics and adakites
range in age from 330 Ma to 211 Ma (with dom-
inating populations at 245-211 Ma; Chen, 2017,
and references therein). Generally, the JS-ALTZ
is characterized by principal age populations of
300-213 Ma (peaking at ca. 246 Ma) and 470—
390 Ma (ca. 443 Ma), and with minor portions
at 1160-900 Ma and 2690-2430 Ma (Fig. 3A).

Lancangjiang Tectonic Zone (LCJTZ)

The LCJTZ consists of Paleo-Tethys Ocean
remnants associated with high-pressure meta-
morphic rocks, blueschist, and associated arc-
magmatism (Wang et al., 2010, and references
therein; Li et al., 2012; Chen., 2017, and refer-
ences therein; Xu et al., 2018; Qi et al., 2019),
Paleozoic sediments (Xin et al., 2018), and early
to middle Mesozoic sediments (Shi, 2015). As a
whole, the LCJTZ is characterized by principal
age populations of 330-210 Ma (ca. 234 Ma)
and 660—420 Ma (ca. 508 Ma), with minor
portions at 1020-810 Ma (ca. 884 Ma), 1890—
1590 Ma (ca. 1760 Ma), and 25802280 Ma (ca.
2448 Ma) (Fig. 3A).

Three-Dimensional Multidimensional
Scaling (3-D MDS)

Additional comparison of detrital zircon
U-Pb age distributions was established using a
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Figure 3. (A) Kernel density estimates (KDEs) and probability density plots (PDPs) of detrital zircon U-Pb ages from daughter groups in the
Lanping Basin (this study), the Sichuan Basin (Li et al., 2018c), and potential source areas of study area (see the Supplemental Material [see
text footnote 1] and references therein). (B) Three-dimensional multidimensional scaling analysis (3-D MDS) plot of daughter groups in the
Lanping Basin, Sichuan Basin, and potential source areas. The level of dissimilarity is based on the value of the cross-correlation coefficient.
Solid black lines and dashed gray lines in the MDS plot point from each sample to its closest neighbor and second-closest neighbor, respec-
tively. (C) Shepard plot based on 3-D MDS (stress = 0.089174). 0.1 > stress > 0.05 represents good degree of fitting. (D) Unmixing detrital
geochronology age distributions plotted against cross-correlation coefficient. JS-ALTZ—Jinsha—Ailao tectonic zone; LCJTZ—Lancangji-
ang tectonic zone; M-ESPGZ—middle eastern Songpan—Ganzi complex; N-ESPGZ—north eastern Songpan-Ganzi complex; N—number
of detrital zircons; NQT—North Qiangtang Block; N-YD—North Yidun Arc; S-ESPGZ—south eastern Songpan—Ganzi Complex; SQL—
South Qinling tectonic zone; SQT—South Qiangtang Block; S-YD—South Yidun Arc; W-YTZ—Western Yangtze Craton.

<

3-D MDS plot to identify the degree of simi-
larity of the samples. 3-D MDS was applied
by constructing a pairwise dissimilarity matrix
of detrital age distributions among the parent
groups and daughter groups based on the R?
cross-correlation coefficient. The 3-D MDS plot
and Shepard plot were generated using the pro-
gram DZmds (Figs. 3B and 3C) (Saylor et al.,
2018). Solid black lines and dashed gray lines
in the 3-D MDS plot point from each sample to
its closest neighbor and second closest neighbor,
respectively.

Detrital Zircon U-Pb Age Unmixing
Modeling

To further explore the observed variability in
provenance signatures between parent groups
and daughter groups, top-down detrital zircon
unmixing modeling was applied to basin sam-
ples (Sundell and Saylor, 2017). Detrital zircon
unmixing modeling approaches allow the poten-
tial source proportions found in a mixed basin
sample to be quantified. We used the DZmix
program and selected an inverse Monte Carlo
approach owing to the number of potential con-
tributing source areas (Fig. 3D) (Sundell and
Saylor, 2017).

RESULTS
Paleocurrent Analysis

Individual paleocurrent measurements were
compiled into regional and temporal trends
(Fig. 2; Figs. S2 and S3). Early Cretaceous
paleocurrent orientations in the northern LPB
(Wengu and Fenglianchang areas) indicate SW
or SSW-directed paleo-water flow, and those
in the central LPB Early Cretaceous deposits
(Anlongchun) indicate near-S-directed paleo-
water flow. In the southeastern LPB, Early Cre-
taceous paleocurrent orientations from channel
lag conglomerates (Mizhi, MZ01) and aqueous
cross beds (Xinsheng) indicate SW-directed
paleo-water flow, and large asymmetric ripples
in the Nanjian area reveal a southeastward water
flow. Mid-Cretaceous paleocurrent orientations

obtained from cross beds of eolian dune depos-
its in the northern LPB (Zhongshuifeng and
Changxin, Li et al., 2018a) indicate a paleo-wind
blowing toward the SW in the southeastern LPB,
and mid-Cretaceous eolian deposits (Mofanghe
and Xiaosanjia [XSJ]) also indicate a SW paleo-
wind direction; while paleocurrents from asym-
metric ripples in the Mizhi (MZ02) and the Ping
An Zhuang (PAP) areas show SSW and WSW
paleo-water flows, respectively. Late Cretaceous
paleocurrents obtained from cross-bedded eolian
dune deposits in the Yongping (Changpingtan,
Zhuopanhe, and Taoyuanpu) and Yunlong
(Shicheng) areas of the central LPB all indicate
a SW paleo-wind direction, suggesting that the
prevailing winds were located at the southern
edge of the subtropical high belt or trade winds
belt, which were the same as during the mid-
Cretaceous (Wu et al., 2017).

Detrital Zircon Ages from Cretaceous
Rocks in the LPB

The majority of zircon grains exhibited oscil-
latory growth zoning in the cathodolumines-
cence images and had relative high Th/U ratios
(Figs. S4A and S4B), indicating that most of
the analyzed zircons were of igneous origin.
The Lower Cretaceous (Group K,JX) in the
southern LPB is characterized by a high den-
sity of ages at 309-202 Ma (with two peaks at
ca. 224 Ma and ca. 237 Ma), 920-760 Ma (ca.
810 Ma), and 2080-1680 Ma (ca. 1840 Ma),
with lesser densities at 480-420 Ma (ca.
442 Ma) and 2560-2470 Ma. The Upper Cre-
taceous (Group K,NX) in the south-central LPB
shows a high density of ages at 328-200 Ma
(with two peaks at ca. 225 Ma and ca. 263 Ma),
1060-720 Ma, and 2060-1640 Ma, with
lesser densities at 460-360 Ma (ca. 437 Ma)
and 2580-2360 Ma. The Upper Cretaceous
(K,HTS) in the western LPB displays a high
density of ages at 320-205 Ma (with a peak
at ca. 232 Ma), 870-720 Ma (ca. 769 Ma),
and 2070-1716 Ma, with lesser densities at
480-370 Ma (ca. 445 Ma) and 2680-2400 Ma.
Results for each sample are presented in detail
in Figure 3A and Figure S5.
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Variation in Detrital Zircon U-Pb Age
Signatures

Detrital zircon U-Pb age signatures of sam-
ples from the LPB, SIB, and potential source
areas are detailed in Figures 1 and 3A and in
the Supplemental Material. In general, detrital
zircon age spectra of Cretaceous samples from
the LPB and SIB show marked similarities to
those of the S-YD (Jian et al., 2019), as they
share age subpopulations of 330-180 Ma (with a
peak at ca. 261 Ma), 480-360 Ma (ca. 435 Ma),
1000-700 Ma, 2060-1710 Ma (ca. 1885 Ma),
and 2610-2340 Ma (Fig. 3A), and an absence
of zircon ages in the ranges of 700-500 Ma and
1700-1000 Ma (Jian et al., 2019). In addition,
for the LPB, the Lower Cretaceous Group K,JX
shares a peak age at ca. 235 Ma with the LCITZ
and a peak age at ca. 443 Ma with the M-ESPGZ,
indicating that the LCJTZ and M-ESPGZ might
have supplied the LPB as minor source areas.
The Upper Cretaceous Groups K,NX and K,HTS
contain more zircons of age 2360-2580 Ma than
Group K,JX, similar to the N-ESPGZ. For the
SIB, the Lower Cretaceous Group K;SC shares
peak ages at ca. 260 Ma and 900-700 Ma with
the W-YTZ, indicating that rocks of the Late
Permian Emeishan large igneous province and
late Neoproterozoic bedrock in the W-YTZ prob-
ably served as potential sediment sources for the
SIB (Li et al., 2018c, and references therein).
The Upper Cretaceous Groups K,JG and K,GK
share peaks at ca. 221 Ma, ca. 443 Ma, and ca.
765 Ma with the SQL, and share a peak age of
ca. 1868 Ma with the S-ESPGZ, suggesting that
the SQL and S-ESPGZ may have supplied clas-
tic detritus to the SIB.

Three-Dimensional Multidimensional
Scaling Analysis

The 3-D MDS plot and Shepard plot (Figs. 3B
and 3C) reveal that Cretaceous groups in the
LPB and SIB display a systematic similarity to
each other. All of these groups have a high corre-
lation with the S-YD as the closest neighbor but
are unrelated to the Qiangtang blocks. In addi-
tion, for the LPB, Group K, JX has three rela-



tively closer neighbors, M-ESPGZ, JS-ALTZ,
and LCJTZ, while the N-ESPGZ is considered
to be the second-closest neighbor of Group
K,NX. Group K,HTS has no obvious second-
closest neighbor but has a moderate correlation
with the former two groups. For the SIB, groups
K,JG and K,GK both have the SQL as a second-
closest neighbor and a moderate correlation with
the S-ESPGZ.

Unmixing Detrital Geochronology Age
Distributions

The detrital zircon U-Pb age unmixing model-
ing results for the Cretaceous rocks of the LPB
and the SIB are presented in Figure 3D, which
shows Monte Carlo model source combinations
plotted against the cross-correlation coefficient
of the probability density plots (Sundell and Say-
lor, 2017). The Lower Cretaceous Jingxing Fm.
(Group K,JX) of the LPB shows primary source
contributions of 30.94% from the S-YD, 12.93%
from the M-ESPGZ, 11.46% from the LCJTZ,
10.50% from the JS-ALTZ, and 34.71% from
the other seven potential source areas (average
contribution of 4.96%). The Upper Cretaceous
Nanxing Fm. (Group K,NX) of the LPB shows
primary source contributions of 38.97% from the
S-YD, 20.15% from the N-ESPGZ, and 40.86%
from the other nine potential source areas (aver-
age contribution of 4.54%). The Upper Creta-
ceous Hutousi Fm. (Group K,HTS) of the LPB
shows primary source contributions of 18.06%
from the S-YD, 16.39% from the N-ESPGZ,
13.72% from the M-ESPGZ, 13.48% from the
SQL, and 38.35% from the other seven potential
source areas (average contribution of 5.48%).

The Lower Cretaceous (Group K,SC) of
the SIB shows primary source contributions
of 44.27% from the S-YD, 15.59% from the
W-YTZ, 10.43% from the S-ESPGZ, and
29.71% from the other eight potential source
areas (average contribution of 3.71%; Fig. 3D).
The Upper Cretaceous Jiaguan Fm. (Group
K,JG) of the SIB shows primary source con-
tributions of 24.25% from the S-YD, 24.11%
from the S-ESPGZ, 20.63% from the SQL,
and 31.00% from the other eight potential
source areas (average contribution of 3.88%).
The Upper Cretaceous Guankou Fm. (Group
K,GK) of the SIB shows primary source con-
tributions of 23.91% from the S-YD, 25.33%
from the SQL, 12.51% from the S-ESPGZ, and
38.24% from the other eight potential source
areas (average contribution of 4.78%). Overall,
the detrital zircon U-Pb age unmixing modeling
results were highly consistent with those of the
3-D MDS, with the former analysis providing a
more detailed and comprehensive account of the
proportions of provenance contribution.

Chihua Wu et al.

DISCUSSION

High-Altitude Late Mesozoic Terrain in the
SE Tibetan Plateau and Drainage Network
Evolution

Basins along the SE Tibetan Plateau area
experienced a marked shift in paleoclimate dur-
ing the Cretaceous. During the Early Cretaceous,
almost all these basins were characterized by
alluvial-fluvial-lacustrine deposits and paleo-
sols (Fig. S1) (Wu et al., 2017; Li et al., 2018a,
2018c; Liuetal., 2019; Wang et al., 2021, 2023),
indicating that the climate was semi-humid to
semi-arid. By the mid- to Late Cretaceous, the
climate had become increasingly hot and arid,
leading to a gradual shift from aqueous systems
to eolian systems (Wu et al., 2022). These inter-
pretations are supported by Upper Cretaceous
eolian sands and evaporites found in all these
basins (Wu et al., 2017, 2022; Li et al., 2018a,
2018c; Liuetal., 2019; Wang et al., 2021, 2023).
This pronounced and coeval climatic shift over
the SE Tibetan Plateau was previously thought to
have been controlled by latitudinal migration of
subtropical high-pressure systems on a planetary
scale (Wu et al., 2017; Li et al., 2018a), which
is consistent with our paleo-wind orientations
reconstruction (Figs. 2, 4A, and 4E). However,
these basins were adjacent to the Neo-Tethys
(Fig. 4), and moisture would have extended to
the continental interiors, given the differences
in ocean-continental thermodynamic properties
and meridional heat transport by the atmosphere
and/or oceans during the Cretaceous greenhouse
world (Fluteau et al., 2007; Wu et al., 2017).
Warm ocean currents circulating in the Neo-
Tethys (Fig. 4) (Scotese, 2002) would have also
humidified these areas and thus probably slowed
aridification in east Asia. In contrast, there was
intensive aridification in the interior of the SE
Tibetan Plateau during the mid- to Late Creta-
ceous (Wu et al., 2017; Li et al., 2018a, 2018c).
Generally, the interaction between features such
as high-pressure systems, high mountains, and
cold ocean currents determines whether a given
region will undergo desertification (Glennie,
1970; Cook, 1993; Wu et al., 2017). Therefore,
it is likely that the paleoclimate and erg system
of the SE Tibetan Plateau area during the Cre-
taceous was controlled by a large and relatively
enclosed paleo-topographic barrier that triggered
a rain-shadow effect and dominated the evolu-
tion of the sediment-routing system before the
India-Eurasia collision.

For the Early Cretaceous (Barremian—
Hauterivian), detrital zircon age spectra signa-
tures of groups K,JX from the Lanping Basin
(LPB) and K,;SC from the Sichuan Basin (SIB)
show pronounced similarities with that of the
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South Yidun Arc (S-YD), suggesting that the
S-YD was the main source area and a promi-
nent upland in the SE Tibetan Plateau during this
epoch (Figs. 3A and 4A). Regional low temper-
ature thermochronology data and correspond-
ing thermal history modeling of the Zhongza,
Ganzi, and Daocheng granitoids from the Yidun
Arc (Reid et al., 2005; Wilson and Fowler, 2011;
Tian et al., 2014a; Leng et al., 2018), show that
rapid cooling episodes between Late Jurassic to
Late Cretaceous occurred in the S-YD (Fig. 5).
This indicates a regional uplift during the period,
probably as a result of the northward subduc-
tion of the Meso-Tethys oceanic slab and sub-
sequent collision between the Lhasa and Qiang-
tang terranes (Tian et al., 2014a). Furthermore,
206-138 Ma syn-collision granites are widely
exposed in the Yidun Arc, which also suggests
that this area was located in an arc-continent
collision setting (Hou et al., 2001). Therefore,
the drainage systems from the S-YD to the LPB
and the SIB can be estimated (Figs. 4A and
4B). Early Cretaceous paleocurrent orientations
from fluvial deposits in the northern LPB are
SW or SSW to SE (Fig. 2), and in the southern
LPB the drainage routes connect with channels
developed in the central Simao Basin (Wu et al.,
2017), and may even extend to the Muang Xai
Basin in Laos (Wang et al., 2017), the Khorat
Basin in Thailand, and the Phuquoc Basin in the
Gulf of Thailand (Nguyen et al., 2021; Wang
etal., 2021, 2023).

Results of 3-D MDS and DZ unmixing mod-
eling show that the primary provenance area
for Group K,;JX is the S-YD, with minor con-
tributions from the Lancangjiang tectonic zones
(LCJTZ) and middle depocenter of eastern
Songpan—Ganzi Complex (M-ESPGZ), whereas
Group K,SC shows primary contributions by the
S-YD and minor contributions by the Western
Yangtze (W-YTZ) and southern depocenter of
eastern Songpan—Ganzi Complex (S-ESPGZ)
(Figs. 3A-3D). The LCJTZ provided ca. 235 Ma
zircons from proximal intrusive rocks to the LPB
(Fig. 3A), and the M-ESPGZ contributed a small
amount of detrital material to the LPB, which
may represent the inheritance of orogenesis in
the eastern Songpan—Ganzi during the Late Tri-
assic (Weislogel et al., 2010). The minor contri-
butions of the W-YTZ and S-ESPGZ to Group
K ,SC may represent detrital materials carried by
the drainage system from the S-YD to the SIB
through the W-YTZ and S-ESPGZ (Figs. 4A and
4B). It should be noted that during the develop-
ment of the drainage system from the S-YD to
the LPB and SIB, if materials sourced from the
M-ESGPZ were transported to the LPB, then
another drainage system would have developed
simultaneously to the west of that drainage sys-
tem (Fig. 4B), as suggested by a previous paleo-
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Figure 4. Spatial-temporal variation in the distribution of climate-indicative sediments in the Asian interior (Wu et al., 2018), drain-
age evolution (Wu et al., 2017; Suo et al., 2019; Nguyen et al., 2021; Zhao et al., 2021; Wang et al., 2021, 2023), and paleogeography of
the SE Tibetan Plateau (Metcalfe, 2011; Cao et al., 2017) during the Early (A and B), mid- (C and D), and Late (E and F) Cretaceous.
GB—Gobi Basin; JHB—Jianghan Basin; KB—Khorat Basin; LSB—Lanping-Simao Basin; OB—Ordos Basin; SBB—Subei Basin;
SIB—Sichuan Basin; SLB—Songliao Basin; XJB—Xinjiang Basin; ZLLB—Zoulang Basin.
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Figure 5. (A) The distribution
of modern topography, drain-
age system in eastern Tibet and
surrounding areas, along with
locations of low-temperature
(T) thermochronology samples
from the plateau surface. The
highlighted areas in gray rep-
resent low relief, high elevation
areas, cited from Clark et al.
(2005). (B) Thermal modeling
results of these thermochro-
nological data from previous
studies. The thermal model-
ing results cited from previous
studies show that the mid- to
Late Cretaceous cooling/exhu-
mation episodes in the Qinling
area (1—Chen et al., 2015;
2—Enkelmann et al., 2006;
3—Wang et al., 2021; 4—Tian
et al., 2012) and eastern Song-
pan-Ganzi complex (5—Clark
et al.,, 2005; 6—Wang et al.,
2008; 7—Dai et al., 2013; 8—
Tian et al., 2014b; 9—Zhang
et al., 2016; 10—Li et al., 2023),
and the Late Jurassic to mid-
Cretaceous rapid cooling epi-
sodes occurred in the South
Yidun Arc (11—Wilson and
Fowler, 2011; 12—Tian et al.,
2014a; 13—Leng et al., 2018),
and in the mid-Cretaceous to
Paleocene in the Qiangtang
Terrane (14-15—Cao et al.,

2021, 2022), and in the Late Cretaceous to Paleocene in the Lhasa Terrane (16—Hetzel et al., 2011; 17—Haider et al., 2013). AFT—apatite
fission track dating; AHe—apatite (U-Th)/He dating; LPB—Lanping Basin; R.—River; ZHe—zircon (U-Th)/He dating.

geographic study (BGMRYP, 1995). Regarding
the connectivity between the LPB and SIB, pre-
vious studies hold that the paleo-Yangtze River
coursed through the SIB, Xichang Basin, and
LPB from the Middle Jurassic to Early Creta-
ceous (Chen, 1979). The southwestward paleo-
water flow and thick Early Cretaceous fluvial
lag deposits cropping out in the Mizhi area of
the southeastern LPB (Fig. 2; Fig. S2) suggest
long-distance transport of detrital material from
the northeastern source area (Fig. 4B). Conse-
quently, we do not rule out the possibility that the
LPB was connected to the SIB during the Early
Cretaceous and that the Mizhi-Nanjian area may
have been an important river confluence in east
Asia at that time.

For the mid-Cretaceous (Albian—Turonian),
detrital zircon age spectra signatures of groups
K,NX and K,JG show inheritance of Early Cre-
taceous sediments (Figs. 4C and 4D), suggesting

that the S-YD was still the dominant source area
for the LPB and SIB at that time, with a pulse of
moderate to high exhumation (70-300 m/m.y.)
(Liu-Zeng et al., 2018), and that the main drain-
age systems were still active (Figs. 4C and
4D). In addition, the northern depocenter of the
eastern Songpan—Ganzi Complex (N-ESPGZ)
accounted for 20.15% of the provenance con-
tribution to the LPB during the mid-Cretaceous
(Fig. 3D), 13.97% more than during the Early
Cretaceous, suggesting the occurrence of local
uplift and the establishment of a new source area
in the N-ESPGZ. This tectonic information is
confirmed by multiple low-temperature thermo-
chronological data and thermal history modeling
results (Xu et al., 2016; Liu et al., 2019) (Fig. 5),
together pointing to a rapid mid-Cretaceous
cooling/exhumation event (ca. 100 Ma) in the
Zoige and surrounding areas (Tian et al., 2014b;
Liu et al., 2019) (Fig. 5). Meanwhile, owing to
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the compression of the Qinling orogen toward
the Yangtze Craton the compression caused
rapid uplift and denudation in the northern SIB
(Fig. 5) (Li et al., 2018c). Moreover, the marked
mid-Cretaceous (ca. 100-80 Ma) cooling of
granitoids in the Litang-Yajiang area indicates
that the S-ESPGZ had also become a new source
area for the SIB (Fig. 5) (Wilson and Fowler,
2011). These two source areas (the South Qin-
ling tectonic zones [SQL] and the S-ESPGZ) of
the SIB are confirmed by the results of 3-D MDS
and DZ unmixing modeling (Figs. 3B-3D), with
these two source areas estimated to have con-
tributed 24.11% and 20.63%, respectively, of
the detrital materials to the SIB, therefore, being
minor sources areas during the mid-Cretaceous.
As the marked surface uplift of the SE Tibetan
Plateau and the resultant climate had transitioned
to one characterized by extreme aridity during
the mid-Cretaceous, eolian sands and evapo-
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rites became widely developed in the LPB and
SIB (Fig. 4D), with drainage systems being less
developed than those of the Early Cretaceous,
and deserts and shallow playa were initially
formed (Wu et al., 2017; Li et al., 2018a, 2018c;
Wang et al., 2021, 2023), even resulting in ice
flow formation and dropstone accumulations in
desert oases (Wu and Rodriguez-Ldpez, 2021).
Both the LPB and SIB began to shrink dramati-
cally during the mid-Cretaceous, with many flu-
vial channels within basins being abandoned in
favor of wadis (Li et al., 2018a), and connectivity
between the LPB and SIB was lost (Chen, 1979).
However, we consider that the main drainage
systems from the S-YD and the northern dep-
ocenter of eastern Songpan—Ganzi Complex to
the LPB, and from the S-YD and the southern
depocenter of the eastern Songpan—Ganzi Com-
plex to the SIB, were active on the basis of the
southwestward paleo-water flow in the MFH,
XSJ, and MZ02 areas of LPB (Fig. 2) and detri-
tal zircon age spectra signatures (Fig. 3).
Detrital zircon age spectra signatures of
groups K,-HTS and K,-GK show that although
the S-YD continued to provide detrital materials
for the LPB and the SIB during the Late Creta-
ceous (Coniacian—Campanian), its contribution
was no longer dominant. For the LPB, the contri-
bution from the Songpan—Ganzi (N-ESPGZ and
M-ESPGZ, 30.11%) exceeded that of the S-YD
(18.60%), whereas for the SIB, the contribution
of the SQL (25.34%) was similar to that of the
S-YD (23.91%), all of which can be attributed to
continuous uplift of the Songpan—Ganzi Com-
plex and the South Qinling orogen from the mid-
Cretaceous (Xu et al., 2016; Liu et al., 2019).
This is consistent with widespread Cretaceous
cooling ages reported from the high altitude and
low relief surfaces in the Songpan—Ganzi ter-
rane (Clark et al., 2005; Dai et al., 2013; Tian
et al., 2014a, 2014b; Cao et al., 2021), as well
as the west Qinling orogen (Chen et al., 2015;
Enkelmann et al., 2006; Wang, 2021; Tian et al.,
2012), probably related to the Lhasa-Qiangtang
collision (the closure process of the Bangong-
Nujiang Tethyan Ocean, Kapp and Decelles,
2019; Han et al., 2021; Lai et al., 2019a; Luo
et al., 2022). Thermal modeling results for these
high altitude and low relief surfaces in the region
generally show an Early Cretaceous rapid cool-
ing episode, followed by a quiet slow cooling
scenario from Late Cretaceous to late Cenozoic
(Fig. 5). The long-term slow cooling probably
indicates that a flat surface formed. Hence, com-
bined with a series of structural and sedimento-
logical evidence and thickening crust, the eastern
Songpan—Ganzi terrane had formed a high eleva-
tion and low relief surface (paleo-plateau) in the
Late Cretaceous (Liu et al., 2019). In addition,
the boundary fault zones within the Songpan—

Ganzi (Tian et al., 2014b; Li et al., 2023) and
Qinling orogen (especially its west and south
parts, Chen et al., 2015; Wang et al., 2021; Tian
et al., 2012) also show some Late Cretaceous
cooling ages and a Late Cretaceous rapid cool-
ing/exhumation episode (Fig. 5B) suggesting a
sustained uplifted topography in the region.

Along with the expanding of the high-altitude
terrain in the SE Tibetan Plateau area during
the Late Cretaceous, intermontane basins in the
South China Block and Indochina Block became
increasingly enclosed (Fig. 4F). The LPB was
still dominated by eolian sands, whereas the SIB
underwent deposition of evaporites, and the hot
and dry climate persisted in both of these two
basins and more widely throughout east Asia
during the Late Cretaceous (Figs. 4E and 4F)
(Wuetal., 2018, 2022). We consider that the pat-
tern of drainage systems during the Late Creta-
ceous was similar to that of the mid-Cretaceous,
except that the SQL provided more clastic mate-
rials to the SIB, the LPB and SIB may have been
reconnected, and the desertification center of the
LPB migrated into the basin interior (Figs. 4E
and 4F). Given the mid- to Late Cretaceous pale-
otopography of east Asia, which was high in the
east and west and low in the south (Figs. 4C—
4F), and given the increased detrital contribu-
tion from the SQL to Late Cretaceous sediments
of the LPB compared with the mid-Cretaceous,
we estimate that the major drainage routes were
southward during the Late Cretaceous and might
have been directed along the line connecting the
SIB to the Lanping-Simao Basin to the Phuquoc
Basin (Figs. 4C—4F). The region to the south of
the Phuquoc Basin may have been one of the
estuaries for the detrital material transportation
from the east Asian continent during the mid- to
Late Cretaceous. This hypothesis is supported by
recent reconstructions of the Cretaceous regional
drainage system (Wang et al., 2021; Nguyen
et al., 2021; Zhao et al., 2021).

Cretaceous Mountain System and Rain
Shadows in East Asia

Our reconstruction of paleotopography and
drainage systems (Fig. 4) shows that from the
mid-Cretaceous, the SE Tibetan Plateau initially
formed a growing north-south oriented barrier
consisting of the Gangdese-Lhasa—Qiangtang—
Yidun—-Songpan Ganzi-Lancang-Lincang—
Western Indochina areas (Figs. 4C—4F). The
windward side of the barrier, including the Lhasa
and South Qiangtang blocks, was dominated by
deposition of marine sediment during the Early
Cretaceous, followed by deposition of terres-
trial molasse (alluvial or braided fluvial facies)
through to the mid-Cretaceous, indicating a rela-
tively humid environment (Liu et al., 2019). The
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Neo-Tethys oceanic plate and the Asian conti-
nental plate converged during the Cretaceous,
resulting in Cordilleran/Andean-style magmatic
activity (Gangdese arc) and mountain building in
the southern Tibetan Plateau (Tapponnier, et al.,
1981; Burg and Chen, 1984; Ding et al., 2022;
Wau et al., 2022). Based on sedimentological and
provenance analysis, Lai et al. (2019b) proposed
that the north Lhasa terrane (named as North-
ern Lhasaplano) had started uplifting since ca.
92 Ma. In contrast, on the leeward side of the bar-
rier during the same time interval, sedimentation
in basins of the continental interior underwent a
shift from fluvial-lacustrine red-beds with paleo-
sols to extensive erg systems (Wu et al., 2017,
2022; Li et al., 2018a, 2018c), indicating a dry
or extremely dry climate leaving a thick record
of eolian activity in these basins. All these inter-
pretations suggest that the topographic barrier
acted as a drainage divide, with the leeward side
forming a vast rain-shadow area spanning the
western South China Block and Indochina Block
(Figs. 4A—4D). By the Late Cretaceous, the pro-
cess of aridification in the east Asia interior was
also influenced by the superposition of coastal
mountains or plateaus along the eastern margin
of Asia (Wu et al., 2018; Suo et al., 2019), caus-
ing the interior of the continent to become even
more enclosed, and deserts and playas became
widely developed in intermontane basins (Wu
et al., 2022) as the rain shadow expanded to the
whole east Asian continent (Figs. 4E and 4F).
The above-described rain-shadow effect of
east Asia during the Cretaceous was partly simi-
lar to that of a linear mountain range like the
Andes (Rech et al., 2019) but closer to the aridi-
fication pattern of the Asian interior caused by
Cenozoic uplift of the Tibetan Plateau (Dupont-
Nivet et al., 2007). Evidence for the large-scale
rain-shadow effect, combined with the paleo-
configuration of the coastal mountains, Qiang-
tang, Lhasa, and Gangdese mountain ranges
(Fig. 4, Wu et al., 2018; Suo et al., 2019; Kapp
and Decelles, 2019; Ding at al., 2022), suggests
that a complex of mountain systems or even
plateau landform developed in the margin and
hinterland of Asia during the mid- to Late Cre-
taceous, and thus, we consider these landforms
collectively as the early growth of the Tibetan
Plateau with the predominant tendency of their
drainage systems to flow from west and east to
the south (Fig. 4). This enclosed pattern of land-
forms in east Asia had a profound influence on
the paleoclimate of this region, whether within
the westerlies or subtropical-high pressure belt
(Figs. 4D and 4F), whereby moisture could not
be effectively transported to the interior, giving
rise to aridification and even desertification. The
present study challenges the previous view that
the Late Cretaceous paleotopography of east



Asia was high in the east and low in the west,
with the tendency of drainage systems to flow
from east to west (Wang, 1998), and instead pro-
poses that east Asia was high in both the east
and west, or even an enclosed continent com-
posed of a series of highlands during this interval
(Fig. 4F).

CONCLUSIONS

Our integrated study based on data from
paleocurrents, detrital zircon U-Pb geochro-
nology, tectonic-magmatic activity, and low-
temperature thermochronology allows us to
propose a model of the spatial and temporal
variation in surface uplift and drainage sys-
tem configuration for the SE Tibetan Plateau
throughout the Cretaceous. Our results suggest
that tectonically induced surface uplift of the
SE Tibetan Plateau area (particularly the South
Yidun Arc—eastern Songpan Garze area), com-
bined with the mountain building in southern
Tibetan Plateau (Gangdese arc), occurred dur-
ing the mid- to Late Cretaceous, resulting in the
formation of an extensive topographic barrier
and subcontinental-scale rain-shadow effect,
which led to widespread aridification spanning
the South China and Indochina blocks and a
reorganization of regional drainage systems.
In addition, with superimposition by coastal
mountains or plateaus in the eastern margin of
Asia, east Asia during the mid- to Late Creta-
ceous was characterized by a landscape that was
high in both the east and west, with drainage
systems tending to flow from the west and east
to the south. This topographic configuration is
in marked contrast to that proposed previously,
whereby topography was high in the east and
low in the west and drainage accordingly flow-
ing from east to west. Our results for the Cre-
taceous topography and drainage of east Asia
have implications for re-examining the models
of Cenozoic tectonics of the Tibetan Plateau,
atmospheric circulation patterns, the origin of
the Asian monsoon system, intracontinental
aridification, and the evolution of the modern
drainage system in east Asia.
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