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ABSTRACT

Provenance studies of Cenozoic clastic successions in the Qaidam Basin of China may provide insights into the
deformation history of the Tibetan Plateau. However, diverse bedrock lithology in this region, which includes the
Qilian Mountains, the Eastern Kunlun Range, and the Altun Range, complicates such analyses. In this study, we
compile a comprehensive dataset of sandstone petrographic composition and texture, incorporating new (n = 74)
and previously published (n = 546) data, which show significant spatial variations indicative of potential source
terranes. For the northern and northeastern Qaidam Basin, feldspathic litharenite sandstones with abundant
metamorphic lithics suggest dominant metamorphic sources in the Qilian Mountains, in contrast with the detrital
zircon-based hypothesis that the Eastern Kunlun Range mostly fed the northeastern Qaidam Basin. Temporal
changes in quartz/feldspar ratio and lithic contents are attributed to variable contributions from different parent-
rocks within the Qilian Mountains. In contrast, sandstones from the western Qaidam Basin are lithic arkose with
a few amounts of sedimentary lithics, indicating primary sources in the adjacent Altun and Eastern Kunlun
ranges. Additionally, the quartz/lithics ratios are positively correlated with grain size and sorting, and the
analyzed sandstones indicate increasing contents of mica and carbonate lithics over time, suggesting climate and
sedimentary environment influenced sandstone petrographic composition and texture. Provenance analysis
based on petrographic data suggests the Qaidam Basin formed as a rapid response to the India-Eurasia collision
and further provide evidence for the synchronous deformation model of the northern Tibetan Plateau. Our
findings highlight the importance of petrography analysis in sandstone provenance studies and emphasize the
lithology differences of source terranes in controlling sedimentary systems.

1. Introduction

Aiming at excavating geological information (including parent-rock

uplift and erosion of surrounding mountains (Rieser et al., 2005; Zhou
et al., 2018; Lu et al., 2019, 2022), and regional climate evolution
throughout the Cenozoic (Pullen et al., 2011; Nie et al., 2020; Fu et al.,

assemblages, exhumation history of source regions, and transport pro-
cesses) from siliciclastic sediments, sedimentary provenance analysis
provides valuable insights to understand tectonics and climate of basin-
mountain systems and the interplay between the two (Weltje and von
Eynatten, 2004). The Qaidam Basin, a large sedimentary basin located
on the northeastern margin of the Tibetan Plateau (Fig. 1), contains
extensive Cenozoic terrigenous clastic deposits which provide essential
materials for investigating the far-field response to the India-Eurasia
collision. The sedimentary provenance studies of its Cenozoic sedi-
mentary strata offer critical constraints on the growth history of the
Tibetan Plateau (Lu et al., 2022; Wang et al., 2022; Jian et al., 2023), the
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2022).

The Cenozoic Qaidam Basin has been extensively studies using divers
provenance analysis methods, including petrographic analysis (e.g.,
Rieser et al., 2005; Jian et al., 2013a; McRivette et al., 2019), single
mineral geochronology, thermochronology and geochemistry (Bush
et al., 2016; Cheng et al., 2016b; Wang et al., 2017; He et al., 2021; Jian
et al., 2024; Ye et al., 2024), as well as elemental and isotopic
geochemistry (Jian et al., 2013b; Bao et al., 2019; Sun et al., 2020a; Yan
et al., 2024). However, these studies have yielded conflicting interpre-
tation of sediment provenance, particularly for the northeastern Qaidam
Basin (Ye et al., 2024 and references therein), with discrepancies arising
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Fig. 1. Location and geological setting of the Qaidam Basin. (A) Background of the Qaidam Basin and geological units on the Tibetan Plateau. (B) Location of the
Qaidam Basin in the Tibetan Plateau and surrounding orogenic belts, and locations of modern river sand samples (red dots) and involved rivers (blue lines and arrows
indicating flow directions) (modified from Jian et al., 2024). Involved rivers: 1: Yuka River; 2: Tataleng River; 3: Huaitoutala River; 4: Bayinguole River; 5: Saishike
River; 6: Buha River; 7: Shaliu River; 8: Haergai River; 9: Datong River. (C) Distribution of main rock types exposed in the Qilian Mountains (including four tectonic
units), the Altun and Eastern Kunlun ranges. Areal percentages were calculated by point-counting method based on 1:2, 500, 000 China geological map. (D)
Geological map of the Qaidam Basin and surrounding regions (modified from Lu et al., 2019). The locations of all data involved in our dataset are marked. Samples in
the northern, northeastern, northwestern, and southwestern Qaidam Basin are marked by red circle, blue circle, green square, and orange diamond, respectively.
Drilling wells in one region are uniformly marked by one symbol. Abbreviations in the figure: BLQ: Beilinggiu region; CWT: Changweitai section; EBL: Eboliang
region; DHG: Dahonggou section; GCG: Ganchaigou section; HLS: Hulushan region; HS: Hongshan section; HSH: Hongsanhan section; HTTL: Huaitoutala section; JLS:
Jielvsu section; KB: Kunbei region; KTM: Kaitemilike section; LD: Lengdong region; LH.3: No.3 Lenghu region; LH.4: No.4 Lenghu region; LH.5: No.5 Lenghu region;
LH.6: No.6 Lenghu region; LH.7: No.7 Lenghu region; LLH: Lulehe section; MH: Mahai region; NBX: Nanbaxian region; QDG: Quandonggou section; QGQ: Qigequan
section; SYSS: South Youshashan region; WL: Wulan Basin; XQG: Xinqugou section; YCG: Yinghcaogou section; YH: Yahu region; YSS: Youshashan region. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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from both methodological differences and varying research objectives.
Specifically, elemental and isotopic geochemical signatures from fine-
grained fractions (i.e., mudstones and siltstones), dissolved fractions
(e.g., sedimentary carbonates) from the sedimentary records, and
detrital muscovite “°Ar/3°Ar geochronology (preferentially deposited in
fine-grained sediments) consistently suggest well-mixed provenance
signals from multiple source terranes, due to the presence of a paleo-
megalake during most of the Cenozoic depositional time (Ren et al.,
2019; Liu et al., 2022, 2023; Wang et al., 2023a; Ye et al., 2024). In
contrast, coarse-grained deposits predominantly reflect proximal
sourcing from adjacent orogenic belts (Rieser et al., 2005; Jian et al.,
2013a). For instance, sandstone petrography from the western Qaidam
Basin indicate that primary derivation from the Altun Range and
Qimantagh region, with minor temporal variation (Rieser et al., 2005).
Detrital zircon U-Pb age distributions also show prominent peaks at
400-480 Ma and 220-280 Ma, which are consistent with the signatures
of the neighboring Altun and Eastern Kunlun ranges (Bush et al., 2016;
Zhu et al., 2017; Jian et al., 2024 and references therein). The current
controversies are mainly about the provenance of the northern and
northeastern Qaidam Basin. One proposition emphasizes the Qilian
Mountains as the dominant source for the northeastern basin, based on
paleocurrent orientations, sandstone petrography, heavy mineral as-
semblages and single mineral geochemical data (Rieser et al., 2006a,
2006b; Jian et al., 2013a; Zhu et al., 2017; Fu et al., 2022). Detrital
zircon U-Pb geochronological results of samples from the northern and
northeastern basin reveal a dominance of early Paleozoic ages, with
subordinate Paleoproterozoic, Neoproterozoic, and Permian-Triassic
ages (Jian et al., 2024 and references therein). The diagnostic 270-240
Ma zircon ages were interpreted as evidence of contributions from the
south Qilian Mountains and the crystalline basement of the Qaidam
Basin (Jian et al., 2024). This is further supported by prominent Per-
mian-Triassic zircon age populations found in modern river sands
sourced from the Qilian Mountains (Cheng et al., 2017; Song et al., 2019;
Zhang et al., 2021; Jian et al., 2024). An alternative interpretation,
mainly based on detrital zircon U-Pb geochronology, contends signifi-
cant sediment supply from the distal Eastern Kunlun Range to the
northern Qaidam Basin during the Paleogene, due to the prevalence of
Permian-Triassic granitic rocks in the Eastern Kunlun Range (Bush
et al., 2016; Wang et al., 2017, 2022).

The key controversy lies in interpretating the dominant Permian—
Triassic ages in the detrital zircon age populations from the Cenozoic
Qaidam Basin sandstones (Jian et al., 2024). Despite the effectiveness
and reliability of detrital zircon in sedimentary provenance analysis, the
limitations of this methodology (such as zircon fertility, recycling, and
grain texture) can introduce biases in provenance interpretations (e.g.,
Malusa et al., 2013, 2016; Chew et al., 2020; Jian et al., 2024; Shen
et al., 2024). Additionally, the abundance of detrital zircon in sands or
sandstones is commonly low (<1 %) (Garzanti and Ando, 2019),
meaning detrital zircon U-Pb age data may reliably trace zircon-specific
sources but cannot safely represent bulk sandstone provenance In
contrast, petrographic analysis focuses on the framework grains of
sandstones through thin-section observations of original sandstone
samples. Although the petrographic approach is traditional, it is
extremely fundamental and important in sandstone provenance studies.
Furthermore, metasedimentary rocks and clastic sedimentary rocks are
dominant in the Qilian Mountains, whereas the Eastern Kunlun Range
hosts widespread Permian-Triassic plutons with subordinate metasedi-
mentary rocks (Fig. 1). This remarkable lithological contrast makes
sandstone petrography especially effective for the Qaidam Basin prov-
enance studies. Many studies have applied petrographic analysis to
Cenozoic sandstones in the Qaidam Basin. However, most have
concentrated on regional source-to-sink system based on several out-
crops or boreholes, such as those in western basin (e.g., Rieser et al.,
2005), in northern basin (e.g., Jian et al., 2013a; Gong et al., 2023), and
in northeastern basin (e.g., Bush et al., 2016; Li et al., 2021). Basin-wide
petrographic analysis of the Cenozoic Qaidam Basin remains limited. We
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therefore advocate for a comprehensive, basin-wide petrographic anal-
ysis to better elucidate the sediment provenance of the Cenozoic Qaidam
Basin.

In this contribution, we compile a dataset of sandstone petrographic
composition and quantitative textural parameters by integrating new
data (n = 74, including 53 northern and northeastern Qaidam Basin
sandstones and 21 modern river sands) with previously published data
of Cenozoic Qaidam Basin sandstones (n = 546). Our research aims to
(1) revisit sandstone provenance of the Cenozoic Qaidam Basin from a
petrographic perspective and its implications for the Cenozoic defor-
mation history of the Tibetan Plateau; (2) disentangle the factors con-
trolling sandstone petrographic composition and texture; and (3) discuss
how to define the source signals, especially in the context of deep-time
sediment source-to-sink studies.

2. Geological setting
2.1. Qaidam Basin

The Qaidam Basin is a triangular-shaped intermontane basin located
in the northeastern Tibetan Plateau, covering an area of approximately
120,000 km? (Fig. 1). Situated at an elevation of 2.7-3.0 km above sea
level, it contains 3-16 km thick Mesozoic and Cenozoic sedimentary
successions. The basin is bounded by the Qilian Mountains to the north,
the Altun Range to the west, and the Eastern Kunlun Range to the south.
The basement of Qaidam Basin consists of Precambrian-Silurian meta-
morphic rocks which experienced at least three tectonic episodes during
the Neoproterozoic, early Paleozoic, and late Paleozoic-Mesozoic
(Zhang et al., 2021). The Cenozoic Qaidam Basin developed as a large
synclinorium in response to the far-field effects of the India-Eurasia
collision (Tapponnier et al., 2001; Yin et al., 2008a).

2.2. Potential source regions for the Cenozoic Qaidam Basin deposits

The Qilian Mountains represent a ca. 300-km-long NW-trending fold-
trust belt situated along the northeastern margin of the Tibetan Plateau
(Fig. 1). Tectonically, the Qilian Mountains can be divided into four
subparallel domains, from north to south including the North Qilian
suture, the Central Qilian Block, the South Qilian belt, and the North
Qaidam ultrahigh-pressure (UHP) metamorphic belt (Fig. 1B). The
North Qilian suture comprises early Paleozoic ophiolite sequences,
blueschist-facies metamorphic belts, island-arc volcanic rocks and
granitic plutons, Silurian flysch formations, Devonian molasse, and
Carboniferous to Triassic sedimentary sequences (Fig. 1) (Song et al.,
2009, and references therein). The exposed rocks within the current
North Qilian suture primarily include Ordovician and Cambrian volca-
noclastic rocks (25 %), Paleozoic carbonates (16 %), Mesozoic clastic
sedimentary rocks (15 %), early Paleozoic igneous rocks (12 %), and
Paleozoic and Precambrian metamorphic strata (11 % and 13 %j;
Fig. 1C). These lithological assemblages in the North Qilian suture
indicate the subduction of the North Qilian Ocean lithosphere and the
subsequent continent-continent collision between the Qilian Block and
the North China Craton during the early Paleozoic (Zuza et al., 2018;
Zhang et al., 2021). The Central Qilian Block is dominated by Protero-
zoic metasedimentary rocks (33 %; from low-grade greenschist to high-
grade amphibolite facies), with subordinate Neoproterozoic intrusive
rocks (16 %). Mesozoic sedimentary strata (18 %), early Paleozoic vol-
caniclastic rocks (13 %), and Precambrian carbonates (8 %) are also
widely distributed. The South Qilian belt consists of ophiolitic frag-
ments, arc volcanic rocks, amphibolite-grade metamorphic rocks (35
%), early Paleozoic igneous rocks (24 %), Silurian flysch covered by
Devonian molasse and Carboniferous to Triassic sedimentary rocks (25
%). The North Qaidam UHP belt consist of various UHP metamorphic
rocks (32 %), including eclogite, orthogneiss, paragneiss, granitic gneiss,
which record multiple cycles continental orogenesis from the Neo-
proterozoic to the Paleozoic. Notably, Paleozoic and Triassic
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intermediate-acid igneous rocks (23 %) are also widely exposed in
current North Qaidam belt.

The Altun Range is tectonically controlled by the ca. 1600-km-long
sinistral strike-slip fault, known as the Altyn Tagh Fault, which sepa-
rates the Qaidam Basin from the Tarim basin (Fig. 1). The northern part
of the Altun Range shares similar lithology with the Qilian Mountains
(Gehrels et al., 2003). The Altun Range currently exposed Precambrian
metasedimentary rocks (55 %), Precambrian carbonates (17 %), and
Precambrian, Paleozoic and Mesozoic granites (17 %), and Jurassic
sedimentary rocks (5 %; Fig. 1C) (Yang et al., 2006; Mattinson et al.,
2007).

The Eastern Kunlun Range is a ca. 1000-km-long latitudinal belt
(Fig. 1), primarily composed of Late Permian to Triassic granitoid plu-
tons (44 %), Neoproterozoic metamorphic basement rocks (18 %), and
sedimentary rocks (37 %; Fig. 1C) (Li et al., 2013; Jian et al., 2020). This
range has undergone significant tectono-magmatic events and sedi-
mentary filling history related to the successive closure of the Proto-
Tethys and Paleo-Tethys Oceans during the Cambrian-Triassic (Li
et al., 2013; Wu et al., 2017).

2.3. Cenozoic stratigraphy, lithology and depositional ages of the Qaidam
Basin

The stratigraphic framework of the Cenozoic Qaidam Basin com-
prises seven units, in ascending order including Lulehe Formation
(E1.2), Xia Ganchaigou Formation (E3), Shang Ganchaigou Formation
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(N71), Xia Youshashan Formation (N%), Shang Youshashan Formation
(N3), Shizigou Formation (ND), Qigequan Formation (Qjp;2). These
Cenozoic deposits exhibit spatial and temporal variability in both sedi-
mentary environments and lithologies (Fig. 2). The northern and
northeastern regions predominantly consist of siliciclastic sedimentary
rocks (Jian et al., 2013a; Cheng et al., 2021), whereas the western
Qaidam Basin is characterized by carbonate rocks and mixed carbonate-
siliciclastic deposits (Fig. 2) (Jian et al., 2014; Wang et al., 2023a).
Collectively, these rock assemblages reflect a fluvial-lacustrine envi-
ronment, including alluvial fan, braided river, deltaic and lacustrine
environments. Stratigraphically, the Cenozoic succession generally dis-
plays an upward trend from coarse-grained (Lulehe Formation) to fine-
grained (Xia Ganchaigou, Shang Ganchaigou, and Xia Youshashan for-
mations) to coarse-grained sediments (Shang Youshashan, Shizigou, and
Qigequan formations) in most regions (Figs. 2, 3). This pattern is pri-
marily attributed to the development of a paleo-megalake that reached
its maximum extent during the Miocene (Yin et al., 2008b; Bao et al.,
2017).

The depositional age model for the Cenozoic strata within the Qai-
dam Basin remains highly debated (Cheng et al., 2021, and references
therein). Two competing models have emerged. The traditional model,
based on magnetostratigraphic and biostratigraphical data, fission-track
data of detrital grains as well as lithostratigraphic correlations, assigns a
Paleocene age (> 50 Ma) to the initiation of the Cenozoic basin filling
(Sun et al., 2005; Yin et al., 2008b; Ji et al., 2017). A younger age model
suggests a late Oligocene—early Miocene (~25-20 Ma) onset of
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Fig. 2. Stratigraphy framework, lithology column, depositional environment and lithological description of different regions in the Cenozoic Qaidam Basin (modified
from Jian et al., 2024). Numbers aside the lithological columns indicate the numbers of data within corresponding formation in the dataset.
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Fig. 3. Representative features of Cenozoic outcrops in the northeastern Qaidam Basin, displaying a stratigraphically coarse-fine-coarse succussion. (A) Red, thick
clast-supported conglomerate bed of the DHG section (Lulehe Formation), pie chart shows the identified conglomerate clast composition which contains quartzite
(Qz), meta-sedimentary rock (MSR), chert, clastic sedimentary rock (CSR), carbonate (Cb), and intermediate-acid igneous rock (IR). (B) Matrix-supported con-
glomerates of the LLH section (lower part of Lulehe Formation). (C) Thick clast-supported conglomerate beds of the HS section (Lulehe Formation), with dominated
of sedimentary rock clasts. (D) Thick sandstones with thin bedded conglomerate of the DHG section (Xia Ganchaigou Formation). (E-H) Laminated fine-grained
sedimentary rocks of the Shang Ganchaigou and Xia Youshashan formations in LLH and DHG sections. (I) Erosion surface (yellow dashed line) in the LLH sec-
tion (Shang Youshashan Formation). (J) Coarse sandstone with thin interbedded conglomerate of the DHG section (Shang Youshashan Formation). (K) Matrix-
supported poor-sorted conglomerate of the DHG section (Shizigou Formation), with increasing contents of meta-sedimentary clasts. (L) Thin clast-supported con-
glomerates of the HS section (Qigequan Formation), major components are meta-sedimentary rock, carbonate and igneous rock. (M) Poor-sorted clast-supported
conglomerate of the LLH section (Qigequan Formation). Note that a coarse-fine-coarse trend is shown. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

sedimentation based on magnetostratigraphic and biostratigraphic an- 1). For comparative analysis of detrital compositions under modern
alyses of two sections from the northeastern Qaidam Basin (Wang et al., versus Cenozoic climatic conditions, we additionally collected twenty-
2017, 2022; Nie et al., 2020). Detailed comparison of these two age one fine- to coarse-grained sand samples from 9 rivers draining the
models has been reviewed in previous literatures (e.g., Cheng et al., Qilian Mountains (Fig. 1B). The locations, host rivers, and detailed de-
2021; Jian et al., 2023). Recent evidence, including calcite U-Pb dating scriptions of all modern river samples are given in Table A3 in Supple-
and clumped isotopes for paleosol calcareous nodules from the Lulehe mentary material 1.

Formation (Zeng et al., 2025), provides additional support for the

traditional model. In this study, we prefer the traditional age model 3.2, Field measurements

because of Eocene exhumation in the surrounding mountains (Jian et al.,

2018; Li et al., 2020) and well correlation between paleoclimatic records Conglomerate clast compositions were quantified in the Lulehe,
in the Qaidam Basin with the global climatic evolution history (Guo Shizigou and Qigequan formations in the studied outcrop sections

et al., 2017; Sun et al., 2020b; Liang et al., 2021). (Fig. 3). The measuring procedure is following Jian et al., 2023, which is

counting rock types in a grid with intervals of 5-cm and a size of 50-cm

by 50-cm. About 50 to 100 clasts were counted at each location. Pale-

ocurrents orientations of the DHG and HS sections were primarily

3.1. Samples determined through pebble-cobble imbrications in conglomerate beds,
cross bedding and ripple in sandstone layers.

3. Materials and methods

For this study, a total of 53 samples from five Cenozoic outcrop
sections (including Quandonggou (QDG), Jielvsu (JLS), Lulehe (LLH),
Dahonggou (DHG), and Hongshan (HS) sections where sandstone
petrographic results are relatively poorly reported) in the northern and
northeastern Qaidam Basin were selected for petrographic analysis
(Figs. 1C, 4). These samples predominantly consist of fine- to coarse-
grained sandstones, with the exception of LLH-34 which is a fine-
grained conglomerate. These samples encompass all seven strati-
graphic units and represent sediments from alluvial, fluvial and deltaic
sedimentary environments (Fig. 4; Table A2 in Supplementary material

3.3. Sandstone petrography

All Cenozoic sandstone samples were polished into standard thin
sections for detrital petrography analysis. For modern river sands, fine to
medium sand fractions (0.063-0.5 mm) were obtained via wet and dry
sieving in order to minimize the hydrodynamic sorting effect. The
0.063-0.5 mm fractions were impregnated with araldite epoxy and cut
into standard thin sections. The point-counting procedures were per-
formed under a polarizing microscope following the Gazzi-Dickinson
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Fig. 4. Lithology, thickness, sandstone petrographic composition, sedimentary environments, and paleocurrent orientation of analyzed sections in this study. Ab-
breviations in the figure: Qtz: Quartz; Pl: Plagioclase; Kfs: K-feldspar; Lv: volcanic lithic fragment; Ls: sedimentary lithic fragment; Lm: metamorphic lithic fragment;

Lc: carbonate lithic fragment; Others include biotite, mica, accessory minerals.

method (Dickinson and Suczek, 1979; Ingersoll et al., 1984; Dickinson,
1985), with a minimum of 400 points of each sample were counted.

In order to investigate the relationship between sedimentary envi-
ronment and detrital modes, grain texture (including grain size,
roundness) and sorting were quantified via image processing (detailedly
described in Shen et al., 2021, 2024). All samples from the DHG and LLH
sections and four samples from other three sections were selected for
these measurements. Grain size was represented by equivalent spherical
diameter (Garzanti et al., 2008), derived from the length (X) and width
(Y) of individual grains. Length is the longest axis of grain from the two-
dimensional perspective, the width is perpendicular and bisected to the
length, and the third axis (Z) is assumed to be as same as the width
(Lawrence et al., 2011). Then, grain size of a single grain is then
computed as (X-Y-Z)'”3. Roundness quantification was following the
definition proposed by Wadell (1932) and processed by a Matlab-based
program from Resentini et al. (2018). Grain size and roundness of more
than thirty grains of each sample were quantified. Sorting was described
by the relative standard deviation of the grain sizes of the measured
grains within each sample.

3.4. Data compilation

Our database integrated three primary data sources: (1) original data
from this study; (2) previously published articles from our research
group; and (3) published articles from other research groups. All data
were obtained using the Gazzi-Dickinson point-counting method and
included the following components: quartz (monocrystalline quartz and
polycrystalline quartz), feldspar (plagioclase, K-feldspar), lithic

fragments (volcanic lithics, metamorphic lithics, clastic sedimentary
lithics, carbonate lithics), and other subordinate grains (mica, heavy
mineral, etc.). Most of data were derived from the literature as raw
counting points or calculated percentages, while data in several articles
(e.g., He et al., 2019; Chen et al., 2019) were obtained by graph data
extraction. It is important to note that some literatures only provided
contents of quartz, feldspar, and lithics (e.g., He et al., 2019; Chen et al.,
2019; Sun et al., 2020a; Gong et al., 2023). For consistency across the
dataset, all values were normalized to percentage form. Additionally, we
have included a photomicrograph album in the Appendix which con-
tains all 149 samples from our research group. Corresponding de-
scriptions are shown in the Supplementary material 2. We hope that this
collection can offer the research community an intuitive overview of the
Cenozoic sandstone records from the Qaidam Basin.

4. Results
4.1. Petrographic composition of modern river sands

Modern river sands derived from the Qilian Mountains are primarily
litharenite, with an average modal composition of QsyF7Lss4 (Fig. 5).
Lithic fragments (19.2 %-80.0 %) comprise dominant metamorphic
lithics (mostly metasedimentary lithics, 19.2 %-64.0 %, average: 35.9
%) and carbonate lithics (0-38.4 %, average: 17.1 %), with minor
sedimentary and volcanic lithics (Fig. 5). Quartz is the secondary com-
ponents in most samples and ranges from 17.4 % to 70.2 %. Feldspar
content ranges from 2.6 % to 12.9 %, primarily consisting of plagioclase,
with small amounts of K-feldspar. These samples are moderately to well
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sorted and subangular to well rounded (Fig. 5). Notably, quartz grain
shapes are diverse, ranging from angular to well rounded, while car-
bonate lithics grains are mostly rounded (Fig. 5A-F).

4.2. Conglomerates, paleocurrent orientations and sandstone
petrographic features of the studied Cenozoic outcrop sections

Conglomerates are primarily distributed within the Lulehe, Xia
Ganchaigou, Shizigou and Qigequan formations (Fig. 3A-C, I-M), where
they occur as interlayers or thick beds, reflecting braided river and al-
luvial fan sedimentary environments. In the Lulehe Formation,
conglomerate beds are both matrix-supported (DHG and LLH sections;
Fig. 3A-B) and clast-supported (HS section; Fig. 3C). The conglomerate
clasts display a diverse lithological assemblage, including quartzite,
metasedimentary rocks, chert, sandstone, mudstone, carbonate, and
igneous rocks. Notably, conglomerate clast composition varies among
sections. Metamorphic clasts are abundant in the DHG section, while
sedimentary clasts are more prevalent in the HS section. Conglomerates
are thin interlayer in the Shang Youshashan Formation and are mostly
fine gravel (Fig. 3I-J). Thick conglomerate beds in the Shizigou and
Qigequan formations are also both matrix- and clast-supported
(Fig. 3K-M). The clast compositions in different sections are generally
similar, consisting of metasedimentary rocks, carbonate, igneous rocks,
and chert.

Paleocurrent measurements in the DHG section reveal a dominant
south-directed paleoflow, with the exception of northward direction in
the Lulehe Formation (Fig. 4). In the HS section, the Lulehe to Shang
Ganchaigou formations exhibit southward paleoflow, while the Qige-
quan Formation shows a northward direction (Fig. 4).

The Lulehe formation sandstone samples are primarily matrix-
supported, poorly to moderately sorted, and subangular to well
rounded (Fig. 6A-C). They are predominantly composed of quartz,
(meta)sedimentary lithics and feldspar, with an average modal compo-
sition of QsoF2Los (Fig. 4). The Xia Ganchaigou Formation samples are
clast-supported, with reduced matrix and cement content, and demon-
strate moderately to well sorted (Fig. 6D-F). The sandstone composi-
tions in the DHG, LLH and HS sections are similar, characterized by high
quartz content (39.6 %-72.9 %) and low lithic fragments content (15.4
%-43.5 %; mainly metamorphic and volcanic lithics). The JLS section
samples are primarily composed of quartz and metamorphic lithics (the
average modal composition of QsgFgL31). The Shang Ganchaigou For-
mation sandstones are mostly well sorted and subrounded to well
rounded (Fig. 6G-I). The petrographic compositional data indicate that
sandstones in the DHG, LLH and HS sections are dominated by quartz
(46.9 %-74.8 %) with minor of feldspar, volcanic lithics, metamorphic
lithics and mica (Fig. 4). Five samples in the QDG section have lower
quartz contents (average Q:F:L ratio of 46:20:28) compared to other
sections. Furthermore, fine sandstones in the Shang Ganchaigou
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Formation are featured by abundant mica and carbonate lithics (Fig. 61).
The Xia Youshashan Formation samples in the DHG section are domi-
nated by quartz (41.4 %-58.5 %) and K-feldspar (9.9 %-37.7 %), with
subordinated volcanic and metamorphic lithics (Figs. 4, 6J). Composi-
tions of Xia Youshashan Formation samples in the LLH section are
diverse and basically composed of quartz, metamorphic lithics, and mica
(Figs. 4, 6K-L). Samples in the Shang Youshashan Formation are mostly
moderately sorted and subangular to rounded, but are spatially diverse
in compositions (Figs. 4, 6M-0). The average modal composition of
samples for the DHG section is Qs5F2L19, Qs2F10L32 for the LLH section,
and Q4oF41L12 for the QDG section. Coarse sandstones in the Shizigou
and Qigequan formations are poorly sorted and angular to rounded
(Fig. 6P-R). These samples are dominated by quartz (46.2 %-80.1 %)
with subordinated K-feldspar (7.1 %-23.8 %) and metamorphic lithics
(6.2 %-27.1 %; Fig. 4).

All measured grains are mostly very fine sand to medium sand
(Fig. 6), grain sizes of which range from 32.57 to 857.84 pm, with an
average of 161.03 pm. The mean grain sizes of samples from the DHG
section range from 57.61 to 253.85 pm (average: 149.33 pm), while that
of the LLH section ranges from 82.53 to 341.79 um (average: 174.75
pm). The mean grain sizes of samples HS-06, JLS-19, HS-12, and QDG-03
are 426.88, 117.50, 212.03, and 92.11 pm, respectively. The sorting
indices of all analyzed samples range from 0.2220 to 0.8158 (Fig. 6),
with an average of 0.3867. The average sorting of all samples from the
LLH section is 0.4341, which is higher than that of all samples from the
DHG section (0.3564). Samples from the Lulehe Formation are relatively
poor-sorted with high sorting index (average: 0.4789; Fig. 6A-C). All
analyzed grains are mostly subrounded to well rounded, with an average
quantified roundness of 0.6344 (maximum: 0.9998 and minimum:
0.1912). The average roundness of samples from the DHG section ranges
from 0.5406 to 0.7214 (average: 0.6348), and from 0.5822 to 0.7310
(average: 0.6315) in the LLH section.

4.3. Petrographic composition of Cenozoic sandstones from the entire
Qaidam Basin

A total of 599 petrographic data of Cenozoic sandstone were
compiled in our dataset, including 339, 154, 31, and 75 from the
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northern, northeastern, northwestern, and southwestern regions,
respectively. Petrographic data indicate that the Cenozoic Qaidam Basin
sandstone have spatially diverse compositions (Fig. 7). The petrographic
compositions of northern Qaidam Basin samples are of large variety and
are mostly lithic arkose and feldspathic litharenites (Fig. 7B). These
samples are mainly plotted in the recycled orogen, mixed and arc fields
in the Qm-F-Lt ternary (Fig. 7A) (Dickinson, 1985). Northeastern Qai-
dam Basin sandstones are dominantly feldspathic litharenites and sub-
ordinately litharenites and lithic arkose (Fig. 7B), and are mostly plotted
in transitional recycled orogenic, mixed and transitional continental
block fields (Fig. 7A-B). The modal compositions of samples from the
northwestern and southwestern Qaidam Basin are quite similar and are
mainly lithic arkose with small amounts of arkose samples (Fig. 7B).
Western Qaidam Basin samples are dispersedly scattered in transitional
continental block, mixed, quartzose recycled orogen fields (Fig. 7A),
despite the numbers of data are limited because of lacking of Qm-F-Lt
data in some literatures. The Lm-Lv-Ls + Lc ternary indicate that sand-
stones in the northern and northeastern Qaidam Basin are characterized
by high content of metamorphic lithics, whilst samples from south-
western basin are dominated by volcanic lithics and northwestern basin
are dominated by sedimentary lithics (Fig. 7C).

4.4. Spatial variations in sandstone petrographic composition of each
stratigraphic unit

The Lulehe Formation samples collected from seven sections or re-
gions are mainly located in the north edge of the Qaidam Basin. Most
Lulehe formation sandstones are matrix-supported with high contents of
cement and matrix (ranging from 5.7 % to 65.4 % in 27 samples,
average: 27.3 %), consistent with alluvial sedimentary environment.
Petrographic data reveal minor compositional variation among different
areas (Fig. 8A). Sandstones from the northeastern Qaidam Basin are
featured by (meta)sedimentary lithics and high contents of quartz and
feldspar. In contrast, samples in the EBL and LH.7 regions exhibit lower
quartz and lithic contents. Samples from the HSH section, representing
northwestern Qaidam Basin, contain more quartz and fewer lithic
fragments (mainly sedimentary lithics) compared to samples from other
regions.

® Northern Qaidam Basin
0 Northeastern Qaidam Basin

© Northwestern Qaidam Basin

* Southwestern Qaidam Basin

Sublitharenite

Litharenite
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L

Fig. 7. Ternary diagrams of petrographic composition of sandstones from the Cenozoic Qaidam Basin. (A) Qm-F-Lt diagram for discriminating tectonics of source
region following Dickinson (1985). 1. Continental block; 2. Recycled orogen; 3. Magmatic arc. (B) Q-F-L diagram for sandstone classification following Folk (1980).
(C) Lithic fragment assemblage Lm-Lv-(Ls + Lc). Abbreviation in the figure: Qm: monocrystalline quartz; Q: including Qm and polycrystalline quartz (Qp); F: total
feldspar grains including plagioclase and K-feldspar; Lt: total lithic fragments including Qp, Lm, Lv, Ls, and Lc. L: total unstable lithic fragments including Lm, Lv, Ls

and Lc.
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The Xia Ganchaigou Formation samples are widely distributed along
the current margins of Qaidam Basin and show significant compositional
variability (Fig. 8B). Overall, the northern Qaidam Basin shows greater
variation among different sections or region (Fig. 8B). Samples in the
northern basin are characterized by relatively low quartz contents
(mostly below 50 %), but vary in contents of lithic fragments (mainly
metamorphic and carbonate lithics). Samples from the YCG, JLS sec-
tions, as well as LH.5 region, where are proximal to the Qilian Moun-
tains, contain higher proportions of metamorphic lithics than those from
other regions. In contrast, samples from the northeastern Qaidam Basin
exhibits less compositional variability than those from the northern
basin, and are quartz-rich with secondary of metamorphic lithics and
feldspar. Three sections in the northwestern Qaidam Basin display
highly similar sandstone petrographic compositions, consisting mainly
of quartz, feldspar, and sedimentary lithics. The Q:F:L ratios of sand-
stones from three sections in the southwestern basin are similar with
those in the northwestern basin, while lithic fragments in the SYSS re-
gion are dominated by carbonate lithics, metamorphic lithics in the KB
section, and volcanic lithics in the CWT section.

Petrographic patterns of the Shang Ganchaigou and Xia Youshashan
formation samples are similar with the Lulehe Formation samples
(Fig. 8C-D). Samples in the northeastern Qaidam Basin display evident
spatial variation, with notably higher quartz content compared with
those from the northern basin. However, metamorphic lithics are a
secondary component in both northern regions. Samples in the western
Qaidam Basin are quite uniform in composition and consist of quartz, K-
feldspar, and sedimentary lithics. The Shang Youshashan Formation
sandstones in the northern and northeastern basin to some extent
inherited petrographic composition from the Xia Ganchaigou and Shang
Ganchaigou formation samples, and indicate slightly spatial variation
(Fig. 8E). Additionally, samples from the Wulan Basin, as a small basin
located at the eastern edge of the Qaidam Basin (Fig. 1), are sedimentary
lithics-rich with high quartz content. Furthermore, mica is an important
component in these samples, despite the content of mica varies spatially
(Fig. 8E).

The coarse sandstones from Shizigou and Qigequan formations are
mainly distributed in the western and northeastern Qaidam Basin
(Fig. 8F). These samples are quartz-rich but differ in the lithic types.
Sedimentary and metamorphic lithics are major lithic types in the
northeastern samples while sedimentary lithic is dominating in the
western basin samples.

4.5. Temporal variations in sandstone petrographic composition of the
major depositional areas

Sandstone petrographic compositions from different depositional
areas indicate diverse temporal trends (Fig. 8). In the northern Qaidam
Basin, the average content of quartz remains relatively stable over time,
but the Lulehe and Xia Ganchaigou formation samples display a wider
range of quartz content than those from other strata. Feldspar content
progressively decreases and lithics content increases from the Lulehe to
Shang Youshashan formations. Specifically, the proportions of meta-
morphic lithics and mica are higher in the Shang Ganchaigou, Xia
Youshashan, and Shang Youshashan formation samples. Similarly,
quartz content in northeastern Qaidam Basin shows no significant
temporal variation from the Lulehe to Qigequan formations. However,
feldspar content decreases, while lithic content increases above the
Lulehe Formation. The two dominant lithic types, i.e., sedimentary and
metamorphic lithics, show no evident temporal trend. Carbonate lithic
contents are highest in the Xia Ganchaigou samples and decreases up-
ward. In the western Qaidam Basin, petrographic compositions reveal a
distinct trend. Quartz content decreases, while feldspar, and lithic and
mica contents increase from the Lulehe to Qigequan formations.
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5. Discussion
5.1. Provenance of the Cenozoic Qaidam Basin sandstones

Both previously reported and new petrographic data demonstrate
significant spatial and temporal variations in the composition and
texture of Cenozoic sandstones within the Qaidam Basin (Figs. 6, 7, 8).
These differences suggest varying sources for sandstone across different
regions and stratigraphic units. Provenance interpretations and poten-
tial relationship with the Cenozoic tectonics and climate are stated as
follows.

5.1.1. Northern Qaidam Basin

Sandstones in the northern Qaidam Basin are relatively immature
(Fig. 8) and exhibit diverse petrographic compositions. The Q-F-L
ternary diagram reveals dominating recycled orogen sources, with
minor contributions from magmatic arcs (Fig. 6). Diverse petrographic
compositions indicate mixed provenance from metamorphic rocks,
igneous rocks and recycled (meta)sedimentary exposed in the Qilian
Mountains and the Altun Range. Consistent with these observations,
heavy mineral assemblages are dominated by garnet and epidote, with
minor zircon and tourmaline (Jian et al., 2013a), indicating predomi-
nant contributions from the metamorphic rocks and subordinate
intermediate-acid igneous rocks. Detrital garnet trace element
geochemical data further emphasize the dominant contribution from the
North Qaidam metamorphic belt (Hong et al., 2020).

The Lulehe Formation samples from the EBL, LH.4, and LH.7 regions
exhibit comparable average model compositions (Fig. 8A), while
considerable compositional variability is observed within each region
(Fig. 7). This variability may reflect an unstable source-to-sink system,
possibly indicative of a tectonically-active setting. The widespread thick
conglomerates (consist of various metasedimentary clasts and subordi-
nate granite clasts) in the Lulehe Formation, coupled with seismic pro-
file evidences, suggest a high-gradient depositional system with
proximal sources (the South Qilian and North Qaidam terranes) (Zhuang
etal., 2011; Cheng et al., 2019a; Jian et al., 2023). The Xia Ganchaigou
Formation sandstones are compositionally similar to those of the Lulehe
Formation (Fig. 8B), implying consistent sediment supply from the
South Qilian and North Qaidam terranes. However, the Xia Ganchaigou
Formation samples display greater spatial variability in composition
(Fig. 8B), which contrasts with the homogeneous detrital zircon age
populations (Jian et al., 2024). The expansion of the paleo-Qaidam lake
during the deposition of Xia Ganchaigou Formation (Zhuang et al.,
2011; Cheng et al., 2019b, 2021) may explain the well mixed zircon age
signals (Jian et al., 2024). Notably, the Xia Ganchaigou Formation
samples span a wide area (Fig. 8), with varying distances to the hin-
terland of the North Qaidam and South Qilian terranes. We infer that
these distance differences, combined with the low-gradient depositional
conditions (Zhuang et al., 2011), contributed to the observed petro-
graphic heterogeneity. The Shang Ganchaigou Formation samples
inherit compositional features from both the Lulehe and Xia Ganchaigou
formations and also show spatial diversity, with an average modal
composition of Q42F27Log (Figs. 8, 9). This consistency suggests minimal
change in sediment sources during this tectonically-quiet period
(Zhuang et al., 2011; Bao et al., 2017). In contrast, the overlying Xia
Youshashan and Shang Youshashan formation sandstones show higher
lithic content, specifically metamorphic lithics, and lower feldspar
content (Fig. 9). These differences align with the increasing proportions
of Precambrian detrital zircon in the northern Qaidam Basin sandstones
(Jian et al., 2024), pointing to enhanced contributions from meta(sedi-
mentary) strata in the South Qilian terrane. This shift in provenance may
be attributed to crustal shortening in the northern Tibetan Plateau since
the Miocene (Bovet et al., 2009; Zhuang et al., 2011; Cheng et al.,
2019b). Additionally, the detrital mica content of samples in the Shang
Ganchaigou to Shang Youshashan formations is significantly higher than
those in the Lulehe and Shang Ganchaigou formations (Fig. 9), likely due
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to smaller grain size and preferential deposition of mica in relatively
fine-grained fractions (Ye et al., 2024). While petrographic data are
unavailable for the Shizigou and Qigequan formations, detrital zircon U-
Pb geochronological results reveal similar spatial variations and a
consistent provenance from the adjacent Qilian Mountains (Jian et al.,
2024). Collectively, these findings demonstrate continuous sediment
supply to the northern Qaidam Basin from the South Qilian and North
Qaidam terranes.

5.1.2. Northeastern Qaidam Basin

The sandstones in the northeastern Qaidam Basin are generally
characterized by higher quartz content and greater compositional
maturity than those in the northern basin (Fig. 7A). Most samples are
plotted within the recycled and mixed fields on the Q-F-L ternary dia-
gram (Fig. 7). Stratigraphically, the Lulehe Formation sandstones in the
northeastern Qaidam Basin are mostly matrix-supported and poorly
sorted with angular to subangular grains (Fig. 6A-C), suggesting prox-
imal sediment sources and high-relief environments (Jian et al., 2023).
Petrographic compositions are slightly various and dominated by quartz

and low-grade metasedimentary lithics (classified as sedimentary lithics
in Jian et al., 2023), except that content of quartz in the HS section is
lower. Detrital zircon U-Pb age populations in the Lulehe Formation
sandstones are characterized by dominant Early-Paleozoic and subor-
dinate Precambrian ages, revealing derivation from the Neoproterozoic
basement rocks in the Qilian Mountains and the Qaidam pre-Cenozoic
basement (Cheng et al., 2019b; Jian et al., 2024). We therefore infer
that the adjacent North Qaidam and South Qilian terranes were the
primary sources during the deposition of Lulehe Formation. This
conclusion contrasts with the interpretation that the Eastern Kunlun
Range was the major source based on the eastward paleocurrent ori-
entations and the presence of Permian-Triassic detrital zircon ages
(Bush et al., 2016; Wang et al., 2017). The Xia Ganchaigou Formation
samples are generally grain-supported (Fig. 6E-F) and inherit petro-
graphic compositions from the Lulehe Formation. Minor spatial varia-
tions (Figs. 8, 9) likely reflect a transition from a high-relief alluvial to
low-gradient fluvio-lacustrine environment (Zhuang et al., 2011; Guan
and Jian, 2013) without significant sedimentary sources changes.
Notably, carbonate lithics are important framework detrital components
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in samples from LLH and DHG sections and MH region (Fig. 8), sug-
gesting contributions from the carbonate strata within the North Qai-
dam and South Qilian terranes. Petrographic data from the Lulehe to
Shang Ganchaigou formations show a notable trend of decreasing feld-
spar and increasing lithic contents (Fig. 9), implying enhanced input
from metamorphic rocks since the deposition of the Shang Ganchaigou
Formation. We argue that this reflects variable contributions from
different parent-rocks within the South Qilian and North Qaidam ter-
ranes, rather than a shift in provenance from the North Qilian to the
South Qilian and North Qaidam terranes (Bush et al., 2016). Sandstones
from the Shang Ganchaigou, Xia Youshashan, and Shang Youshashan
formations are compositionally similar, characterized by high quartz
content and abundant metamorphic lithics and mica, indicating stable
sources during this period (Figs. 7, 8). The overlying Shizigou and
Qigequan formation sandstones mark a distinct compositional shift to-
ward greater maturity and reduced metamorphic lithics (Fig. 8), indi-
cating increasing contributions from recycled sedimentary strata. Li
et al. (2021) proposed a source shift from the Eastern Kunlun Range to
the Qilian Mountains during this period, based on increasing carbonate
lithics, negative shift in eNd values, and increase in Precambrian zircon
grains recorded in the HTTL section. However, our petrographic data
show consistently high proportions of metamorphic and carbonate
lithics throughout the Cenozoic (Fig. 9), affirming continuous contri-
butions from the Qilian Mountains. Additionally, sandstones in the
Woulan basin (Fig. 8D-E) mainly consist of quartz and sedimentary lithics
(Li et al., 2023), differing from other sections in the northeastern Qai-
dam Basin. This distinct composition implies different sources and iso-
lated depocenters in the Wulan basin, likely resulting from local
deformation within the North Qaidam belt (Li et al., 2023).

Our results demonstrate that the northeastern Qaidam Basin was
continuously supplied by the Qilian Mountains, challenging previous
detrital zircon-based interpretations that the Eastern Kunlun range
dominantly fed the northeastern Qaidam Basin in early period of Lulehe
Formation (Bush et al., 2016; Wang et al., 2017) or prior to the depo-
sition time of Shizigou Formation (Li et al., 2021). The limited contri-
bution from the Eastern Kunlun Range to the northeastern Qaidam Basin
can be explained as follows. First, regarding the 240-270 Ma age cluster
as diagnostic signature of the Eastern Kunlun Range (e.g., Bush et al.,
2016; Wang et al., 2017), due to the high proportion of Permian-Triassic
plutons in the Eastern Kunlun Range (40 %; Fig. 1C), is inappropriate.
Because the contribution from Permian-Triassic plutons in the North
Qaidam terrane has been underestimated, as they constitute 16.8 % in
the modern North Qaidam UHP belt (Fig. 1C). In addition, Jian et al.
(2024) proposed that Paleoproterozoic ages (i.e., 1800-2000 Ma and
2350-2500 Ma) can serve as a distinctive indicator to distinguish
sources from the Qilian Mountains, the Altun and Eastern Kunlun
ranges. Second, grain textural bias may influence detrital zircon age
distributions. Phanerozoic zircon grains preferentially concentrate in
coarse-grained fractions (125-250 pm), whereas older Precambrian
zircon grains are more abundant in fine-grained fractions (32-125 pm)
(Shen et al., 2024). This pattern is because that older recycled zircon
grains tend to be more rounded and thus to be smaller than younger
grains which underwent fewer recycling (Yang et al., 2012; Resentini
et al., 2018). Third, metamorphic rock-sourced signals are found in most
samples from the northeastern Qaidam Basin. For instance, meta-
morphic lithic fragments are commonly dominant components in all
samples from the northeastern Qaidam Basin (Fig. 8). In addition, high
content of garnet and epidote in heavy mineral assemblages (Jian et al.,
2013a; Fu et al.,, 2022), granulite-facies metapelites-sourced detrital
garnet (Hong et al., 2020), and dominant early Paleozoic and minor
Precambrian detrital zircon ages (Jian et al., 2024), collectively indicate
that metamorphic rocks are the major sources. Overall, we propose that
the northeastern Qaidam Basin represents a relatively uniform source-
to-sink system, with minor spatial variations primarily controlled by
varying contributions from different parent-rocks in the Qilian
Mountains.
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5.1.3. Western Qaidam Basin

Sandstones in the western Qaidam Basin (including northwestern
and southwestern regions) exhibit distinct compositional differences
compared to those in the eastern basin (Fig. 7). The northwestern basin,
closed to the south flank of the Altun Range, contains moderately sorted
sandstones which are characterized by high quartz content and a sub-
stantial proportion of feldspar (Fig. 7). Lithic fragments are relatively
minor and are mainly clastic sedimentary and carbonate lithics (Figs. 7,
8). In the southwestern Qaidam Basin, adjacent to west part of Eastern
Kunlun Range (Qimantagh region), sandstones have similar quartz and
feldspar contents, but volcanic lithics are major lithics type in these
sandstones (Fig. 7). Petrographic compositions suggest that western
Qaidam Basin sandstones were primarily derived from the Jurassic
clastic sedimentary strata and Precambrian carbonate rocks in the south
flank of Altun Range and igneous rocks in the Qimantagh region (Rieser
et al., 2005; Xia et al., 2021). This is consistent with provenance inter-
pretation based on paleocurrent orientation, heavy mineral assemblage
and detrital zircon U-Pb geochronology (Cheng et al., 2016a; Zhu et al.,
2017; Zhou et al., 2018; Xia et al., 2021; Jian et al., 2024). Petrographic
data from the western Qaidam Basin also indicate temporal variations in
sandstone composition (Fig. 9), likely reflecting the uplift and exhu-
mation histories of the Altun and Eastern Kunlun ranges, as well as the
Qimantagh region (Cheng et al., 2016a, 2019a; Zhou et al., 2018; Xia
et al., 2021).

In summary, basin-wide petrographic compositional data, integrated
with other provenance indices, demonstrate that sediments from
different areas of the Qaidam Basin were primarily derived from the
adjacent mountains (Table 1). The South Qilian and North Qaidam
terranes, rather than the Eastern Kunlun Range, served as the dominant
sources for Cenozoic sediments in the northeastern and northern Qai-
dam Basin. Notably, temporal variations in petrographic composition
reflect changing contributions from metamorphic rocks, plutons and
recycled sedimentary strata in the Qilian Mountains. In contrast,

Table 1
Provenance signatures and interpretations of the Cenozoic Qaidam Basin
sandstones.

Provenance Northern Northeastern Western Qaidam
signatures Qaidam Basin Qaidam Basin Basin
Petrographic Q39F28log; Q46F13L23; Qs2F18L12;
compositions * Metamorphic Metamorphic Volcanic and
lithics- lithics-dominated sedimentary
dominated lithics-dominated
Heavy mineral Garnet-epidote- Garnet-epidote- Zircon-
assemblages " zircon- zircon Hornblende-
tourmaline epidote-garnet
Detrital zircon U- 400-480 Ma; 400-480 Ma; 400-480 Ma;
Pb Precambrian; Precambrian; 220-280 Ma
geochronology © 220-280 Ma 220-280 Ma
Detrital muscovite 300-400 Ma 300-400 Ma 200-300 Ma;
“0Ar/30Ar 300-500 Ma
geochronology ¢
Detrital single Metapelites- Metapelites- High grade
mineral sourced garnet; sourced garnet; metamorphic
geochemistry © Metapelite- Metapelite and rocks-sourced
sourced granitoid-sourced  garnet;
tourmaline tourmaline Metapelite and
granitoid-sourced
tourmaline
Source terranes Qilian Qilian Mountains- Eastern Kunlun
Mountains- dominated and Altun ranges-
dominated dominated

# Modal composition represents average of all samples in the region.

b Major heavy mineral species, data from Jian et al., 2013a, Zhu et al., 2017.

¢ Common feature of detrital zircon U-Pb geochronological populations,
temporal and spatial variations of which is reviewed in Jian et al., 2024,

d Dominating detrital muscovite age clusters (reviewed by Ye et al., 2024).

¢ Detrital single mineral geochemistry-based interpretations from Jian et al.,

2013a, Li et al., 2018; Hong et al., 2020.
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sediments in the western Qaidam Basin were mainly sourced from the
Altun Range and western segment of the Eastern Kunlun Range.

5.2. Factors controlling the sandstone petrographic composition and
texture

5.2.1. Tectonics and parent-rock lithology

The Qilian Mountains and the Eastern Kunlun Range have funda-
mentally distinc tectonic histories, which have led to pronounced lith-
ological differences. The Qilian Mountains documents the assembly and
breakup of the Rodinia and Pangea supercontinents (Zhang et al., 2021),
while the Eastern Kunlun Range primarily records the closure of the
Proto-Tethys and Paleo-Tethys Oceans. Parent-rock lithology, associated
with distinct textural parameters and mineral assemblages, exerts a
primary control on the petrographic composition of sand or sandstone
(Caracciolo et al., 2012a, 2012b; Garzanti, 2019; Caracciolo, 2020;
Johnson et al., 2022). The significant compositional contrast between
sandstones in the western and eastern Qaidam Basin highlights the
dominant influence of parent-rock lithology. Granitoids are considered
highly efficient sand producers and have a sand generation index (SGI)
14-20 times greater than that of low- and medium-grade metamorphic
rocks (Palomares and Arribas, 1993). This difference is evident in our
study. The high abundance of metamorphic lithics (mostly metasedi-
mentary lithics) in the northern (average: 27.5 %) and northeastern
Qaidam Basin (average: 22.6; Fig. 7) suggests that low-medium grade
metamorphic rocks, which comprise 32 % of the South Qilian and North
Qaidam terranes (Fig. 1), are major sediment sources. In addition, the
elevated contents of quartz and feldspar imply significant contributions
from intermediate-acid plutons (19 % in the Qilian Mountains) and
recycled sedimentary strata (26 % in the Qilian Mountains). Thus,
sandstones from the northern and northeastern Qaidam Basin represent
mixture of dominating metamorphic rock, intermediate-acid plutons
and recycled sedimentary rocks. In contrast, sandstones in the western
Qaidam Basin are enriched in quartz and feldspar, with minor sedi-
mentary and volcanic lithics (Fig. 7), indicating sources from
intermediate-acid plutons and recycled sedimentary strata from the
Altun and Eastern Kunlun ranges (Fig. 1C). Because sands derived from
intermediate-acid igneous rocks and metamorphic rocks differ in
petrographic composition (Palomares and Arribas, 1993), the quartz/
feldspar (Q/F) and lithic/(quartz + feldspar) (L/(Q + F)) ratios to some
extent (for instance, when climatic influences are minor) could be used
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to distinguish contributions from intermediate-acid plutons and meta-
morphic rocks. The contrast in L/(Q + F) ratios between eastern and
western Qaidam Basin sandstones (Fig. 10) reflects differing source li-
thologies. Furthermore, lower Q/F ratios in the northern Qaidam Basin
samples compared to those in northeastern basin (Fig. 11) may reflect
the influences of granitic plutons in the west part of the North Qaidam
belt (Fig. 1). Additionally, the fluctuant Q/F ratios in samples from the
DHG and LLH sections (Fig. 12) indicate varied contributions from
plutonic rocks and (meta)sedimentary strata.

5.2.2. Climate and sedimentary environment

Climate influences petrographic composition primarily by promot-
ing the decomposition of relatively unstable components (e.g., carbon-
ate lithics, mica, plagioclase, K-feldspar) under relatively intense
chemical weathering conditions. The Qaidam Basin experienced two
humid to arid transitions during the Cenozoic (Miao et al., 2013; Song
et al., 2013; Bao et al., 2017). Take the DHG section as an example, the
Q/F ratios are higher in the Shang Ganchaigou and Shizigou formations
(Figs. 11, 12), coinciding with cold and arid climatic conditions (Bao
et al.,, 2017). The anomalous increase in Q/F ratios during periods of
relatively weak weathering suggests that climate may play a secondary
role in controlling sandstone modal composition. Additionally, mica and
carbonate lithic contents in Cenozoic Qaidam Basin sandstones show an
increasing trend (Fig. 9), which may be related to the progressive ari-
dification of the climate (Rieser et al., 2005).

Sedimentary environment also plays a critical role by determining
the hydrodynamic conditions during deposition, which in turn in-
fluences sediment texture (e.g., grain size and sorting) and affects
composition (Garzanti et al., 2008, 2009; Garzanti, 2019). The Cenozoic
Qaidam Basin contains thick nonmarine deposits, including alluvial,
fluvial, deltaic, and lacustrine sediments (Fig. 2). The sandstones
analyzed in this study have different occurrences in the investigated
sedimentary strata, including interlayers in conglomerates, thick sand-
stones, interlayers in siltstones or mudstones (Fig. 3). Grain size and
sorting marked variability in the DHG and LLH sections (Fig. 12). For
example, alluvial samples from the Lulehe Formation in both sections
are poorly sorted (sorting indices >0.4; Fig. 12). Lithic fragments, such
as quartzite lithics, commonly have large grain size (Fig. 6L), and the
quartz/lithics (Q/L) ratio could thus be influenced by analyzed sample
grain size (Caracciolo et al., 2012a). Indeed, the Q/L ratio exhibits a
negative correlation with both average grain size and sorting of samples

100 1.0
Al BJ : C
*
2 - . 0.8 1
. 3
*
. 104 3
* . -
$ t . % 0.6 1
= . . g
= =]
& s & g
31 * &
0.4 -
14 1
é i 021 o
0 -
n=339 n=154 n=31 n=75 n=339 n=154 n=31 n=75 n=441 n=363
T T T T 0-1 T T T T T T
N NE NW SW N NE NW SW GroupA Group B

Fig. 10. Box-plots of lithic/(quartz + feldspar) (A) and quartz/feldspar (B) ratios in different regions. (C) Box-plots of roundness of analyzed grains in two groups.
Group A represents all grains from samples in DHG section which have more contributions from recycled strata, while Group B represents grains from samples that

have less contribution from recycled strata. n represent number of plots.

14



X. Shen et al.
vau
A\W““g\‘
IHI B LI;L Qilian Mountains
a7
Qaidam Basin ﬁ
o Eoudus
03m —> [J1o
Q/L
0 1 3 g 22 Eastern Kunlun Range
“ N
vau
A\W“T“?’“
LH.3 YCG
Boco (‘,HEH FBIET DG Qilian Mountains

HL q E
[sYss LH. 7
B Quidam Bq&m l, 4

Eastern Kunlun Range

N

p Fault

A\w“ﬁg
! E Qilian Mountains
G
n, -
!’»’ aidam Basin

ﬁ TTL

o B

Eastern Kunlun Range

Palaeogeography, Palaeoclimatology, Palaeoecology 675 (2025) 113120

E,
\\W““
vy’ G LH.3
D
Qilian Mountains
L EE‘L
vss HLS LH
idam Bdsin N .WH
8 L
Eastern Kunlun Range
Nl
\\¢ :
nFad
A\W“T‘A‘é
! FCG Qilian Mountains
CQ
ss L
SYSS idam Basm g
[EDHG
Owe
Eastern Kunlun Range
3
16 NZ +Q1+2
n ¥t
A\W“Tﬂ%
@lcce Qilian Mountains
QGQ
WsYSs E..u
B WQuidam Basin
!( Bis FTTL

Eastern Kunlun Range

Fig. 11. Hotpot plots of quartz/feldspar (Q/F) and quartz/lithic (Q/L) ratios of Cenozoic Qaidam Basin sandstones. The sizes of squares represent quartz/feldspar

ratio and quartz/lithic ratio is reflected by the colour.

DHG-804 H~ ¢ Q.
DHG-784 W Mt
DHG-741 HEH
DHG-73q +—{J_}+
DHG-681 HE— e
DHG-661 HIHe N
DHG-61{ HE—  —LdF g
DHG-59 HH

DHG-571 Hi—»
DHG-551  H{EH
DHG-50{ e N3

LLH-59
LLH-571
LLH-559
LLH-544
LLH-53
LLH-50

LLH-49

DHG-471  +F }F— LLH-48 o Ld
DHG-45-{ H=H '«
DHG-37{ HI= F—— LLH-47-{H{}H N
DHG-331 I e LLH-424 i N
DHG-291 HR#es Noo  +—{FF— & = e e | e ——— ==
DHG-26{ HIH LLH-354 HH
DHG-20q HEH
LLH-34- -—| |—| .

pHG-1s{HH N T N e | LT L = i
DHG-16] HEH * LLH-324 HH o«
DHG-13{ HiH E

o : LLH-30- HfHe
DHG-09 HAIF—— - w N
DHG-06 HILij— oo LLH-28 ffHe  »
DHG-04{ —t—
DHG-02{ {1 E‘*’ LLH-274 i o Ein

L L .
030020060000 02 04 06 08 1002 0.4 0. 4 8 1216 20 200400 600 8000.0 0.2 0.4 0.6 0.8 0.0 0.3 0.6 0.9 0 1020 30 10 20 30 40
Grain size(pum) Roundness Sorting Q/L Grain size(pum) Roundness Sorting Q/F Q/L

Fig. 12. Vertical variations in grain size, roundness, sorting, quartz/feldspar and quartz/lithic ratios of analyzed samples from the DHG (left panel) and LLH (right

panel) sections.

in the DHG and LLH sections (Fig. 13A), highlighting the influence of
sediment texture and sedimentary environment on sandstone composi-
tion. However, at the basin-wide scale, the Q/L ratios show no clearly
spatial patterns (Fig. 10), which may reflect the secondary influence of

sedimentary environment on the sandstone composition. Furthermore,
abundant mica is observed in samples from the Shang Ganchaigou, Xia
Youshashan and Shang Youshashan formations in the northeastern
Qaidam Basin (Fig. 61, K, O; Fig. 9), during the expansion of the Qaidam
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Basin when the sedimentary environment was mainly deltaic and
lacustrine and sandstones were laminated in siltstone or mudstone strata
(Fig. 2) (Cheng et al., 2021).

5.2.3. Sedimentary recycling

Due to the widespread distribution of sedimentary and metasedi-
mentary rocks on the Earth’s surface, sedimentary recycling is a com-
mon process in sedimentary systems (Blatt, 1967; Thomas, 2011).
Recycled sandstones are often compositionally enriched in quartz due to
its mechanical and chemical stability, and may also contain abundant
siltstone, shale, and calcareous lithic fragments (Garzanti et al., 2013).
In the Cenozoic Qaidam Basin, sedimentary recycling is prevalent given
the widespread exposure of sedimentary strata in the Qilian Mountains
(27 %), the Altun Range (8 %), and the Eastern Kunlun Range (19 %). In
addition to influencing petrographic composition, recycling also affects
grain texture through enhancing the roundness of detrital grains
(Garzanti et al., 2022; Shen et al., 2024). Our roundness quantification
results reveal predominantly subrounded and rounded grains in the
DHG and LLH section samples (Fig. 12), likely indicating contributions
from recycled sedimentary rocks. However, grains roundness exhibits no
clear temporal variation (Fig. 12) and shows weak correlations with the
petrographic compositions, such as Q/F and Q/L ratios (Fig. 13). Detrital
zircon U-Pb geochronology may provide insights into recycling from
(meta)sedimentary sources. In the DHG section samples, detrital zircon
U-Pb age populations vary in the proportion of Precambrian ages (Jian
et al., 2024). Samples with higher proportions of Precambrian zircon
ages are assumed to reflect greater contributions from recycled sources.
Based on this assumption, samples from the DHG section can be divided
into two groups, including one with higher recycling contributions and
the other with lower contributions. However, grain roundness of detrital
grains between these two groups shows no significant difference
(Fig. 10C). Given the challenges in discriminating first-cycled and multi-
cycled detritus (Garzanti et al., 2013; Pastore et al., 2021; Finzel et al.,
2025), the role of sedimentary recycling in provenance interpretation
remains an open question requiring further study.
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In addition to the factors discussed above, diagenesis, topographic
relief, and transport regime also exert controls on sandstone petro-
graphic composition and texture (Johnsson, 1993; Weltje, 2012; John-
son et al, 2022). For instance, diagenetic overprints (such as
overgrowths of quartz grains, precipitation of calcite cements) are
documented in both outcrop samples (e.g., Fig. 6E, P) and borehole
samples (He et al., 2019; Gong et al., 2023). Nevertheless, our current
dataset lacks the resolution to systematically evaluate these influences.
Detailed assessment warrants future investigation.

5.3. How to define sediment source signals for deep-time sedimentary
systems

How to define detrital signals from sediment source regions remains
a significant challenge, particularly for deep-time sedimentary systems
(Caracciolo, 2020). In the case of the northeastern Qaidam Basin, cur-
rent controversy regarding sediment provenance interpretations largely
arises from uncertainty over whether the Permian-Triassic detrital
zircon signals originate from the Qilian Mountains or the Eastern Kunlun
Range (e.g., Bush et al., 2016; Cheng et al., 2017, 2021; Wang et al.,
2017; Jian et al., 2024). Given this uncertainty, a comprehensive un-
derstanding of sediment source signals is of great importance. This study
explores this issue from multiple perspectives, as discussed below.

5.3.1. Potential source terranes need for careful consideration
Identifying the sources of ancient sedimentary records is inherently
challenging due to the combined influences of tectonic and climatic
perturbation (Romans et al., 2016), as well as uncertainties of paleo-
geography and drainage systems. The erosional engine in the deep-time
source-to-sink systems may be currently absence or not well-exposed.
Accurately determining potential sources is critical for understanding
basin-mountain coupling. For the Cenozoic Qaidam Basin, the Songpan-
Ganzi Complex was previously thought to be a source of southwestern
Qaidam Basin during the early stage of the Cenozoic based on the
detrital zircon U-Pb geochronological data, and a ‘Paleo-Qaidam Basin’
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model during the 50-35 Ma was proposed (McRivette et al., 2019).
However, petrographic data suggest that contributions from distal ma-
rine sedimentary strata in the Songpan-Ganzi Complex to the south-
western Qaidam Basin can likely be excluded. Sandstones from the Xia
Ganchaigou Formation in the southwestern Qaidam Basin have an
average modal composition of Qg7Foolia (Fig. 8B), in which meta-
morphic lithics and carbonate lithics are dominating lithic types with a
notable absence of sedimentary lithics. These petrographic compositions
suggest provenance from granitic plutons, metamorphic rock, and car-
bonate rocks. Additionally, the sandstones are characterized by sub-
angular to subrounded (Rieser et al., 2005). Coupled compositional and
textural immaturity may reveal local and proximal sources from the
Eastern Kunlun Range (or Qimantagh region) rather the distal Songpan-
Ganzi Complex. Furthermore, Paleoproterozoic zircons, which are
prominent in the Songpan-Ganzi Complex, are rarely observed in
southwestern Qaidam Basin sandstones (Jian et al., 2024), further sup-
porting our interpretation. Therefore, for the deep-time provenance
analysis, the integration of multiple analytical approaches is essential
for more accurate reconstructions of source region evolution
(Caracciolo, 2020).

5.3.2. Source signals of a large terrane should not be simply treated as a
whole

The Qilian Mountains represent a large and complex terrane, con-
sisting of four tectonic units. When considering the Qilian Mountains as
a single source terrane, late Paleozoic-Mesozoic plutons account for
only 2.3 % of the current Qilian Mountains, substantially less than the
early Paleozoic plutons (16.5 %; Fig. 1). As a result, the detrital U-Pb age
signals from the Qilian Mountains are often characterized by a dominant
410-510 Ma age cluster with neglected Permian-Triassic and Precam-
brian age populations (e.g., Bush et al., 2016; Wang et al., 2017).
However, late Paleozoic-Mesozoic plutons constitute 16.8 % of the

Petrographic
composition
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North Qaidam terrane (Fig. 1), which serves as a critical sediment source
for the northern and northeastern margins of the Qaidam Basin. The
dominance of Permian-Triassic age modes in the northern and north-
eastern Qaidam Basin sandstones could thus be interpreted to be
attributed to the North Qaidam terrane rather than the Eastern Kunlun
Range (e.g., Cheng et al., 2017; Jian et al., 2024). In petrographic
analysis, detailed characterization of individual source terranes could be
helpful to understand both local variability and temporal trends in
sandstone composition. For example, the high proportion of granitic
plutons in the western flank of North Qaidam terrane likely explains the
elevated Q/F ratios of samples from the northern Qaidam Basin than
those from the northeastern basin (Figs. 1, 10). Temporal changes in
sandstone composition, which is related to varied contributions from
distinct parent-rock types, could provide insights into discussing the
change of provenance and exhumation history of different tectonic do-
mains within the Qilian Mountains. We therefore propose that sedi-
mentary signals from a large, complex source terrane comprising several
tectonic belts should not be simply treated as a whole neglecting some
important signals (e.g., Wang et al., 2023b). Furthermore, detailed
description of source terranes will promote accurate sedimentary
provenance studies (e.g., Resentini et al., 2017; Garzanti et al., 2021).

5.3.3. Heterogeneity of erodibility of different rock types needs attention
The erodibility of different rocks varies significantly, such as higher
erodibility for fragile mudstone or siltstone but lower erodibility for
plutons and high-grade metamorphic rocks (Garzanti et al., 2007;
Capaldi et al., 2017; Spencer et al., 2018). Such lithological heteroge-
neity in the potential source terranes leads to differences in sediment
yield, which can be reflected in sediment composition and other prov-
enance proxies. The Qilian Mountains, dominated by erodible meta-
morphic rocks and sedimentary rocks, likely deliver greater sediment
volumes than the Eastern Kunlun Range, where resistant plutonic rocks
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Fig. 14. Schematic model show source-to-sink system of the Cenozoic Qaidam Basin. Coarse-grained sediments (sand, gravel) in the Qaidam Basin are mainly
derived from proximal source regions. The Qilian Mountains which are dominated by metamorphic rocks with subordinate sedimentary and igneous rocks largely
contribute coarse sediments to the northern and northeastern Qaidam Basin. Contributions from the Eastern Kunlun Range are relatively small and mainly deposited
in the south margin of Qaidam Basin. Varied contributions from different rock types in the Qilian Mountains could cause the variation of sandstone petrographic
compositions. In contrast, fine-grained sediments (mud, dissolved fraction) from different source regions are well-mixed due to the existence of paleo-megalake

(Wang et al., 2023a).
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prevail (Fig. 14). This contrast is evidenced by the extensive distribution
of alluvial and fluvial coarse sediments along the southern margin of the
Qilian Mountains (Zhuang et al., 2011), compared with the relatively
thin sedimentary strata along the southern basin margin adjacent to the
Eastern Kunlun Range (Fig. 14) (Yin et al., 2008b). Our petrographic
data further indicate that samples from regions relatively distant from
the Qilian Mountains (e.g., EBL, NBX, YH regions) exhibit high contents
of metamorphic lithics and low Q/L ratios (Figs. 8, 11), highlighting the
widespread influence of the Qilian Mountains. In addition to tectonics
and climate, the lithology-induced differences in sediment flux between
the Qilian Mountains and the Eastern Kunlun Range may be the reason
for higher sedimentation thickness in the northern Qaidam Basin than
the southern basin during the Miocene when both two source terranes
were experiencing intense exhumation (Zhuang et al., 2011; Mao et al.,
2014; Song et al., 2014; Bao et al., 2017). The modern sedimentary
system of the Taiwan Strait offers a useful analogue of the Cenozoic
Qaidam Basin. The Taiwan Strait is surrounded by igneous rocks-
dominated southeastern China mainland and the (meta)sedimentary
rocks-dominated Taiwan Island (Shen et al., 2021). The sediment yield
of rivers draining the southeastern China mainland is an order magni-
tude lower than that of Taiwanese rivers (Milliman and Farnsworth,
2011). As a result, signals from the Taiwanese rivers are widely found in
the Taiwan Strait sediments (Horng and Huh, 2011; Shen et al., 2021;
Shan et al., 2023). Therefore, we emphasize the importance of consid-
ering disproportionate sediment contributions from source terranes with
contrasting lithologies in provenance interpretations.

5.4. Implications for Cenozoic deformation history of the Tibetan Plateau

The deformation mechanisms of the Tibetan Plateau remain highly
debated (Molnar et al., 1993; Tapponnier et al., 2001; Clark, 2012; Ding
et al., 2022, and references therein). The growth history of the northern
Tibet, which is a far-field response to the India-Eurasia collision, pro-
vides critical constraints for evaluating different deformation models of
the plateau (Cheng et al., 2021; Jian et al., 2023). Proposed mechanisms
for crustal thickening in the northern Tibet include gradual northward
propagating shortening model (Tapponnier et al., 2001; Wang et al.,
2008; Wang et al., 2017), and synchronous distributed crustal short-
ening soon after the collision (Jolivet et al., 2001; Clark et al., 2010;
Clark, 2012). From the perspective of sedimentary provenance, our
petrographic data in the whole Cenozoic Qaidam basin suggests that the
northern and northeastern basin were continuously fed by the Qilian
Mountains from the Lulehe to the Qigequan formations. In addition,
matrix-supported and poor-sorted sandstones in the Lulehe Formation
favors high-relief sedimentary environments and localized deposition.
As mentioned above, the age model that Cenozoic sedimentation started
in the eastly Eocene is preferred in this study. In this case, petrographic
analyses indicate that the formation of the Qaidam Basin can be
considered as a rapid response to the India-Eurasia collision and further
provide evidence for synchronous deformation model of the northern
Tibet Plateau.

6. Conclusions and perspectives

An integrated dataset of petrographic composition and grain texture
from Cenozoic sandstones in the Qaidam Basin (including new data and
previously published data), along with sands in modern rivers draining
the Qilian Mountains, allows for a better understanding of the Cenozoic
Qaidam Basin sediment source-to-sink system. We contend that the
sandstones in the northern and northeastern Qaidam Basin were mainly
contributed from the adjacent Qilian Mountains contrasting the opinion
that the Eastern Kunlun Range contributed detritus to the northeastern
Qaidam Basin based on detrital zircon geochronology. The Altun and
Eastern Kunlun ranges are the major sources for sandstones in the
western Qaidam Basin. Varied contributions from different parent-rock
types in the Qilian Mountains are the reason for the temporal changing
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of sandstone compositions in the northern and northeastern Qaidam
Basin, rather than the source shift from the Eastern Kunlun Range to the
Qilian Mountains. Climate and sedimentary environment serve as sec-
ondary controls on the sandstone petrographic composition and texture.
In addition to tectonic and climate, differences in erodibility among
parent-rock types likely contributed to the disproportionate sediment
fluxes between the Qilian Mountains and the Eastern Kunlun Range.
Provenance analysis based on petrographic data infers that the Qaidam
Basin formed as a rapid response to the India-Eurasia collision. This
finding further supports the synchronous deformation model of the
northern Tibet Plateau.

This study highlights the critical role of sandstone petrography in
sedimentary provenance analysis. However, we noticed that sandstone
petrography is often ignored or is of secondary importance in many
provenance studies. For instance, petrographic data are lacking for small
basins in the northeastern Tibetan Plateau (e.g., Subei, Suganhu, and
Chaka basins, where detrital zircon geochronology data are available).
This gap hampers a more comprehensive understanding of evolution
history of the northern Tibetan Plateau from the sandstone petrography
perspective. In addition, detailed and proper petrographic analysis of
sandstones or sands are helpful for quantitative analysis of source-to-
sink system (e.g., Critelli and Ingersoll, 1995; Garzanti and Vezzoli,
2003; Caracciolo et al., 2012b; Resentini et al., 2017; Garzanti, 2019).
For example, a detailed classification of metamorphic lithics is fruitful in
provenance analysis of foreland-basin sediments shed from Alpine-type
collision orogens (Garzanti and Vezzoli, 2003), arc-continent collision in
Taiwan (Dorsey, 1988; Garzanti and Resentini, 2016; Resentini et al.,
2017). The proper classification of volcanic lithics is proven to provide
information on the long-term evolution of volcanic arcs (Critelli and
Ingersoll, 1995). Moreover, quantifying sandstone texture, unraveling
controlling factors of sandstone petrographic composition and texture,
and global-scale sandstone (and modern sand) petrographic big data
analyses (e.g., Johnson et al., 2022; Liang et al., 2023; Dong et al.,
2024), are important attempts in the field of sediment provenance
analysis.
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