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A B S T R A C T   

An increasing number of detrital zircon U–Pb geochronological data have been reported to trace sediment 
provenance for the Cenozoic Qaidam basin, which is crucial to understanding crustal deformation, paleoclimate 
change and basin development in northern Tibetan Plateau and to assessing geodynamic models of plateau 
growth. However, the existing provenance interpretations are highly diverse and how the northern Tibet has 
evolved remains controversial. This contribution presents new detrital zircon dating results from Cenozoic 
outcrop and borehole samples and compiles published data from the whole Qaidam basin, adjacent small 
Cenozoic basins and the surrounding mountains. Our new synthesis indicates that, Paleoproterozoic signals 
(1800–2000 Ma and 2350–2500 Ma), rather than the Permian–Triassic ages, can be applied effectively to 
distinguish the Qilian, Altun and Eastern Kunlun-sourced detrital zircons. The Cenozoic Qaidam basin exhibits 
spatiotemporally variable detrital zircon age populations. Most sandstones from the western and southern basin 
are characterized by Phanerozoic bimodal age spectra (i.e., 400–480 Ma and 220–280 Ma) with minor Pre-
cambrian signals, indicating major contributions from the neighboring Altun and Eastern Kunlun ranges. By 
contrast, almost all the northern and eastern basin sandstones display prominent early Paleozoic detrital zircon 
ages; but Paleoproterozoic, Neoproterozoic (750–950 Ma) and Permian–Triassic signals only appear as dominant 
age clusters in some samples. Different temporal variation trends are observed from the investigated sections in 
this region, revealing variable zircon supply from different micro-terranes in the Qilian Mountains. This implies 
that using detrital zircon provenance data from a single section or from a local area of the Qaidam basin to 
address regional tectonic and climatic issues of the northern Tibetan Plateau unlikely provide useful results. We 
propose that the Cenozoic Qaidam basin deposits were derived from localized, adjacent source regions, rather 
than cross-basinal, distant mountains. Our conclusions support models with synchronous deformation 
throughout most of northern Tibet in the Cenozoic. The observed spatiotemporal variations in detrital zircon 
populations are not only attributed to tectonic deformation-induced source changes, but can also be due to 
heterogeneity of the source terranes (e.g., durability and zircon fertility) and variable factors (e.g., hydrodynamic 
sorting, recycling and sedimentary microenvironment) in transport-deposition processes. This study also high-
lights the importance of involving detrital zircon textural and sedimentological parameters to zircon provenance 
interpretations. An integrated provenance analysis combining other detritus components is helpful to compre-
hensively characterize source-to-sink systems for sedimentary basins.   

1. Introduction 

Zircon is highly refractory at the Earth’s surface and occurs in 
virtually all clastic sedimentary systems. Detrital zircon grains from 

sedimentary records have proven to preserve crucial information about 
a wide range of geological processes and thus serve as an essential 
mineral in geoscience research (e.g., Fedo et al., 2003; Perri et al., 2008; 
Cawood et al., 2013; Gehrels, 2014; McKenzie et al., 2016; Tang et al., 
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2021; Fornelli et al., 2022). The developed in-situ mass-spectrometric 
techniques, such as secondary ion mass spectrometry (SIMS) and 
laser-ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS), provide powerful analysis platforms to obtain single 
detrital zircon ages with reasonable precision, accuracy and efficiency 
(Košler et al., 2002; Ireland and Williams, 2003; Gehrels et al., 2006). In 
general, detrital zircon U–Pb ages may provide valuable clues on source 
history of a deposit and, in many cases, also provide crucial clues on 
their depositional ages, which must be always younger than the age of 
the youngest zircon grain. As a result, detrital zircon geochronology has 
become a potent tool in sediment provenance studies and in maximum 
depositional age estimation for ancient sedimentary strata (Dickinson 
and Gehrels, 2009; Thomas, 2011; Cawood et al., 2012; Coutts et al., 
2019; Copeland, 2020; Jian et al., 2020). Furthermore, detrital zircon 
U–Pb ages, in combination with element geochemical tracers (e.g., rare 
earth elements or other trace elements), isotopic tracers (e.g., Hf and O 
isotopes) or thermochronology (e.g., fission track and (U–Th)/He 
dating), can also be used to address a variety of other geoscience issues, 
for example, sediment dispersal patterns and paleogeography (Sharman 
et al., 2015; Xu et al., 2017; Stalder et al., 2018; Jian et al., 2019a), 
tectonic evolution of mountain belts and sedimentary basins (Lease 
et al., 2007; Carrapa, 2010; Saylor et al., 2012), paleoclimatic history 
(Soreghan et al., 2002; Pullen et al., 2011; McKenzie et al., 2016) and 
crustal evolution processes (Griffin et al., 2006; Cawood et al., 2013; 
Lancaster et al., 2011; Tang et al., 2021). 

The detrital zircon geochronological technique has been widely 
applied in Tibetan Plateau geological studies. The Tibetan Plateau 
(Fig. 1), as the world’s highest and most extensive plateau, has long been 
considered as an ideal test ground for understanding the geodynamic 
processes of continental convergence, collision and deformation, and 
the interactions between plateau topography and global climate change 
(Molnar et al., 1993; Tapponnier et al., 2001; Kapp and DeCelles, 2019; 
Ding et al., 2022). Vast amounts of detrital zircon age data from modern 
sediments, sedimentary rocks and metasedimentary rocks in this region 
have been published over the past few decades. Those data are mainly 
involved in discussing the following topics, 1) origin and early evolution 
of the continental blocks (Fig. 1B), which made up the plateau (e.g., 
Gehrels et al., 2003; Leier et al., 2007; Dong et al., 2011; Zhu et al., 2011; 
Jian et al., 2020); 2) assembly processes of the blocks and related 
tectono-magmatic evolution of the orogenic belts among the blocks (e. 
g., Pullen et al., 2008; Gehrels et al., 2011; Zuza et al., 2018; Wu et al., 
2019a; Zhang et al., 2021); and 3) sediment provenance and infilling 
processes of Mesozoic–Cenozoic sedimentary basins on the plateau and 
associated tectonic deformation and unroofing history of these detritus 
source terranes (Weislogel et al., 2006; Kapp et al., 2007; Ding et al., 
2013; Decelles et al., 2014; Orme et al., 2015; Jian et al., 2019a; Cheng 
et al., 2021). 

However, how the Tibetan plateau deformed and grew remains 
controversial and several models have been proposed to interpret the 
geodynamic mechanism of plateau growth. These models mainly 
include simple crustal thickening (Argand, 1922), convective removal of 
mantle lithosphere (Houseman and England, 1993), lower crustal flow 
(Royden et al., 1997), northward stepwise development (Tapponnier 
et al., 2001) and outward growth of a central “proto-Tibetan Plateau” 
(Wang et al., 2008a). Although the India-Eurasia collision at 50–55 Ma 
(and subsequent convergence) was probably not the only forcing for 
Tibetan crust deformation (Kapp and DeCelles, 2019 and reference 
therein), it created the south boundary of the plateau and played an 
important role in forming the current tectonic framework and high 
topography. The northern Tibet is 1500–2000 km away from the colli-
sional zone (Fig. 1B). Since these proposed geodynamic mechanisms 
predict distinct growth patterns for the northern Tibet, this region acts as 
a critical research target to test these models. Numerous Cenozoic 
intermontane basins have developed in the northern Tibetan Plateau 
(Fig. 1C). Sedimentary successions in these basins are thought to pre-
serve records of geological evolution for both the basins and the 

high-relief mountains (Zhuang et al., 2011; Yuan et al., 2013; Wang 
et al., 2016; Wu et al., 2019b; Cheng et al., 2021). Detrital zircon 
geochronological studies on siliciclastic sedimentary strata from those 
intermontane basins are expected to be helpful for better understanding 
of the basin-range systems and thus allow reconstructing crustal defor-
mation and uplift history of the northern Tibetan Plateau. 

2. Detrital zircon U–Pb age data-based provenance of the 
Cenozoic Qaidam basin: under debate 

The Qaidam basin is the largest intermontane basin in northern Tibet 
and is currently bounded by the Qilian Mountains, Altun and Eastern 
Kunlun Ranges (Fig. 1). The extensive clastic sedimentary rocks within 
the basin may serve as pivotal, effective targets to unravel uplift and 
unroofing processes of the surrounding ranges (Zhuang et al., 2011; 
Guan and Jian, 2013; Cheng et al., 2021). Extensive detrital zircon U–Pb 
age data have been reported for the Cenozoic Qaidam basin in recent 
years (Pullen et al., 2011; Bush et al., 2016; Cheng et al., 2016a, 2016b, 
2019a,b; Wang et al., 2017, 2020, 2022; Zhu et al., 2017; Zhou et al., 
2018; McRivette et al., 2019; Song et al., 2019; Wu et al., 2019b; Zhuang 
et al., 2019; Li et al., 2021b; Xia et al., 2021; Lu et al., 2022). However, 
these research groups provided dissimilar provenance interpretations 
based on their own detrital zircon age data and proposed distinct models 
for uplift and growth processes of the ranges. Even for samples from the 
same outcrop section (e.g., the Huaitoutala section, Fig. 1C; Bush et al., 
2016; Zhuang et al., 2019; Li et al., 2021b) or sections that are close to 
each other (e.g., the Honggou section; Bush et al., 2016; Wang et al., 
2017; and the Dahonggou section; Song et al., 2019; about 5 km apart), 
the obtained detrital zircon age data were distinct and diverse expla-
nations were provided. 

One of the popular viewpoints advocates that the Qilian Mountains 
are characterized as an early Paleozoic orogenic belt, whereas the 
Eastern Kunlun Range successively experienced early Paleozoic and 
Permian–Triassic tectono-magmatic processes. Under the circum-
stances, comparatively high proportions of Permian–Triassic ages in the 
detrital zircon age populations were thus considered to represent 
detritus contributions by the unroofing of the Eastern Kunlun Range (e. 
g., Bush et al., 2016; Wang et al., 2017). Another viewpoint favors that 
the Permian–Triassic age signatures cannot be ignored for the Qilian 
Mountains and for the crystalline basement of the Qaidam basin (Cheng 
et al., 2017; Song et al., 2019; Zhang et al., 2021). Thus, the occurrence 
of abundant detrital zircon grains with Permian–Triassic ages in the 
Cenozoic Qaidam basin was not necessary to be interpreted as major 
contributions from the Eastern Kunlun Range (Cheng et al., 2019b; Song 
et al., 2019; Zhuang et al., 2019; Jian et al., 2023). Furthermore, recy-
cling of pre-Cenozoic sedimentary strata was also considered as a 
non-negligible source for detrital zircons in the basin (Lu et al., 2018, 
2022). Therefore, we suggest that more detailed, elaborative work is 
required to better understand the tectono-magmatic history and zircon 
U–Pb age signatures of the potential source terranes. Basin-wide detrital 
zircon comparative analysis and more deeper explanations are also 
important to unravel sediment provenance of the Cenozoic Qaidam 
basin and to rationally evaluate plateau growth models. 

We note that the major controversy occurs in sediment provenance 
interpretations for the northern and eastern Qaidam basin and the re-
ported detrital zircon samples therein are mainly collected from outcrop 
sections along the north margin of the basin. Here, we report new 
detrital zircon U–Pb age data for both outcrop and borehole samples (12 
sandstone samples in total) from the northern and eastern Qaidam basin 
and compile published age data of the Cenozoic strata from the entire 
basin (119 samples). The aims are 1) to have an overview of Cenozoic 
spatial and temporal distributions of detrital zircon records in the Qai-
dam basin, 2) to discuss potential controls on detrital zircon populations 
and related influences on provenance interpretations, and 3) to better 
understand provenance implications for the Cenozoic tectonic and cli-
matic evolution of the northern Tibetan Plateau. 
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3. Geological setting 

3.1. Major tectonic elements in the northern Tibetan plateau 

The Tibetan Plateau has extremely high elevation (~5 km above sea 
level), exceptional crustal thickness (~70 km) and wide lateral extent 
(~3 million km2). Although formation and uplift of the plateau is 
thought to be closely related to the Cenozoic India-Eurasia collision, its 
geological framework and initial growth were fundamentally a result of 
multiple, previous ocean closure and intercontinental suturing events 
(Yin and Harrison, 2000; Gehrels et al., 2011; Kapp and DeCelles, 2019). 
The northern Tibetan Plateau has a unique, complex range-basin system 
which includes Qilian Mountains, Altun, Eastern Kunlun and West 
Qinling ranges, Hoh-Xil-Songpan-Ganzi basin, Qaidam basin and other 
mesoscale–small intermontane basins (Fig. 1C). 

The Qilian Mountains represent as a ca. 300 km-wide fold-thrust belt 
(Zuza et al., 2018; Zhang et al., 2021) that forms the northernmost high 
topography of the Tibetan Plateau. From north to south, the Qilian 
Mountains involve the following tectonic domains: 1) southern margin 
of the North China Block, including Neoproterozoic passive-margin 
sedimentary strata; 2) the North Qilian suture, as a belt with discon-
tinuously exposed ophiolitic materials that locally experienced blue 
schist-facies metamorphism; 3) the Central Qilian basement, with 
widespread Proterozoic metasedimentary sequences (mainly including 
quartzite, marble and schist); 4) the South Qilian-North Qaidam meta-
morphic belts, including the South Qilian suture, a belt of variably 
exposed ophiolite fragments that do not record high-grade meta-
morphism, a wide zone of arc volcanic and plutonic rocks associated 
with the Qilian arc which respectively overlie and intrude 
amphibolite-grade metamorphic rocks and the North Qaidam ultrahigh 
pressure metamorphic belt, with associated ophiolite complex (Gehrels 
et al., 2003; Zuza et al., 2018 and references therein). The Qilian orogen 
has an early–mid Neoproterozoic age-dominated basement, which was 
likely involved in the Grenvillian orogenesis during the assembly and 
subsequent breakup process of the Rodinia supercontinent (Song et al., 
2012; Yu et al., 2013; Jian et al., 2020). The Qilian Mountains are 
thought to document the tectonic history of the Paleo-Qilian Ocean (as a 
part of the Proto-Tethys Ocean) and the ultimate collision and amal-
gamation processes of related micro-continents (e.g., the Central Qilian, 
Quanji and Kunlun-Qaidam blocks) during the Cambrian to Devonian 
(400–520 Ma) (Zuza et al., 2018; Zhang et al., 2021 and references 
therein). Some Permian–Triassic (230–280 Ma) plutons are exposed in 
South Qilian and North Qaidam regions and these rocks are interpreted 
to be related to the low-angle, northward Paleo-Tethys subduction 
during that time (e.g., Wu et al., 2016; Cheng et al., 2017; Jian et al., 
2020; Zhang et al., 2021). 

The Altun Range is mainly created by the Altyn Tagh Fault, which is 
an active left-lateral strike-slip fault with a cumulative offset of ca. 375 
km (Gehrels et al., 2003; Yue et al., 2004). This fault cuts the Kunlun 
orogen into the Western Kunlun and Eastern Kunlun ranges and sepa-
rates the Qaidam basin from the Tarim basin (Fig. 1). The strike-slip 
movement was accommodated out of the Tibetan Plateau, rather than 
within the plateau (Gehrels et al., 2003; Yue et al., 2004; Jian et al., 
2018; Zhuang et al., 2018). The north part of the Altyn Tagh Fault is 
thought to have rock assemblages that are similar to those in the Qilian 
Mountains (Gehrels et al., 2003). Pre-Cenozoic bedrocks in the south 

part of the fault are relatively rare, discontinuously exposed and can be 
considered as basement rocks of the west margin of the Cenozoic Qai-
dam basin. 

The Eastern Kunlun Range appears as a ca. 1000 km-long, 
latitudinally-trending and granitoid-rich belt (Fig. 1; Wu et al., 2019a; 
Jian et al., 2020). The Eastern Kunlun orogenic belt contains a highly 
metamorphosed and deformed Precambrian basement (similar Pre-
cambrian tectonic history to the Central Qilian block) and is dominantly 
composed of Ordovician–Devonian plutons, Permian to Triassic arc se-
quences, Paleozoic marine sedimentary successions and sporadically 
distributed Jurassic and Cenozoic non-marine rocks (Li et al., 2013; Wu 
et al., 2019a; Jian et al., 2020). It subsequently experienced 
tectono-magmatic events and sedimentary 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., 2016, 2019a; Jian et al., 
2020). An active left-lateral strike-slip fault, i.e. the Kunlun Fault system 
(Fig. 1), is present in the Eastern Kunlun Range as one of the major 
intracontinental strike-slip faults in the Tibetan Plateau that developed 
in response to the India-Eurasia collision (Wu et al., 2019a). 

The Hoh-Xil-Songpan-Ganzi basin (also named as Songpan-Ganzi 
Complex) is located to the south of the Eastern Kunlun Range (Fig. 1) 
and is mainly composed of Triassic highly-deformed, slightly-meta-
morphosed deep-water marine calciclastic and siliciclastic rocks and 
Late Triassic–Early Jurassic (190–220 Ma) intermediate-acid igneous 
intrusions (Weislogel et al., 2010; Ding et al., 2013; Jian et al., 2019a). 

The West Qinling Range is located to the east of the Eastern Kunlun 
Range and the Qilian Mountains, as the westernmost part of the Qinling- 
Dabie orogen. This orogen was finally formed during the middle–late 
Triassic collision between the North China and South China blocks and 
currently trends E-W in central China (Weislogel et al., 2010; Dong et al., 
2021). 

In addition to the Qaidam basin, there are several Cenozoic sedi-
mentary basins within or along with those mountains. These mainly 
include Hexi Corridor, Subei, Suganhu, Kumukol, Gonghe, Xunhua, 
Xining, Lanzhou and Linxia basins (Fig. 1C; Yuan et al., 2013). The 
current basin-range system in northern Tibet is commonly thought as a 
result of far-field effects of the India-Eurasia collision and the on-going 
convergence between the two plates (Yin and Harrison, 2000; Zhuang 
et al., 2011; Yuan et al., 2013; Wang et al., 2014). 

3.2. Cenozoic tectonics, climate, stratigraphy, lithology and depositional 
environments of the Qaidam basin 

A comprehensive investigation on available borehole pre-Mesozoic 
basement crystalline rocks within the Qaidam basin reveals that the 
Qaidam region was involved into at least three tectono-magmatic epi-
sodes (i.e., early Neoproterozoic, early Paleozoic and late Paleo-
zoic–earliest Mesozoic) and shows as a tectono-magmatic rejuvenated 
terrane, rather than a rigid and mechanically-strong craton (different 
from the adjacent Tarim basin) (Cheng et al., 2017). Although most 
structures in the north margin of the Tibetan Plateau have proven to 
initiate since the middle Miocene, a growing dataset indicates that 
widespread deformation and exhumation occurred in the early Ceno-
zoic, even in the late Mesozoic, i.e., prior to the India-Eurasia collision 
(Jian et al., 2018; Li et al., 2020; Wu et al., 2021a). The Cenozoic Qai-
dam basin was created by development of a large synclinorium (Yin 

Fig. 1. (A) Location of the Tibetan Plateau on the Asia continent. (B) Background of the Tibetan Plateau and its surrounding regions. (C) A map of the northern 
Tibetan Plateau showing locations of the Qaidam basin and surrounding tectonic elements (modified from Jian et al. (2018, 2019b)). The red circles (borehole) and 
stars (outcrop) indicate the locations of previously reported and new detrital zircon samples (Cenozoic, including the Qaidam basin and the surrounding inter-
mountain basins) and the locations of photos in Figs. 3 and 4 (underlined). (D) A geologic map of the Qaidam basin and the surrounding mountains (modified from Lu 
et al. (2018)) and sample locations in this study. HTTL: Huaitoutala section; HS: Hongshan section; HSG: Hongshangou section; DHG: Dahonggou section; BLQ: 
Beilingqiu region; X9: well X9; LLH: Lulehe section; JLS: Jielvsu section; QDG: Quandonggou section; YCG: Yingchaogou section; PT: Pingtai region; LH.5: No. 5 
Lenghu; LH.6: No. 6 Lenghu; LH.7: No. 7 Lenghu; EBL: Eboliang region; DP6: well DP6; GCG: Ganchaigou region; HTG: Huatugou region; KB: Kunbei region; DCS: 
Dongchaishan region; EKB: a Neogene intermountain basin within the Eastern Kunlun Range; AB: Adatan basin; YB: Yitunbulake basin; SB: Subei basin; HCB: Hexi 
Corridor basin; XB: Xining basin. 
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et al., 2008b) and is thought to have developed under a contractional 
tectonic regime (Cheng et al., 2019a; Jian et al., 2023). In addition to the 
deformation in the surrounding ranges, the Qaidam basin has also 
experienced intensive deformation (e.g., strata shortening), after or 
coeval with the Cenozoic depositional process. Specifically, in-
terpretations of regional seismic-reflection profiles indicate that the 
Cenozoic upper-crustal shortening decreases eastward across the basin 
from >48% in the west to <1% in the east (Yin et al., 2008b). As a result, 
a series of thrust fold belts with NW-SE directions are present inside the 
basin and reverse faults have developed along the basin-range margins 
(Fig. 1D). 

The Qaidam basin, as a part of NW China, was successively 
controlled by the Paleogene planetary wind-dominated climate system 
and the Neogene and Quaternary monsoon-dominated climate system 
(Sun and Wang, 2005). Although the current Qaidam basin is extremely 
arid, this region overall had semiarid to arid climatic conditions with 
relatively humid intervals during the Cenozoic (Wang et al., 1999; Jian 
et al., 2013b, 2014, 2019b; Miao et al., 2019; Nie et al., 2020; Sun et al., 
2020; Liang et al., 2021). 

The Cenozoic sedimentary succession of the Qaidam basin is 
commonly divided into 7 stratigraphic units (Fig. 2), (in ascending 
order) including 1) Lulehe Formation (E1+2); 2) Xia Ganchaigou For-
mation (E3); 3) Shang Ganchaigou Formation (N1); 4) Xia Youshashan 
Formation (N2

1); 5) Shang Youshashan Formation (N2
2); 6) Shizigou 

Formation (N2
3); and 7) Qigequan Formation (Q1+2). These Cenozoic 

deposits are thick and lithologically diverse (Figs. 3 and 4) and are 
thought to accumulate in fluvial-lacustrine depositional environments 

(Zhuang et al., 2011; Guan and Jian, 2013; Jian et al., 2014, 2018; Fu 
et al., 2022). Previous investigations demonstrate that the Qaidam 
sedimentary depocenters shifted east-ward during the Cenozoic (Yin 
et al., 2008b; Bao et al., 2017), resulting in highly spatial and strati-
graphic variations in lithology (Fig. 2). The northern and eastern Qai-
dam basin regions are dominated by siliciclastic sedimentary rocks 
(Zhuang et al., 2011; Jian et al., 2013a; Fu et al., 2022), whereas car-
bonate rocks, evaporite rocks and mixed carbonate-siliciclastic deposits 
are common in the western Qaidam basin (Fig. 2; Jian et al., 2014; Guo 
et al., 2017; Wang et al., 2023). Stratigraphically, the Cenozoic sedi-
mentary succession generally indicates from oldest to youngest 
coarse-grained (Fig. 3, E1+2) then relatively fine-grained (Fig. 4, E3, N1, 
N2

1 and N2
2), before reverting to coarse-grained again (Fig. 3, N2

3 and 
Q1+2) (Fig. 2). 

3.3. Depositional ages of the Cenozoic sedimentary strata in the Qaidam 
basin 

Two depositional age models have been proposed for the Cenozoic 
Qaidam basin. A traditional age model suggests that the Cenozoic basin 
filling initiated in the early Eocene (ca. 54 Ma), based on magneto-
stratigraphic and biostratigraphical data from several outcrop sections 
in the western, northern and eastern Qaidam basin (Sun et al., 2005; Ji 
et al., 2017; Fang et al., 2019b). By contrast, a younger age model, which 
relies on magnetostratigraphy and a middle Miocene mammalian fauna 
from the Honggou section in the eastern Qaidam basin, claims for a late 
Oligocene–early Miocene initial deposition (ca. 20–25 Ma) of the 

Fig. 2. Cenozoic stratigraphic framework, depositional environment, lithological description of the Qaidam basin, modified from Jian et al. (2013b), Wang et al. 
(2023) and references therein. The lithologic columns of SW, NW and N&NE Qaidam basin are modified from Cheng et al. (2021), Zhang et al., and Jian et al. 
(2013a), respectively. The depositional age constrains of these stratigraphic units are from previous magnetostratigraphic studies on those representative outcrop 
sections in the margins of the basin (e.g., Sun et al., 2005; Fang et al., 2007, 2019b; Lu and Xiong, 2009; Chang et al., 2015; Ji et al., 2017). 
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Cenozoic strata (Wang et al., 2017; Nie et al., 2020). 
Detailed reviews and comparison analyses of these two age models 

were recently reported by several research groups (Sun et al., 2020; 
Cheng et al., 2021; Jian et al., 2023) and this study does not add to the 
age models. We prefer the traditional older age model for the whole 
Qaidam basin because of the following regional observations and in-
terpretations. Numerous paleoclimatic records (such as sedimentary 
carbonate stable isotopes, biomarkers and facies) indicate that, in the 
case of Eocene-onset deposition, climatic fluctuations in the Qaidam 
basin correspond well with regional climatic conditions in the northern 
Tibetan Plateau and with the global climate history (e.g., Guo et al., 
2017; Sun et al., 2020; Liang et al., 2021; Wu et al., 2021b). Widespread 
Eocene exhumation in the surrounding Qilian Mountains, Eastern Kun-
lun and Altun ranges, which has been well recognized (Jian et al., 2018; 
An et al., 2020; Li et al., 2020 and references therein), may result in 
detritus accumulation in adjacent sedimentary basins. Furthermore, 
early shortening in the Qilian Mountains may generate more reasonable 
crustal thickening rates (Zuza et al., 2018, 2019) than proposed 
Miocene-initiated shortening. 

4. Samples and methods 

Twelve Cenozoic sandstone samples (Figs. 1 and 2) were selected for 
detrital zircon U–Pb geochronological analysis. All the samples were 
previously analyzed for petrographic and heavy mineral compositions 
(Jian et al., 2013a) and some of them were also applied in detrital garnet 
and tourmaline geochemistry and detrital apatite fission track analyses 
(Jian et al., 2013a, 2018; Hong et al., 2020) (Figs. 5 and 6). Most sam-
ples are medium-to fine-grained litharenites (e.g., samples YCG-03 and 
L87-02) or lithic wackes (e.g., samples YCG-38 and DHG-04), with high 
contents of quartz and metasedimentary lithic fragments (Fig. 5; 
Table A1 in Appendix A). Detrital framework grains are texturally 
poorly sorted and angular to subangular in roundness (Fig. 5). The 
transparent heavy minerals in these samples are mostly dominated by 
epidote, garnet, titanite and zircon (Fig. 6). 

In preparation for U–Pb isotopic analysis, detrital zircon grains were 
separated from ~1 to 2 kg samples and were then mounted in epoxy. 
The mounts were sanded down to a depth of ~20–30 μm, polished and 
imaged. Cathode luminescence (CL) images were taken for inspecting 
internal structures of individual zircons and for selecting spot positions 

for laser ablation. LA-ICP-MS U–Pb analyses were performed using an 
Agilent 7500a equipped with a 193-nm laser. Each analysis incorporated 
a background acquisition of approximately 15–20 s (gas blank) followed 
by 50 s data acquisition from the analyzed grain, using 32 μm diameter 
laser spot, 10 Hz frequency and Helium as a carrier gas. Unknown zircon 
grains were selected randomly, leaving out grains with apparent in-
clusions or cracks. The U–Pb dating was monitored using standard- 
sample bracketing with the Plesovice (337 Ma) and 91,500 (1062 Ma) 
zircon reference materials. Common lead was corrected for using the 
correction function (Andersen, 2002). Zircon U–Pb ages with poor 
precision (>±10%) and high discordance (>±15%) were omitted from 
the kernel density estimation plots and from interpretation. Ages <1000 
Ma were based on common Pb corrected 206Pb/238U ratios, whereas ages 
>1000 Ma were based on common Pb corrected 206Pb/207Pb ratios. 

Furthermore, grain sizes of the analyzed detrital zircons were ob-
tained by using equivalent spherical diameter calculation method 
(Garzanti et al., 2008; Shen et al., 2021), based on transmitted-light 
photomicrographs of the grains after mounting and polishing. The 
equivalent spherical diameter therein is the cube root of the product of 
the three grain axis lengths (assuming that the third axis (Y) is 
approximately equivalent to the Z axis (width)). 

5. Results 

We report a total of 1124 new detrital zircon U–Pb ages from the 
Cenozoic sandstone samples (the results of four E1+2 samples were also 
present in Jian et al. (2023)). The analyzed detrital zircon grains range 
from 40 to 200 μm. Most grains are characterized by oscillatory zoning 
textures (Fig. 7) and have high Th/U ratios (>0.1). Detrital zircon U–Pb 
age populations of the 4 samples from the YCG section are dominated by 
early Paleozoic (420–500 Ma) ages, with subordinate Neoproterozoic 
(750–950 Ma) and Permian (250–270 Ma) ages (Fig. 8). Sample YCG-38 
therein indicates predominant Phanerozoic zircon ages (70 in 78). The 2 
borehole samples from drilling well L87 (i.e., samples L87–02 and 
L87-09) show similar detrital zircon age spectra with the YCG section 
samples (Fig. 8). However, drilling well samples LQ1-05 and B1-05 have 
more diverse detrital zircon age populations than other samples. These 
two samples are characterized by Triassic–Permian (210–290 Ma), early 
Paleozoic (420–510 Ma), Neoproterozoic (750–1000 Ma), Paleoproter-
ozoic (1650–1950 Ma and 2300–2500 Ma) zircon ages (Fig. 8). In 

Fig. 3. Representative coarse-grained sedimentary rocks of the Lulehe (E1+2) and Shizigou (N2
3) Formations from northern and eastern Qaidam basin. (A): Drilling 

well DP6; (B): JLS section; (C–D): LLH section; (E): QDG section; (F): DHG section. For locations of these sections, see Fig. 1C. Refer to Jian et al. (2023) for more E1+2 
sedimentary strata photos and descriptions. Most of these E1+2 and N2

3 coarse-grained strata are matrix-supported and poorly sorted. These strata can be interpreted 
as products from high-gradient depositional systems with proximal sources (Zhuang et al., 2011; Guan and Jian, 2013). 
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addition, these two samples also have Carboniferous and Late Devonian 
(300–380 Ma) zircon grains (Fig. 8), which are quite different from other 
analyzed samples. 

The relations between detrital zircon grain sizes and U–Pb ages 
indicate that most relatively coarse-grained, elongated zircon grains, e. 
g., fine-grained sand size (125–250 μm) or zircons with length/width 
ratios >2, are dominated by Phanerozoic ages (with minor Neo-
proterozoic ages), whereas most Precambrian ages, especially the ages 
prior to the Mesoproterozoic (1600–2800 Ma), are present in those 
relatively small grains, such as very fine-grained sand (63–125 μm) and 
coarse silt-grained (32–63 μm) size detrital zircons (Fig. 9). The details 
about the grain sizes, length/width ratios, U–Th–Pb isotopic ratios and 
ages of all the analyzed detrital zircons are shown in Table A2. The U–Pb 
age Concordia diagrams are shown in Fig. S1 in Appendix B. Further-
more, we also compile all the available detrital zircon age data (119 
published and 12 new samples, 11,744 ages in total) from the Cenozoic 
sedimentary rocks in the Qaidam basin (Table A3). The collected detrital 
zircon U–Pb age data of the mentioned Cenozoic intermountain basins 

(28 samples, 2568 ages) and modern river sands (50 samples, 4836 ages) 
are shown in Table A4. 

6. Bedrock lithology and zircon U–Pb age signatures of the 
potential source regions for the Cenozoic Qaidam basin 

We compile reported zircon ages of granitic rocks (Fig. 10) and 
detrital zircon age data from Precambrian metasedimentary rocks, 
modern river sands and representative small Cenozoic intermountain 
basins in northern Tibet (Fig. 11) to characterize zircon age signatures 
for the potential sediment source regions. Note that we do not advocate 
compiling detrital zircon age data from Paleozoic–Mesozoic sedimen-
tary rocks to reflect the Cenozoic sediment source age signatures, due to 
the complex, to some extent uncertain paleogeographic environments 
and sediment routes (i.e., paleo-drainage networks) for accumulating 
those successions. We also do not advocate combining all the available 
zircon age data as source signatures for a complex orogen or for a large 
tectonic domain. We instead plot the ages separately for different areas 

Fig. 4. Representative outcrop and borehole fine-grained sedimentary rock features of the Shang Ganchaigou (N1) and Xia Youshashan (N2
1) Formations in the 

northern Qaidam basin. (A–D): YCG section; (E): drilling well X9; (F): LH.6 section; (G): QDG section; (H): JLS section; (I): LLH section; (J): DHG section; (K): HTTL 
section. For locations, see Fig. 1C. Note that these strata in the western region are characterized by marginal lacustrine thin interbedded sand-mud successions with 
common mud cracks (black arrows in Fig. 4C) and vertical biological burrows (yellow arrows in Fig. 4D and E), whereas the fine-grained strata in the eastern region 
are featured by well-developed paleosols (red arrows in Fig. 4J and K). 
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in those potential source orogens (Figs. 10 and 11). 

6.1. Qilian Mountains 

The Qilian Mountains are mainly composed of Precambrian and 
Paleozoic metamorphic strata and early Paleozoic granitic rocks (Geh-
rels et al., 2003, Fig. 1D). The Precambrian zircon age signals are 
characterized by early–mid Neoproterozoic ages (750–1000 Ma, 
Fig. 11D). Note that a nearly latitudinally-trending massif with Paleo-
proterozoic (1800–2000 Ma and 2350–2500 Ma) crystalline rocks, i.e., 
the Quanji massif (also named as Oulongbuluke block in some litera-
tures), has been recognized as a part of the South Qilian and North 
Qaidam metamorphic belts (Chen et al., 2009, 2012, 2013; Yu et al., 
2017; Zhang et al., 2021). These two Paleoproterozoic zircon age clus-
ters are also reflected by detrital zircon dating data from several modern 
river sand samples and the Cenozoic intermountain basin sedimentary 
strata in the Qilian Mountains (Fig. 11B and C). Both magmatic and 
detrital records indicate that the 400–520 Ma age cluster is a notable 
Phanerozoic zircon age signature for most areas of the Qilian Mountains 
(Fig. 11). Although the currently exposed granitic rocks in the Central 
and North Qilian regions mainly show Cambrian–Devonian U–Pb ages 
(Fig. 10), both modern river sands and Cenozoic intermountain basin 
sedimentary rocks related to these regions indicate obvious Permian–-
Triassic zircon age populations (Fig. 11). Explaining these young ages 
remains challenging, but the Permian–Triassic zircon age signals 
deserve more attention when considering the Qilian Mountains as a 
possible Mesozoic–Cenozoic sediment source terrane. 

6.2. Eastern Kunlun range and pre-Cenozoic basement of the Qaidam 
basin 

Most studies suggest that the Qaidam basin basement and the Eastern 
Kunlun Range had similar pre-Mesozoic history and can be considered as 
a single terrane (so-called Kunlun-Qaidam terrane) for characterizing 
early tectonic evolution (e.g., Yin and Harrison, 2000; Gehrels et al., 
2011; Cheng et al., 2017; Wu et al., 2019a; Jian et al., 2020; Zhang et al., 
2021). Thus, these two regions are expected to have similar 
pre-Mesozoic bedrock lithology and zircon U–Pb age signatures. As most 
areas of the Qaidam basin are solidly filled by Mesozoic and Cenozoic 
sedimentary rocks, geology of the Kunlun-Qaidam terrane is best 
exposed in the Eastern Kunlun Range along the south margin of the 
terrane. Available data demonstrate that the Precambrian basement is 
featured by early–mid Neoproterozoic zircon age signals (Fig. 10; 
Fig. 11D) and the Phanerozoic signals display prominent 400–500 Ma 
and 220–290 Ma zircon ages (Figs. 10 and 11). Note that detrital zircon 
U–Pb dating data from the modern river sands and the Cenozoic inter-
mountain basin sedimentary rocks in the Eastern Kunlun Range indicate 
dominant Phanerozoic ages (i.e., those two prominent age clusters), 
which are quite different from those in the Qilian Mountains (Fig. 11). 

6.3. Altun Range 

Zircon age signatures of the north regions of the Altyn Tagh Fault are 
similar to the west part of the North and Central Qilian regions (Fig. 10), 
whereas the south regions of the fault have similar zircon ages to the 
Eastern Kunlun and pre-Cenozoic basement of the Qaidam basin 

Fig. 5. Representative photomicrographs of the analyzed sandstone samples from the study area. Note that the Cenozoic sandstones from the northern and eastern 
Qaidam basin show significant compositional and textural variability, although most of these rocks are lithic sandstones and the framework grains are dominated by 
sedimentary and metasedimentary lithic fragments. Data of the E1+2 sample DHG-04 were reported in Jian et al. (2023). Q: quartz; Pl: plagioclase; Kfs: K-feldspar; Ls: 
sedimentary lithic fragment; Lms: metasedimentary lithic fragment; Lc: carbonate lithic fragment; C: carbonate cement; Ms: muscovite. 
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(Fig. 11B). Specifically, the Precambrian basement of the Altun Range 
features early–mid Neoproterozoic zircon ages (850–1000 Ma, Figs. 10 
and 11). Phanerozoic rocks in the northern Altun Range are dominated 
by early Paleozoic zircon ages, whereas those in the southern Altun 
Range indicate both early Paleozoic and Permian–Triassic zircon age 
clusters (Figs. 10 and 11). Although Paleoproterozoic crystalline rocks 
were found to be sporadically distributed in the Altun Range regions (Yu 
et al., 2017 and reference therein), Paleoproterozoic age signals are not 
prominent in the reported detrital zircon age data of related modern 
river sands and Cenozoic sandstones (Fig. 11), which are different from 
those in the Qilian Mountains but is similar to the Eastern Kunlun Range. 

6.4. Songpan-Ganzi Complex 

The Songpan-Ganzi Complex is proposed to act as a possible detritus 
source for the Cenozoic Qaidam basin when the Eastern Kunlun had a 

relatively low relief (e.g., McRivette et al., 2019; Wu et al., 2019b). 
Detrital zircon U–Pb ages of the Triassic turbidites (the most important 
sedimentary records in the Songpan-Ganzi Complex) mainly comprise 
five populations: 240–310 Ma, 400–480 Ma, 750–1000 Ma, 1700–2000 
Ma and 2300–2600 Ma (Weislogel et al., 2010; Ding et al., 2013; Jian 
et al., 2019a). These zircon age signals are also well indicated by the 
available modern river sand data (e.g., the fountainhead of the Yellow 
River, Fig. 11B). 

6.5. West Qinling Range 

As a part of the Qinling-Dabie orogen, the West Qinling Range is 
thought to have Neoproterozoic basement (Jian et al., 2019a; Dong 
et al., 2021). Phanerozoic granitoid rocks in the West Qinling Range 
mainly display Triassic (210–250 Ma) ages, with subordinate Late 
Ordovician–Early Devonian (400–460 Ma) ages (Dong et al., 2011). This 

Fig. 6. Stratigraphic columns of the analyzed outcrop section and drilling cores and previously published data. The samples marked as red names were selected for 
detrital zircon U–Pb geochronology in this study. Framework petrography and heavy mineral analysis results are from Jian et al. (2013a). Paleocurrent data and 
detrital apatite fission track results are from Jian et al. (2018). Q: quartz; F: feldspar; L: lithic fragment; Ep: epidote; Grt: garnet; Zrn: zircon; Ap: apatite; Ttn: titanite; 
Tur: tourmaline; Hbl: hornblende; Px: pyroxene; Rt: rutile; Ant: anatase; Chl: chlorite; Ky: kyanite. 
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Fig. 7. Representative CL images, Th/U values and U–Pb ages of the analyzed detrital zircon grains in the Cenozoic sandstone samples from the northern Qaidam 
basin. The white bars represent 50 μm. 
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is consistent with the available detrital zircon data of the modern sands 
from small mountainous rivers within the north part of this range (Lease 
et al., 2007) which indicate prominent Triassic U–Pb ages (Fig. 11). 
Pre-Cenozoic sedimentary covers in the West Qinling Range are domi-
nated by upper Permian–Triassic deep-water marine deposits (detrital 
zircon age signatures are similar to those in the Songpan-Ganzi Complex 
as mentioned above, Jian et al. (2019a)) with minor Silur-
ian–Carboniferous sedimentary successions (J. Li et al., 2014). 
Furthermore, Late Jurassic–Early Cretaceous granitoid rocks (110–150 
Ma) are also widely distributed in the Qinling-Dabie orogen (Dong et al., 
2011), particularly in the central and east segments of the orogen. 

7. Spatial and temporal variations in detrital zircon U–Pb ages 
and provenance interpretation of the Cenozoic deposits in the 
Qaidam basin 

Previously reported and new data (Figs. 12–20) indicate that the 
detrital zircon U–Pb age populations of the Cenozoic sedimentary rocks 
from the Qaidam basin have obvious spatial and temporal diversity. This 
implies spatiotemporally variable sediment sources or fluctuant sedi-
ment routing systems for the detrital zircon records. The following are 
specific spatial and temporal variations in detrital zircon ages and cor-
responding provenance interpretations. 

7.1. Spatial variations of each stratigraphic unit 

Most dated E1+2 sandstones (21 samples) are located along the 

current margins of the Qaidam basin (Fig. 12). Both KDE and MDS il-
lustrations of these E1+2 samples indicate remarkable spatial differences 
in detrital zircon U–Pb ages (Fig. 12), revealing different sources for the 
Cenozoic basal deposits. Specifically, Precambrian zircon grains are 
relatively predominant in those samples from the regions close to the 
Qilian Mountains, such as the HS, LLH and SGH regions (Fig. 12). The 
750–1000 Ma ages are abundant in the analyzed zircon grains from LLH 
and SGH samples (Fig. 12), indicating the prominent contributions of 
the Neoproterozoic basement rocks from the Qilian orogen. By contrast, 
the E1+2 sedimentary rocks from the regions close to the Altun and 
Eastern Kunlun ranges are dominated by Phanerozoic zircon age pop-
ulations, with few Precambrian ages (Fig. 12). These features corre-
spond well with zircon age signatures of the adjacent regions in the two 
ranges. Furthermore, the PT sample and some DHG samples are featured 
by 400–480 Ma zircon ages (Fig. 12), suggesting that these detrital 
zircons were most likely sourced from granitoid rocks related to the 
Ordovician to Devonian subduction-closure process of the Proto-Tethys 
Ocean. Given that the E1+2 sandstones are mainly present as interlayers 
in conglomerate-dominated red beds deposited in high-gradient depo-
sitional systems (Fig. 3; Zhuang et al., 2011; Guan and Jian, 2013; Cheng 
et al., 2019a; Lu et al., 2022; Jian et al., 2023), we favor that the detrital 
zircon grains in the E1+2 sedimentary strata were derived from various, 
adjacent high-relief regions (Fig. 21A), rather than distal sources. For 
example, the E1+2 deposits in the northern and eastern Qaidam basin 
were most likely fed by parent-rocks from the local paleo-highs in the 
Qilian Mountains and by the pre-Cenozoic basement rocks within the 
Qaidam terrane interior (Fig. 21A; Jian et al., 2023), rather than the 

Fig. 8. Detrital zircon U–Pb age distributions of the analyzed Cenozoic sandstone samples in this study. All-age plots were drawn by using bandwidth = 15 in the 
DensityPlotter Program (Vermeesch, 2012), while the Phanerozoic-age plots were drawn by using bandwidth = 5. 
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distant Eastern Kunlun regions. Combining other provenance indicators 
(such as paleocurrent orientations, conglomerate clast composition, 
sandstone petrography and heavy mineral data) and stratigraphic and 
seismic data, we suggest that the Qaidam terrane showed as several 
isolated depocenters, rather than a coherent basin, in the early stage of 
the Cenozoic deposition (Jian et al., 2023). As mentioned above, the 
traditional age model suggests that the Cenozoic sediment accumulation 
initiated in the early Eocene (Ji et al., 2017; Fang et al., 2019b), if it is 
true, the E1+2 sediment provenance interpretation supports the propo-
sition that early Eocene deformation was widespread in northern Tibet. 
The tectonic domains therein, e.g. the Qilian, Altun and Eastern Kunlun 
orogens and the Qaidam basin interior, synchronously deformed, shortly 
after the India-Eurasia collision (e.g., Clark, 2012; Yuan et al., 2013; Jian 
et al., 2018; Cheng et al., 2019a; Li et al., 2020; He et al., 2021). 

Different from the evident variations in the E1+2 detrital zircon age 
data, the overlying E3 sandstones (26 samples) from different locations 
of the Qaidam basin (except the SGH samples) show relatively similar 
detrital zircon age populations, indicated by both KDE and MDS plots 
(Fig. 13). The U–Pb age clusters are dominated by 400–480 Ma and 
220–280 Ma, with minor Precambrian ages. Note that the E3 strata in 
different locations indicate quite different paleocurrent orientations 
(Fig. 13A) and mainly accumulated in relatively low-gradient fluvio- 
lacustrine depositional systems (Zhuang et al., 2011; Guan and Jian, 
2013). Therefore, the similar age signals do not mean that all the E3 
deposits were fed by the same source regions, instead reveal that these 
detrital zircon grains were derived from the surrounding different 
mountains with relatively well-mixed U–Pb age populations. The 
well-mixed detrital zircon age signals probably imply relatively large 

drainage basin for the paleo-Qaidam lake during that time (Fig. 21B), 
which carried abundant, blended detritus from different source terranes. 
This is consistent with the widely-accepted lake basin expansion that 
initiated in the depositional period of the E3 strata (Zhuang et al., 2011; 
Guan and Jian, 2013; Cheng et al., 2019b; Wu et al., 2021b). Some E3 
samples from the eastern and northern Qaidam basin regions (e.g., the 
DHG, YCG, PT and LH.5 samples) indicate slightly stronger Precambrian 
zircon age signals than samples from other regions (Fig. 13), reflecting 
comparatively higher contributions of old source terranes (e.g., the 
Quanji massif) in the Qilian Mountains. 

The N1 and N2
1 detrital zircon dating samples to some extent inherit 

the age signatures of the E3 samples but indicate more pronounced 
spatial differences. Specifically, detrital zircon records from the eastern 
and northern Qaidam basin regions are featured by high proportions of 
Precambrian ages (e.g., HTTL, LH.7 and some DHG samples), in 
particular the Paleoproterozoic zircon age populations (Figs. 14 and 15), 
or dominated by early Paleozoic ages (e.g., LH.5, YCG and some DHG 
samples). These age signals imply predominant contributions from 
source terranes in the Qilian Mountains, especially in the South Qilian 
and North Qaidam belts (Figs. 10 and 11). Most N2

2 and N2
3 samples from 

these northern and eastern regions have similar detrital zircon U–Pb age 
populations to those N1 and N2

1 samples (Figs. 16 and 17). By contrast, 
the western Qaidam basin samples collected from these stratigraphic 
units are overwhelmingly dominated by Phanerozoic detrital zircons, 
with dominant 400–480 Ma and 220–280 Ma clusters and minor Neo-
proterozoic age populations (Figs. 12–18). Combining the available 
paleocurrent orientation data (Figs. 12–18), these deposits are favored 
to be derived from the adjacent Altun and Eastern Kunlun ranges 

Fig. 9. Relationships between detrital zircon U–Pb ages and grain sizes (A) and length/width ratios (B). The detrital zircon grain length (X axis) and width (Z axis) 
were measured directly from microscopic images. Data of the E1+2 samples are from Jian et al. (2023). 
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(Fig. 21B). For example, most sandstones from the KB and DCS regions 
indicate prominent 380–480 Ma zircon age populations and subordinate 
220–280 Ma ages. This matches well with the zircon age signals of the 
modern river sands (Fig. 11), revealing major contributions from the 
nearby northern Qimantagh regions (Fig. 10). Note that almost all the 
sedimentary rocks from these stratigraphic units have detrital zircons 
with 380–480 Ma ages, whereas the proportions of the 220–280 Ma 
cluster vary obviously among analyzed samples. This implies variable 
contributions of the Permian–Triassic terranes in the surrounding 
mountains. 

Most Quaternary Q1+2 samples mainly have Phanerozoic detrital 
zircons and Precambrian ages are comparatively minor, except the SGH 
sample (Fig. 18). These samples also indicate relatively marked spatial 

differences in detrital zircon ages (Fig. 18). For instance, the HTTL and 
PT samples from the eastern and northern Qaidam basin are featured by 
Permian–Triassic detrital zircon ages, whereas the adjacent LH.5 sample 
indicates predominant early Paleozoic zircon age populations (Fig. 18). 
The EBL and HTG samples show both 220–280 Ma and 380–480 Ma age 
clusters, whereas the KB and DCS samples are characterized by the 
380–480 Ma cluster. In addition, Paleoproterozoic age signals are also 
relatively prominent in HTTL and LH.5 samples, probably revealing the 
contributions from the adjacent Quanji massif. All the detrital zircon age 
features demonstrate localized, diverse sediment source terranes for the 
Qaidam basin Q1+2 deposits (Fig. 21C). This interpretation is consistent 
with the intense lake contraction and depositional area segmentation in 
the Qaidam basin during the Quaternary time (Owen et al., 2006; 

Fig. 10. (A) Published zircon U–Pb ages of granitoid rocks in northern Tibetan Plateau (modified from Jian et al. (2023)). Black and colored spots indicate outcrop 
and borehole data, respectively. For sources of the data, see Jian et al. (2023) and references therein. Similar compilations were also shown in Cheng et al. (2017); Lu 
et al. (2018) and Jian et al. (2020). (B) Histograms of the collected granitoid rock zircon U–Pb age data. Note that the data of the Altun Range are from the north 
regions of the Altyn Tagh Fault and the ages from the south regions of the fault are included in the age plots of the Qaidam basin basement. (C) Detrital zircon age 
cumulative probability curves of the N2

1 sandstones from the Qaidam basin and Miocene sandstones from the surrounding Cenozoic basins. EKB: a Neogene inter-
mountain basin within the Eastern Kunlun Range (McRivette et al., 2019; Wu et al., 2019b); AB: Adatan basin (data from Cheng et al., 2016a), in the Qimantagh area, 
west margin of the Eastern Kunlun Range; YB: Yitunbulake basin (data from Zhang et al., 2017), along the Altyn Tagh Fault; SB: Subei basin (data from L. Li et al., 
2014), along the Altyn Tagh Fault; HCB: Hexi Corridor basin (data from Wang et al., 2016; An et al., 2018), as a foreland basin close to the Qilian Mountains to the 
north; XB: Xining basin (data from Zhang et al., 2016), within the Qilian Mountains to the east. For locations and corresponding pie charts of the detrital zircon age 
populations, see Fig. 10A. 
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Zhuang et al., 2011; Guan and Jian, 2013; Heermance et al., 2013). Both 
source terrane tectonic deformation-induced variations and depositional 
environment changes could contribute the Q1+2 detrital zircon age 
diversity. 

7.2. Temporal variations of the major depositional areas 

We note that the detrital zircon U–Pb age populations of samples 
from different locations indicate diverse temporal variation trends 
(Figs. 19 and 20; Figs. S2–S3). For example, the 25 samples from the 
DHG section in the eastern Qaidam basin display complicated variations 
in detrital zircon age populations. Three lower E1+2 samples therein are 
dominated by 400–480 Ma detrital zircon age populations, whereas 
Permian–Triassic and Precambrian (particularly Paleoproterozoic) age 
populations are commonly present in those upper E1+2, E3 and N1 
samples (Fig. 19). Ordovician–Devonian ages are dominant in the age 
clusters of all the N2

1 samples and some N2
2 samples, while other N2

2 

samples and the N2
3 samples are characterized by Permian–Triassic and 

Paleoproterozoic age populations again (Fig. 19). We advocate that the 
Qilian Mountains had been the major source area for the deposits in the 
DHG area since the period of the initiated lake basin expansion (i.e., the 
mid–late Eocene) and the variations in the Permian–Triassic and Pre-
cambrian age populations most likely reveal varied contributions of 
related parent-rocks in the South Qilian and North Qaidam belts. The 
compilation results of the PT and YCG samples (these two sections are 
close to each other) indicate that the Permian–Triassic age signals are 
comparatively minor in the E1+2, E3 and N1 strata but are dominant in 
most N2

1, N2
2, N2

3 and Q1+2 strata (Fig. S2). Precambrian ages are gener-
ally minor in these samples and indicate relatively higher in the lower 
stratigraphic units, compared to the upper units (Fig. S2). Samples from 
the easternmost part of the basin, i.e., the HTTL samples, also reveal 
temporal variations in detrital zircon age populations but have quite 
different variation trends from the DHG, PT and YCG samples mentioned 
above. The major changes are from the abundances of the Ordovi-
cian–Devonian and Paleoproterozoic ages (Fig. S3). Given the over-
whelming south- and southwest-directed paleocurrent orientations 
(Figs. 12–18) and the complex tectono-magmatic history of the Qilian 
Mountains (Figs. 10 and 11; Zuza et al., 2018; Zhang et al., 2021), we 
contend that all the detrital zircon age temporal variations in these 
sections from E3 strata to Q1+2 strata are due to variable contributions of 
the different micro-terranes in the Qilian Mountains (Fig. 21), rather 
than detritus supply from the Altun and Eastern Kunlun ranges. 

By contrast, the detrital zircon age populations of the western Qai-
dam basin samples only exhibit slight variations over time. Take the 
Huatugou region (involving HTG and GCG sections) as an example, all 
the published 18 sandstone samples are featured by dominant 400–480 
Ma and 220–280 Ma age clusters, with subordinate 750–1000 Ma ages 
and few Paleoproterozoic ages (Fig. 20). We favor that the detrital zircon 
grains in the western Qaidam basin were relatively stably fed by terranes 
in the surrounding Altun and Eastern Kunlun ranges during the whole 
Cenozoic (Fig. 21), consistent with previous propositions (e.g., Cheng 
et al., 2016a, 2019b; Zhu et al., 2017; Wang et al., 2020; Xia et al., 
2021). Note that the detrital zircons of the Songpan-Ganzi Complex are 
characterized by Paleoproterozoic ages (Fig. 11; Weislogel et al., 2010; 
Ding et al., 2013; Jian et al., 2019a), which are different from the ones in 

the Cenozoic western and southern Qaidam basin sandstones (e.g., KB 
and DCS samples) and in Cenozoic samples from the intermountain 
basin (e.g., EKB) within the Eastern Kunlun Range (Fig. 11C). Therefore, 
we contend that the Eastern Kunlun Range has uplifted since the initi-
ation of Cenozoic Qaidam basin deposition (Fig. 21) and acted as a 
topographic barrier against detritus supply from the Songpan-Ganzi 
regions to the south. 

8. Bias in detrital zircon provenance interpretations for the 
Cenozoic Qaidam basin 

Most previous detrital zircon-based provenance studies on the 
Cenozoic Qaidam basin usually attribute the age pattern variations to 
source terrane changes that are related to regionally variable tectonic 
and/or climatic processes (e.g., Bush et al., 2016; Cheng et al., 2016a, 
2016b, 2019b; Wang et al., 2017; Song et al., 2019; Zhuang et al., 2019; 
Wu et al., 2019b; Xia et al., 2021). However, there are a range of biases 
that may influence detrital zircon age signals and thus confuse the 
provenance interpretations, as detailed in the following sections. These 
include lithologic erodibility (or durability) and zircon fertility of sedi-
ment parent-rocks, depositional settings, hydrodynamic sorting, zircon 
recycling and selective sampling and analysis (e.g., Fedo et al., 2003; 
Lawrence et al., 2011; Sláma and Košler, 2012; Malusà et al., 2013; 
Zimmermann et al., 2015; Capaldi et al., 2017; Muhlbauer et al., 2017; 
Ibañez-Mejia et al., 2018; Chew et al., 2020; Anders et al., 2022; 
Dröllner et al., 2022; Sylvester et al., 2022). 

8.1. Grain size and morphology of the analyzed detrital zircons 

Our data demonstrate that the Paleoproterozoic zircon grains are 
relatively small (most <125 μm) in size, whereas the large zircon grains 
are dominated by Phanerozoic ages (Fig. 9A). Specifically, the pro-
portions of Permian–Triassic and Paleoproterozoic ages are influenced 
by detrital zircon grain sizes (Fig. 9C). This might be due to more 
sedimentary cycles for some of the older zircon grains that were supplied 
by metasedimentary parent-rocks, such as the Precambrian meta-
morphic basement rocks in the surrounding mountains (Fig. 1D; Yu 
et al., 2017). Similar phenomena that older grains are smaller on 
average and younger zircons have coarser and more variable sizes have 
also been observed by several other detrital zircon geochronological 
studies on both modern and deep-time records (e.g., Lawrence et al., 
2011; Yang et al., 2012). Therefore, hydrodynamic fractionation of age 
populations can’t be ignored when interpreting detrital zircon prove-
nance. Furthermore, we note that most of the elongated zircon grains (i. 
e., length/width ratios >2) are dominated by Phanerozoic ages (Fig. 9B). 
Previous studies have also found that rounded grains are statistically 
older than euhedral grains in some cases (e.g., Malusà et al., 2013). 
These results reveal that dating detrital zircon grains with different 
morphological features to some extent may result in intra- and 
inter-sample diversity in age populations and thus should be concerned 
in detrital zircon provenance analysis. Several recent case studies 
demonstrate that detrital zircon grain shape and surface microtexture 
analyses in combination with U–Pb data permit more robust provenance 
interpretations (Finzel, 2017; Makuluni et al., 2019; Bónová et al., 2020; 
Armstrong-Altrin et al., 2021; Zeh and Cabral, 2021). In addition, 

Fig. 11. (A) The locations of modern river sands and representative Cenozoic intermountain basins with reported detrital zircon age data in northern Tibetan 
Plateau. (B) Detrital zircon age KDE plots for the river sands. The detrital zircon U–Pb age data of modern river sands are from Lease et al. (2007); Liu et al. (2012); Li 
et al. (2013); Nie et al. (2015); Wang et al. (2016); Gong et al. (2017); Song et al. (2019); Kang et al. (2018, 2019, 2020); Zhang et al. (2021); Zhang et al. (in press) 
and Feng et al. (2023). Note that the rivers have different drainage ranges. For example, the data of Lease et al. (2007) are from very small rivers in the east part of 
South Qilian belt (SQ1–SQ6) and in the West Qinling belt (WQ1–WQ3). The Songpan-Ganzi Complex zircon age signatures involve samples SG1–SG5 (SG2 and SG3 
are not shown in the map), from the most upper reaches of the Yellow River (Nie et al., 2015). (C) Detrital zircon age KDE plots of Cenozoic strata from representative 
intermountain basins (for the basin full names and detrital zircon data sources, see the captions of Fig. 10) in the northern Tibet. (D) Zircon age signatures of the 
Qilian and Eastern Kunlun orogens and the Quanji massif. Note that the Quanji massif, which is a part of the southern Qilian metamorphic belt, has basement rocks 
with obvious 1700–2000 Ma and 2300–2600 Ma zircon age signatures. The detrital zircon U–Pb age data of Precambrian basements of the surrounding ranges are 
from Gehrels et al. (2003, 2011), Xu et al. (2007), Wang et al. (2008b), Chen et al. (2009, 2012), Yu et al. (2017, 2019) and Jian et al. (2019a, 2020). 

X. Jian et al.                                                                                                                                                                                                                                     



Marine and Petroleum Geology 159 (2024) 106566

16

human-induced methodological bias (e.g., sampling, mineral separation 
and selection) have been widely recognized (Sircombe and Stern, 2002; 
Sláma and Košler, 2012; Dröllner et al., 2021; Zutterkirch et al., 2022) 
and deserve more attention in detrital zircon age-based provenance 
studies. 

8.2. Sedimentary facies of the analyzed sandstones 

Variations in depositional settings or microenvironments where the 
analyzed sediments accumulate may influence detrital zircon pop-
ulations, even for those sediments with the same routes or sediments 
from the same source regions (Lawrence et al., 2011; Ibañez-Mejia et al., 

Fig. 12. Detrital zircon sample locations and paleocurrent orientations (A), U–Pb age distributions (B) and age non-metric multi-dimensional scaling (MDS) plots (C) 
for E1+2 sandstone samples. The R programming language-based Provenance software (Vermeesch et al., 2016) was employed for the MDS illustration. Each 
paleocurrent symbol shows dominant paleocurrent orientation and covers published data and new data in this study. For detrital zircon age data sources, see 
Table A3 in Appendix A. 
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2018). Sediments from distal settings (such as marginal sea or lake en-
vironments) generally contain mixed detrital zircon grains from diverse 
source terranes and thus exhibit a wider spread of detrital zircon ages 
than those proximal (such as alluvial fan or fluvial environments) de-
posits in a sediment source-to-sink system (Avigad et al., 2015). This 

means that, unless a sedimentary system is extremely well mixed and 
homogenized, the provenance signal should be retained, but will vary 
within a basin depending on depositional environments and facies (e.g., 
Anders et al., 2022). A great number of case studies have realized the 
facies-related bias in detrital zircon U–Pb geochronological data and 

Fig. 13. Detrital zircon sample locations and paleocurrent orientations (A), U–Pb age distributions (B) and age MDS plots (C) for E3 sandstone samples.  
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highlighted the importance of sedimentological parameters in zircon 
provenance analysis (e.g., DeGraaff-Surpless et al., 2003; Avigad et al., 
2015; Zimmermann et al., 2015; Leary et al., 2020; Anders et al., 2022; 
Sylvester et al., 2022). For instance, a case study on the Cretaceous 
Methow basin, southern Canadian Cordillera indicates that deep-water 
turbidite deposits have comparatively systematic and predictable 
detrital zircon age heterogeneity, whereas fluvial deposits have het-
erogeneous detrital zircon age distributions that vary unpredictably 

from sample to sample (DeGraaff-Surpless et al., 2003). The Upper 
Cretaceous interbedded mudstone and sandstone strata from the Raton 
basin, Colorado (USA), revealing prodelta and delta-front facies, 
respectively, were found to have significantly different detrital zircon 
age populations (Sylvester et al., 2022). 

As mentioned above, the Qaidam basin has temporally and spatially 
varied rock associations and sedimentary facies (Figs. 2–4). The dated 
sandstone samples in this study accumulated in different depositional 

Fig. 14. Detrital zircon sample locations and paleocurrent orientations (A), U–Pb age distributions (B) and age MDS plots (C) for N1 sandstone samples.  
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environments (Table A1). The Cenozoic basal E1+2 strata are composed 
of distal fluvial to marginal lacustrine deposits and proximal fluvial 
deposits along the southern margin of the basin whereas proximal al-
luvial fan deposits occur in the northern and eastern parts of the basin 
(Zhuang et al., 2011; Guan and Jian, 2013; Cheng et al., 2019a; Jian 

et al., 2023). In this case, the analyzed detrital zircon grains in sandstone 
interlayers within massive conglomerate beds (Fig. 3) from the northern 
and eastern Qaidam basin were most likely derived from localized, 
spatially diverse sources with small drainage networks (Fig. 21A; Jian 
et al., 2023), rather than the southern distant Qimantagh and Eastern 

Fig. 15. Detrital zircon sample locations and paleocurrent orientations (A), U–Pb age distributions (B) and age MDS plots (C) for N2
1 sandstone samples.  
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Kunlun regions. The overlying E3, N1, N2
1 and N2

2 strata in most regions of 
the Qaidam basin are dominated by fine-grained deposits (siliciclastic 
deposits for the northern and eastern regions and mixed 
carbonate-siliciclastic deposits for the western regions; Fig. 2; Fig. 4). 
These sedimentary strata were deposited in fluvial, deltaic and lacus-
trine environments (Fig. 22; Zhuang et al., 2011; Guan and Jian, 2013; 
Jian et al., 2018; Fu et al., 2022) and a relatively unified megalake is 
inferred to have existed during this depositional stage (Liang et al., 
2021; Wu et al., 2021b). Furthermore, we note that the E3–N2

2 strata in 

the wide northern and eastern Qaidam basin regions are characterized 
by thin interbedded sandstone and mudstone assemblages, various 
fine-grained siliciclastic lithofacies associations and intermittent 
exposure-caused sedimentary structures or records (such as mud cracks, 
vertical biological burrows and paleosols, Fig. 4), revealing dominant 
marginal lacustrine and shallow-water delta environments with 
high-frequency variations in microenvironments in a low-gradient 
depositional system (Fig. 22; Zhuang et al., 2011; Song et al., 2022a, 
2022b). The current Poyang Lake (Fig. 22), which is a large, ephemeral 

Fig. 16. Detrital zircon sample locations and paleocurrent orientations (A), U–Pb age distributions (B) and age MDS plots (C) for N2
2 sandstone samples.  
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lake in Jiangxi Province, south China (Feng et al., 2012) and covers 
more than 4000 km2 (mean lake water level > ca. 20 m) in flood seasons 
and less than 500 km2 (mean lake water level < ca. 12 m) in dry seasons, 
can be regarded as a modern analogue for the Qaidam paleo-megalake 
during the Miocene time. Although tectonic and climatic settings and 
the size of the Poyang Lake differ significantly from those of the Miocene 
Qaidam megalake, these two lake systems have flat floors, shallow water 
and fine-grained sediment fill and exhibit evident short-timescale vari-
ations in lake water body areas and sedimentary microenvironments 
(Fig. 22). We suggest that these sedimentary microenvironment varia-
tions may result in different detrital zircon populations under un-
changing source region conditions (i.e., without tectonic deformation in 
source terranes). 

Here, conceptual models (Fig. 23) are built to illustrate how the 
potential depositional environment changes during flood-dry cycles (i. 
e., lake level fluctuations) alter detrital zircon U–Pb age signals in 
sandstone samples. These models provide possible explanations for the 
above-mentioned, various temporal and spatial variations in E3–N2

2 

detrital zircon age populations of the investigated sections in the 
northern and eastern Qaidam basin. Although million-year-scale climate 
changes have been highlighted to play crucial roles in mountain erosion 
and thus in the varied detrital zircon records (Cheng et al., 2019b), we 

favor that the short-term fluctuant microenvironments can be either 
climate-controlled or non-climate-controlled. In other words, the 
observed detrital zircon age variations among samples from a sedi-
mentary section or from different regions may be sedimentological 
parameter-related, rather than due to mountain tectonic deformation 
events or regional climate changes. The N2

3 and Q1+2 strata in the Qai-
dam basin also indicate spatially various lithofacies associations, with 
massive conglomerate-dominated proximal deposits (Fig. 3) in some 
regions and mixed carbonate-evaporite-siliciclastic fine-grained 
brackish lake deposits in other regions (e.g., Heermance et al., 2013; 
Jian et al., 2014; Fu et al., 2022; Wang et al., 2023). Sedimentary 
depocenters shifted eastward (Yin et al., 2008b; Bao et al., 2017) and the 
paleo-Qaidam lake was separated into several small lakes during this 
stage (Fig. 21C). We contend that detrital zircons grains in these N2

3 and 
Q1+2 deposits were derived from local sources under restricted routing 
systems and the facies diversity should be also concerned in provenance 
interpretations. 

8.3. Zircon fertility of the potential parent-rocks 

Different types of rocks on the Earth have variable zircon contents. 
Specifically, granitic plutons and granitoid gneisses for which granitic 

Fig. 17. Detrital zircon sample locations and paleocurrent orientations (A), U–Pb age distributions (B) and age MDS plots (C) for N2
3 sandstone samples.  
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rocks were the protolith are commonly richer in zircon than mafic 
plutonic and metaplutonic rocks (Lee et al., 2016 and references 
therein). Among sedimentary rocks, the mature, polycyclic sandstones 
are generally expected to have more zircon grains than mudstones, 
carbonate rocks and relatively immature sandstones. Even granitic rocks 
might not be expected to be equally fertile for zircon production when 
serving as sediment parent-rocks (Moecher and Samson, 2006; Dick-
inson, 2008). In view of these scenarios, heterogeneous zircon fertility of 
detrital source terranes has been highlighted as a non-ignorable bias in 
detrital zircon record in many cases (e.g., Sláma and Košler, 2012; 
Cawood et al., 2013; Spencer et al., 2018; Chew et al., 2020; Flowerdew 
et al., 2020). 

The zircon fertility of source terranes can be determined by 

measuring zircon contents in related river (draining source terranes) 
sediments that are not significantly affected by hydraulic-sorting pro-
cesses (Malusà et al., 2016). This is a direct, quantitative approach that 
is quite practicable for modern settings and for those ancient catchments 
that were not markedly different from their present-day configurations 
(Malusà et al., 2016). However, this approach might not be applicable to 
the Cenozoic Qaidam basin, since the past surrounding mountain 
catchments and paleogeographic environments are highly enigmatic 
(Fig. 21). Although the element Zr enters the lattices of some other 
rock-forming minerals sparingly, zircon abundances in potential 
parent-rocks generally vary with Zr contents (Dickinson, 2008). 

Here, we compile published bulk-rock Zr content data of crystalline 
rocks (mostly felsic igneous rocks) from the Qilian, Eastern Kunlun and 

Fig. 18. Detrital zircon sample locations and paleocurrent orientations (A), U–Pb age distributions (B) and age MDS plots (C) for Q1+2 sandstone samples.  
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Fig. 19. Detrital zircon U–Pb age distributions of the Cenozoic sandstone samples from the DHG area in eastern Qaidam basin. The Data are from Bush et al. (2016); 
Wang et al. (2017); Song et al. (2019) and Jian et al. (2023). Note that stratigraphic information of the samples from Bush et al. (2016) was corrected based on Lu 
et al. (2018). 
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Fig. 20. Detrital zircon U–Pb age distributions of the Cenozoic sandstone samples from the HTG area in the western Qaidam basin. Data are from Cheng et al. (2016a, 
2016b), Zhu et al. (2017), Zhou et al. (2018), McRivette et al. (2019) and Wu et al. (2019a). 
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Altun ranges to assess zircon fertility of the potential parent-rocks with 
different ages and compositions (Fig. 24). The data synthesis indicates 
that the element Zr contents are markedly variable (50–800 ppm) in 
each age group (Fig. 24A). Available data from the Paleoproterozoic 
crystalline rocks in the Qilian Mountains, although not numerous, 
demonstrate relatively high Zr contents in some samples (>300 ppm), 
compared with those of other age groups (Fig. 24A). This reveals that, 
although Paleoproterozoic rocks are less exposed in the Qilian Moun-
tains, these old basement crystalline rocks may contribute abundant 
detrital zircons to the surrounding depositional systems. This provides a 
plausible explanation for the prominent Paleoproterozoic detrital zircon 
age signals in some Cenozoic samples from the northern Qaidam basin, 
Xining basin and the Hexi Corridor basin (Fig. 11; Figs. 12–19). In 
addition, even for those acid igneous rocks (e.g., granite), variable Zr 
contents are evident. The relationships between Zr and SiO2 contents 
(Fig. 24B) show that most high-Zr igneous rocks indicate SiO2 contents 
ranging ~65–70%, meaning possible high zircon fertility of these rocks. 
Compilation results of other orogens also indicate similar bulk-rock 
Zr–SiO2 relationships (e.g., Lee et al., 2016). This can be explained as 
follows. In the magma crystallization and differentiation processes, 
mafic magmas are initially under-saturated in zircon, allowing Zr con-
tents of fractionating magmas to rise with increasing SiO2 until satura-
tion conditions are reached, after which Zr contents decline by zircon 
fractionation (Watson and Harrison, 1983; Lee and Bachmann, 2014; 
Lee et al., 2016). In addition to the magma composition, temperature, 
oxygen fugacity and pressure of the magmas are also thought to 
contribute the zircon saturation (Watson and Harrison, 1983; Boehnke 
et al., 2013) and fertility of the crystalline forming rocks. Based on the 
published bulk-rock Zr data (Fig. 24), we estimate that the potential 
source terranes with different crystalline rock types in northern Tibet 
may produce two–three orders of magnitude differences in zircon 
fertility. 

We realize that the element Zr data of course may not exactly reflect 
zircon fertility of the source rocks and are prone to introduce further 
unquantifiable bias in detrital studies. For example, fine-grained zircon 
too small for provenance analysis are incorporated into the fertility es-
timates, resulting in systematically lower zircon fertility values by 
measuring mineral concentrations in sediments, than those based on 
geochemical analyses (Malusà et al., 2016). These data at least provide 
referable information for better understanding the zircon fertility of the 
potential parent-rocks of the Cenozoic deposits in the Qaidam basin. 
Furthermore, lithologic erodibility (or durability) of the detrital source 
terranes also plays a significant role in zircon supply to sediment sinks 
(e.g., Capaldi et al., 2017; Spencer et al., 2018) and thus deserves more 
attention in detrital zircon provenance interpretations. 

8.4. Recycling of the zircon grains 

Zircon has been well known as a highly resistant accessory mineral in 
chemical and physical weathering and diagenetic processes (Morton and 
Hallsworth, 1999; Garzanti et al., 2018). The remarkable durability al-
lows for zircon grains to survive multiple episodes of sedimentary 
recycling. There is a quotation from William A. Thomas (2011) about the 
role of detrital zircons in sedimentary provenance studies: the good 
news is once in the system, zircons stay in the system; and the bad news 
is once in the system, zircons stay in the system. Given the high closure 
temperature (>900 ◦C; Cherniak and Watson, 2001) of Pb diffusion in 
zircon, the U–Pb geochronological information it carries, therefore, may 
not relate to crystalline rocks exposed during the sedimentary cycle in 
question, but to the zircon-bearing sources of the parent sandstones (or 
metasandstones), or even to earlier sources prior to several recycling 
events (e.g., Andersen et al., 2016; Zotto et al., 2020). A growing number 
of instance studies have realized the universality of the zircon recycling 
regime and have emphasized that the possibility for reworking resistant 
zircons through multiple sedimentary cycles should always be taken into 
account for detrital zircon provenance interpretations (e.g., Campbell 

Fig. 21. Simple models for the basin-range relations and sediment routing 
systems for the Cenozoic Qaidam basin. (A) The Qaidam region was most likely 
present as isolated depocenters at the beginning of the Cenozoic deposition. 
Most E1+2 strata were preferred to be fed by localized, spatially diverse sources 
with small drainage networks; (B) In the lake basin expansion stage, the Qai-
dam basin received detritus from the surrounding large mountains and the 
Qilian Mountains contributed most sediments for the basin, especially for the 
northern, eastern and center regions; (C) During the depositional period of N2

3 

and Q1+2 strata, the surrounding ranges intensively uplifted and widespread 
shortening occurred in the western Qaidam basin. The unified paleo-Qaidam 
lake contracted and was then separated into several small scattered saline- 
brackish lakes. Sediments were derived from local sources in these mountains 
and the sediment routing systems returned to be restricted during this time. Red 
pentagrams indicate inferred section locations (YLP: Yiliping area, showing the 
center of the Qaidam basin). Black lines with arrows show major sediment 
supply directions and coverage areas. Gray areas indicate eroded regions and 
the blue areas show the extent of lakes. Orange curved lines in panel C indicate 
syn-depositional folds and crustal shortening areas. Note that the depocenters 
of the Qaidam basin shifted from the western area to the eastern area during the 
Cenozoic (Yin et al., 2008b). 
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et al., 2005; Dickinson et al., 2009; Meinhold et al., 2011; Andersen 
et al., 2016, 2018; Schwartz et al., 2019; Flowerdew et al., 2020; Zotto 
et al., 2020; Zoleikhaei et al., 2021, 2022). 

The dated detrital zircons in this study demonstrate diverse round-
ness features (involving subangular to well-rounded grains, Fig. 25), 
revealing possible occurrence of both first-cycle and multi-cycle zircon 
grains in these analyzed sandstone samples. Other stable, well-rounded 
heavy mineral grains, such as tourmaline, are also widely distributed in 
sandstones from the Cenozoic northern Qaidam basin (Jian et al., 
2013a). We suggest that, in addition to those granitic rocks, 
pre-Cenozoic (meta)sedimentary strata (e.g., Proterozoic and Paleozoic 
metasedimentary sequences and Mesozoic sedimentary strata) which 
are widespread in the surrounding mountains (Fig. 1D; Gehrels et al., 
2003; Jian et al., 2020; Zhang et al., 2021) also can serve as source 
parent-rocks for the detrital zircon grains in the Cenozoic Qaidam basin. 
The contribution of recycled (meta)sedimentary rocks is also supported 
by detrital framework composition analyses on the Cenozoic Qaidam 
basin record which indicate that (meta)sedimentary clasts and lithic 
fragments are abundant in some investigated conglomerates and sand-
stones (Fig. 3; Fig. 5; Jian et al., 2013a, 2022; Lu et al., 2018), 
respectively. 

We note that Mesozoic (e.g., Jurassic coal-bearing sequences) sili-
ciclastic sedimentary rocks in the surrounding mountains were also 
proposed to provide detritus for the Cenozoic Qaidam basin (Lu et al., 
2018, 2022). We agree that recycling of the Mesozoic strata cannot be 
ignored when interpreting the Cenozoic provenance, since some Meso-
zoic strata within the surrounding mountains (Jian, 2013; Yu et al., 
2017; Lu et al., 2018; Zhang et al., 2020; Zhao et al., 2020; Li et al., 
2021a; Qian et al., 2021) indicate similar detrital zircon U–Pb age 

populations to the Cenozoic sedimentary rocks and the Mesozoic strata 
experienced deep burial, strong annealing and intensive exhumation 
after deposition (Jian et al., 2018). And it is possible that recycling of 
these Mesozoic sedimentary units may yield detrital zircons with Per-
mian–Triassic ages for the Cenozoic strata (Lu et al., 2018). However, we 
suggest that the Mesozoic strata might only serve as a subordinate 
source for the Cenozoic sandstones in the Qaidam basin. The explana-
tions are as follows. First, the Cenozoic sandstones are expected to be 
highly mature in detrital framework composition and texture if the 
Mesozoic siliciclastic rocks contribute largely to the Cenozoic. However, 
the Cenozoic sandstones (Fig. 5; Jian et al., 2013a) are much more 
immature than those Mesozoic (especially the Jurassic) quartz-rich 
sandstones (Jian et al., 2013b). Similarly, geochemical data demon-
strate that Cenozoic mudstones are less weathered and more immature 
than Mesozoic mudstones in the northern Qaidam basin (Jian et al., 
2013b). Second, sedimentary rocks generally have lower accessory 
mineral (such as zircon) fertility, compared to metamorphic and 
plutonic rocks (Malusà et al., 2016). This is reinforced by the relatively 
low heavy mineral concentrations of the Mesozoic sandstones from the 
northern Qaidam basin (Jian, 2013). 

Northern and Central Qilian Mountains serve as another case where 
recycling of zircon grains can be applied to interpret the unpredictable 
Permian–Triassic zircon ages. We note that granitoid rocks in these areas 
indicate rare Permian–Triassic age signals (Fig. 10), whereas sedimen-
tary rocks from the Cenozoic intermountain basins and the modern river 
sands therein demonstrate Permian–Triassic detrital zircon age peaks 
(Fig. 11; Bovet et al., 2009). Since the Permian–Cretaceous sedimentary 
strata in northern Qilian Mountains show extensive 200–280 Ma detrital 
zircon ages (Zuza et al., 2018; Li et al., 2021a), recycling of the 

Fig. 22. (A) Paleogeography and sedimentary environments of the Miocene Qaidam basin, modified from Song et al. (2022a) and Wang et al. (2023). (B) Repre-
sentative outcrop and drill well stratigraphic profiles showing N2

1, N2
2 and N2

3 lithological records and the evolution of the Miocene paleo-Qaidam lake (Wang et al., 
2023). (C) and (D) Remote sensing satellite images indicate significant variations in Poyang Lake distributions during periods of high water and low water levels 
(modified from China Water Resources & Hydropower Science Research Institute). The water body areas of the Poyang Lake were ca. 1400 km2 (C) and 3900 km2 (D) 
on May 3, 2020 and July 8, 2020, respectively. We suggest the Poyang Lake as a modern analogue for the Miocene shallow-water paleo-Qaidam lake, in which 
short-timescale sedimentary microenvironment variations were evident. 
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Permian–Cretaceous strata might play an important role in contributing 
detrital zircon grains of the Cenozoic basin and modern river sedimen-
tary records. 

9. Conclusions, implications and perspectives 

9.1. Conclusions 

Compilation of the detrital zircon age data from potential detritus 
source regions indicate that Permian–Triassic zircon age signals are not 
a distinctive indicator for distinguishing sediment contributions from 

Fig. 23. Conceptual models for detrital zircon U–Pb age variations in response to lake-level fluctuations (i.e., flood-dry cycles) in low-gradient depositional systems 
during the lake basin expansion stage. Proportion variations in the major detrital zircon age populations to some extent can be due to sedimentary environment 
changes, with unchanged source regions and tectonic settings. 
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the surrounding Qilian, Altun and Eastern Kunlun ranges. The Paleo-
proterozoic ages, i.e., 1800–2000 Ma and 2350–2500 Ma, may instead 
play important roles in the detrital zircon age-based provenance in-
terpretations for the Cenozoic Qaidam basin. 

Previously published and new data demonstrate remarkably spatial 

and temporal variations in the Cenozoic Qaidam basin detrital zircon 
age populations, especially for those from the northern and eastern 
Qaidam basin. Detrital zircons of almost all the dated Cenozoic samples 
from the northern and eastern Qaidam basin indicate prominent early 
Paleozoic (420–510 Ma) ages, whereas Paleoproterozoic (1800–2000 

Fig. 24. Published bulk-rock Zr content data of intermediate-acid (meta) igneous rocks from the northern Tibetan Plateau. (A) Zr vs. rock age. Note that not all the 
geochemical samples in previous studies were dated. Thus, the formation ages of those rocks without reported age data are estimated according to statements in those 
literatures (see Appendix C for the reference details). (B) Zr vs. SiO2. The yellow line in this figure shows the evolution of element Zr during closed-system crystal- 
liquid segregation of a hydrous (4 wt% H2O) basaltic andesite at 3 kbar pressure (modified from Lee et al. (2016)). When magmas have low SiO2 contents, Zr 
increases initially because magmas are under-saturated in zircon until the conditions of ca. 68–70 wt% SiO2, saturation in zircon is attained, causing Zr to decrease 
with progressive differentiation (Lee et al., 2016). All the data are shown in Table A5. The compilation results indicate that the crystalline rocks in the Qilian, Eastern 
Kunlun and Altun ranges have variable Zr contents, revealing diverse zircon fertility of the potential source rocks for the Cenozoic Qaidam basin. 

Fig. 25. Textural features (under plane-polarized light) of representative dated detrital zircon grains of three Cenozoic sandstone samples from the northern Qaidam 
basin. The zircon roundness was quantified through a mathematical method proposed by Resentini et al. (2018) based on image analysis, following the procedures 
given by Shen et al. (2021). Note that the roundness values of most analyzed zircon grains range from 0.2 to 0.8, revealing that the zircon grains in the Cenozoic 
northern Qaidam basin are subangular to well-rounded in shape (Shen et al., 2021). 
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Ma and 2350–2500 Ma), Neoproterozoic (750–950 Ma) and Permian–-
Triassic (210–290 Ma) ages only appear prominently in some samples. 
By contrast, most Cenozoic samples from the western and southern 
Qaidam basin are characterized by Phanerozoic bimodal detrital zircon 
age spectra (i.e., 400–480 Ma and 220–280 Ma) with minor Neo-
proterozoic signals. The Paleoproterozoic ages are uncommon in these 
samples. We advocate that the Cenozoic sandstones were mainly derived 
from localized, adjacent source regions rather than cross-basinal, distant 
mountains (Fig. 21). The detrital zircon grains in the northern and 
eastern Qaidam basin were mainly contributed by source terranes in the 
Qilian Mountains, rather than the Eastern Kunlun Range. 

We note diverse detrital zircon age temporal variation trends for 
different regions in the basin, producing dissimilar provenance in-
terpretations. We contend that, not only the tectonic deformation- 
induced source changes, but also the heterogeneity of the potential 
source terranes (e.g., lithologic erodibility and zircon fertility) and 
variable factors (e.g., hydrodynamic sorting, recycling and sedimentary 
microenvironments) within the transport-deposition processes, may 
lead to the spatiotemporal differences in detrital zircon age populations. 
This means that detrital zircon geochronological analysis on a single 
stratigraphic section or on a local area is probably not able to disclose 
regional tectono-sedimentary evolution history of the Cenozoic Qaidam 
basin and thus only provides limited information for understanding 
deformation mechanisms of the northern Tibetan Plateau. 

9.2. Implications 

9.2.1. Implications for cenozoic tectonic and climatic evolution of the 
northern Tibetan plateau 

Provenance analysis of the Cenozoic basal coarse-grained deposits 
(E1+2) in the Qaidam basin favors localized, spatially diverse detritus 
sources, small drainage networks and isolated depocenters (Fig. 21), 
revealing a contractional deformation regime in the early stage of the 
Cenozoic deposition (Jian et al., 2023). If the early Eocene onset of 
sediment accumulation in the Qaidam basin is reasonable, the devel-
opment of the Qaidam basin and other Eocene-initiated sedimentary 
basins (Horton et al., 2004; Fang et al., 2019a) in northern Tibet can be 
considered as a far-field, fast response to the India-Eurasia collision. 

We suggest that the Eastern Kunlun Range have served as a topo-
graphical barrier to restrict detritus from the Songpan-Ganzi Complex to 
the Qaidam basin since the Eocene initial deposition (Fig. 21). This is 
inconsistent with the Paleogene Paleo-Qaidam hypothesis (e.g., Yin 
et al., 2008b; McRivette et al., 2019) that the Qaidam and 
Hoh-Xil-Songpan-Ganzi basins had been parts of a single integrated 
basin during the early stage of the Cenozoic Tibet development. The 
prominent contribution of the Qilian Mountains to the northern and 
eastern Qaidam basin and to the adjacent wide depositional regions 
(Fig. 21) suggests intensive erosion and possible relatively high-relief 
topography during the whole Cenozoic depositional period. Although 
the plaeo-elevation histories of these mountains remain enigmatic, both 
the Qaidam basin provenance interpretations in this study and previous 
tectonic deformation studies on the mountains (e.g., Clark et al., 2010; 
Jian et al., 2018; Li et al., 2020 and references therein) reveal an early 
establishment of the northern boundary of the plateau. Our findings, 
from the perspective of clastic sedimentary record, seem to be at odds 
with differential growth mechanisms (Kong et al., 1997; Dayem et al., 
2009; Wang et al., 2008a, 2014, 2017) but instead support models with 
Cenozoic synchronous deformation throughout most of the northern 
Tibet regions (Clark, 2012; Cheng et al., 2019a). 

Although it is hard to establish relationships between detrital zircon 
provenance analysis results and regional paleoclimate history, it is well 
accepted that Cenozoic climate variations had played important roles in 
formation and evolution of the paleo-Qaidam lake, development of 
sediment routing systems and in formation of sedimentary records in the 
basin (Wang et al., 1999; Jian et al., 2013b, 2014; Guo et al., 2017; 
Cheng et al., 2019b; Sun et al., 2020; Wu et al., 2021b; Fu et al., 2022). 

As mentioned above, the spatiotemporal variations in detrital zircon age 
populations of the Cenozoic Qaidam basin can not only be attributed to 
tectonic deformation of the source terranes. Climate change-induced 
source erosion (rates and patterns) variations and depositional envi-
ronment fluctuations should also be taken into account for interpreting 
the diversity of detrital zircon age populations (e.g., Fig. 23). Hence, 
detrital zircon geochronology-based provenance interpretations, espe-
cially for those high-resolution sample collections, are expected to 
facilitate unraveling paleoclimate issues of this region under certain 
conditions. 

9.2.2. Implications for sedimentary provenance analysis methodology 
There is no doubt that detrital zircon U–Pb geochronology is a 

powerful tool in sedimentary provenance research. In the Qaidam basin 
case study, the diverse provenance interpretations based on detrital 
zircon ages obtained by different research groups, however, indicate 
possible limitations and bias in employing this method. This means that 
reliable provenance interpretations might not be produced and sediment 
source-to-sink processes could not be exactly reconstructed depending 
on detrital zircon U–Pb age data alone. The following are some sug-
gestions for reporting detrital zircon geochronological data and for 
addressing geological questions related to zircon records.  

1) Textural parameters of the dated detrital zircon grains, including 
grain size, length/width ratio and roundness, are recommended to be 
measured and reported along with the U–Pb age data. Sedimento-
logical analysis of the analyzed sandstone (siltstone or conglomerate 
in some cases) samples can be performed and depositional environ-
ment (or facies) interpretations can be provided if possible. The 
marked diversity of detrital zircon age populations on different 
spatial and temporal scales, indicated by previously reported and our 
new data, illustrates the need for careful consideration of sampling 
strategies.  

2) In addition to the U–Pb ages, other data of the detrital zircon grains 
are suggested to be obtained if analytical conditions are available. 
These include trace elements, Hf, O and Zr isotopes, which can 
provide insightful information about origin, forming process (e.g., 
magmatic crystallization, temperature and crustal growth) and even 
tectonic regime of these single zircons (Belousova et al., 2002, 2010; 
Valley, 2003; Veevers et al., 2005; Grimes et al., 2007; Condie et al., 
2011; McKay et al., 2018; Ibañez-Mejia and Tissot, 2019; Guo et al., 
2020; Tang et al., 2021). Double-/triple-dating of single detrital 
zircon grains with (U–Th)/He, fission track and U–Pb systems, which 
does not only provide zircon crystallization ages but also deciphers 
cooling history during the exhumation process of the crystalline 
provinces, has proven as a potent tool in sediment provenance 
studies (Reiners et al., 2005; Saylor et al., 2012; Thomson et al., 
2017; Xu et al., 2017), especially in unraveling zircon recycling 
puzzles (Campbell et al., 2005; Zotto et al., 2020).  

3) As detrital zircons occur as accessory mineral grains (commonly 
<1% in volume) in clastic sedimentary rocks and might have 
different routings with other detrital grains in the same records, the 
zircon provenance may not completely represent the bulk sediment 
provenance (Malusà et al., 2013; Garzanti and Andò, 2019). 
Multi-proxy provenance approaches (e.g., petrography, geochem-
istry and field-based measurements) or an integrated provenance 
analysis involving various detritus components (e.g., detrital clay 
minerals, framework grains and other heavy minerals), are beneficial 
to better understanding source-to-sink systems of the sedimentary 
targets (Critelli and Reed, 1999; Greene et al., 2005; Nie et al., 2012; 
Jian et al., 2013b; 2022; Critelli, 2018; Critelli et al., 2021, 2023; Li 
et al., 2021b; Zoleikhaei et al., 2021, 2022; Fu et al., 2022; Zhang 
et al., 2022; Kairouani et al., 2023). Since K-feldspar is unlikely to 
survive more than one erosion-transport-deposition cycle and thus 
reveals first-cycle input from source terranes, combining Pb isotopic 
analysis of detrital K-feldspar is expected to help constrain the 
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recycling issues (e.g., Tyrrell et al., 2007; Johnson et al., 2018; 
Barham et al., 2021). Furthermore, integrated provenance analysis 
may shed light on insensitivity issues of the detrital zircon record in 
detecting magma-poor source terranes (O’Sullivan et al., 2016; Chew 
et al., 2020). 

4) Potential source signatures are also important to interpreting sedi-
ment provenance and thus need to be accurately assessed. We 
consider that, straightforwardly synthesizing all the available zircon 
age data for a supposed source region, which is quite common in 
some case studies, is a risky business. It is a tough task to define 
zircon age signatures for source orogens with complex structures 
(Song et al., 2019; Zhang et al., 2021). We suggest that zircon age 
signals of terranes with different tectono-magmatic histories should 
be separately illustrated as clearly as possible (Figs. 10 and 11) and 
zircon fertility and sediment recycling issues should be concerned in 
detrital zircon provenance interpretations. Furthermore, deep-time 
paleogeographic environments, paleodrainage systems and detritus 
parent-rock distributions are always questionable. Thus, deposi-
tional periods or stratigraphic attributions should also be paid 
attention to when forming potential source signatures by using 
detrital zircon age data from older sedimentary strata in those source 
terranes. 

9.3. Perspectives 

There are still a number of unsolved issues and broader implications 
concerning detrital zircon geochronology and provenance of the Ceno-
zoic Qaidam basin. These include but are not limited to the followings.  

1) If the Qilian Mountains really contributed abundant zircon grains of 
Permian–Triassic U–Pb ages to the inner and surrounding Meso-
zoic–Cenozoic sedimentary basins (Bovet et al., 2009; Wang et al., 
2016; Zhang et al., 2016; An et al., 2018; Cheng et al., 2019b; Li 
et al., 2021a and this study), how to explain and treat the puzzled 
discrepancy between igneous zircon and detrital zircon records 
(Figs. 10 and 11) remains an open question.  

2) We note that most dated samples were collected from the current 
margins of the Qaidam basin (Fig. 1C). The center of the basin, where 
drilling wells are rare and sediment provenance has been poorly 
characterized, acts as a key region to better understand the sediment 
source-to-sink systems between the surrounding mountains and the 
Qaidam basin. This region is also a crucial study target to understand 
why the Cenozoic northern and eastern Qaidam basin is character-
ized by siliciclastic-dominant sequences, whereas the western Qai-
dam basin is filled with mixed carbonate-siliciclastic deposits (Fig. 2; 
Song et al., 2022a, 2022b).  

3) The Qaidam basin is well known as a petroliferous basin with great 
hydrocarbon potentials (Zhuang et al., 2018). How the numerous 
detrital zircon data and provenance interpretations play roles in 
hydrocarbon exploration and development deserves more attention. 
Exploring the possible connections between sediment source-to-sink 
systems and hydrocarbon source-reservoir-cap rock assemblages 
may be an important research direction in the future. 

4) Unraveling relationships between the Qaidam basin and the sur-
rounding small–medium intermountain basins (Fig. 1C) contribute 
insight into better understanding Cenozoic tectonic and climatic 
evolution of the northern Tibetan Plateau. Since most of these basins 
lack well-preserved fossil records and volcaniclastic age constraints, 
determining accurate depositional periods and chronostratigraphic 
frameworks for these basins remains a challenge.  

5) The Qaidam basin has been proposed as a major aeolian dust source 
for the Chinese Loess Plateau and the North Pacific Ocean (Pullen 
et al., 2011; An et al., 2012; Nie et al., 2018; Wang et al., 2020). The 
occurrence of enormous, characteristic yardang fields in actively 
folding Cenozoic sedimentary strata demonstrates severe wind 
erosion and voluminous sediment removal from the Qaidam basin 

(Kapp et al., 2011). How to treat the spatiotemporal diversity in 
detrital zircon age populations of the Cenozoic Qaidam basin and to 
generate a source signal for Asian dust provenance analysis are also a 
challenging work. 
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