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The surface uplift of the Tibetan Plateau (TP) and its geomorphology evolution has triggered aridification of Asia
interior and drainage development at the eastern margin of the plateau. However, how the pre-Cenozoic ear
growth histories of the TP impact the drainage system and climate is poorly constrained. The Late Mesozoic La
custrine evaporite-bearing basins on the eastern margin of the TP record significant information on the uplift o
the source terranes, source-to-sink system development and climate change. In this study, we presented detrit
zircon U–Pb ages from the Upper Cretaceous Yunlong Formation in the Lanping Basin, as well as Hf isotopic, pe
rographic, direct statistical, andmultidimensional scaling analyses, and use them to characterize the provenanc
and reconstruct the drainage system. All of the samples have five major age peaks at 200–290 Ma, 400–490 M
750–1000 Ma, 1750–1950 Ma, and 2400–2600 Ma with mostly negative ɛHf(t) values (81%). We infer the sed
ments are primarily derived from recycled sediments of the Songpan-Garze terrane, and partly from the Sichua
Basin and the Southern Qiangtang terrane, aswell as the exposedmagmatic rocks of the Yidun Arc and Songpan
Garze terrane. The provenance features of the contemporaneous sediments from the Sichuan, Xichang, Chuxion
and Simao basins indicate a complex hierarchical drainage pattern on the eastern margin of the TP during th
Late Cretaceous. The hierarchical drainage system exhibits a complete gradational cycle of lake-basin type
from overfilled freshwater Sichuan Basin through balanced fill saline Xichang Basin and underfilled hypersalin
Chuxiong, Lanping, Simao, and Khorat Plateau basins fromproximal to distal. The early growth of the TPprimaril
controlled the drainage and lake-basin evolution by not only causing the uplift and exhumation of the sourc
areas and providing large amounts of clastic material to the proximal sub-drainage areas but also intensifyin
the aridity and deposition of evaporites.
©2021ChinaUniversity of Geosciences (Beijing) andPekingUniversity. Production andhostingby Elsevier B.V. Th
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1. Introduction

The surface uplift of the Tibetan Plateau (TP) has been a topic of grea
interest for several decades because it was not only related t
aridification of Asia's interior but also triggered large-scale river reorga
nization and drainage evolution on the southeastern margin of the pla
teau (Raymo and Ruddiman, 1992; Clift et al., 2006; Dupont-Nivet et al
2007; Wang et al., 2008; Ding et al., 2017). However, the pre-Cenozoi
history of the TP is poorly understood. Recent advances i
thermochronology have shown that rapid exhumation occurred durin
the Late Cretaceous from central Tibet (Rohrmann et al., 2012; Wan
and Wei, 2013) to the eastern margin of the TP (Liu-Zeng et al., 2018
Liu et al., 2019), indicating that plateau growth began during the Lat
e
n
e).

ijing) and Peking University. Produc
Cretaceous. The early growth of the TP, prior to the collision betwee
India and Asia, significantly influenced the development of the drainag
basins. A series of Mesozoic fluvial-lacustrine basins developed on th
eastern margin of the TP, including the Sichuan, Xichang, Chuxiong
Lanping, Simao, and Khorat Plateau basins. A significant transformatio
of the sedimentary environments in most of these basins changed from
fluvial in the Early Cretaceous to lacustrine in the Late Cretaceou
(Wang et al., 2014b, 2020a; Deng et al., 2018; Li et al., 2018). Our recen
study revealed that the paleo-Mekong River drained from the Songpan
Garze terrane and the Sichuan Basin to the Simao Basin during the lat
Early Cretaceous (Wang et al., 2020a), and indicated the provenanc
linkage between the Sichuan and Simao basins in the Late Cretaceou
(Wang et al., 2014b). Deng et al. (2018) further proposed a transcont
nental drainage system that flowed from the Sichuan Basin to th
Xichang and Chuxiong basins and even to the Lanping-Simao Basi
from the Late Cretaceous to the Early Paleogene. However, th
tion and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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differences in the Late Cretaceous sedimentary sequences between th
Sichuan-Xichang-Chuxiong basins and the Lanping-Simao basin
(Wang et al., 2014b; Deng et al., 2018; Li et al., 2018; Liu et al., 2018
and the limit amount of detrital zircon (DZ) U–Pb age data for th
Lanping-Simao basins (Wang et al., 2014b) result in the curren
source-to-sink scenario being simple and poorly constrained.

Lacustrine basin deposits are a downstream archive of larger drain
age systems, and thus, they provide significant information on the geo
morphological evolution and uplift processes that occurred in th
source areas (Carroll et al., 2006). The Late Cretaceous lacustrin
Lanping Basin provides a unique record that can be used to reconstruc
the drainage and source-to-sink system. In this study, we present detr
tal zircon U–Pb ages and Hf isotopic results combined with petrology
direct statistical comparison, and multidimensional scaling (MDS) an
use it to constrain the provenance and to obtain insights into the drain
age system reconstruction and tectonic implications.

2. Regional geology

2.1. Geological setting

The Indosinian Orogeny in southwestern China and Southeast Asia i
characterized by the collisions of many Gondwana-affinity terrane
which resulted in the final closure of the paleo-Tethyan Ocean from
the Late Permian to the Early Triassic (Metcalfe, 2013). Several suture
and volcanic arcs are developed, e.g., the Ganzi-Litang suture
Jinshajiang-Ailaoshan and Song Ma sutures, Shuanghu suture
Changning-Menglian suture, Yidun Arc, Jomda-Weixi Arc, an
Yunxian-Jinggu Arc (Figs. 1 and 2). The modern tectonic framework i
driven by the collision between Asia and India at about 65 Ma (Din
et al., 2005), which caused the extrusion of the Simao and Indochin
blocks (Tapponnier et al., 1982). The Simao Block is separated from
the South ChinaBlock by the Jinshajiang-Ailaoshan and SongMa suture
to the east, and from the Baoshan and Sibumasu blocks by the Lincan
Batholith and Changning-Menglian suture to the west (Sone an
Metcalfe, 2008; Metcalfe, 2011) (Fig. 1). It is connected with the North
ernQiangtang terrane to the north and the Indochina Block to the south
The Changning-Menglian Suture is believed to be a remnant of themai
Paleo-Tethys oceanic crust (Zhong, 1998). The Early Paleozoic mag
matic activity related to the subduction of the proto-Tethys oceani
crust (Mao et al., 2012) or the Paleo-Tethys back-arc basin (Wan
et al., 2013a) and the voluminous Triassic intrusions related to the co
lision of the Simao and Baoshan-Sibumasu blocks outcrop along the su
ture (e.g., Hennig et al., 2009; Peng et al., 2013) (Fig. 2). Dispute as t
whether the tectonic setting of the Jinshajiang-Ailaoshan-Song Ma Su
ture is a back-arc basin or a branch of the Paleo-Tethys Ocean continue
(e.g., Pan et al., 1997; Mo et al., 1998; Zhong, 1998; Metcalfe, 2013
Wang et al., 2018b). Abundant Early Permian to Late Triassic magmati
rocks outcrop along the Simao Block (Wang et al., 2018b; Li et al., 2019
and references therein) (Fig. 2). The Triassic Jomda-Weixi Arc with b
modal volcanic suite was formed in an extensional setting due to th
slab break-off of the Jinshajiang Ocean slab (Wang et al., 2014a). Th
Late Triassic Yidun Arc is situated between the Jinshajiang and Ganz
Litang sutures and is the result of the subduction of paleo-Tethya
Ocean and subsequent continent-continent collision (Wang et al
2018a). The Emeishan large igneous province (LIP) with main eruptio
phase of 257–260 Ma (Wang et al., 2020b) was proposed a mantl
plume origin (Xu et al., 2008) (Fig. 2). In addition, the Neoproterozoi
magmatic rocks in the western Yangtze Block (also called as Kangdia
basement) are well exposed (Fig. 2).

2.2. Regional stratigraphy

The Lanping Basin is located on the northern part of the Simao Bloc
and is part of the Sanjiang Tethyan realm (Hou et al., 2003). The Lanpin
Basin has an irregular form. It is ~350 km long (N–S), 50–100 km wid
(E–W), and is connected to the Simao Basin to the south and the Ceno
zoic Jianchuan Basin to the east (Fig. 1). The Lanping Basin evolved from
a remnant marine and marine-continental basin in the Triassic (Xu
et al., 2007) into a continental rift basin during the Jurassic
Cretaceous (Qu et al., 1998; Liu, 2013; Wang et al., 2014b). The middl
and upper Triassic strata recorded the change from a deep-wate
basin to a shallow water delta (Mou et al., 1999). The Lower Jurassi
Yangjiang Formation (Fm.), the Middle Jurassic Huakaizuo Fm., an
the Late Jurassic Bazhulu Fm. are mainly composed of red clastic rock
(Mou et al., 1999; Xue et al., 2007). The Lower Cretaceous is compose
of redfluvial sandstone andmudstone and can be divided into three for
mations: in ascending order, the Jingxing, Nanxin, and Hutousi Fm
(BGMRY, 1996), which are unconformably overlain by the Late Creta
ceous Yunlong Fm. and are correlated with the Lower Cretaceous i
the Simao and Vientiane basins (Wang et al., 2020a). The Yunlong Fm
is mainly composed of lacustrine siltstones andmudstones with evapo
rites. It was previously regarded to be Paleocene in age based on a
ostracoda assemblage of Sinocypris-Parailyocypris-Eucypris an
Charophyta genera Obtusochara-Peckichara-Gyrogona-Harrisichara
Stephanochara (Shuai, 1987; BGMRY, 1990; Qu et al., 1998). Th
Yunlong Fm. is equivalent to the Mengyejing Fm. in the Simao Basin
and their lithology and stratigraphic successions are well correlate
(BGMRY, 1996; Qu et al., 1998) (Fig. 3). Newly published SHRIMP U
Pb ages for tuff beds in the Mengyejing Fm. (110–100 Ma) (Wan
et al., 2015) indicate that the Yunlong Fm. is at least Cretaceous in age
Thus, we argue that the depositional age of the Yunlong Fm. is likel
Late Cretaceous and possibly extend to the Paleocene (Fig. 3).The over
lying Guolang Fm. is dominated by lacustrine purple quartz sandstone
siltstones, andmudstones and was previously interpreted to be Early t
middle Eocene in age based on ostracoda, including Limnocyther
yunlongenesis, Pinnocypris gibba (BGMRY, 1990), while Zhang et a
(2010) and Gourbet et al. (2017) suggest a Paleocene age for
(Fig. 3). The unconformably overlying Baoxiangsi Fm. is mainly com
posed of red coarse sandstones and conglomerates and contains Lat
Eocene mammalian fauna (BGMRY, 1996). The Jinsichang Fm. contain
Oligocene plant fossils and is dominated by alluvial conglomerates an
sandstones (BGMRY, 1996). Gourbet et al. (2017)merged the Jinsichan
and Baoxiangsi Fms. into a single formation, that is, the Baoxiangsi Fm
in the Jianchuan Basin and interpreted it to be Eocene in age.

2.3. Potential source areas

Potential source areas include the nearby fold and thrust belts and
or orogens, recycled sediments from pre-Late Cretaceous sedimentar
rocks, and exposedmagmatic rocks. Thus, we compiledmany publishe
detrital zircon U–Pb ages for the surrounding terranes (Figs. 2 and 4
and the magmatic rocks in Supplementary Table S1.

The Carboniferous to Upper Jurassic sedimentary sequences in th
Northern Qiangtang terrane are extensive exposed and have DZ ag
peaks at ~254 Ma, ~548 Ma, ~800 Ma, 1800 Ma, and ~2500 Ma (Fig. 4
(Gehrels et al., 2011; Ding et al., 2013). The DZ ages of the Cambria
to Jurassic strata in the Southern Qiangtang terrane have two majo
peaks at ~250 Ma and ~1866 Ma, with subordinate peaks at ~550 Ma
~800 Ma, 950 Ma, and ~2500 Ma (Fig. 4) (Gehrels et al., 2011; M
et al., 2017, Ma et al., 2018a), which is only slightly different tha
those of the Northern Qiangtang terrane. The DZ age peaks of th
Carboniferous-Triassic strata in the Lhasa terrane are characterized b
a diagnostic peak at ~1170 Ma and minor peaks at ~560 M
and ~1850 Ma (Fig. 4) (Zhu et al., 2011a; Li et al., 2014; Cai et al., 2016

The DZs from the Triassic Yidun Group in the Yidun Arc terrane hav
peaks at ~240 Ma, ~446 Ma, ~996 Ma, ~1818Ma, and ~2480 Ma (Fig. 4
The intensive magmatic activity at 230–193 Ma (εHf(t) values of−22.
to 6.1) was related to the subduction of the Ganzi-Litang Ocean and th
subsequent collision between the Yidun and Songpan-Garze terrane
(Reid et al., 2007; He et al., 2013a; Peng et al., 2014; Cao et al., 2016
Wang et al., 2018a).
2
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The DZ ages of the Songpan-Garze terrane are mainly grouped int
five age populations of 2400–2500 Ma, 1850–1950 Ma, 750–900 Ma
400–450 Ma, and 235–300 Ma (Fig. 4) (Weislogel et al., 2006; Din
et al., 2013). Late Triassic granitoids with ages ranging from 228 Ma t
197 Ma and εHf(t) values of −5.5 to 5.5 were extensively intrude
into the Triassic turbidites (Roger et al., 2004; Zhang et al., 2006; Xia
et al., 2007; Cai et al., 2009, 2010; Yuan et al., 2010; Chen et al., 2017)

The metasedimentary basement rocks of the western Yangtze Bloc
(Kangdian Basement) are widespread and include the Dahongsha
Group (Greentree and Li, 2008), the Yanbian and Huili groups (Su
et al., 2009), the DongchuanGroup (Zhao et al., 2010), and the Kunyan
Group (Wang et al., 2012). We compiled published DZ ages for th
metasedimentary basement rocks and these DZs have major peaks a
~830 Ma, ~1850 Ma, and ~ 2460 Ma (Fig. 4). Extensive Neoproterozoi
magmatic rocks with mostly positive εHf(t) values are well expose
(Zhou et al., 2006; Zhao et al., 2018). The magmatic activity related t
the Emeishan LIP at ~260 Ma, positive εHf(t) values, was extensive i
the western Yangtze Block (Xu et al., 2008).

The Sichuan Basin is located in thewestern part of the Yangtze Bloc
and consists of a pre-Middle Triassic passive continental margin an
Late Triassic to Cretaceous foreland basin sediments (Meng et al
2005). These sediments yield DZ age peaks at ~250 Ma, ~430 Ma
~810 Ma, ~1860 Ma, and ~ 2500 Ma (Li et al., 2016b, 2018; Zhu et al
2017; Yan et al., 2019).

The DZs from the Ordovician to Silurian sedimentary rocks in th
Simao Block have age peaks at ~1100 Ma, ~960 Ma, ~560 Ma, an
428–446 Ma (Wang et al., 2014d; Zhao et al., 2017). The Baoshan ter
rane is a northern extension of the Sibumasu Block and is comprise
of Cambrian to Triassic sedimentary rocks (BGMRY, 1990). The DZ
from these sediments are characterized by a dominant peak a
~930 Ma and subordinate peaks at ~560 Ma, ~1725 Ma, and ~2490 M
(Li et al., 2015; Zhao et al., 2017; Xu et al., 2019; Song et al
2020) (Fig. 4).

The Jinshajiang-Ailaoshan Suture belt is composed of Late Devonia
to Early Carboniferous ophiolites (Jian et al., 2009a, 2009b). The DZ age
of the Silurian-Early Devonian sandstones in the Ailaoshan Suture yiel
major age groups of 430–450 Ma, 700–850 Ma, and 900–1200 Ma (La
2012; Burrett et al., 2014; Xia et al., 2016). Abundantmagmatic rocks re
lated to the Indosinian orogeny are exposed, for example, the Jomda
Weixi volcanic arc (Zi et al., 2012, 2013; Wang et al., 2014a; Yan
et al., 2014a, 2014b).

The Changning-Menglian Suture is comprised of ophiolites relate
to the paleo- or/and proto-Tethys ocean and has a wide range of age
from 471 Ma to 439 Ma (Wang et al., 2013a). Devonian to Triassic sed
imentary rocks are distributed roughly within the belt, and their DZ
have two dominant peaks at ~560Ma and ~910Ma (Fig. 4). The Late Tr
assic Lincang batholiths (mainly 230–212 Ma) intruded in the easter
part of the belt (Dong et al., 2013; Peng et al., 2013).

3. Samples and analytical methods

3.1. Measured sections of the Yunlong formation in the Lanping Basin

Usually, the Yunlong Formation can be divided into three parts. Th
lower part consists of conglomerates (clay gravel), mudstones, and silt
stoneswith evaporites; themiddle part mainly is comprised of siltston
and mudstone interbedded with fine-grain sandstones; the upper par
is dominated by a sequence of carbonate-bearing fine-grain clasti
rocks (BGMRY, 1990, 1996; Wang et al., 2015; Liu and Zhu, 2016
(Fig. 4b), recording a full cycle of fresh water to saline/ hypersalin
water, then to fresh water lake evolution (Qu et al., 1998). Thes
Fig. 1. (a) Simplified geological map of Tibet and SE Asia (after Cai et al., 2017), ATF = Alty
BNS=Bangong-Nujiang Suture Zone; YZS=Yarlung Zangbo Suture Zone; ARS=Ailaoshan
Zone. (b) Sketch geological map showing the location of the Lanping Basin in SE Asia (adap
sedimentary characteristics of the Yunlong Formation can be easily dis
tinguished from other formations.

The studied sections of the Yunlong Formation strata are located i
Yangcen in the Jianchuan Basin (GPS: 26°28′49”N, 99°47′44″E), and i
Hexi (GPS: 26°54′48”N, 99°20′46″E), Tangdeng (GPS: 25°59′34”N
99°20′35″E), andNuodeng (GPS: 25°55′3”N, 99°22′42″E) in the Lanpin
Basin (Fig. 5a). Due to heavily covered conditions in the Lanping Basin
all measured sections are short stratigraphic interval. The outcroppe
successions in Yangcen mainly consist of lacustrine fine-grained clasti
rocks, including fine-grained sandstones, siltstones, and mudstone
(Shen et al., 2015) (Figs. 5b and 6a). A very thin layer of marl i
outcropped at the bottom of the section, which is interpreted to b
the upper part of the Yunlong Formation (Shen et al., 2015
representing the late stage of saline lake evolution (Qu et al., 1998
The Hexi section is near the gypsum mine (Zhu et al., 2011b; Wan
et al., 2014c) and mainly comprised of siltstones and mudstones inter
calated with fine-grained sandstones (Figs. 5b and 6b), which ar
interpreted to be the result of lacustrine deposition (BGMRY, 1990
Zhu et al., 2011b). The sedimentary sequences in Hexi and Tangden
have common lithological assemblages and thus we correlate the inter
vals with themiddle part of the Yunlong Formation (6c). There is a lon
history of rock salt production from the Yunlong Formation in Nuoden
village. The hypersaline lacustrine strata exposed here consist of re
mudstones, siltstones and conglomerate with clay gravel with vein
like gypsum cutting into the mudstones (Figs. 5b and 6d) (Qu et al
1998; Wang et al., 2014c). Thus, we use this section to correlate wit
the lower part of the Yunlong Formation.

3.2. Sampling and methods

Ten fine-grained sandstone and siltstone samples from the Yunlon
Formationwere chosen for point-counts. Sample locations and litholog
are shown in Fig. 5b. Based on the Gazzi-Dickinson method (Ingerso
et al., 1984), at least 400 grains were counted for each thin sectio
using the maximum grid spacing. The crystals and grains of sand siz
that larger than 62.5 μm are classified in the category of crystal o
grain rather than in the category of rock fragment (Ingersoll et al
1984). Note that about 400 grains include the altered minerals an
heavyminerals;matrix and cement are not counted. The results are pre
sented in Supplementary Table S2.

Seven sandstone and siltstone samples from the Yunlong Formatio
were collected for U–Pb geochronology and in-situ Hf isotopic analysi
The rock samples were crushed and zircon grains were obtained vi
heavy liquid and magnetic separation. About 300 zircon grains wer
hand-picked andmounted in epoxy-resin, and then, theywere polishe
and coated with gold. Cathodoluminescence (CL) images of the zircon
were taken at Beijing GeoAnalysis Cooperation Limited. The U–Pb dat
ing of the samples was performed using an Agilent 7500a ICP-M
coupled with a New Wave UP 193FX laser ablation system at the Ke
Laboratory of Continental Collision and Plateau Uplift, Institute of T
betan Plateau Research, Chinese Academy of Sciences. The procedure
used are described by Cai et al. (2012). At least 100 zircon grains fo
each sample were analyzed. Zircon GJ-1 (608.5 ± 0.4 Ma; Jackso
et al., 2004) was used as primary external standard for the calibratio
of the U–Pb dating. Zircon 91500 (1065.4 ± 0.6 Ma, Wiedenbeck et a
2004) was analyzed as a secondary as procedural monitor. An analysi
protocol of every two standard zircons plus ten sample spots wa
followed to reduce instrument drift, i.e., GJ-1 + 91500 + 10 spots+
GJ-1 + 91500. The laser operation conditions bracket a repetition rat
of 8 Hz, an energy density of ~8 J/cm2, and a spot size of 30 μm. Eac
analysis incorporated with ~15–20 s gas blank acquisition and 40
n Tagh Fault; QF = Qilian Fault; KQF = Kunlun-Qinling Fault; JSS = Jinshajiang Suture Zone;
-Red River Suture Zone; SMS= SongMa Suture Zone; JNSK= Jinghong-Nan-Sra Kaeo Suture
ted from Leloup et al., 1995; Wintsch and Yeh, 2013).

4



Fig. 2. (a) Distribution of major continental blocks and terranes in Southeast Asia (Modified from Metcalfe, 2013). Tectonic framework of the southeast Tibetan Plateau (b) and Tibetan
Plateau (c) showing the major continental blocks, terranes, paleo-Tethys sutures, Emeishan large igneous province, and Kangdian basement which are the potential source regions for
the Lanping Basin (modified from Zhu et al., 2011a, 2011b;Wang et al., 2014a; Yan et al., 2019). The compiled published sandstone samples with detrital zircon U\\Pb ages andmagmatic
rock samples with Hf isotopic compositions are plotted. See the details in Supplementary Table S1.

Fig. 3. Lithostratigraphy of the Lanping and Simao basins (data from BGMRY, 1990; Qu et al., 1998; Wang et al., 2015).
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Fig. 4. Comparison of detrital zircon U\\Pb Kernel Density Estimates (KDEs) plots of potential source terranes. KDEs are displayed for DZ ages with pie diagrams of six major age clusters:
Indosinian 200–290 Ma; Caledonian 400–490 Ma; Pan-African 500–600 Ma; Grenville (Jinningian) 750–1000 Ma; Luliangian 1750–1950 Ma; Wutai 2400–2600 Ma. Data sources: Lhasa
terrane (Paleozoic to Jurassic, Leier et al., 2007; Zhu et al., 2011a; Li et al., 2014; Cai et al., 2016; Sun et al., 2017); NorthernQiangtang terrane (Carboniferous to Triassic, Gehrels et al., 2011);
Southern Qiangtang terrane ( Cambrian to Jurassic, Gehrels et al., 2011; Ma et al., 2017; Ma et al., 2018a, 2018b); Yidun Arc terrane ( Triassic,Wang et al., 2013b); Songpan-Garze terrane
(Triassic, Weislogel et al., 2006; Ding et al., 2013); Sichuan Basin (Paleozoic to Jurassic, Luo et al., 2014; Li et al., 2016b, Li et al., 2018; Zhu et al., 2017; Yan et al., 2019); western Yangtze
Block (Cambrian to Devonian, Sun et al., 2009; Zhao et al., 2010;Wang et al., 2012; Chen et al., 2013, 2018); Ailaoshan Suture (Silurian to Devonian, Lai, 2012; Xia et al., 2016); Simao Block
(Ordovician to Silurian,Wang et al., 2014d; Zhao et al., 2017); Baoshan terrane (Cambrian to Jurassic, Li et al., 2015; Zhao et al., 2017;Ma et al., 2019; Xu et al., 2019; Song et al., 2020; Zhou
et al., 2020); Changning-Menglian Suture (Cambrian to Devonian, Xing and Zhang, 2016; Wang et al., 2017; Zheng et al., 2019).
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Fig. 5. (a) Simplified geological map of the Lanping Basin showing the locations of sampling sections (modified from Qu et al., 1998). (b) The lithostratigraphy of the type section of the
Yunlong Formation in the Lanping Basin (BGMRY, 1990) and correlation between four measured short sections and the type section. See details in Section 3.1.
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data acquisition from the sample ablation. About 45–55 s washout tim
by the spot samplingmode of the laser system occurs at the end of eac
analysis. The raw data was analyzed using Glitter V4.0. Isoplot
(Vermeesch, 2018a) was used to plot the KDEs (kernel density esti
mates, bandwidth=30Ma) diagrams. The best estimated ages are cho
sen based on the 206Pb/238U ratios of the <1000 Ma grains and on th
207Pb/206Pb ratios of the >1000 Ma grains (Pullen et al., 2008). Zirco
ages with a concordance of 90%–110% were used.

The zircon Hf isotopic analyses were performed at Beijin
GeoAnalysis Cooperation Limited using a Neptune plus MC-ICP-MS i
combination with a Resolution SE 193 nm laser ablation system. Th
in-situ Hf isotope analysis was conducted on the same zones of the pre
viously dated zircons. The instrument details and operation condition
are described byHuet al. (2012). Zircon standard PLEwasused as an ex
ternal standard. The energy density of laser ablation used in this stud
was 7–8 J/cm−2. A repetition rate of 10 Hz and a beam diameter o
38 μmwas obtained. Helium was used as the carrier gas in the ablatio
cell. Each measurement consisted of 20s of acquisition of the back
ground signal followed by 50 s of ablation signal acquisition. The d
rectly obtained βYb value from the sample was applied to accurat
correction of 176Yb. The ratios of 179Hf/177Hf and 173Yb/171Yb wer
used to calculate the mass bias of Hf (βHf) and Yb (βYb). The data han
dling details are recorded inWang et al. (2014b). The rawdatawas per
formed using ICPMSDataCal (Liu et al., 2010).

It is difficult to determine the true parent sources of the strata in
continental basin because the surrounding terranes, for example, an ex
humed thrust-fold belt, a magmatic arc, a continental block, an
recycled sediments, provide rock detritus to the basin, which mixe
the parent information. Thus, dissimilarity quantification using statist
cal analysis was developed. In this study, the DZstats program (Saylo
and Sundell, 2016) was used to conduct pairwise comparison (cross
correlation, likeness, similarity, the K–S test, and Kuiper's test) to creat
the straight statistic values. Multidimensional scaling (MDS) wa
employed to visualize the similarities (Vermeesch, 2013) using DZmd
(Saylor et al., 2018). Samples with similar age distributions plot close
to each other than those of dissimilar age distributions (Vermeesc
et al., 2016; Vermeesch, 2018a).
4. Results

4.1. Sandstone petrology

We analyzed ten sandstone samples from the Yunlong Formation
The detrital grains were mostly subangular to subrounded in morpho
ogy (Fig. 6). Quartz was the main clastic component (40%–67%). Mono
crystalline grains were dominant with common secondary overgrowth
Feldspar constituted 13%–35% of the sand grains, indicating a felsic igne
ous source. The alkali feldspar content ranged from 53% to 62% of th
total feldspar grains. The lithic fragments (17%–34%) mainly include
the volcanic clasts. About 8%–21% of the total lithic fragments wer
metamorphic detritus consisting of quartzite, schist, and phyllite. Th
sedimentary lithic fragments consisted of mudstone, sandstone, an
chert. The chert was most commonly polycrystalline quart
(e.g., Dickinson and Suczek, 1979); however, we grouped all of th
chert grains in the lithic fragments following the method of Garzan
(2019). On the QFL and QmFLt diagrams (Fig. 7), all of the sample
plot within the recycled orogen and dissected arc provenance fields, in
dicating that the sources are sedimentary and igneous rocks.
4.2. Zircon U–Pb isotopic ages

All of the detrital zircon U–Pb age data are presented in Supplemen
tary Table S3. A total of 667 detrital zircon U–Pb ageswith concordance
of 90%–110% were for seven sandstone samples. Most of the grain
(74%) were characterized by oscillatory zoning and Th/U ratios o
>0.4, which indicates a magmatic origin (Supplementary Figs. S1 an
S2). A few of the grains had low Th/U ratios of <0.1 and exhibite
core-rim textures characteristic of a metamorphic origin.

Sample JC-27 was collected in the Yangcen area, Jianchuan Basin. O
the 100 analyses, 93 concordant ages yielded 3 major peaks at ~248 M
(22%), ~832 Ma (22%), and ~1873 Ma (39%), with a minor peak a
~2429 Ma (7%) (Fig. 8).

For sample LP-02, 94 of the 101 single zircon ages were concordan
Most of the ages were clustered at ~1802 Ma (32%), ~276 Ma (19%
7



Fig. 6. (a–d) Field photographs of outcrops of the Yunlong Formation; (e) very fine-grained lithic-feldspathic sandstone (sample LP-05); (f) medium to fine-grained lithic-feldspathic
sandstone (sample LP-34); (g, h) feldspatho-lithic sandstone (samples YL-01, YL-03).
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fragments.
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and ~461 Ma (19%), with subordinate age peaks at ~840 Ma (16%
and ~2509 Ma (12%).

A total of 93 concordant ages out of the 104 analyses conducted o
the zircons from sample LP-05 yielded two major peaks at ~284 M
(31%) and ~426 Ma (33%) and two minor peaks at ~815 Ma (18%
and ~2461 Ma (10%).

For sample LP-08, 82 of the 100 single zircon ages were concordan
These ages yielded major peaks at ~276 Ma (25%) and ~1855 Ma (27%
with subordinate age peaks at ~454 Ma (13%), ~814 Ma (19%
and ~2488 Ma (10%).

For sample LP-34, 96 of the 102 single zircon ages were concordan
Most of the ages clustered at ~245Ma (22%) and ~1879 Ma (31%), wit
minor peaks at ~435 Ma (13%), ~967 Ma (13%), and ~2517 Ma (17%).

A total of 102 concordant ages out of the 104 analyses conducted o
the zircons from sample YL-01 yielded two major peaks at ~219 M
(37%) and ~437 Ma (25%) and two minor peaks at ~761 Ma (18%
and ~1850 Ma (12%).

For sample YL-03, a total of 113 zircon grainswere analyzed, and 10
concordant ages were obtained. The KDE diagram displays a significan
peak at ~1863Ma (38%)with three subordinate peaks at ~231Ma (13%
~428 Ma (14%), and ~975 Ma (23%) (Fig. 8).

4.3. Hf isotopes

A total of 109 zircon grains were analyzed to determine their in-sit
Hf isotopic ratios. The results are presented in Supplementary Table S4
All of the samples exhibit a wide range of εHf(t) values between −24.
and 11.26, with mostly (81%) being negative values (Fig. 9). For th
200–290 age cluster, most zircons have negative εHf(t) values. The εH
(t) values of the 400–490 Ma and 750–1000 Ma age cluster rang
from −13.25 to 4.6 and from −20.34 to 2.67, respectively. Th
~1850Ma age cluster has negative εHf(t) values and ~ 2500Ma age clus
ter has slightly negative to positive εHf(t) values (−4.73 to 6.64).

4.4. Statistical comparison and multidimensional scaling (MDS) analysis

The first step to plot MDSmap is to set consensus dissimilarity met
rics. The most common used metrics are K–S and Kuiper test
(Vermeesch, 2018b). However, Wissink et al. (2018) argued that th
metrics of likeness, similarity, and Kuiper test are more effective tha
the K–S test. Saylor and Sundell (2016) suggest that the cross
correlation have the best performance for sample with n ≥ 300. In thi
study, the analyzed sample are n = 100 and compiled source regio
samples are n > 300. Thus, cross-correlation coefficients and Kuipe
Test V values are considered as dissimilarities metrics and used fo
MDS plot (Fig. 10). All of the statistical comparison results are presente
in Supplementary Table S5. The studied samples, all the compiled Lat
Cretaceous samples from the Lanping, Sichuan, Chuxiong, and Sima
basins, and the compiled samples from the potential source terrane
using both dissimilarity metrics were plotted (Fig. 10a–d). On th
MDS plot (Fig. 10a, b), most studied samples are much closer to th
Songpan-Garze terrane with higher cross-correlation coefficient
(0.63–0.76) and lower Kuiper V values (0.19–0.31) than other potentia
source areas. Sample YL-03 is closer to the Southern Qiangtang terran
with the cross-correlation coefficient of 0.59 and Kuiper V value of 0.18
The Shepard plots show a lower stress in MDS plot with Kuiper V valu
than with cross-correlation coefficient (Fig. 10a, b). The coeval sedi
ments of the Late Cretaceous in the Lanping, Simao, and Sichuan basin
and Songpan-Garze terrane plot closely together and also close to the S
chuan Basin and Southern Qiangtang terrane, while the Upper Creta
ceous in the Chuxiong Basin plot far apart (Fig. 10c, d).

5. Discussion

5.1. Provenance interpretation

The petrological observations indicate that the fine-grained sand
stones and siltstones are rich in quartz with equally abundant feldspa
and lithic fragments. They plot in recycled orogen and dissected ar
fields (Figs. 6 and 7), which indicate sedimentary rock and igneou
rock sources.

Several DZ age populations were identified for the studied samples
200–290 Ma, 400–490 Ma, 750–1000 Ma, 1750–1950 Ma, an
2400–2600Ma. These age populations are believed to be related to sev
eral tectonic and magmatic events or orogenies that occurred in China
that is, the Indosinian, Caledonian, Jinningian, Luliangian, and Wuta
orogenies (Rogers and Santosh, 2002; He et al., 2013b). These ag
peaks overlap with the age distributions of the Songpan-Garze terrane
Sichuan Basin, andwestern Yangtze Block on the KDEs plots (Figs. 4 an
8) based on the following reasons: (1) Although the older zircons re
lated to the Luliangian and Wutai orogenies could have been derive
from most of the potential sources, the 1850–1880 Ma age populatio
is very pronounced inmost of the samples, but is absent or is not signif
icant in the Northern Qiangtang terrane, the Changning-Menglian an
Ailaoshan sutures, and the Simao Basin (Figs. 4 and 8); (2) the diagnos
tic age peak at ~1150 Ma is significant in the Lhasa terrane (Zhu et al
9
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Fig. 8. Detrital zircon U\\Pb ages showed as KDEs for the Upper Cretaceous Yunlong Formation sandstone samples, Lanping Basin.
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2011a), but is absent in all of the samples (Fig. 8); (3) the 500–600 M
age cluster with a peak at ~560 Ma, which is related to Pan-Africa orog
eny, is significant in the age populations from the Southern Qiangtan
terrane, the Lhasa terrane, the Baoshan terrane, the Simao Basin, an
the Changning-Menglian Suture (Figs. 4 and 8), but is absent in th
Lanping samples; (4) the Yidun Arc terrane is characterized by tw
major peaks at ~440Ma and ~990Ma,while the ~990Ma age peak is ab
sent inmost studied samples; (5) the available zirconHf data for the Tr
assic sediments of the Songpan-Garze terrane and the Sichuan Basin ar
characterized by mostly negative and slightly positive εHf(t) value
(Zhang et al., 2014, Zhang et al., 2015). This is similar to the zirco
εHf(t) values of the studied samples (Fig. 9). Moreover, the MDS plo
1

indicate the most studied samples are much closer to the Songpan
Garze terrane (except sample YL-03). Note that the sample YL-03 ha
a subordinate peak at 975 Ma which is similar to those in the Souther
Qiangtang terrane (Figs. 4 and 8) and plot closer to each other on th
MDS plots (Fig. 10a, b). Nevertheless, the Late Cretaceous sediments i
the Lanping, Simao, and Sichuan basins plot closer to the Songpan
Garze terrane, Southern Qiangtang terrane and Sichuan Basi
(Fig. 10c, d).

The nearby exposed Permian to Triassic igneous rocks supplied de
tritus to the Yunlong Formation (Fig. 2) (Yang et al., 2014a). MosɛHf(t) values for the U–Pb ages between 200 Ma and 290 Ma for th
Yunlong Formation sampleswere negativewith slightly positive value
0



Fig. 9. Plot of ɛHf (t) values and ages from the magmatic rocks of the Jomda-Weixi Arc, Yidun Arc, Emeishan large igneous province, Songpan-Garze terrane, and Neoproterozoic igneous
rocks in the western Yangtze Block (Kangdian Basement) using the Matlab code of Spencer et al. (2020). The violin plot clearly shows the major phases of the neighbored magmatic
activities (Data from Xu et al., 2008; Cai et al., 2009, 2010; Zi et al., 2012; Peng et al., 2014; Wang et al., 2014a, 2018a; Cao et al., 2016; Zhao et al., 2018).

Fig. 10. Two dimensional multidimensional scaling (MDS) diagrams for (a, b) detrital zircon U\\Pb ages of studied samples and compiled potential source areas and (c, d) compiled
potential source areas and the Late Cretaceous sediments from the Lanping, Simao, Chuxiong, Sichuan basins. The MDS plots were constructed using DZmds (Saylor et al., 2018) with
Kuiper Test V statistic (a, c) and cross-correlation coefficient (b, d). Solid and dash lines indicate strong and less strong relationship between samples and source areas, respectively.
The Shepard plot shows the correlation between distance and dissimilarities where a good fit of MDS solution has a linear pattern and a low stress value. The DZ data of the Late
Cretaceous sediments in the Simao, Sichuan, and Chuxiong basins are from Wang et al. (2014b), Deng et al. (2018), and Li et al. (2018).
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Fig. 11. Lithostratigraphic correlation of the Upper Cretaceous between the Lanping Basin and Simao, Chuxiong, Xichang, Sichuan, and Khorat Plateau basins. The classic stratigraphy in
these basins are referred to BGMRY (1990), BGMRS (1991), El Tabakh et al. (1999), Wang et al. (2015), and Li et al. (2018).
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while the ɛHf (t) values for U–Pb ages between 750Ma and 890Mawer
more negative (Fig. 9), which is totally differ from the εHf(t) values o
the Jomda-Weixi Arc, the Neoproterozoic igneous rocks and Emeisha
LIP rocks. The Late Triassic Yidun Arc magmatic rocks (−22.7 to 6.1
(Peng et al., 2014; Cao et al., 2016; Wang et al., 2018a) and those o
the Late Triassic granitoids in the Songpan-Garze terrane (−5.5 to 5.5
(Cai et al., 2009, 2010) are thus likely provided detritus to the Yunlon
Formation. Based on the violin plot (Fig. 9), we argue that these mag
matic rocks withmain phase at 213–219Ma are the sources of the sam
ple YL-01.

Thus,we speculate that the samples from the Yunlong Formation ar
mostly recycled from the Songpan-Garze terrane and partly from the S
chuan Basin and the Southern Qiangtang terrane, together with mag
matic rocks in the Yidun Arc and Songpan-Garze terrane. Thi
provenance interpretation is supported by the following geological ev
dences: (i) The paleocurrent data indicates that the sediments of th
Yunlong Formation mainly came from the northeast (NE) and north
west (NW) (Qu et al., 1998; Fan et al., 2010). The Southern Qiangtan
terrane from NW and the Songpan-Garze terrane and Sichuan Basi
from NE are consist with the paleocurrent. (ii) Previous heavy minera
assemblages demonstrate that the Yunlong Formation has a very low
GTi index (most lower than 4%) and high ZTR (20%–25%) and AT
(mostly 30%–50%) indices (Zhu and Guo, 2017), indicating igneou
source rocks with no contribution from the metamorphic rocks of th
suture zones, which preclude the sources from the Jinshajiang
Ailaoshan and Changning-Menglian sutures. (iii) The contemporaneou
sediments in the Sichuan Basin indicate a SW paleocurrent (L
et al., 2018) that flowed into the Xichang and Chuxiong basins (Den
et al., 2018). Thus, it is likely that the sources are from the Sichua
Basin and Songpan-Garze terrane. (iv) The Songpan-Garze terran
was likely exhumed as a denudation area since the Late Triassic (Ya
et al., 2019) and further uplifted during the Early Cretaceou
(~120 Ma) (Liu et al., 2019). The high topography and exhumation o
1

the Songpan-Garze terrane thus provide detritus to adjacent basin
(v) The trans-continental paleo-MekongRiver thatflowed fromSichua
to Simao likely formed during the Early Cretaceous (Wang et al., 2020a
and connected the Sichuan and Lanping basins. Thus, we proposed tha
the Paleo-Mekong River drainage system possibly connected th
sources and sinks.

5.2. Drainage reconstruction

In addition to the Lanping Basin, Late Cretaceous lacustrine sedi
ments are found in the Sichuan, Xichang, Chuxiong, and Simao basin
on the eastern margin of the TP (Fig. 1). During the Late Cretaceou
the tectonic compression of the Qinling Orogen spread to the Sichua
Basin and resulted in exhumation of the northern Sichuan Basin wit
southwestern tilting (Shen et al., 2007; Li et al., 2018). The southwest
ward paleocurrent that provided the detritus connected the Xichan
and Chuxiong basins giving them similar provenance signatures an
forming the paleo-Yangtze Basin (Deng et al., 2018). Previously studie
depicted a drainage scenario that sediments sourced from Songpan
Garze terrane was transported to the Sichuan Basin, and then to th
Xichang, Chuxiong, Lanping, Simao basins, and possibly Khorat Platea
basins by a transcontinental drainage systemduring the Late Cretaceou
(Wang et al., 2014b; Deng et al., 2018). Actually, the source-to-sink sys
tem on the eastern margin of the TP during the Late Cretaceous mos
likely extended far beyond previous estimates. The scenarios may no
simply indicate a paleo-large river and a downstream lake (Wan
et al., 2014b; Deng et al., 2018) because several different types of lak
developed. Moreover, the sedimentary environment and provenanc
of these basins varies significantly.

The Upper Cretaceous succession in the Sichuan Basin is mainl
comprised of fluvial clastic rocks in the depocenter (Fig. 11) with inter
bedded red aeolian sandstones and hypersaline lacustrine evaporiti
rocks on the southwestern margin (Li et al., 2016a; Deng et al., 2018
2
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Fig. 12. (a) Reconstructions of drainage system at the eastern margin of the Tibetan Plateau during the Late Cretaceous (The paleogeographic configuration of the Sichuan and Lanping
basins refer to Li et al., 2016a and Fan et al., 2010, respectively). (b) Illustrative lake basin type model recording a complete gradational cycle of lake-basin types from proximal to
distal (modified from Carroll and Bohacs, 1999).
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Liu et al., 2019). The provenance of the Sichuan Basin is mainly th
Songpan-Garze terrane, the Longmenshan thrust belt, and the wester
Yangtze Block as well as the uplifted sediments of the northern an
northeastern Sichuan Basin (Deng et al., 2018; Li et al., 2018). Thu
due to the high topography of the Songpan-Garze terrane since th
Late Cretaceous (Liu et al., 2019), alluvial fans, fan-deltas, andmountai
rivers developed on the SWmargin of the Sichuan Basin with high sed
iment accumulation rates; while several braid rivers developed in th
northern Sichuan Basin, which is consistent with the paleogeographi
configuration (Li et al., 2016a, 2018). The fluvial-lacustrine facies assoc
ation in the Sichuan Basin suggests an overfilled lake-basin based o
Carroll and Bohacs (1999) (Fig. 12a). In contrast, the Upper Cretaceou
in the Xichang and Chuxiong basins mainly consist of red sandstone
siltstones, and marls (Wang and Li, 1996) with interbedded gypsum
bearing mudstones in the Xichang Basin (BGMRS, 1991; Xu et al
1997; Deng et al., 2018) and thick layers of rock salts, gypsum, an
glauberites in the Chuxiong Basin (BGMRY, 1996) (Fig. 11). Thus th
1

salinity of the Xichang Basin is much lower than that of the typical hy
persaline Chuxiong Basin and the provenance is sourced from th
uplifted northern Sichuan Basin (Deng et al., 2018). The facies associa
tions of the Xichang Basin are fine-grained clastic rocks with thin layer
of gypsum, indicating a deep water lake, and likely represent
balanced-fill saline lake-basin (Carroll and Bohacs, 1999) (Fig. 12a
We speculate that the provenance for the Chuxiong Basin is most likel
the recycled uplifted sediments of the Sichuan Basin based on the MD
plot (Fig. 10c, d). The Upper Cretaceous in the Simao Basin is character
ized by the fine-grained evaporite-bearing clastic rocks of th
Mengyejing Fm. and is believed to have been deposited mainly in a hy
persaline lake environment (Qu et al., 1998;Wang et al., 2014b), whic
is similar to that of the Lanping and Khorat Plateau basins. Thick evapo
rative facies associations were developed in the distal Chuxiong
Lanping, Simao, and Khorat Plateau basins indicating an underfille
lake-basin type (Carroll and Bohacs, 1999) (Fig. 12a). The Upper Creta
ceous in Lanping, Simao, and Sichuan basins are mainly sourced from
3
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the Songpan-Garze terrane, the Sichuan Basin, and the Souther
Qiangtang terrane (Fig. 10c, d). While the provenance of the Upper Cre
taceous in the Chuxiong Basin is much different from that of the equiv
alent sediments in the Lanping and Simao basins (Fig. 10c, d), and it di
receive clastics from the Sichuan recycled sediments. Therefore,we sug
gest a complex hierarchical drainage pattern composed of two final sin
center, several sub-drainages, and several sources. We propose that th
Late Cretaceous drainage system on the eastern margin of the T
contained the paleo-Mekong River (Wang et al., 2020a), which draine
from the Songpan-Garze terrane and the Sichuan Basin and draine
southwestward; a small-scale hypersaline lake (Ya'an-Qionglai playa
on the southwestern margin of the Sichuan Basin, which formed du
to the basin-bounding topographic highland (Li et al., 2016a); th
fluvial-lacustrine and saline Xichang Basin; the hypersaline or play
Chuxiong, Lanping, and Simao lacustrine basins (Fig. 12b); and the hy
persaline Khorat Plateau basins (Wang et al., 2014b; Deng et al
2018). It should be noted that there is likely no hydrological connectio
between the Chuxiong and Lanping-Simao basins (Fig. 10c, d) althoug
they have similar lithological associations. Their scenario is much mor
similar to that of the Oligocene to Miocene lakes of the Bangong
Nujiang Suture and the modern Siling Co drainage system in Centra
Tibet (Ma et al., 2018b). These lakes were in a hierarchical patter
with a drainage system and several sub-sinks and different salinit
lakes coexist in the pattern.

5.3. Tectonic implications

The growth history of the Tibetan Plateau remains disputed, a
though many evidence had proposed different models to show the T
uplift ranging from Eocene, Oligocene, to Miocene (e.g., Chung et al
1998; Rowley and Currie, 2006; Wang et al., 2008; Su et al., 2019, an
references therein). However, the growth history prior to the collisio
of India and Asia remains poorly constrained. The plateau growth re
vealed by thermochronology began locally in central Tibet during th
Late Cretaceous (Rohrmann et al., 2012). The low-temperatur
thermochronology data in the northern Sichuan Basin (Shen et al
2007), in the Songpan-Garze terrane (Liu et al., 2019), and in Deqi
and Weixi areas of the SE margin of the TP (Liu-Zeng et al., 2018) als
revealed the fast cooling and exhumation during 120–80 Ma, whic
was related to the collision of the Lhasa and Qiangtang terranes (Liu
Zeng et al., 2018; Liu et al., 2019). The exhumation from these low
temperature thermochronometric data reveals the tectonic activitie
during the middle to late Cretaceous (120–80 Ma). The residual topog
raphy (120–80 Ma) from terrane accretion and continental collisio
have contributed to regionally high topography (Liu-Zeng et al., 2018
The high topography in the Songpan-Garze terrane may indicate th
proto-plateau in central Tibet had extended to eastern margin of th
TP during 120–80 Ma. The Late Cretaceous sediments in the Lanping
Simao, and Sichuan basins are sourced from the Songpan-Garze terran
further indicates a high topography at the eastern margin of the TP. W
speculated that themiddle to late Cretaceous tectonism and high topog
raphy likely controlled the development of the paleo-lake and drainag
system. First, the tectonism caused the further uplift and exhumation o
the source terranes and increased the detritus supply of the basin. Larg
amounts of clastics from the exhumed rocks of the Songpan-Garze ter
rane and the northern Sichuan Basin drained into the southwestern par
of the SichuanBasin (Li et al., 2016a). Thus, the lake evolution of the Lat
Cretaceous basins from overfilled to underfilled recorded a complet
gradational cycle of lake basin types from proximal to distal that con
trolled by the early growth of the TP. Second, the uplift of the source ter
ranes by tectonics blocked the atmospheric circulation and intensifie
the aridity (Li et al., 2018; Liu et al., 2019), causing the deposition o
thick evaporites and aeolian sandstones in these basins. However, thi
only works on a small-scale in hydrologically closed basins (Ma et al
2018a, 2018b) because the lake may range from freshwater or brackis
to hypersaline within one climatic zone (Carroll and Bohacs, 1999
1

Thus, hypersaline water lakes only developed in the Ya'an-Qiongla
areas in the SW Sichuan Basin, while most parts of the Sichuan an
Xichang basins contained fresh to saline water lakes. The mid
Cretaceous marine incursion and subsequent regression (Wang et al
2015) which is primarily controlled by global tectonics reduced th
moisture content and could be another cause for thick evaporites o
the hypersaline Lanping and Simao basins.

6. Conclusions

(1) Our detrital zircon U–Pb ages from the Upper Cretaceou
Yunlong Formation in the Lanping Basin togetherwith numerou
published DZ ages for potential sources indicate that the sed
ments are primarily derived from recycled sediments of th
Songpan-Garze terrane, and partly from the Sichuan Basin an
the Southern Qiangtang terrane, as well as the exposed mag
matic rocks of the Yidun Arc and Songpan-Garze terrane.

(2) The complex hierarchical drainage pattern on the easternmargi
of the TP during the Late Cretaceous was comprised of the paleo
Mekong River, the small-scale hypersaline Ya'an-Qionglai playa
the saline Xichang Basin, the hypersaline or playa Chuxiong
Lanping, and Simao lacustrine basins, and the hypersaline Khora
Plateau basins, indicating a complete gradational cycle of lake
basin type from overfilled (Sichuan Basin) to balanced fi
(Xichang Basin) and underfilled (Chuxiong, Lanping, and Sima
basins).

(3) The early growth of the TP primarily controlled the source-to
sink system and lake-basin evolution by not only causing the up
lift and exhumation of the source areas and providing larg
amounts of clastics to proximal sub-drainage areas but also in
tensifying the aridity and deposition of evaporites.

Supplementary data to this article can be found online at https://do
org/10.1016/j.gsf.2020.11.002.
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