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Abstract Constraining the uplift of the northeastern Tibetan Plateau (NETP) is critical for growth models
of the plateau and tectonic‐climatic interactions during the Cenozoic. The sequence of early Eocene (53
Ma)‐early Miocene (16 Ma) clastic sediments deposited in the Xining Basin provides insights into the uplift of
the NETP. We used Nd‐Pb isotopic composition of the Cenozoic sediments in the Xining Basin to trace
sediment sources and hence to infer uplift of the NETP. Provenance analysis indicates that the Qilian Shan
was possibly the source area before ~50 Ma; the West Qinling became the main source area during ~50–39
Ma; and the West Qinling, Qilian Shan, and Laji Shan probably became source areas during ~39–30 Ma.
During ~30–16 Ma, the sediments comprised a two‐end‐member mixture of detrital materials from the Laji
Shan and the Qilian Shan, whereas detrital inputs from the Qilian Shan increased after ~22 Ma. Combined
with previous studies, our inferred provenance history suggests that (1) part of the Qilian Shan possibly
existed before ~50 Ma; (2) the West Qinling was uplifted since ~50 Ma; (3) part of the Laji Shan was uplifted
during ~39–30 Ma, and the entire Laji Shan was probably uplifted since ~30 Ma, separating the Xining from
Xunhua‐Linxia basins; and (4) the Qilian Shan was uplifted during the early Miocene, which together
with climate change caused erosion and provenance changes. These results suggest that the NETP was
uplifted since the early Cenozoic and sizeable parts of the NETP were probably uplifted by the early Miocene.
1. Introduction
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The continental collision of India and Asia resulted in surface uplift of the Tibetan Plateau during the
Cenozoic. Despite major advances in the last few decades, the timing, extent, and mechanisms of the growth
of Tibetan Plateau have remained controversial (England et al., 1988; Molnar et al., 1993; Rowley & Currie,
2006; Tapponnier et al., 2001; Wang et al., 2008; Yin & Harrion, 2000), which hinders our understanding of
the large‐scale continental deformation in Asia and global climate change during the Cenozoic (Garzione,
2008; Guo et al., 2002; Molnar et al., 1993; Royden et al., 2008). Various geodynamic models for the
Tibetan Plateau growth have been proposed, including continuous deformation (England et al., 1988), lower
crustal ﬂow (Royden et al., 2008), rigid block extrusion, and oblique stepwise rise and growth (Tapponnier
et al., 2001). To further understand the mechanisms responsible for the growth of the Tibetan Plateau, robust
constraints on the deformation and uplift history of different parts of the plateau are needed.
The deformation and uplift of the northeastern Tibetan Plateau (NETP) is critical for understanding when
and how the Tibetan Plateau grew northward, as well as the tectonic‐climatic interactions related to the aridity of central Asia and the evolution of the East Asian Monsoon. However, the deformation and uplift history
of this region remains unclear and is still highly debated. According to the oblique stepwise rise and growth
model, the NETP grew mainly during the Pliocene through Quaternary (Tapponnier et al., 2001); however,
an increasing amount of evidence indicates that the main growth was substantially earlier. For example,
magnetostratigraphic and stable isotopic studies suggest that the deformation and uplift of the NETP
occurred during the middle‐late Miocene (Fang et al., 2005; Hough et al., 2011; Wang et al., 2017).
Moreover, sedimentological, rock magnetic, and provenance studies suggest that deformation and surface
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uplift of the NETP occurred during the late Oligocene‐early Miocene
(Bovet et al., 2009; Lease et al., 2012; Xiao et al., 2012). Furthermore, thermochronological, palynological, and tectonic rotation studies suggest that
deformation and tectonic uplift commenced from the Eocene (Clark et al.,
2010; Dupont‐Nivet et al., 2004, 2008; Jolivet et al., 2001; Qi et al., 2016;
Yin et al., 2002).
At the northeastern margin of the Tibetan Plateau, the Xining Basin
(Figure 1a) has accumulated a sequence of early Eocene‐early Miocene
sediments, which are an outstanding archive for understanding the tectonic and climatic history of the NETP (Dai et al., 2006; Xiao et al., 2012;
Yang et al., 2019; Zhang, Xiao, et al., 2015). Basin sediments transported
by rivers from the adjacent mountains can record fundamental information about the uplift, exhumation, and regional climate history (Carrapa
et al., 2006; Wang, Zhang et al., 2016). Previous studies indicate that the
Xining Basin is a part of a foreland basin associated with the East
Kunlun (Fang et al., 2007) or West Qinling Mountains (Liu et al., 2013),
which was the main source area of the Xining Basin prior to the uplift of
the Laji Shan (Figure 1a). However, Zhang et al. (2016) suggested that
the Xining Basin was not a foreland basin but rather an extensional basin
caused by the clockwise rotation of the Central Qilian Block during the
early Cenozoic. Detrital zircon U‐Pb ages suggest that the sediments of
the Xining Basin were possibly derived from the Qilian Shan, West
Qinling, East Kunlun, and Songpan‐Ganzi terrane during the early
Cenozoic; whereas the Laji Shan and the Qilian Shan became the main
source areas during the Miocene (Zhang et al., 2016). However, this latter
study was based on only nine samples from different formations of three
sections, the ages of which are unclear.
Analysis of radiogenic neodymium (Nd) and lead (Pb) isotopes is a robust
method for tracing the provenance of sediments, not only because different terranes have different Nd‐Pb isotopic composition, depending on
their petrology and age, but also because Nd‐Pb isotopes are little affected
Figure 1. (a) Topographic map of the NE Tibetan Plateau and the adjacent
by surﬁcial processes such as weathering, transportation, and deposition
Songpan‐Ganzi terrane showing the location of the Xining Basin and
(Abouchami & Zabel, 2003; Chen et al., 2007). Thus, they are very useful
other basins and mountains. LZB = Lanzhou Basin; LXB = Linxia Basin;
XHB = Xunhua Basin; GDB = Guide Basin; GHB = Gonghe Basin. Also
for potentially determining provenance (Biscaye et al., 1997; Chen et al.,
shown are the study sites (blue star), modern river sediment sampling sites
2007; Clift et al., 2002; Horikawa et al., 2015; Shen et al., 2017; Sun &
(red dots), and the sites of published bedrock samples (blue dots). (b)
Zhu, 2010), the uplift and exhumation history of mountains, and general
Generalized geological map of the Xining Basin and its adjacent regions.
paleogeographic evolution (Clift et al., 2006; Clift, Long, et al., 2008; Yan
et al., 2018; Zhang et al., 2017). In this study, we used the Nd‐Pb isotopic
composition of the Cenozoic sediments in the Xining Basin to trace the sediment source areas and then used
the results to infer the tectonic uplift of the adjacent mountains and the paleogeographic evolution of the
region, trying to achieve a better understanding of the early Eocene‐early Miocene uplift of the NETP.

2. Geological Setting, Stratigraphy, and Chronology
2.1. Geological Setting
The NETP consists of the Qilian Shan (Shan means “Mountains”) to the north, the East Kunlun mountains
and the West Qinling mountains to the south, and several intramontane basins such as the Xining, Xunhua,
and Linxia basins (Figure 1a). The 3,000‐ to 4,500‐m‐high mountains produced by Cenozoic deformation and
uplift separate adjacent basins that are situated at altitudes of 1,500–3,000 m.
The Xining Basin is located in the northeastern margin of the Tibetan Plateau and has elevations ranging
from 2,200 to 3,000 m (Figure 1a). Climatically, the Xining Basin now lies in the transitional belt of the
East Asian Monsoon humid areas and the northwest arid areas, dominated by an arid/semiarid continental
HE ET AL.
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Figure 2. The age, stratigraphy, lithology, and sedimentary facies of the Xijigou and Tashan sections. The magnetostratigraphic age of the Xijigou section is from
Yang et al. (2019), and that of the Tashan section is from Xiao et al. (2010, 2012). (a) Mudstone of the Xianshuihe Formation, (b) sandstone of the Chetougou
Formation, (c) mudstone with intercalated gypsiferous layers (~1–3‐m thick) of the Xiejia Formation, (d) mudstone of the Xiejia Formation, (e) mudstone with
intercalated gypsum nodules of the Mahalagou Formation, (f) mudstone with gypsum of the Mahalagou Formation, (g) mudstone with gypsum of the Honggou
Formation, (h) sandstone of the Honggou Formation, (i,j) mudstone of the Qijiachuan (QJC) Formation.

climate with mean annual temperature of ~6 °C and mean annual precipitation of ~400 mm. The basin is
bounded by the Middle Qilian Shan Fault to the north and the Laji Shan Fault to the south (Figure 1b).
With a thickness of more than 800 m, the well‐developed Cenozoic stratigraphy which is unconformable on
the late Cretaceous sedimentary rocks or older basement rocks in the Xining Basin has been divided into the
following formations, proceeding upward: Qijiachuan, Honggou, Mahalagou, Xiejia, Chetougou, and
Xianshuihe (QBGMR, 1985; Xiao et al., 2012; Yang et al., 2019; Figure 2). The stratigraphy consists of basal
mudstone with intercalated gravelly sandstone and gypsiferous layers (Qijiachuan Formation), overlain by
brownish‐red mudstone with intercalated cyclical thick gypsum layers (Honggou and Mahalagou formations), and in turn overlain by light brownish‐red to yellow mudstone with occasional sandstone layers
(Xiejia, Chetougou, and Xianshuihe formations; Dai et al., 2006; QBGMR, 1985; Xiao et al., 2012).
Magnetostratigraphic investigations have been intensively conducted on the Xining Basin sedimentary
sequence (e.g., Dai et al., 2006; Xiao et al., 2010, 2012; Yang et al., 2019). Recently, Fang et al. (2019) synthesized the paleontological, lithological, and magnetostratigraphic records of the Xining Basin, showing that
the ﬂuvial‐lacustrine sedimentary sequence of the basin was deposited from ~54 to ~4.8 Ma.
HE ET AL.
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2.2. Stratigraphy and Sedimentology of Xijigou and Tashan Sections
The studied Xijigou (XG; 101°52′E, 36°31′N) and Tashan (101°50′E, 36°33′N) sections are situated in the
midsouthern part of the Xining Basin (Figure 1b), ~25 km north of the Laji Shan and ~65 km south of the
Middle Qilian Shan (Daban Shan). Detailed sedimentary facies analysis of the Xijigou and Tashan sections
shows that sediments were deposited in shallow brackish lake, salt or playa lake, and ﬂoodplain environments (Sayem et al., 2018; Xiao, 2010).
The measured 278‐m‐thick Xijigou section consists of the uppermost parts of the Qijiachuan and Honggou
formations and the lower‐middle part of the Mahalagou Formation (Yang et al., 2019). The uppermost part
of the Qijiachuan Formation (278–269 m) consists of variegated mudstone with intercalated a few gypsiferous layers (Figures 2i and 2j), indicating a shallow brackish lake environment. The Honggou Formation
(269–156 m) consists of brownish‐red mudstone with intercalated siltstone/sandstone and a few gypsum
layers in the lower part, with intercalated thick gypsum layers in the upper part (Figures 2g and 2h), indicating a shallow salt lake and mudﬂat environment. The lower‐middle part of the Mahalagou Formation
(156–0 m) consists of brownish‐red mudstone with intercalated cyclical thick gypsum layers (Figure 2f), indicating a salt lake and mudﬂat environment.
The measured 560.9‐m‐thick Tashan section consists of the middle‐upper part of the Mahalagou, Xiejia,
Chetougou, and Xianshuihe formations (Xiao et al., 2012). The middle‐upper part of the Mahalagou
Formation (560.9–261 m) consists of brownish‐red mudstone with intercalated cyclical thick gypsum layers,
and gypsum layers were less and thin in the upper part (Figure 2e), indicating a salt or playa lake and ﬂoodplain environment. The Xiejia Formation (261–160 m) consists of brownish‐red mudstone with a few gypsiferous layers and sandstone layers (Figures 2c and 2d), indicating a ﬂoodplain and ephemeral salt lake
environment. The Chetougou (160–90 m) and Xianshuihe (90–0 m) formations consist of light brown to yellow mudstone with occasional sandstone (Figures 2a and 2b), indicating a ﬂoodplain and ephemeral crevasse splay environment.
2.3. Chronology
Detailed magnetostratigraphic investigations show that the Tashan section sedimentary sequence spans in
the interval from Chron C16n.1n to Chron C5Br with an age range of 35.5–15.9 Ma (Xiao et al., 2010,
2012) and that the Xijigou section sedimentary sequence spans the interval from Chron C24n to Chron
C13r with an age range of 53–34.2 Ma for the sequence (Yang et al., 2019; Figure 2). Stratigraphic correlation
between the Tashan and Xijigou sections has been well constrained by magnetic susceptibility, lithology, and
stratigraphic markers of gypsum layers and strengthened by the magnetostratigraphies (Yang et al., 2019;
Figure 2). The overlapping part between the upper part of the Xijigou section and the lower part of the
Tashan section is about 44.3 m in thickness and spans the interval from ~34.2 to 35.5 Ma (Xiao et al.,
2010, 2012; Yang et al., 2019). Removing the overlapping part (~44.3 m) of the Xijigou section, the Xijigou‐
Tashan composite section is 794.6 m thick, and it spans the interval from ~53 to 15.9 Ma (Figures 2
and 3), including the upper Qijiachuan, Honggou, Mahalagou, Xiejia, Chetougou, and Xianshuihe formations. Thus, the age model of the Xijigou‐Tashan composite section has been well established (Xiao et al.,
2010, 2012; Yang et al., 2019), the ages of the samples used in this study from the Xijigou‐Tashan section were
determined by interpolation between well‐dated horizons (supporting information Table S1).

3. Materials and Methods
Considering sedimentary facies and sediment accumulation rate, a total of 49 bulk samples was nonuniformly (spacing ~1 to 30 m) taken from the Xijigou‐Tashan section for the analysis of Nd and Pb isotopic
composition (Figure 3 and Table S1). To constrain the provenance of the Cenozoic sediments of the
Xijigou‐Tashan section, 12 modern river sediment samples were taken from potential sediment sources,
including four samples from the rivers draining the Qilian Shan, four from the rivers draining the Laji
Shan, and four from the rivers draining the West Qinling (Figure 1 and Table S2). For the river samples,
ﬁne‐grained sediments were taken from the mainstream and the nearby tributaries, avoiding settlements.
All samples were oven dried and powdered in an agate mortar. To remove carbonates, the bulk samples were
leached with puriﬁed acetic acid (0.5 mol/L) at room temperature for 24 hr (Chen et al., 2007; Horikawa
et al., 2015), and only the acid‐insoluble residues (the silicate fractions) were investigated. Nd and Pb
HE ET AL.
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Figure 3. Lithological column for the Xijigou‐Tashan (XG‐TS) composite section and proﬁles of Nd‐Pb isotopic composition.

isotopic analysis was conducted using procedures described in Li et al. (2015). The high purity Nd fraction
was separated using the classical two‐step ion exchange chromatographic method and measured using a
Triton Plus multicollector thermal ionization mass spectrometer at the Institute of Geology and
Geophysics, Chinese Academy of Sciences. Nd isotopic ratios were normalized to 146Nd/144Nd = 0.7219.
The measured value of the JNdi‐1 Nd standard was 143Nd/144Nd = 0.512115 ± 0.000010 (n = 4, 2 SD). U.S.
Geological Survey Reference Material BCR‐2 was measured to monitor the accuracy of the analytical
procedures, with the following results: 143Nd/144Nd = 0.512638 ± 0.000009 (n = 4, 2 SD). Pb isotopic ratio
determinations were performed on a Thermoﬁsher Triton Plus multicollector thermal ionization mass
spectrometer at Institute of Geology and Geophysics, Chinese Academy of Sciences. Measured Pb isotopic
ratios were corrected for instrumental mass fractionation of 1.2‰ per atomic mass unit by reference to
repeated analyses of the NIST 981 Pb standard, which gave the following average values: 206Pb/204Pb =
16.8899 ± 0.008 (n = 8, 2δ), 207Pb/204Pb = 15.4294 ± 0.009 (n = 8, 2δ), and 208Pb/204Pb = 36.5083 ± 0.008
(n = 8, 2δ).

4. Results
4.1. Nd‐Pb Isotopes
The Nd‐Pb isotopic compositions of the sediments from the Xijigou‐Tashan section are listed in Table S1. The
εNd of the sediments ranges from −11.51 to −8.68 with a mean of −10.02. 206Pb/204Pb, 207Pb/204Pb, and
208
Pb/204Pb ratios vary from 18.611 to 19.468, 15.627 to 15.720, and 38.744 to 39.102, respectively. In general,
the εNd of the bulk samples in the study area increases gradually during ~53–30 Ma and then remains relatively high value during ~30–23 Ma; it then becomes slightly negative and an overall ﬂat trend during ~22–16
Ma. All Pb isotope ratios (206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb) exhibit a similar trend of variation, and
207
Pb/204Pb and 208Pb/204Pb show very similar trends with large ﬂuctuations in particular.
The variations of εNd and Pb isotope ratios can be used to divide the studied sequence into three major intervals (Figure 3). Interval I (~53–39 Ma): εNd is low but increases in the middle stages, and all of the Pb isotope
ratios have large ﬂuctuations. Interval II (~39–30 Ma): εNd increases steadily, 206Pb/204Pb shows steady trend,
and 207Pb/204Pb and 208Pb/204Pb show similar trends with ﬂuctuations. Interval III (~30–16 Ma) can be
divided into two subzones: Interval III‐a (~30–23 Ma): εNd remains relatively high values, 206Pb/204Pb
HE ET AL.
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increases slightly, and 207Pb/204Pb and 208Pb/204Pb show very similar trends with a large ﬂuctuation; and
Interval III‐b (~22–16 Ma): εNd decreases slightly in the early stages and remains relatively steady, and all
the Pb isotope ratios increase slightly with ﬂuctuations.
4.2. Nd‐Pb Isotope Characteristics of Potential Sediment Sources
To determine potential sediment sources for the Xijigou‐Tashan section, we analyzed the isotopic data from
12 ﬂuvial sediment samples from the Qilian Shan, the Laji Shan, and the West Qinling, and we also used 21
published isotopic analyses of bedrock samples from the Qilian Shan (Huang et al., 2015, 2016), the Laji Shan
(Hou et al., 2005), the West Qinling (Zhang, Chen et al., 2006; Zhang et al., 2007), the East Kunlun (Chen
et al., 2015; Huang et al., 2014), and the Songpan‐Ganzi terrane (Zhang, Zhang, et al., 2006; Table S2). The
Nd‐Pb isotopic composition of the potential source areas should be different because of they have different
geologic settings/petrology (Figure 1b). The Laji Shan and East Kunlun have more positive εNd (respective
averages of −7.19 and −5.73) compared to the Qilian Shan (average of −12.03), the West Qinling (average
of −11.50), and the Songpan‐Ganzi terrane (average of −10.14). In general, the Qilian Shan has high Pb isotope ratios (206Pb/204Pb, average of 18.977; 207Pb/204Pb, average of 15.694; and 208Pb/204Pb, average of
39.124), and the East Kunlun has intermediate Pb isotope ratios (206Pb/204Pb, average of 18.878; 207Pb/
204
Pb, average of 15.654; and 208Pb/204Pb, average of 39.055). By contrast, the Laji Shan, West Qinling, and
the Songpan‐Ganzi terrane have low Pb isotope ratios (respective 206Pb/204Pb averages of 18.487, 18.581,
and 18.436; respective 207Pb/204Pb averages of 15.654, 15.637, and 15.644; and respective 208Pb/204Pb
averages of 38.789, 38.827, and 38.693; Table S2). Although some uncertainties in the representativity of
these isotopic composition may exist, the data can be used to approximately represent each potential
sediment source.

5. Discussion
5.1. Potential Sediment Sources
The modern Xining Basin is bounded by the Middle Qilian Shan (Daban Shan) to the north, the Riyue Shan
to the west, and the Laji Shan to the south (Figure 1a). As the Riyue Shan and the Qinghai Nan Shan
(Figure 1a) grew during the late Miocene (~10–6 Ma), based on magnetostratigraphic studies (Fang et al.,
2005; Lease et al., 2012; Zhang et al., 2012), these regions are not considered to be sediment source areas
on the longer timescale addressed herein. The sediments of Xijigou‐Tashan section in the Xining Basin
deposited in a ﬂuvial‐lacustrine environment (Sayem et al., 2018; Xiao et al., 2012). Yang et al. (2017) suggested that the basins within and along the Qilian Shan underwent atrophy and denudation, followed by
the accumulation of aeolian deposits during the Pliocene‐Quaternary. According to the aforementioned studies (Fang et al., 2007; Liu et al., 2013; Zhang et al., 2016) and the geological setting, we consider that the
Qilian Shan, Laji Shan, West Qinling, East Kunlun, and Songpan‐Ganzi terrane were potential sediment
sources during the early Eocene‐early Miocene.
5.2. Nd‐Pb Isotopic Constraints on Provenance
Plots of εNd and Pb isotope ratios (206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb) of the sediments of the Xijigou‐
Tashan section and potential sources are shown in Figures 4a–4c, and equivalent plots of 206Pb/204Pb versus
207
Pb/204Pb diagram are shown in Figure 4d. In such plots, a linear trend represents a mixture of materials
from two sources (Ferrat et al., 2012). Overall, the Nd‐Pb isotopic compositions of the sediments are rather
scattered (Figure 4), which suggests contributions from more than two source areas.
Three major intervals can be deﬁned from the trends in Nd‐Pb isotopic composition. Interval I (~53–39 Ma):
the Nd‐Pb isotopic compositions of the samples fall within or around those of the end‐members of the Qilian
Shan and the West Qinling. Interval I may be divided into two subintervals, including: Interval I‐a (~53–50
Ma): the Nd‐Pb isotopic compositions of the two samples fall within or around that of the Qilian Shan end‐
member which has low εNd and high Pb isotope ratios, indicating that it was possibly the source area; Interval
I‐b (~50–39 Ma): the isotopic compositions of the sediments mainly fall within that of the West Qinling end‐
member, indicating that it became the dominant source area.
Interval II (~39–30 Ma): the isotopic compositions of the sediments are scattered and distributed among those
of the end‐members of the West Qinling, the Qilian Shan, and the Laji Shan, indicating that they were probably source areas.
HE ET AL.
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Figure 4. Sediment provenance discrimination plots using
Pb/ Pb versus εNd (a),
Pb/ Pb versus εNd (b),
Pb/ Pb versus εNd (c), and
Pb/ Pb
207
204
versus Pb/ Pb (d). The dotted line indicates the mixing calculation between two end‐members and represents the Laji Shan end‐member mixed with the
Qilian Shan end‐member during ~30–16 Ma. The end‐member elemental concentration and isotopic composition of Nd and Pb used in the mixing estimate are listed
in Table S3.

Interval III (~30–16 Ma): the isotopic compositions of the sediments fall along the mixing line between the
Laji Shan and the Qilian Shan, indicating that the sediments were a mixture of detrital materials from these
sources. Four sandstone samples were analyzed during the Interval III (~30–16 Ma), and the εNd of two samples at the depths of 158.05 and 295.05 m are signiﬁcant negative excursions (Figure 3), indicating that most
of the detrital materials of these two sandstone layers were from the Qilian Shan which has low εNd and that
grain size has no effect on the εNd. Notably, the Songpan‐Ganzi terrane and East Kunlun do not seem to be
signiﬁcant sediment sources for the study area, because of the obvious deviation of their isotopic compositions from that of the sediments of the Xijigou‐Tashan section (Figure 4).
We can quantify the contributions from each end‐member sediment source during ~30–16 Ma using a two
end‐member mixing model. The relative contribution from the Laji Shan was ~77–52% during ~30–23 Ma
(Interval III‐a), and the relative contribution from the Qilian Shan was ~70–35% during ~22–16 Ma
(Interval III‐b; Figure 4a and Table S3).
Because sediment recycling may be occurred, part of the sediments whose isotopic signal represents the
Qilian Shan and the West Qinling may be previously deposited, so that the Qilian Shan and the West
HE ET AL.
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Qinling may not be the source areas during the Interval II (~39–30 Ma).
Similarly, the Qilian Shan may not be the source area during the
Interval III (~30–16 Ma). The Index of Compositional Variability (ICV =
(Fe2O3 + K2O + Na2O + CaO + MgO + TiO2) Al2O3) is frequently used
to measure the compositional maturity of the clastic sedimentary rocks
(Cox et al., 1995; Joo et al., 2005; Long et al., 2008). In general, clastic sedimentary rocks with high ICV values (>1) are derived from immature sediments, and such sedimentary rocks are often found in tectonically active
settings as ﬁrst cycle deposits, whereas clastic sedimentary rocks with
low ICV values (<1) are usually from mature sediments (Cox et al., 1995;
Joo et al., 2005). Two samples (ages of ~48 and ~31.5 Ma) of the Xijigou‐
Tashan section have low ICV values (0.98 and 0.89), indicating that they
were compositionally mature and were probably inﬂuenced by recycling
processes. And most samples of the Xijigou‐Tashan section have high
ICV values (1.02–3.04, average of 1.28; Table S4), indicating that the sediments were from immature sources and were deposited in a tectonically
active setting as ﬁrst cycle deposits.
In addition, four samples of clastic sediments (ages: ~18.3, ~27.4, ~34.4,
and ~41.3 Ma) were randomly selected from the Xijigou‐Tashan section
for the extraction of quartz grains (16–63 μm) for scanning electron microscopy analysis, and the quartz grains of the four samples all show dominance of angular to subangular outlines (Figure S1), indicating that
these clastic sediments were undergone short‐distance transportation
and rapid deposition. Therefore, it appears that sediment recycling unlikely played a signiﬁcant role in contributing abundant detrital materials
to the study area.
Considering the aforementioned data together, we conclude that the
Cenozoic sediments of the Xijigou‐Tashan section in the Xining Basin
have a relatively complex provenance history. Before ~50 Ma, the Qilian
Shan was possibly the source area; during ~50–39 Ma, the West Qinling
became the dominant source area; during ~39–30 Ma, the Qilian Shan,
the West Qinling, and the Laji Shan were probably source areas; during
~30–16 Ma, the Laji Shan and the Qilian Shan became the major source
areas; and after ~22 Ma, there was an increase in detrital inputs from the
Qilian Shan.
5.3. Implications for the Uplift of the NETP
Synorogenic basin deposits eroded from the mountains surrounding
basins or previously existing basins and transported by rivers record fundamental information about sediment sources and tectonic evolution of
the mountains (Carrapa et al., 2006; Wang, Zhang, et al., 2016). The
sequence of early Eocene‐early Miocene clastic sediments deposited in
the Xining Basin records the tectonic evolution of the basin and
surrounding mountains. We use the Nd‐Pb isotopic composition constraints on provenance, combined with published magnetostratigraphic
and thermochronological evidence from the NETP, to infer tectonic uplift
Figure 5. Schematic diagram of the early Eocene‐ early Miocene tectonic
in the periphery of the Xining Basin, eastern segment of the NETP, during
uplift in the periphery of the Xining Basin, NE Tibetan Plateau.
the early Eocene‐early Miocene (Figure 5).
5.3.1. Interval I‐a (~53–50 Ma)
The provenance analysis suggests that part of the Qilian Shan possibly existed and supplied detrital materials
to the Xining Basin before ~50 Ma (Figure 5a), which is consistent with previous work (Jolivet et al., 2001;
Zhang et al., 2016). Detrital zircon U‐Pb ages of samples from the Haiyan section, ~80 km to the northwest
of the Xijigou‐Tashan section, also show that the Qilian Shan was the dominant source area during the early
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Paleogene (Zhang et al., 2016). Apatite ﬁssion track analysis shows that the early rapid cooling phase of the
Qilian Shan occurred during the Cretaceous, indicating that part of the Qilian Shan was uplifted during the
Cretaceous (Jolivet et al., 2001; Qi et al., 2016). In addition, structural geological (Yin et al., 2008), stratigraphic (Yang et al., 2017), and apatite ﬁssion track (He et al., 2017; Qi et al., 2016; Zhang, Wang, et al.,
2015) studies suggest that the initial Cenozoic deformation and exhumation of the Qilian Shan occurred
since the Paleocene‐early Eocene.
5.3.2. Interval I‐b (~50–39 Ma)
According to the changes in provenance identiﬁed here, together with the increasing sediment accumulation
rate during ~49.5–47.5 Ma (Yang et al., 2019) and several siltstone/sandstone layers deposited in the lower
part of the Honggou Formation (Figure 2), we suggest that the West Qinling was uplifted and supplied abundant detrital materials to the Xining Basin during this period (Figure 5b). This conclusion is consistent with
the thermochronological evidence which indicates that deformation and uplift of the West Qinling was
initiated at ~50 Ma and that a rapid cooling event occurred during ~50–45 Ma (Clark et al., 2010; Duvall
et al., 2011; Wang, Song, et al., 2016). The results favor the viewpoint that deformation and uplift of the
NETP occurred since the early Cenozoic (Clark et al., 2010; Ji et al., 2017; Jolivet et al., 2001; Yin et al., 2002).
5.3.3. Interval II (~39–30 Ma)
The provenance analysis suggests that the West Qinling, Qilian Shan, and Laji Shan were probably all source
areas during this period. Together with a slight coarsening upward sequence (Dai et al., 2006; Sayem, 2018)
and a ~4.5‐m‐thick sandstone layer during this period (Figure 2), the sediment accumulation rates of the
Xijigou‐Tashan and Xiejia sections signiﬁcantly increased during ~35–30 Ma (Dai et al., 2006; Fang et al.,
2019; Xiao et al., 2012; Yang et al., 2019), indicating the uplift of nearby bounding mountains (Dai et al.,
2006; Fang et al., 2019; Yang et al., 2019). In addition, detrital and bedrock apatite ﬁssion track ages in the
Guide‐Xining region indicate that mountains surrounding this region underwent a fast exhumation event
during ~36–32 Ma (Wang, Song, et al., 2016), the Laji Shan underwent an exhumation event during ~50–
30 Ma (Zhang, Wang, et al., 2015), and U‐Pb ages of detrital zircons show that the Laji Shan possibly supplied
detrital materials to the Xining Basin during the Paleogene (Zhang et al., 2016). These suggest that part of the
Laji Shan was uplifted and supplied detrital materials to the Xining Basin during ~39–30 Ma (Figure 5c).
Although thermochronological studies suggest that the East Kunlun experienced a rapid exhumation event
at ~40–35 Ma (Clark et al., 2010; Wang, Feng, et al., 2016), our isotopic evidence suggests that the East
Kunlun was not a signiﬁcant provenance for the study area (Figure 5c).
Except for tectonic activity, climate change can have a signiﬁcant control on erosion rates and patterns, causing variations of the Sr and Nd isotopic composition of sediments (Clift, Giosan, et al., 2008; Rahaman et al.,
2009). The Chemical Index of Weathering of the samples from the Xijigou section and n‐alkane and palynological records from the Xiejia section reveal that the paleoclimate in the Xining Basin experienced a long‐
term cooling and drying trend from ~52 to 30 Ma (Long et al., 2011; Sayem et al., 2018). The climate in
the Xining Basin did not show signiﬁcant change at ~39 Ma, and tectonic uplift is a more plausible explanation for the provenance change from the Interval I to Interval II. The disappearance of playa lake deposits
(massive gypsum layers) in the Xining Basin occurred at the time of the Eocene‐Oligocene transition, indicating that there was insufﬁcient water to sustain a playa lake system and pronounced aridiﬁcation of the
Xining Basin (Dupont‐Nivet et al., 2007), which would not increase the sediment accumulation rate. In addition, the Nd‐Pb isotopic compositions of the sediments do not show an obvious change at ~34 Ma, and the
provenance change was at ~30 Ma. Numerical model simulations indicate that the response time for a sedimentary archive to reach a new steady state after a change in precipitation or tectonic uplift is of the order of
0.5 or 1 Ma (Armitage et al., 2011). As the timing of provenance changes was not coincident with that of climate changes, it seems that climate change may not have played a signiﬁcant role in controlling provenance
changes in the Xining Basin during ~52–30 Ma.
5.3.4. Interval III (~30–16 Ma)
The Laji Shan and the Qilian Shan became the sediment sources in the study area. And the relative contribution from the Laji Shan was ~77–52% during ~30–23 Ma (Interval III‐a). This is largely consistent with the
timing of initiation of sediment deposition in the Xunhua and Linxia basins which were located to the south
of the Xining Basin: Magnetostratigraphic evidence shows that the initiation of deposition in the Xunhua
Basin commenced at ~30–28 Ma (Lease et al., 2012) and in the Linxia Basin at ~29 Ma (Fang et al., 2003).
Combined with this evidence, our result suggests that the entire Laji Shan was probably uplifted and separated the Xining Basin from the Xunhua and Linxia basins since ~30 Ma (Figure 5d). When the Laji Shan
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was uplifted, part of the detrital materials from the Laji Shan may be previously denuded from the Qilian
Shan and the West Qinling and deposited in the Laji Shan region. But the isotopic signal of the sediments
only represents the end‐members of the Qilian Shan and the Laji Shan during this period. It may be that only
a small amount of sediments deposited in the Laji Shan region before it was uplifted, or it may be that most of
the previous deposits from the West Qinling were eroded before ~30 Ma.
During the period of ~22–16 Ma (Interval III‐b), the proportion of the input from the Qilian Shan increased
and represented about 70–35%. According to ﬁeld observation and sampling in the Tashan section, ﬁve ~1‐ to
2‐m‐thick sandstone layers were deposited during ~22–19.7 Ma (Figure 2), and the εNd of two sandstone samples at the depths of 158.05 and 146.05 m are relatively negative, indicating more detrital inputs from the
Qilian Shan which has low εNd. In addition, high and variable sediment accumulation rates and increase
in magnetite content of the sediments in the Tashan section occurred during ~25–20 Ma, indicating the
occurrence of tectonic uplift in the late Oligocene‐early Miocene (Xiao et al., 2012). The uplift of the
Qilian Shan during the early Miocene is also conﬁrmed by apatite ﬁssion track analysis (George et al.,
2001; Jolivet et al., 2001; Lu et al., 2012; Pan et al., 2013; Qi et al., 2016; Wang, Song, et al., 2016) and sedimentological and stratigraphic evidence (Bovet et al., 2009). Based on modern river detrital apatite ﬁssion
track age constraints, Lin et al. (2019) suggested that the paleotopography and hydrography of the Qilian
Shan during the early Miocene were similar to those of today. Together with the evidence, our sedimentological and inferred provenance evidence suggests that the Qilian Shan was uplifted and supplied abundant
detrital materials to the Xining Basin during the early Miocene (Figure 5e).
In addition, Cheng et al. (2015) based on 3‐D crustal budget model suggested that the Qilian Shan underwent
~250‐km of crustal shortening and an additional ~250‐ to 370‐km of lateral extrusion during the Cenozoic.
Except for the tectonic uplift, the Qilian Shan probably underwent obvious lateral extrusion during the
Miocene, such as the early‐middle Miocene initiation of the Shulenanshan Fault and the Haiyuan Fault
(Ding et al., 2004; Duvall et al., 2013).
Interestingly, this is coeval with the latest Oligocene‐earliest Miocene reorganization of Asian climate, which
is characterized by the establishment of the East Asian Monsoon and intensiﬁed aridity of the Asian interior
(Guo et al., 2002, 2008; Sun & Wang, 2005). The relatively warm and humid climate conditions during the
early Miocene in the Xining Basin (Zhang, Xiao, et al., 2015) would have had a signiﬁcant effect on erosion,
transportation, and deposition, which may cause the erosion of Qilian Shan relatively more strongly than the
Laji Shan and abundant supplies of detrital materials. Our result does not exclude that, in conjunction with
the tectonic activity of the Qilian Shan, climate change has contributed to erosion, transportation, and provenance change during the early Miocene.
Therefore, sizeable parts of the NETP were probably uplifted by the early Miocene. This is consistent with the
fact that the Neogene (~18–12 and ~10–4 Ma) loess was deposited on the northeastern margin of the Tibetan
Plateau. This may reﬂect regional tectonic uplift relatively minor after the early Miocene, since loess is sensitive to erosion that would have been induced by signiﬁcant tectonic uplift (Ge et al., 2012; Zhan et al., 2010).
In addition, numerical simulations show that the uplift of the northern Tibetan Plateau caused signiﬁcant
reductions in precipitation in a broad region of inland Asia north of the Tibetan Plateau since the
Miocene (Liu et al., 2015), and geologic records indicate the intensiﬁed aridity of inland Asia and the onset
desertiﬁcation during the early Miocene (Guo et al., 2002, 2008; Tang et al., 2011; Zheng et al., 2015).

6. Conclusions
The provenance history of the Cenozoic sediments of the Xijigou‐Tashan section in the Xining Basin, as
revealed by Nd‐Pb isotopic compositions in this study and chronologically constrained by previous magnetostratigraphies (Xiao et al., 2010, 2012; Yang et al., 2019), provides a new perspective on the early Eocene
(53 Ma)‐early Miocene (16 Ma) tectonic uplift in the periphery of the Xining Basin, eastern segment of the
NETP. The Nd‐Pb isotopic compositions suggest that detrital materials were possibly derived from the
Qilian Shan before ~50 Ma; that the West Qinling became the dominant source area during ~50–39 Ma; that
the West Qinling, Qilian Shan and Laji Shan were probably source areas during ~39–30 Ma; that the Laji
Shan and the Qilian Shan became the dominant source areas during ~30–16 Ma; that the relative contribution from the Laji Shan was ~77–52% during ~30–23 Ma; and that proportion of the inputs from the Qilian
Shan was ~70–35% during ~22–16 Ma.
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Based on the provenance, the climate history of the Xining Basin, and the results of previous studies, we suggest that (1) part of the Qilian Shan possibly existed before ~50 Ma; (2) the West Qinling was uplifted since
~50 Ma; (3) part of the Laji Shan was uplifted during ~39–30 Ma, and the entire Laji Shan was probably
uplifted and separated the Xining from Xunhua and Linxia basins since ~30 Ma; and (4) the Qilian Shan
was uplifted during the early Miocene, which together with the appearance of the East Asian Monsoon climate caused changes in erosion and sediment provenance. Our results indicate that early Cenozoic deformation and tectonic uplift occurred in the NETP, and the sizeable parts of the NETP were probably uplifted by
the early Miocene.
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