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Abstract

Paleogeographic reconstructions of terranes can greatly benefit from the
provenance analysis of sediments. A series of Cenozoic basins provide key
sedimentary archives for investigating the growth of the Tibetan Plateau, yet the
provenance of the sediments in these basins has never been constrained robustly. Here
we report sedimentary petrological and detrital zircon geochronological data from the
Paleocene-Eocene Nanggian-Xialaxiu and Gongjue basins. Sandstone detrital modes
and zircon morphology suggest that the samples collected in these two basins were

sourced from recycled orogen. Detrital zircon geochronology indicates that sediments



in the Nanggian-Xialaxiu Basin are characterized by two distinct age populations at
220-280 Ma and 405-445 Ma. In contrast, three predominant age populations of
207-256 Ma, 423-445 Ma, and 1851-1868 Ma, and two subordinate age populations
of ~50 Ma and ~2500 Ma, are recognized in the Gongjue Basin. Comparison with
detrital zircon ages from the surrounding terranes suggests that sediments in the
Nanggian-Xialaxiu Basin come from the neighboring thrust belts, whereas sediments
from the Gongjue Basin are predominantly derived from the distant Songpan-Ganzi
Terrane with minor contribution from the surrounding areas. A three-stage Cenozoic
evolution of the eastern Tibetan Plateau is proposed. During the Paleocene, the
Nanggian-Xialaxiu Basin appeared as a set of small intermontane sub-basins and
received plentiful sediments from the neighboring mountain belts; during the Eocene,
the Gongjue Basin kept a relatively low altitude and was a depression at the edge of a
proto-Plateau; since the Oligocene, the Tibetan Plateau further uplifted and the
marginal Gongjue Basin was involved in the Tibetan interior orogeny, indicating the
eastward propagation of the Tibetan Plateau.
Key words: U-Pb geochronology; sandstone detrital modes; Cenozoic basins;
tectonic reconstruction; eastern Tibetan Plateau.
1 Introduction

To understand the growth and uplift of the Tibetan Plateau, the study of the basin
development, sedimentary provenance, and depositional processes are crucial (e.g.,
Fielding, 1996; Clark et al., 2005; Zhu et al., 2006b; Li et al., 2012; Yuan et al., 2013;

Zhang et al., 2013; Zhang et al., 2014). Previous geological investigations of the



sedimentary records within and along the periphery of the Tibetan Plateau have
significantly improved our understanding of the terrane accretion and associated
tectonic deformation and uplift since the Paleozoic (e.g., Wang et al., 2001a; Otofuji
et al., 2007; Pullen et al., 2008; Li et al., 2009; Dupont-Nivet et al., 2010; Zhai et al.,
2011a; Kornfeld et al., 2014; Ma et al., 2014; Yu et al., 2014, 2017; Huang et al.,
2015; Tong et al., 2015; Li et al., 2017, 2018b; McRivette et al., 2019; Wu et al.,
2019a, 2019b). The India-Asia collision in the early Paleogene and the subsequent
continental deformation are thought to have induced most of the plateau growth as
expressed by the development of a series of foreland basins within and in the
periphery of the Himalayan-Tibetan orogen (e.g., Allégre et al., 1984; Yin and
Harrison, 2000; Najman, 2005; Wu et al., 2010; DeCelles et al., 2014). In particular,
the Cenozoic sedimentary basins in the eastern Qiangtang Terrane (east-central
interior of the Tibetan Plateau) provide an excellent record of the early collision
history during the Paleogene (e.g., Horton et al., 2002). The geological framework of
these Cenozoic basins (e.g., the Nanggian-Xialaxiu and Gongjue basins studied here)
has been established (e.g., Horton et al., 2002; Spurlin et al., 2005; Studnicki-Gizbert
et al., 2008) based on structural geology, stratigraphy, and isotopic dating of the
exposed volcanic rocks (e.g., Zhou et al., 2002; Zhu et al., 2006a; Jiang et al., 2009;
Du et al.,, 2011a). Recently, stable isotope paleoaltimetry has constrained the late
Eocene paleoelevation of the Nanggian-Xialaxiu and the early Eocene paleoelevation
of the Gongjue basins to 3.0 £ 1.1 km and 2.1-2.5 km, respectively (Tang et al., 2017;

Li et al., 2018a). Moreover, paleomagnetic studies on the Nanggian-Xialaxiu and



Gongjue basins indicate significant early Eocene latitudinal crustal shortening and
variable clockwise rotation (Roperch et al., 2017; Tong et al., 2017; Zhang et al.,
2018), suggesting that crustal shortening and oroclinal bending or lateral extrusion are
the main mechanisms for accommodating the convergence. Despite of these
substantial progresses, the provenances of the sediments in these two Cenozoic basins
in the eastern Tibetan Plateau, as well as the relationships between drainage basins
and their source regions, remain poorly constrained.

Sandstone detrital modes and detrital zircon U-Pb geochronology are extremely
powerful tools to constrain the provenance of terrigenous sediments, the evolution of
sedimentary basins, and the tectonic affinity of the different blocks involved (e.g.,
Dickinson and Suczek, 1979; Dickinson et al., 1983; Gehrels et al., 2003; Weislogel
et al., 2006, 2010; Enkelmann et al., 2007; Dong et al., 2011; Zhu et al., 2011a; Dai et
al., 2012; Fan et al., 2015; Li et al., 2015a; Wang et al., 2017). Nevertheless, these
tools have not been applied for regional provenance analyses of the Paleogene
Nanggian-Xialaxiu and Gongjue basins, although potential source areas are suggested
to be the Songpan-Ganzi Terrane to the north (e.g., Bruguier et al., 1997; Ding et al.,
2013; Zhang et al., 2014), or the Yidun Block to the southeast (e.g., Wang et al., 2013;
Peng et al., 2014; Wu et al., 2016). Therefore, the aim of this paper is to determine the
potential source areas of these sediments preserved in the Paleocene-Eocene
Nanggian-Xialaxiu Basin and the Gongjue Basin in the eastern Qiangtang Terrane by
examining their petrographic characteristics and detrital zircon U-Pb age distributions.

By comparing the evolution of the source areas of these two basins, we tentatively



provide constraints on the regional tectonic evolution of the eastern Tibetan Plateau at
its early stage of growth.
2 Geological setting and sampling

The Qiangtang Terrane is one of the principal Gondwana-derived units that
constitute the crust of central Tibet (Figure 1la) (Kapp et al., 2000, 2003a, 2003b;
Metcalfe, 2013). It is bounded by the Jinsha suture to the north, which represents the
Late Triassic collision with the Songpan-Ganzi Terrane. To the south, it is restricted
by the Bangong-Nujiang suture, recording the Late Jurassic-Early Cretaceous
collision with the Lhasa Terrane (Figure 1a) (e.g., Sengér and Natalin, 1996; Yin and
Harrison, 2000; Yang et al., 2012). It is approximately east-west-trending in the
western and central parts with a maximum width of 400-500 km, but narrows down to
less than 150 km in the eastern part and changes gradually from NW-SE trending in
the southeast of Tibet to an approximate south-north trending in the Yunnan Province.
The Qiangtang Terrane can be further divided into the eastern and western Qiangtang
sub-Terranes through the Longmo Co-Shuanghu-Lancangjiang suture (LSLS) (Figure
1a) (e.g., Zhang et al., 2006a, b; Li et al., 2009). However, this east-west belt of
ophiolitic melanges is also interpreted to be the remnants of a subduction-accretion
complex instead of a Mesozoic suture zone or remnants of a large ophiolite nappe
(Kapp et al., 2003a, 2003b). The western Qiangtang Terrane began to collide with the
eastern Qiangtang Terrane during the middle Triassic, forming the so-called
Qiangtang Terrane (e.g., Zhang et al., 2006a, b; Li et al., 2009; Zhai et al., 2011;

Metcalfe, 2013). During the initial stage of the India-Asia collision, substantial



deformation is characterized by important crustal shortening, mainly north-dipping
thrust systems, and strike-slip faults along these suture zones (Kapp et al., 2005;
Staisch et al., 2016). During this time, sediment accumulations are preserved in the
northeastern part of the Qiangtang Terrane in a series of small thrust-related Cenozoic
basins (Horton et al., 2002; Studnicki-Gizbert et al., 2008), providing key records for
unraveling the Cenozoic tectonic evolution of the eastern Tibetan Plateau.
2.1 The Nanggian-Xialaxiu Basin

The Nanggian-Xialaxiu Basin is one of the largest and most complete Cenozoic
basins related to the India-Asia collision in the eastern Tibetan Plateau. It covers more
than 1800 km? with strata thickness ranging from ~3200m in the north to ~4400m in
the south (Figures 1b, 2a) (Qinghai BGMR, 1991). Development of the
Nanggian-Xialaxiu Basin is probably controlled by the Cenozoic Nanggian Thrust
System, which cuts across the northern part of the Qiangtang Terrane. This basin can
be divided into four distinctive sub-basins (the Shanglaxiu, Xialaxiu, Niuguoda, and
Nanggian basins) separated by thrust faults (Horton et al., 2002). These northeast- and
southwest-directed principal structural thrusts were responsible for a minimum of 61
km of Cenozoic SW-NE shortening and for the juxtaposition of Paleozoic-Mesozoic
strata over Cenozoic strata in the study region (Spurlin et al., 2005). The basin is filled
with Cretaceous-Paleogene strata, mainly consisting of sandstone, mudstone,
conglomerate, and minor carbonate and volcanic rocks (Horton et al., 2002; Spurlin et
al., 2005). The Cenozoic strata unconformably overlie the Carboniferous and Triassic

strata but are in conformable contact with the underlying upper Cretaceous strata. The



Paleozoic and Mesozoic strata are dominantly composed of carbonate, quartzite,
argillite, sandstone, and mudstone. Palynomorph and ostracod assemblages
discovered in the lowermost succession of the Nanggian area yield a late Cretaceous
age (Qinghai BGMR, 1991). Other sub-basins and major strata in the Nanggian area
are also Paleocene-Eocene deposition (Qinghai BGMR, 1991; Horton et al., 2002).
Geochronological studies performed on rhyolite and granitic intrusives in the Xialaxiu
area yield “°Ar/**Ar ages of 51.2-49.5 Ma (Spurlin et al., 2005). Furthermore, tuffs in
the uppermost strata of the northern Nanggian area yield “°Ar/*Ar ages of 38.2-37.2
Ma (Spurlin et al., 2005), while zircon U-Pb dating reveals that the Nanggian igneous
rocks formed at 39.5-35.6 Ma (Xu et al., 2016). These ages provide minimum age
constraints for the basin infill.
2.2 The Gongjue Basin

The Gongjue Basin is located to the southeast of the Nanggian-Xialaxiu Basin. It
extends for ~200 km in a NW-SE trend along the eastern side of the Qiangtang
Terrane (Figure 1). The sedimentary strata mainly consist of the Gongjue Formation
in the lower and Ranmugou Formation in the upper part of the basin with a total
thickness up to ~5000 m (Figure 2b) (Tibet BGMR, 1993). The basin fill is dominated
by terrestrial red clastic sediments (fine, coarse, sand-, silt-, or mud-sized sediments)
and evaporites (gypsum, salt, and carbonates), displaying parallel bedding, cross
bedding, graded bedding, erosional surfaces, and ripple marks (Figure 4). It is
interpreted as an internally drained, structurally controlled basin which has

predominantly been deposited in an alluvial-fan, fan-delta, floodplain, and lacustrine



environment (Tibet BGMR, 1993). The structure of the Gongjue Basin is
characterized by a southwest-directed thrust and a basin-scale asymmetrical syncline
with a better exposed and thicker western limb than that of the eastern limb (Figure
2b). These fold axes are also parallel to the strike of the bedding and the overall
orientation of the basin (Figures 1b, 2b). On the eastern side, the middle-upper
Triassic marine limestones cut and thrust upon the basin sediments; on the western
side, the Cenozoic sediments unconformably overlie the Ordovician to Triassic strata
of the Qiangtang Terrane. Initial growth strata developed along both the eastern and
western sides of the basin and small-scale folds are well preserved in the upper part of
the strata near the core of the syncline (Tibet BGMR, 1993; Studnicki-Gizbert et al.,
2008). Palynology assemblages from the basin sedimentary sequence give a Cenozoic
age from early Paleogene to Miocene (Tibet BGMR, 1993; Studnicki-Gizbert et al.,
2008). Precise geochronology of the youngest zircon cluster collected from the
Gongjue Formation red beds yields a weighted mean age of 52.5 £ 1.5 Ma, providing
a maximum depositional age for this basin (Zhang et al., 2018). Volcanic rocks with
eruption age of 43.83 + 0.27 Ma (biotite “°Ar/*°Ar) and 43.2 + 0.2 Ma (zircon U-Pb)
in the northern part of the basin also provide a minimum depositional age constraint
for these red beds strata (Studnicki-Gizbert et al., 2008; Tang et al., 2017).
2.3 Sampling

In the Nanggian-Xialaxiu Basin, five fine- and coarse-grain sized sandstone
samples from Nanggian section and four from Xialaxiu section were collected in the

field and studied under a petrological microscope (Figures 3, 4j-m, 5; Table S2 in the



supplementary material). In the Gongjue Basin, nine fine- and medium-grained
sandstone samples from the Qinidong section and eight from the Xiangpi section were
collected for microscopic studies (Figures 3, 4e-i, 5; Table S2 in the supplementary
material).

Additionally, in this study, three samples from the Nanggian-Xialaxiu Basin,
including a Middle Eocene sample NQ14-01, an Early Eocene sample NQ14-02, and
a Paleocene sample XL14-02, were collected for detrital zircon U-Pb geochronology.
In the Gongjue Basin, five Early Eocene samples encompassing the entire stratigraphy
were selected for detrital zircon U-Pb geochronology, of which samples GJ-7 and
GJ-24 are from the Gongjue Formation in the lower part, sample JD-8 belongs to the
Lower Ranmugou Formation, and samples JD-14 and JD-21 are from the Middle
Ranmugou Formation in the upper part of the basin. Sampling localities and brief
petrological characteristics are presented in the supplementary material Table S1 and
Figure 2.

3 Methods
3.1 Sandstone detrital modes

Sandstone detrital modes of terrigenous sandstones from various types of basin
are closely connected with the plate-tectonic setting of the source area (Dickinson and
Suczek, 1979; Dickinson et al., 1983). The categories of provenance terranes are
divided into three main units: “recycled orogens”, “continental blocks”, and
“magmatic arcs” (Figure 5) (Dickinson et al., 1983). By measuring the point counts in

thin sections, the application of this method to successfully judge the sandstone



provenance has been well established (e.g., Dickinson and Suczek, 1979; Dickinson,
1985). More than 400 mineral grains were counted for each sample following the
Gazzi-Dickinson method (Ingersoll et al., 1984). Sandstone compositions can then be
plotted into triangular QtFL and QmFLt diagrams which represent the framework
proportions of quartz, feldspar, and lithic debris made of polycrystalline quartz, as
well as constituents with a volcanic and/or sedimentary origin. Framework grain types,
size limit (>62.5um), and graphical representations of the quantitative detrital modes
and various provenance fields are from Dickinson et al. (1983). The grain
compositional abundances, normalized to 100%, are shown in Table S2 in the
supplementary material.
3.2 Detrital zircon U-Pb dating

Zircon grains were concentrated using conventional heavy liquid and magnetic
techniques at the Yuneng Geology Service Co. Ltd., Langfang, Hebei Province, China.
Generally, more than 1000 zircon grains were randomly selected to be mounted in
epoxy mounts, and then polished in order to obtain a smooth flat internal surface. In
order to inspect the internal structure and choose the potential internal target sites for
the U-Pb laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS)
dating, transmitted and reflected light microscopy, as well as cathodoluminescence
(CL) imagery were acquired. Zircon grains from the Nanggian-Xialaxiu Basin were
analyzed at the Geosciences Rennes laboratory (France), while zircon grains from the
Gongjue Basin were measured at the Key Laboratory of Orogenic Belts and Crustal

Evolution (Peking University, China).



For the samples analyzed in Rennes, U-Pb geochronology was conducted using
an ESI NWR193UC Excimer laser coupled to a quadripole Agilent 7700x ICP-MS.
The instrumental conditions are reported in Table S3 in the supplementary material.
The ablated material is carried into helium, and then mixed with nitrogen and argon,
before injection into the plasma source. The alignment of the instrument and mass
calibration was performed before each analytical session using the NIST SRM 612
reference glass, by inspecting the 28U signal and by minimizing the ThO*/Th* ratio
(<0.5%). During the course of an analysis, the signals of 2%*(Pb+Hg), 2%Pb, 2°7Pb,
208pp, 232Th and 23U masses are acquired. The occurrence of common Pb in the
sample can be monitored by the evolution of the 2%(Pb+Hg) signal intensity, but no
common Pb correction was applied owing to the large isobaric interference with Hg.
Single analyses consisted of 20 s of background integration followed by 60 s
integration with the laser firing. Ablation spot diameters of 20-45 um with repetition
rates of 3 Hz were used depending on the grain size. Data were corrected for U-Pb
and Th-Pb fractionation and for the mass bias by standard bracketing with repeated
measurements of the GJ-1 zircon standard (Jackson et al., 2004). Along with the
unknowns, zircon standards PleSovice (337 Ma, Slama et al., 2008) and 91500 (1065
Ma, Wiedenbeck et al., 1995) were measured to monitor precision and accuracy of the
analyses and produced a concordia age of 336.6 £ 4.7 Ma (N=86, MSWD=0.05) and
1066.5 = 1.8 Ma (N=93, MSWD=0.16) respectively during the course of the analyses.
See Manzotti et al. (2015) for further information.

For samples analyzed in Peking University, U-Pb geochronology was conducted



on an Agilent 7500 Ce ICP-MS connected to a 193 nm COMPexPro 102 Excimer
Laser ablation system. The instrumental conditions are reported in Table S3 in the
supplementary material. Helium gas was used as the carrier gas to enhance the
transport efficiency of the ablated material. The laser spot diameter was 32um, and
the laser energy density was 6 J/cm? with the frequency set to 5 Hz. The procedure for
laser analysis involved a 20-pulse pre-denudation, 25 s of blank calibration, 60 s of
signal acquisition, and 2 min of sample-chamber flushing after ablation. Zircon
standard 91500 (Wiedenbeck et al., 1995) was used as the primary standard and
zircon Plesovice (337.9 Ma) as a secondary (quality control) standard (Slama et al.,
2008). The correction for common Pb is applied using the EXCEL program
ComPbCorr#_151 (Andersen, 2002). More detailed descriptions of the technical
procedure are presented in Tang et al. (2014) and Yuan et al. (2004).

In both laboratories, the GLITTER 4.4.2 software (Macquarie University) was
used to calculate the isotopic ratios and element concentrations. ISOPLOT (version
3.0) was used to create the relative probability and concordia diagrams (Ludwig,
2003). Reported uncertainties in age analyses are given at 1c. Ages older than ca.
1000 Ma are based on 2°7Pb/?%Ph ratios, whereas younger grains are based on
206pp/238Y ratios. Zircon U-Pb ages with degrees of discordance >10% were not
taken into account for the age calculations. Isotopic ages with errors are listed in Table
S4 in the supplementary material. CL images of representative zircon grains are
presented in Figure 6.

4 Analytical results



4.1 Petrology

Sandstone samples from the Nanggian-Xialaxiu Basin are mainly fine- and
medium-grained quartz greywackes which consist mostly of sub-angular to
sub-rounded monocrystalline quartz grains. The other framework grains are
principally composed of lithic fragments, which mainly include volcanic clasts,
together with subordinate sedimentary clasts and polycrystalline quartz grains.
\olcanic clasts display a cryptocrystalline texture, and mainly consist of volcanic
glass and microlite, indicative of a rapid cooling of the magma (e.g., Figures 4j, I).
Very few yellow metamorphic clasts were also found, probably linked to low-grade
metamorphism of sedimentary clasts, which is certified by brittle deformation of
quartzose crack (e.g., Figure 4l). Calcite is present in most of the samples (e.g., Figure
4K).

Most sandstone samples from the Gongjue Basin contain similar components and
consist dominantly of texturally mature monocrystalline/polycrystalline quartz and
lithic fragments with a little proportion of muscovite and calcite (e.g., Figures 4e, h).
Feldspar is rare and only found in sample JD-8, which precludes a potential felsic
igneous source (Figure 4g). Quartz grains show moderate separation and sub-rounded
to rounded shape, indicating that these grains underwent transport. Secondary
overgrowths of quartz around their original grain edges can be easily recognized (e.g.,
Figure 4g). Lithic fragments mainly include volcanic clasts with cryptocrystalline
texture, while rare sedimentary and/or metamorphic clasts can also be found (e.g.,

Figures 4g, h). Very small quantity of siltstones is also observed (e.g. Figure 4i),



indicative of a weak hydrodynamic condition and long transport.

Framework components including quartz, feldspar, and lithic fragment with
size >62.5um, are applied for mineral framework analysis to help discriminate
provenance types (Dickinson and Suczek, 1979; Dickinson et al., 1983; Dickinson,
1985). In the Nanggian-Xialaxiu Basin, besides four samples falling into the
“undissected arc” region, five samples lie within the “recycled orogenic” region in the
QtFL plot; by contrast, all the samples from the Gongjue Basin fall into the “recycled
orogenic” region, displaying similar origin (Figure 5a). Furthermore, in the QmFLt
plot, five samples collected in the Nanggian-Xialaxiu Basin lie within the “lithic
recycled” region, while the remaining ones plot in the “transitional recycled” region;
conversely, most samples from the Gongjue Basin fall into the field of “transitional
recycled” with only one exception (sample JD-8), which plots into the “quartzose
recycled” field due to its large quartz content (Figure 5b).

4.2 Zircon U-Pb geochronology

The various zircon age ranges and the major petrological characteristics for each
sample are displayed in the supplementary material Table S1. The detrital zircon age
ranges and corresponding age peaks could be divided into several groups. The U-Pb
isotopic results are listed in the supplementary material Table S4 and then interpreted
into concordia and relative probability density diagrams in Figures 7-9, respectively.
A major age peak refers to age group that represent at least 20% of the total zircon
population, whereas a minor peak refers to age group representing less than 20% but

more than 10% of total zircon population.



4.2.1 Zircon U-Pb ages from samples in the Nanggian-Xialaxiu Basin

The zircon grain morphologies vary from euhedral to rounded with an average
size ranging between 50 um to 250 um. Among a total of 332 detrital zircon crystals
analyzed (NQ14-01, NQ14-02, and XL14-02), 313 of them present a discordance
lower than 10% (Figure 7; Table S4 in the supplementary material). Crystal
morphology and clear oscillatory zoning indicate a magmatic origin. While some
zircon grains have low Th/U ratios, the Th/U ratios for most of them vary from 0.10
to 2.09, which reflects a dominant magmatic origin for these grains (Figure 7; Table
S1 in the supplementary material) (Hanchar and Rudnick, 1995; Hoskin and Black,
2000; Corfu et al., 2003).

Zircon U-Pb ages of the three samples (NQ14-01, NQ14-02, and XL14-02)
range from 40 Ma to 2974 Ma, and have two predominant populations at 220-280Ma
and 405-445Ma, constituting more than 80% of the total population (Figure 8). For all
the samples, a small proportion of the zircon grains present Precambrian ages. With
the exception of one grain with an age of 197 + 2 Ma, all the grains from the
Paleocene sample XL14-02 (Xialaxiu area) yield ages older than 200 Ma (Figure 7).
This is different from the results obtained on the Early Eocene samples (i.e., NQ14-01
and NQ14-02) from the Nanggian area, where Jurassic-Cenozoic zircon grains are
abundant, the youngest grain in sample NQ14-01 giving a concordant age of 40 + 1
Ma (Figure 7; Table S4 in the supplementary material).

4.2.2 Zircon U-Pb ages from samples in the Gongjue Basin

Three hundred and eighty-seven analyses with discordance degree lower than 10%



were obtained from a total of 530 zircon grains (i.e., GJ-7, GJ-24, JD-8, JD-14, and
JD-21) (Figure 7; Table S4 in the supplementary material). The zircon grain
morphologies vary from euhedral to rounded with an average size ranging between 50
um and 200 um, and more than 90% crystals display oscillatory zoning in CL images
(Figure 6), implying a magmatic origin. Except for several grains with very low Th/U
values, the majority of the zircon Th/U ratios mainly vary from 0.10 to 2.50,
indicating that they were largely derived from a magmatic source (Figure 7; Table S1
in the supplementary material).

All these five samples exhibit slightly variable population features and
provenance signatures (Figure 9). Most analyses fall on or near the concordia line.
The isotopic ages of detrital zircon have a wide distribution ranging from 200 Ma to
2000 Ma, with three major peaks at 207-256 Ma, 423-445 Ma, and 1851-1868 Ma
identified (Figure 9). Notably, several Cenozoic ages at ~50 Ma and much older ages
at ~2500 Ma are also found, and their distributions are different from sample to
sample. Sixteen young zircon grains are detected from three samples (GJ-24, JD-8
and JD-21), indicating a possible Cenozoic magmatic source and constraining an
Early Eocene maximum depositional age for the strata (Zhang et al., 2018).
Ubiquitous Paleoproterozoic zircon U-Pb ages are distributed sporadically in all
samples. Even in sample JD-21, a minor peak at 2496 Ma can also be found, which
occupies 11.1% of the total data in this sample (Figure 9; Table S1 in the
supplementary material).

5 Discussion



5.1 Provenance of the sediments in the Nanggian-Xialaxiu Basin

Previous field and mapping investigations attributed the red beds in the
Nanggian-Xialaxiu Basin to the Gongjue Formation. However, we have to abandon
this classification because the lithostratigraphic age is different from the same
formation in the Gongjue Basin (Qinghai BGMR, 1991; Tibet BGMR, 1993; Zhou et
al., 2002; Studnicki-Gizbert et al., 2008). Horton et al. (2002) reinterpreted several
basins in the Yushu-Nanggian area as distinct entities separated by fold-thrust
structures according to syncontractional growth strata along the basin-margin
structures, instead of what was previously described as a large contiguous basin that
was broken into several sub-basins due to late deformation processes.

Approximate sedimentary source areas were previously recognized during basin
development using paleocurrent data and conglomerate and sandstone compositional
analyses (Horton et al., 2002; Zhou et al., 2002; Spurlin et al., 2005; Jiang et al., 2009;
Du et al., 2011b). By using paleocurrent measurements, researchers have suggested
that the Nanggian-Xialaxiu Basin was fed by sediments issued from proximal source
areas composed of Carboniferous-Triassic rocks and from different directions (Wang
et al. 2001b, 2002; Horton et al., 2002; Zhou et al., 2002; Jiang et al., 2009, 2011; Du
et al., 2011b). In addition, paleocurrent analysis and mineral framework modes were
also used for provenance analysis (e.g., Du et al., 2011b; Jiang et al., 2011; this study).
In the QtFL plot, all sandstone component points fall into the recycled orogenic and
undissected regions; in the QmFLt plot, they lie within transitional and lithic recycled

regions (Figure 5). Mineral features, characterized by low compositional and textural



maturity, include abundant lithic debris, indicating a short transportation and a rapid
burial from a proximal source likely composed of Triassic strata (Figure 4). Here, we
report new zircon U-Pb geochronological results to constrain the provenance of the
sediments in the Nanggian-Xialaxiu Basin.

The detrital zircon U-Pb geochronological data for three samples from the
Nanggian-Xialaxiu Basin can be divided into two principal groups (Figure 8). Detrital
zircons grains mainly range in age from ~210 Ma to ~450 Ma with two main peaks at
220-280 Ma and 405-445 Ma (Figures 8, 11; Table S3 in the supplementary material).
Despite different sampling locations and strata layers, the age peaks in these three
samples are similar, suggesting invariable and analogous source areas during the basin
development (Figures 3, 8). The closest terranes to the Nanggian-Xialaxiu Basin
include five potential source areas with distinct zircon age spectrums (the eastern
Qiangtang Terrane, the western Qiangtang Terrane, the eastern Kunlun Range, the
Songpan-Ganzi Terrane, and the Yidun Block). The two age peaks of the main
populations in the Nanggian-Xialaxiu Basin overlap with the age distributions
recorded in the detrital zircon populations from the eastern Qiangtang Terrane (Figure
10e), and we exclude the remaining potential source areas based on several reasons: 1)
the age peak at ~1850 Ma is very significant in the Songpan-Ganzi Terrane but absent
in the Nanggian-Xialaxiu Basin (Figure 10c) (Bruguier et al., 1997; Enkelmann et al.,
2007; Weislogel et al., 2010; Zhang et al., 2014); 2) the prominent age peak at ~900
Ma is significant in the western Qiangtang Terrane and Yidun Block but lacking in the

Nanggian-Xialaxiu Basin (Figures 10f, 10g) (Dong et al., 2011; Gehrels et al., 2011,



Zhu et al., 2011; Ding et al., 2013; Wang et al., 2013; Liu et al., 2016); 3) although
the age distributions in the Nanggian-Xialaxiu Basin correspond to the characteristic
ages of the eastern Kunlun Range, the short drainage system and proximal deposition
preclude this possibility (Figure 10d) (Horton et al., 2002; Spurlin et al., 2005; Du et
al., 2011a, 2011b); 4) Jurassic-Cretaceous zircon grains found in sample NQ14-02
from Nanggian area are evidenced in sedimentary strata exposed in the eastern
Qiangtang Terrane (Figure 10e) (Gehrels et al., 2011; Ding et al., 2013); 5) previous
published detrital zircon U-Pb age from the southern side of the Jinsha suture zone,
e.g., sample 2004T030 studied by Ding et al. (2013) (Figure 1b), is close to the
Nanggian-Xialaxiu Basin but shows distinctive age spectrum (Figure 11e), which also
precludes large-distance sedimentary transport for sediments in the studied basin.
Furthermore, the source of sample 2004T022 studied by Ding et al. (2013) (Figure
1b), yielding a major peak at 262 Ma and a minor peak at 437 Ma, has been
interpreted to be derived from the eastern Kunlun Range across the extended Hoh-Xil
Basin (Figure 11c) (Ding et al., 2013). However, it is mysterious that no characteristic
ages of the Songpan-Ganzi Terrane contribute to this sample after such a long journey.
Additionally, age distributions in this sample also match well with the ages in the
adjacent Triassic plutons and a small gneissic unit within Ordovician strata, which
appears to provide a more reasonable source for the sample 2004T022 (Figure 1)
(Roger et al., 2003). These Triassic plutons and Ordovician strata probably also
contributed an eastern-northeastern source for the detritus in the Nanggian-Xialaxiu

Basin. Besides materials coming from the east-northeast, the Jurassic-Cretaceous



zircon grains found in sample NQ14-02 were possibly derived from the nearby
Jurassic-Cretaceous strata to the southeast (Figure 1). Finally, sporadic young zircon
grains in our samples are in accordance with igneous rocks found in the basin. We
conclude that detrital zircon U-Pb ages reveal that the sediments in the
Nanggian-Xialaxiu Basin were predominantly derived from the nearby uplifted fold
belts and/or thrust sheets. This conclusion is in good agreement with interpretation of
Horton et al. (2002) that the individual rivers within the Nanggian-Yushu region were
generally no more than 50-km long.
5.2 Provenance of the sediments in the Gongjue Basin

Previous analyses of sedimentary facies indicate that the well-rounded cobble
conglomerate near the bottom of the basin were sourced from the adjacent Paleozoic
and Triassic units in the hanging wall of the east-bounding thrust fault (Yin and
Harrison, 2000; Studnicki-Gizbert et al., 2008), coincident with easterly paleocurrents
derived from large oblique bedding in the overlying strata (e.g., Figures 4b-c). In the
northern part of the Gongjue Basin, southeast-directed paleocurrent and dominant
limestone gravels also suggested a nearby Triassic marine source (Tang et al., 2017).
Overlying these coarse strata, the provenance of the predominant basin materials,
composed of thinly bedded, fine sandstone, siltstone, and mud-sized sediments with a
total thickness up to 3 km, remains enigmatic.

Fine- and medium-sized sandstone samples are mainly composed of quartz and
lithic fragments, mostly of volcanic origin. The high content of quartz and volcanic

detritus indicates magmatic sources, while the extremely low amount of feldspar



excludes the possibility that the sources were in a close vicinity. This is also
confirmed by the mineral morphology characterized by sub-angular to sub-rounded
shape and medium sorting (Figures 4e-h) and by the sub-rounded to rounded shapes
of the zircon grains (Figure 6). Correspondingly, the modal components of these
sandstone samples obtained by the updated Gazzi-Dickinson counting method also
suggest a sedimentary derivation from recycled orogenic source areas as all the
samples fall into the recycled orogenic field in the QtFL plot and transitional recycled
field in the QmFLt plot, with the exception of sample JD-8 (Figure 5) (Ingersoll et al.,
1984; Dickinson, 1985). Furthermore, the scarcity of feldspar in the Gongjue Basin
implies that igneous rocks were not the prime source (see above) and suggests that
intrusive rocks, such as granite, were not yet at the surface and were, therefore, unable
to supply materials for the Gongjue Basin.

Even though recycled sediment influx, evidenced in the Dickinson triangular
plots, are consistent with the petrological interpretation in the Gongjue Basin,
provenance analysis based on these qualitative plots alone is not sufficient. Indeed,
adjacent fold/thrust belts and terranes/blocks, such as Nanggian-Yushu fold belt and
Jiangda thrust belt, and distant terranes/blocks surrounding the Gongjue Basin as
Yidun Block to the east and Songpan-Ganzi Terrane to the north, are all potential
source areas. Here, our detrital zircon U-Pb geochronology, together with previously
published isotopic geochronologic data from the nearby terranes/blocks, helps to
precisely constrain the provenance of the sediments in the Gongjue Basin.

Because the zircon U-Pb results obtained for each sample from the Gongjue



Basin are very similar, we combined the five age spectrums as a single one for further
discussion (Figure 9). Three major peaks at 207-256 Ma, 423-445 Ma, 1851-1868 Ma,
and two minor peaks at ~50 Ma, and ~2500 Ma can be identified (Figure 9; Table S4
in the supplementary material). The age distribution patterns from the Gongjue Basin
are remarkably similar to that of detrital zircon grains from the Songpan-Ganzi
Terrane but strikingly different from that of detrital zircon grains from the eastern
Kunlun Range, the western Qiangtang Terrane and the Yidun Block for the following
reasons: 1) the Yidun Block is mainly composed of the Yidun arc and the Zhongza
massif, but the dominant age peak of the latter at ~900 Ma is not obvious in the
Gongjue Basin (Figure 10g) (Wang et al., 2013; Wu et al., 2016); 2) the prominent
500-1000 Ma tectono-thermal events recorded in the western Qiangtang Terrane
(related to the assemblage and breakup of the Gondwana supercontinent), is sporadic
in the Gongjue Basin (Figure 10f) (Zhu et al., 2011); 3) the high-pressure
metamorphic minerals (e.g., garnet, phengite, epidote, omphacite) of the Qiangtang
metamorphic belt (QMB) which extends between the western Qiangtang Terrane and
Gongjue Basin, are not present in our samples (Figures 1, 4) (Kapp et al., 2000;
Zhang et al., 20063, b; Pullen et al., 2011; Zhai et al., 2011b; Zhu et al., 2013); 4) the
absence of metamorphic zircon grains which are ubiquitous in the QMB also exclude
the possibility that the sediments originated from the SW and SWW directions
(Figures 1, 7).

In contrast, among the five dominant age distributions recorded in the detrital

zircon populations from the Gongjue Basin, the three major age peaks at 207-256 Ma,



423-445 Ma, 1851-1868 Ma correlate well with those of the detrital zircon grains
from the Songpan-Ganzi Terrane, suggesting a predominant source area for the
studied region (Figure 10c) (Enkelmann et al., 2007; Weislogel et al., 2010; Gehrels
etal., 2011; Ding et al., 2013; Zhang et al., 2014). The Gongjue Basin is controlled by
boundary faults, and these thrusts also provided a small quantity of materials into
basin. It is further evidenced by the detrital zircon grains that the age peaks at ~230
Ma and ~430 Ma in the eastern Qiangtang strata are significant in the Gongjue Basin.
(Figures 10c, 10e).

Additionally, the lack of ~200-60 Ma old zircon grains in the Gongjue Basin
suggests the source cannot be from the western part of the eastern Qiangtang Terrane
where abundant occurrence of Jurassic zircon grains are reported (Figures 9, 10f)
(Ding et al., 2013). The previous published zircon ages from surrounding Triassic
strata are different from the age spectrums found in the Gongjue Basin (Figure 11),
but similar to the age populations found in the western Qiangtang Terrane (e.g.,
sample 2003T058 studied by Ding et al. 2013) (Figures 10f, 11d) and the Yidun Block
(e.g., samples 2003T066 studied by Ding et al. 2013, GB101, GB133, GB185, and
GB417 studied by Wang et al. 2013) (Figures 10g, 11g), respectively. This also
implies that the source regions for the sediments from the Gongjue Basin cannot be
the Triassic strata sequence to the west or the Yidun Block to the east (Figures 1, 11)
(Ding et al., 2013; Wang et al., 2013). Finally, the source of the young zircon
population (~52 Ma) of the Gongjue Basin (Zhang et al., 2018) were most likely

originated from the ~51-49 Ma volcanics in the Xialaxiu area, 200 km to the



northwest of the Gongjue Basin, which implies that the Gongjue Basin was located at
a lower altitude than the Xialaxiu region during this period. Hence, we conclude that
the most likely sources of zircon for the Gongjue Basin are the Songpan-Ganzi
Terrane, with minor materials sourcing from the surrounding thrust/fold belts which
were activated or reactivated during the India-Asia collision (Roger et al., 2000; Yin
and Harrison, 2000; Studnicki-Gizbert et al., 2008).

5.3 Tectonic implications for the eastern Tibetan Plateau

Our results indicate that the Nanggian-Xialaxiu and Gongjue basins contain
sediments that were clearly derived from distinct source regions (Figures 10, 12). In
the Nanggian-Xialaxiu Basin, sources are the adjacent orogenic belts, which is in
agreement with the observed facies. In the Gongjue Basin, dominated source of the
remote Songpan-Ganzi Terrane is in agreement with observed fine-grained sediments
that experienced long-term hydrodynamic transport. Basin development controlled by
specific tectonic settings can further explain this difference.

One explanation could be that the Nanggian region is more thin-skinned while
the Gongjue region may be reactivating an older basement structure (Spurlin et al.,
2005; Studnicki-Gizbert et al., 2008). Growth-strata widespread along the thrust
indicated that sedimentation was synchronous with initial fold-thrust deformation in
the Nanggian-Xialaxiu Basin (Horton et al., 2002). Using balanced cross sections
across the Nanggian-Yushu area and related basins, Spurlin et al. (2005) proposed that
a nearly 40% upper-crustal shortening, occurring in the early Cenozoic, was

distributed over the area. This shortening possibly accounted for most of the surface



uplift of the Nanggian region, resulting in moderate-elevation intermontane drainage
basins and surrounding relatively high-elevation fold-thrust belts. Horton et al. (2002)
proposed that the activation of these fold-thrust belts was the consequence of
contraction triggered by the India-Asia collision. Sediment accumulation during early
Cenozoic in the Nanggian-Xialaxiu Basin is related to the synchronous fold-thrust
deformation (Horton et al., 2002), which coincides with our provenance analysis in
this region. In the Gongjue Basin, however, Studnicki-Gizbert et al. (2008) suggested
that the shortening was limited to the bounding faults along the eastern limb of the
basin, resulting in much less surface deformation and uplift of the whole region.
Therefore, the Gongjue Basin, developed as a foreland basin, only partially received
materials from the eastern thrusts. As a result, the majority of sediments in the
relatively low-elevation Gongjue Basin (Tang et al., 2017) were derived from
higher-elevation mountains, i.e., the Songpan-Ganzi orogenic belts.

Paleomagnetic results also matches well with specific tectonic settings of the
Nanggian-Xialaxiu and Gongjue basins. Compared to the Nanggian region, the
Gongjue region is more to the side of the collision which records a more oblique
contraction with more strike slip component, rotation and less deformation. In the
Nanggian-Yushu area, the tectonic pattern absorbing the upper crustal contraction is
fold-thrust deformation with small (~7°) clockwise rotation relative to the Eurasian
appear polar wander path (APWP) since 38-37 Ma in the Nanggian basin and
negligible rotation since 51-49 Ma in the Xialaxiu Basin (Roperch et al., 2017). In

contrast, the Gongjue Basin has experienced a cumulative clockwise rotation of



24.1£3.1° relative to the Eurasian APWP since ~52 Ma (Zhang et al., 2018). Hence,
distinct tectonic settings directly affected the development and sedimentology of the
Nanggian-Xialaxiu and Gongjue basins.

As the dominant erosion regions, the fold/thrust belts are critical to these
drainage basins. The Nanggian-Yushu fold/thrust belts and the Songpan-Ganzi
orogenic belts formed and reactivated in response to the India-Asia collision and
continued convergence, constituting dominant source areas for the Nanggian-Xialaxiu
and Gongjue basins, respectively. But when and how did these fold/thrust belts supply
the large amount of sediment inputs to the Nanggian-Xialaxiu and Gongjue basins?
By combining the available provenance results and deformation/rotation history of
these two basins, we propose a comprehensive scenario in three stages for the
Cenozoic paleogeographic evolution of the eastern Tibetan Plateau (Figure 12).

Stage I: Paleocene time (Figure 12a). Contemporaneously with or shortly after
the onset of the India-Asia collision (DeCelles et al., 2014; Huang et al., 2015; Hu et
al., 2016), crustal shortening and contractional deformation became widespread in the
Nanggian region, marked by activity of the several thin-skinned thrust belts (e.g.,
Shanglaxiu, Xialaxiu, Niuguoda thrust belts and Nanggian fault zones). Among these
thrust belts, several small-scale intermontane depocenters developed independently
(Figure 12a). Initial accumulated sediments were derived from relatively small
internal drainage networks and short main-stem rivers in this region (Horton et al.,
2002).

Deformation of the Songpan-Ganzi orogenic belts originally occurred during the



Indosinian orogeny (ca. 230-200 Ma) (Harrowfield and Wilson, 2005; Roger et al.,
2010), and was reactivated in the early Cenozoic as a result of the India-Asia collision
(Roger et al., 2010). These deformations within the belts can be clearly identified by
the reactivation of the Triassic high angle faults, folds, and large scale folding of the
décollement of the accretionary belt (Roger et al., 2010, 2011). High-relief erosional
removal from the Songpan-Ganzi orogenic belts presumably offers substantial
material to neighboring low-altitude areas, e.g., the Changsha-Gongma basin (Dai et
al., 2013) (Figure 12a). Cenozoic upper crustal shortening in the Gongjue area is
insignificant (Studnicki-Gizbert et al., 2008), and exposed pre-Cenozoic sediments
underwent limited erosional denudation.

Stage Il: Eocene time (Figure 12b). Successive Cenozoic contraction, induced by
the India-Asia collision, continued in the eastern-central Tibet. Southwest-directed
shortening led to a 61-km crustal shortening in the Nanggian area (Spurlin et al.,
2005). This shortening deformation further triggered these thrust belts which provided
substantial materials to the nearby Nanggian-Xialaxiu Basin (Figure 12b). Based on
the carbonate stable and clumped isotopic evidence, the Nanggian basin was 2.7
(+0.6/-0.4) km in elevation while the hypsometric mean elevation of surrounding
mountains was 3.0 + 1.1 km above sea level during this period (Li et al., 2018a).

The Songpan-Ganzi orogenic belts further uplifted and eroded during this time,
as indicated by the low-temperature thermochronological studies (Dai et al., 2013). In
addition, based on calculated paleoelevations obtained from oxygen and carbon stable

isotopes (Tang et al., 2017), the Gongjue region with an average elevation of



2100-2500 m became a drainage basin during the Eocene. This relatively
low-elevation suggested that the Gongjue region was located at the edge of the
proto-plateau during this period (Figure 12b). Major rivers originating from the
Songpan-Ganzi orogenic belts, therefore, transported long distance across the Jinsha
suture and carried volumetrically significant materials into the Gongjue Basin (Figure
12b).

Stage Il1: Oligocene-present (Figure 12c). Erosional unroofing of the high-relief
Songpan-Ganzi and Nanggian-Yushu orogenic belts decreased. These orogenic belts
were incapable to provide erosional removal for studied basins. Sediment
accumulation in these basins was terminated in the eastern Tibetan Plateau by the late
Eocene time and tectonic evolution had entered a post-basin stage since then.
Strike-slip faulting unequivocally postdates sedimentation, i.e., Ganzi-Yushu fault and
Litang fault (Spurlin et al., 2005; Studnicki-Gizbert et al., 2008) (Figure 12c). The
Gongjue Basin, previously acting in the edge of the plateau, became a hinterland
basin due to the intense uplift and eastern expansion of the plateau (Figure 12c). The
elevation of the Nanggian basin was uplifted an additional 1.1-1.2 km since the late
Eocene (Li et al., 2018a). The Gongjue Basin uplifted ~2 km to its present height
since the late Eocene (Tang et al., 2017). 1700 to 2600 m of uplift may have occurred
between the late Eocene and early Miocene in the Hoh-Xil basin (Polissar et al., 2009).
Meanwhile, the Jinsha suture was incised deeply during the Neogene (Horton et al.,
2002; Duvall et al., 2012). This is in a good agreement with tectonic models depicting

uplift and deformation of a proto-Central Plateau (Li et al., 2015b; Wang et al., 2008;



2014; Yi et al., 2008), rather than plateau growth from south to north (Tapponnier et
al., 2001).

Finally, large thrust nappe structure was predominant in eastern Tibet, and
low-relief geomorphic Paleogene surfaces had experienced negligible erosion since
then. This landform was similar to modern conditions across much of the interior of
the Tibetan Plateau (Rohrmann et al., 2012).

6 Conclusions

Analysis of U-Pb ages of detrital zircon collected from the Paleocene-Eocene
sedimentary rocks in the Nanggian-Xialaxiu and Gongjue basins, together with
available petrography and sandstone detrital modes, provide new information to
constrain the source regions and the tectonic evolution of the Cenozoic basins in the
eastern Tibetan Plateau. In summary, this study allows us to propose these main
conclusions as follows:

(1) Three hundred and thirteen effective detrital zircon ages from three samples
collected in the Nanggian-Xialaxiu Basin yield two prominent age peaks at 220-280
Ma and 405-445 Ma. Three hundred and eighty-seven detrital zircon ages from five
samples in the Gongjue Basin exhibit three predominant age populations at 207-256
Ma, 423-445 Ma, and 1851-1868 Ma with two subordinate age peaks at ~50 Ma and
~2500 Ma.

(2) According to the age data of detrital zircon grains in the adjacent areas and
surrounding terranes, together with other evidences such as paleocurrent analysis,

petrography, zircon morphology, and mineralogical framework analysis, we suggest



that the Nanggian-Xialaxiu Basin received dominantly recycled materials from
neighboring thrust belts. In contrast, the Gongjue Basin accumulated prominent
recycled detritus from the remote Songpan-Ganzi orogenic belts, with a minor
contribution from the subordinate surrounding mountain systems.

(3) Distinct tectonic settings can be well related to the different source regions
for the Nanggian-Xialaxiu and Gongjue basins. Adjacent high-relief fold-thrust belts
induced by compressive stress supplied materials to the Nanggian-Xialaxiu Basin,
whereas upper crustal shortening was limited and high local topographic reliefs of
orogenic belts are not obvious in the Gongjue region. As a result, the remote
Songpan-Ganzi complex contributed to the voluminous materials found in the
Gongjue Basin via north- or northeast-directed drainage channels.

(4) Three stages of tectonic evolution during Cenozoic in the eastern Tibetan
Plateau are proposed. In the Paleocene, shortly after the onset of the India-Asia
collision, the Nanggian-Xialaxiu Basin appeared as a set of small intermountain
sub-basins and received substantial materials from the surrounding thrust belts. In the
Eocene, the Gongjue Basin situated at the edge of a proto-Plateau and remained a
relatively low-elevation, and received crucial deposits from the remote relatively
high-relief Songpan-Ganzi orogenic belts. Since the Oligocene after depositional
termination, the Gongjue Basin has evolved as part of orogenic belts and uplifted to
its present elevation, which is coincident with the eastward propagation of the plateau.
The Nanggian basin accepted additional post-late Eocene elevation increase to its

present elevation.
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Figure 1. (a) Simplified tectonic map of the Tibetan Plateau, modified from Spurlin et al. (2005).
(b) Tectonic framework of the eastern Tibetan Plateau adapted from Qinghai BGMR (1991),
showing tectonic units, the suture belts between units, and the location of study areas; the
locations of the previous detrital zircon samples are also marked in blue triangle and purple star.
ATF: Altyn Tagh fault; NSTB: Nan Shan thrust belt; KFS: Kunlun fault system; JS: Jinsha suture;
BNS:

KF: Karakorum fault; LSLS: Longmu Co-Shuanghu-Lancangjiang suture zone;



Bangong-Nujiang suture; XXF: Xianshuihe-Xiaojiang fault system; LSTB: Longmen Shan thrust

belt; ASRR: Ailao Shan-Red River fault; JF: Jiali fault; 1'YZS: Indus-Yarlung Zangbo suture zone;

GF: Gaoligong fault.
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Figure 3. Comprehensive stratigraphic column and sampling locations of the Paleocene-Eocene

strata in the Nanggian-Xialaxiu and Gongjue basins (modified from Spurlin et al. (2005), Du et al.,

(20114, 2011b), Tang et al. (2017), and 1:200000 geological maps (Qinghai BGMR, 1991 and

Tibet BGMR, 1993)). Paleocurrent directions in the Nanggian-Xialaxiu Basin cited Horton et al.

(2002).



Figure 4. Representative field photographs and observations under microscope in (a-i, 0) the

Gongjue and (j-n) Nanggian-Xialaxiu basins, respectively. (a) Early Eocene sandstone in the study

area and late Triassic volcanic in the background. (b-c) Large scale cross-bedding indicates

NE-directed paleocurrent. (d) Broken siltstone in the core of the basin-scale syncline. (e-h)

Mineralogical characteristics of sandstone samples under microscope show predominant quartz



and volcanic debris. (i) Siltstone sample is excluded for mineral framework mode with average

grain size <0.0625mm. (j-1) Mineral components show dominant quartz, volcanic debris, and

calcite. Cracked quartz implies strong deformation. (m) Clay rock sample within separate quartz

grain. (n) Large-scale inclined bedding shows slight SW direction in the Nanggian area. (0)

Large-scale continued folds with interbedded fault along the Chengdu-Lhasa highway in the

Gongjue Basin.
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Figure 5. Dickinson triangular plots of detrital components for the studied sandstones. (a) QtFL

plot; (b) QmFLt plot. Parameters are from Dickinson and Suczek (1979). For raw data and

abbreviations, see Table S2 in the supplementary material.
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Figure 6. Representative CL images of detrital zircon from the Gongjue Basin showing internal

structure and morphology. Well-preserved oscillatory zoning implies magmatic origin. Most

zircons display sub-angular to sub-rounded outline, indicating long-distance transport. Some

zircons in Cenozoic age exhibit slight pink such as samples JD-8 and JD-21. White circles are the

spots of U-Pb analysis.
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Figure 7. U-Pb concordia diagrams constructed using ISOPLOT (Ludwig, 2003) of detrital zircon

collected from (a) the Nanggian-Xialaxiu and (c) Gongjue basins, respectively. The corresponding

U-Pb ages vs. Th/U ratios of detrital zircon samples are shown in (b) and (d). Ages are in Ma and

ellipses show 1c errors.
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Figure 8. Relative age probability curves of U-Pb analysis on Paleocene-Eocene detrital zircon

from the Nanggian-Xialaxiu Basin.
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Figure 10. Comparison of detrital zircon U-Pb age probability plots for the Cenozoic sediments

from (a-b) the study basins and the pre-Cenozoic sediments from (c) the Songpan-Ganzi Terrane,

(d) eastern Qiangtang Terrane, (e) western Qiangtang Terrane, and (f) Yidun Block. Important age

peaks are shown in colorful bands. Data details are given in Table S4 in the supplementary

material.
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Figure 11. Compilation of detrital zircon U-Pb age distribution patterns of sedimentary rocks from
(a-b) this study and (c-g) previous work in the surrounding regions. Important age peaks are

shown in colorful bands. Data details are given in Table S4 in the supplementary material.
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Figure 12. Paleogeographic evolution of the Cenozoic basins in the eastern Tibetan Plateau. See
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Ganzi-Yushu fold belts. For clarity, we only highlight the specific information in detail in the map.
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Highlights:

1. Detrital zircon U-Pb ages of the sediments from two basins are distinguishable.

2. The sediments in Nangqgian-Xialaxiu Basin are issued from neighboring
mountains.

3. The sediments in Gongjue Basin are mainly from the Songpan-Ganzi Terrane.

4. Athree-stage paleogeographic evolution of the eastern Tibet can be proposed.



