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A B S T R A C T   

The thick Cenozoic sedimentary sequence of the Linxia Basin contains abundant well-preserved mammalian 
fossils, which provide significant information on the paleoenvironmental processes and mammalian evolution 
associated with the uplift and expansion of the Tibetan Plateau. Ambiguous age estimations have been made for 
some coarse-grained sedimentary units in the basin, which have led to the misinterpretation of biostratigraphic 
and magnetostratigraphic age models. To resolve these issues, we present radiometric dating of three late 
Cenozoic sedimentary units (“Liushu”, Hewangjia, and Jishi formations) in the eastern Linxia Basin using 
cosmogenic 26Al/10Be and 10Be/21Ne burial methods. isotope measurements for the upper “Liushu” Formation 
indicate a 10Be/21Ne burial age of 11.70 ± 0.17 Ma. This age is older than, but not contrary to, recently revised 
bio-magnetostratigraphic work. The 26Al/10Be burial age of the Hewangjia Formation is 3.06 (+0.36/− 0.31) Ma 
and had been underestimated by post-burial muon production possibility, while the 26Al/10Be burial age of the 
Jishi Formation is 2.50 (+0.20/− 0.18) Ma and had been overestimated due to inherited cosmogenic nuclides 
from recycled deposits. The new age from the Jishi Formation delays the initial deposition of conglomerates in 
the Linxia Basin to no earlier than 2.5 Ma and constrains an important episode of tectonic uplift of the north
eastern Tibetan Plateau to 2.5–3.1 Ma. The age of the Equus fauna of Longdan is revised to the Early Quaternary 
(ca. 2.1–1.9 Ma). Our new age determinations significantly refine the terrestrial sequence chronology of the 
Linxia Basin and associated mammalian faunas of the late Miocene to the early Pleistocene.   

1. Introduction 

The uplift and expansion of the Tibetan Plateau as a result of the 
India-Asia collision and convergence are among the most profound 
geological events in the Cenozoic. Hence, the associated lithospheric 
deformation mechanism and atmospheric circulation are among the 
most interesting topics in geosciences (e.g. Molnar et al., 1993; Tap
ponnier et al., 2001; An et al., 2001; Yuan et al., 2022). The northeastern 
margin of the plateau is a critical area for exploring the regional tecto
nism, topography, Asian monsoon system, Asian biodiversity, and the 
links between them (Fang et al., 2003; Garzione et al., 2005; Deng et al., 
2013a; Miao et al., 2013; Zan et al., 2016; Zhang et al., 2020). This part 
of the Tibetan Plateau is characterized by a series of orogenic belts and 
sedimentary basins that are controlled by large folds, strike-slip faults, 

and thrust fault systems. The continuous infilling deposits documented 
in the sedimentary basin record a history of the adjacent orogen uplift, 
regional tectonic deformation history, and paleoenvironmental change 
(Deng et al., 2013a; Fang et al., 2003, 2016; Zan et al., 2016, 2018; 
Zhang et al., 2019, 2020). 

The Linxia Basin belongs to an intermontane continental basin that 
lies on the northeastern rim of the Tibetan Plateau (Fig. 1A), which 
provides vital insights into the tectonic uplift of the West Qinling Shan 
(mountain) and the climate change in interior East Asia in the Cenozoic. 
The Cenozoic sediments within the basin are ~2000 m thick and 
comprise eolian, fluvial, and lacustrine sediments, of which some are 
indicative of freshwater and some of saline conditions. Such a thick and 
generally continuous sedimentary sequence with abundant terrestrial 
mammalian faunas in the basin records the mammalian and 
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Fig. 1. (A) Digital elevation model image with a superimposed simplified tectonic map showing the location of the Linxia Basin on the northeastern margin of the 
Tibetan Plateau. ATF: Altyn Tagh Fault; DMF: Danghe-nanshan-Muli Fault; NQF: North Qilian Fault; ZWLF: Zongwulong Shan Fault; LTGF: Longshoushan-Tongxin- 
Guyuan Fault; HYF: Haiyuan Fault; TLSF: Tuolai Shan Fault; NEKF: North East Kunlun Fault; MEKF: Middle East Kunlun Fault; SEKF: South East Kunlun Fault; NWQF: 
North West Qinling Fault; XSHF: Xianshui He Fault; XMTF: Xiahe-Minxian-Tachang Fault; DLCF: Dieshan-Lazikou-Chengxian Fault; MDWF: Maqu-Diebu-Wudu Fault; 
MNWF: Maqu-Nanping-Wenxian Fault. (B) Geological map of the Linxia Basin showing the sampling sites (modified from Fang et al., 2016). Labeling of sample 
acronyms as used in Table 1. 
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environmental evolution associated with the stepwise uplift and north
eastward expansion of the Tibetan Plateau since the late Paleogene. 

The earliest geochronologic work in the Linxia Basin dates back to 
the middle of the 20th century. In 1965, the Cenozoic stratigraphy was 
first named the Linxia Group and subdivided into four formations based 
on the Hipparion fossils found in the geological investigation. They were 
the Oligocene Guyuan Formation, the Miocene Xianshuihe Formation, 
the Pliocene Linxia Formation, and the Quaternary Wangjiashan For
mation (Gansu Geological and Mineral Resources Bureau, 1989). 
Beginning in the 1990s, Li et al. (1995) and Fang et al. (2003) resub
divided the Cenozoic stratigraphy of the Linxia Basin into eight forma
tions based on lithofacies, contacts, magnetostratigraphy, and 
paleontology, as shown in Fig. 2. Six typical sections were studied using 
various dating methods, including magnetic stratigraphy, fission track of 
secondary gypsum, and amino acid racemization of lamellibranch and 
trees, to provide the chronology of the Cenozoic succession. Magnetic 
stratigraphy provides perhaps the most reliable chronology for the 
whole sequence, showing that the Linxia Basin began to accumulate by 
ca. 29 Ma (Li et al., 1995; Fang et al., 1997, 2003). 

There are numerous mammalian fossils from several horizons within 
the Linxia Basin (Fig. 2). Four typical mammalian faunas, namely, the 

late Oligocene Dzungariotherium fauna, the middle Miocene Platybelodon 
fauna, the late Miocene Hipparion fauna, and the early Pleistocene Equus 
fauna, are mainly included, showing deteriorative ecological environ
ment changes (Deng et al., 2004, 2013a). Each fauna has a representa
tive fossil component that lived at a specific time, which gives a general 
chronological estimation of the fossiliferous layer accordingly, and all of 
them were correlated to the European mammal zones (Deng et al., 2004, 
2013a). However, some conflicts existed between the age de
terminations of certain stratigraphic units by fossil mammals and mag
netic polarity stratigraphies (Fig. 2; Qiu et al., 2004a; Deng et al., 2004; 
Fang et al., 2016). Divergence mainly existed in strata between the 
Oligocene and Miocene, and biochronology suggested an older chro
nological framework than magnetostratigraphic studies (Fig. 2). Deng 
et al. (2013a) argued that Li et al. (1995) and Fang et al. (1997, 2003) 
misallocated fossil horizons with consequent errors in the interpretation 
of magnetostratigraphy. Fang et al. (2016) assumed that the great dia
chroneity of stratigraphy in the Linxia Basin could explain the contra
diction and debate on magnetostratigraphy and fossil mammals. Indeed, 
most of the fossil mammals were not found directly in the paleomag
netically dated sections in the previous work, resulting in an inevitable 
conflict. Consequently, Deng et al. (2013a) revised the lithostratigraphic 

Fig. 2. Composite Cenozoic stratigraphy in the Linxia Basin with mammalian faunas and correlation to GPTS for the magnetostratigraphy of Fang et al. (2003).  
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sequence and suggested a new stratigraphic division based on 
mammalian faunas (Fig. 2). 

The key to resolving these issues is to obtain the accurate age of the 
problematic strata. Therefore, paleomagnetic dating has been directly 
applied to fossil mammal fauna-bearing sediments in recent years. New 
magnetostratigraphic results show that the Platybelodon fauna, the 
Hipparion fauna and the Equus fauna lived during 11.1–12.5 Ma, 
5.3–11.5 Ma, and 2.2–2.5 Ma in the Linxia Basin, respectively (Zan et al., 
2016; Zhang et al., 2019, 2020). These new magnetostratigraphic age 
constraints are generally in concordance with the biochronology by 
Deng et al. (2004). Moreover, three sections in the Linxia Basin were 
paleomagnetically dated, and the magnetostratigraphic correlations 
indicated that the same formation has inconsistent ages in different 
sections (Fang et al., 2016). For example, the Liushu Formation in the 
north Maogou section is constrained to 6–8 Ma, while in the southern 
piedmont, the Heilinding section has an age range of 6.5–10 Ma. Thus, 
Fang et al. (2016) used a model to explain the debate on the temporal- 
spatial variation of stratigraphy and sedimentary facies that may result 
from a great diachroneity of stratigraphy. A vulnerability that magne
tostratigraphy cannot avoid is that fluvial coarse sediments repeatedly 
appearing in the sedimentary sequence of the Linxia Basin might have 
potentially affected the accuracy of paleomagnetic age due to various 
degrees of erosion on the underlying stratum and resulted in erosional 
hiatuses. 

Coarse deposits appearing in the Linxia Basin sedimentary sequence 
are believed to exert a profound influence on the complete sequence and 
lead to ambiguity of magnetostratigraphic results. Therefore, the current 
biomagnetostratigraphy-based chronology of the Linxia Basin lacks ab
solute age constraints. Coarse deposits are detrimental in magneto
stratigraphy, but they are a preferable material for cosmogenic nuclide 
dating. This radiometric dating technology is a reliable standard method 
for dating geomorphic features and measuring process rates over 
102–106 year time scales. In view of the importance of site and stratig
raphy, an attempt is made to date samples from three late Neogene 
formations in the eastern Linxia Basin, namely, the late Miocene 
“Liushu” Formation, the early Pliocene Hewangjia Formation, and the 
late Pliocene Jishi Formation, by cosmogenic 26Al/10Be and 10Be/21Ne 
burial dating. We provide independent radiometric age constraints for 
these formations and assess the radiometric ages of these three forma
tions for insights into related regional tectonics and associated 
mammalian faunas. 

2. Geological setting 

The Linxia Basin is located on the triple junction of the NE Tibetan 
Plateau, the West Qinling Shan, and the Loess Plateau (Fig. 1A). Laji 
Shan, Maxian Shan, and West Qinling Shan lie on the west, north, and 
south edges of the basin, respectively (Fig. 1B). The altitude of the 
surrounding mountains ranges from 3000 m to 4000 m, and the height 
of the basin is approximately 1800–2600 m. The Yellow River and its 
two tributaries, the Daxia River and the Tao River, drain through the 
basin and deeply incise approximately 500 m during the Quaternary. 

The Linxia Basin is a compressional flexural foreland basin, mainly 
bordered by the WE-trending northwestern Qinling fault to the south 
and the NS-trending Leiji Shan fault to the west (Fig. 1B). Cenozoic 
terrestrial sediments unconformably overlie the Caledonian granite 
rocks at the basin center and the Cretaceous sedimentary rocks in the 
north. Thick eolian and fluvio-lacustrine sediments were deposited 
nearly continuously from the Oligocene to Pleistocene in most areas. The 
Paleogene and Neogene strata are dominated by red siltstone, mudstone, 
and sandstone, which were deposited in lacustrine and fluvial environ
ments with a maximum thickness of up to 1600 m. Afterward, Quater
nary lacustrine sediments and eolian loess with thicknesses of 100–400 
m have unconformably overlain on the prior strata (Fang et al., 1997). 

As mentioned above, there are two kinds of stratigraphic divisions in 
the Linxia Basin according to Fang et al. (2003) and Deng et al. (2013a). 

We will follow a refined biochronologically calibrated division by Deng 
et al. (2013a) with modest adjustments in nomenclature by Qiu Z.X. 
et al. (this issue) in this study (Fig. 2). The Cenozoic succession is 
divisible into eight formations in terms of different sedimentary facies, 
paleontology, and magnetostratigraphy. In ascending order, they are the 
early Oligocene Tala Formation, the late Oligocene Jiaozigou Forma
tion, the late Oligocene-early Miocene Shangzhuang Formation, the 
early-middle Miocene Dongxiang Formation, the middle-late Miocene 
Liushu/Hujialiang Formation, the late Miocene “Liushu” Formation, the 
Pliocene Hewangjia Formation, and the early Pleistocene Jishi Forma
tion (Fig. 2). The succession from the Tala Formation to the Hewangjia 
Formation is characterized by seven cycles (formations) of fining- 
upward red to yellow siltstone and mudstone and yellowish-gray 
pebbly sandstone (Fig. 2). Boulder conglomerate of the Jishi Forma
tion unconformably overlies prior folded strata. The Dongshan Forma
tion in the Dongshanding section of the western Linxia Basin mainly 
consists of lacustrine deposits (Li et al., 1995), while that in the central 
Linxia Basin generally consists of an eolian loess-paleosol sequence 
(Deng et al., 2004). 

3. Samples and methods 

3.1. Sampling sites 

The “Liushu” Formation is mainly composed of yellowish-brown 
carbonate cemented siltstone intercalated with a few thin beds of 
mudstone with thicknesses of 17–150 m at the basin center, and nearly 
200 m-thick gravel beds interbedded with silts appear in the southern 
piedmont area (Deng et al., 2004). The “Liushu” Formation bears 
abundant mammalian fossils and contains four Hipparion faunal as
semblages belonging to the late Miocene. From the lower to the upper, 
they are Guonigou, Dashenggou, Yangjiashan, and Qingbushan faunas 
(Deng et al., 2004, 2013b). The Hualin section is situated near Hualin 
Village at the southern margin of the basin (Fig. 1B) and was recently 
quarried by the construction of a burial site museum in 2017. Approx
imately 50 m of braided river deposits are quarried at ~2350 m a.s.l. 
(Fig. 3A). The gravels are well-rounded, with diameters from 1 cm to 10 
cm, and their lithologies include granite, quartzite and mudstone. An 
amalgamated granite pebble sample (sample LSP) was collected at the 
bottom of this section at a depth of >30 m (Table 1). 

The Hewangjia Formation consists of a ~ 10 m-thick gravel bed at 
the bottom and ~ 50 m-thick red clay at the upper in the named place 
(Hewangjia Village at the western margin of the basin). The Caojiashan 
section in the northern Hezheng City is well exposed by quarry (Fig. 1B). 
Clastic sediments include a 10 m-thick layer of matrix-supported gravels 
overlain by 5 m of red silt (Fig. 3B). Quaternary eolian loess overlies the 
Hewangjia Fm. with a thickness of ~10 m. Gravels are 1–10 cm in 
diameter and well rounded, and the lithology of pebbles contains 
quartzite, mudstone, siltstone and limestone. One sand sample (sample 
HWJS) was collected at the bottom of the gravel bed (Table 1). 

The Jishi Formation is also known as the Jishi conglomerate and is 
dominated by carbonate-cemented well-rounded cobbles (Fig. 3C). No 
fossils have been found in this formation (Deng et al., 2004). The 
thickness of the Jishi Formation varies greatly in the basin and could 
reach a maximum thickness of 60 m near the Jishi Shan, which is the 
named site on the western margin of the basin. Normal thickness of the 
Jishi Formation ranges from 10 m to 30 m at the basin center. In Youhao 
Village, ~1 km east of the Caojiashan section (Fig. 1B), the Jishi For
mation has a thickness of ~20 m, unconformably overlies the Hewangjia 
Formation, and is covered by approximately 5 m eolian loess. Yellow 
carbonate cemented well-rounded pebbles and cobbles (up to 20 cm in 
size) with massive bedding or roughly imbricated structures and many 
intercalated lenses of sandstone can be observed in this section (Fig. 3C). 
One sand sample (sample JSS) was collected in an interbedded sandy 
lens at the bottom of conglomerates (Table 1). 
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3.2. Burial dating with 26Al/ 10Be 

Cosmogenic nuclide burial dating uses measurements of the con
centrations of 10Be and 26Al in samples that were exposed to Earth’s 
surface before deposition and shielding from cosmic rays. Once buried, 
the 26Al and 10Be contents decrease due to radioactive decay, and the 
faster decay of the relatively short-lived 26Al results in a decrease in 
26Al/10Be. The 26Al/10Be ratio is used to derive a burial age assuming 
closed system behavior (Granger and Muzikar, 2001; Granger, 2006; 
Granger, 2014). 

The long-term concentration (Ni) of 26Al or 10Be in quartz that is 
exposed near the surface and then buried follows the relationship: 

Ni = Ni,inhe(− t/τi) +Ni,pb (1)  

where subscript i represents either 26Al or 10Be, inh indicates inheritance 
prior to burial (atoms/g), t is burial age (yr), τ is the radioactive mean 
life (yr) and pb indicates the total post-burial production (atoms/g). In a 
landscape that is eroding steadily at a rate E (m/Ma), the inherited 
nuclide concentration is: 

Ni,inh = Pn
/
(1/τi + ρE/Λn)+Pμ

/(
1
/

τi + ρE
/

Λμ
)

(2)  

where Pn, Pμ and Λn, Λμ are the production rates (atoms/g/yr) and 

penetration lengths (g/cm2) due to neutrons and muons, respectively, 
and ρ indicates rock density (g/cm3). Simple burial dating assumes that 
the sample accumulated 26Al and 10Be during exhumation and transport 
and was then buried deeply enough (typically >10 m) that post-burial 
production can safely be ignored. In this case, Eq. (1) simplifies to 

N26
/

N10 =
(
N26,inh

/
N10,inh

)
e− t(1/τ26 − 1/τ10) (3) 

Eq. (2) and Eq. (3) can be solved iteratively for the converging so
lution of burial age t and pre-burial erosion rate E. 

The basic premise of burial dating is that sediment is buried deep 
enough to avoid significant post-burial nuclide production and has not 
been previously buried. Thus, burial dating is ideal for dating cave 
sediments or very thick fluvial deposits. The current burial dating 
method limits range roughly between 0.1 and 5 Ma (Granger, 2014). 

The paleo-elevation estimation of the study area for local cosmogenic 
nuclide production rate calculation is difficult. There are two topo
graphic estimates based on different paleo-altimetry proxies at present. 
Pieces of evidence based on the paleo-karst landscape, Hipprion fauna 
distribution, and pollen assemblages suggest that a widespread plana
tion surface developed on the plateau until the Pliocene and that the 
elevation was <1000 m (Li et al., 1979, 1995). But new palynological 
records and magnetostratigraphy from the neighboring Xining Basin and 
Lanzhou Basin suggest that this part of the northeastern Tibetan Plateau 

Fig. 3. Field pictures of the sampled formations (yellow star indicates sampling position). (A) A new quarried section of the upper “Liushu” Formation with a 50 m 
thickness of braided river deposition next to the Hualin burial site museum. (B) A new quarried section of the Hewangjia Formation at the Caojiashan section, 
showing a gravel bed of river channel and siltstone and mudstone of overbank floodplain above and capped by eolian loess. (C) A new quarried section of the Jishi 
Formation, showing a carbonate cemented conglomerate bed with a total thickness of 20 m in Youhao Village. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Table 1 
Sample information.  

Sample name Formation Latitude (◦N) Longitude (◦E) Altitude (m a.s.l.) Sample type Present sample depth (m) 

JSS Jishi 35.4770 103.3643 2378 ± 3 Sand 20 
HWJS Hewangjia 35.4743 103.3535 2363 ± 2 Sand 22 
LSP “Liushu” 35.3626 103.4175 2349 ± 3 Pebbles ≥ 30  
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has been at a high elevation (>3000 m) since at least ~38 Ma (Dupont- 
Nivet et al., 2008; Hoorn et al., 2012; Miao et al., 2013). However, 
paleo-elevation affects the production rate of 10Be and 26Al, but their 
ratio (~6.8) that correlates with burial age calculation is generally in
dependent of elevation. Therefore, Pn&μ,10 = 30.9 atoms/(g⋅a) and 
Pn&μ,26 = 208.8 atoms/(g⋅a) were calculated for an average upper 
drainage basin elevation of 3000 m by the Lal/Stone model (Lal, 1991; 
Stone, 2000) using the CRONUS-earth online calculator v.2.3 MATLAB 
code. Local cosmogenic nuclide production rates in the study area were 
assumed to be constant for the basin. The regression was performed 
based on York et al. (2004). 

3.3. Burial dating with 21Ne/10Be 

The combination of stable cosmogenic nuclide 21Ne, which is also 
produced in quartz, with 10Be allows us to date buried materials up to 
15 Ma (Balco and Shuster, 2009). However, the presence of non- 
cosmogenic neon components in minerals adds uncertainty to the ac
curacy of age determined by cosmogenic 21Ne. Thus, only a few studies 
have employed 21Ne/10Be burial dating (e.g., Balco and Shuster, 2009; 
Ma et al., 2018). If taking no account of the post-burial nuclide con
centrations, a 21Ne/10Be burial age can be calculated based on Eq. (1): 

tb = −

(
1

λ10

)

⋅ln
[(

N10

N21

)

⋅
(

P21

P10

)

+

(
N10

P10

)

⋅λ10

]

(4) 

where λ10 is the radioactive decay constant of 10Be, which is the 
inverse of mean life (λ = 1/τ), and we used a value of (4.987 ± 0.043) ×
10− 7 per year (Chmeleff et al., 2010). P21/P10 is the production ratio of 
4.23 defined in Kober et al. (2011). 

3.4. Sample preparation and analysis 

Quartz was separated and purified in the State Key Laboratory of 
Environmental Geochemistry, Institute of Geochemistry, Chinese 
Academy of Sciences. Beryllium and aluminum extraction and purifi
cation, accelerator mass spectrometry (NEC 5MV AMS) measurement of 
26Al and 10Be concentration, and total Al determination by inductively 
coupled plasma optical emission spectrometer (ICP − OES, PerkinElmer, 
Optima 5300DV, assigned 3% uncertainty) were all performed at the 
Scottish Universities Environmental Research Centre (SUERC). The 
0.125–0.25 mm size fraction was used for quartz purification by selec
tive chemical dissolution (Kohl and Nishiizumi, 1992). The purified 
quartz (20–25 g) was dissolved in a solution of concentrated HF and 
HNO3. Approximately 0.2 mg Be carrier was added to the samples and 
blank. Al carrier (1.0 mg) was added only to the blank. Al and Be were 
extracted and separated by ion chromatography and selectively 
precipitated as hydroxides. The precipitates were oxidized at 800 ◦C. 
Al2O3 and BeO were mixed with Ag and Nb matrices, respectively, with 
weight ratios of Al2O3:Ag = 1:2 and BeO:Nb = 1:6 for AMS analysis (Xu 
et al., 2015). The measured 26Al/27Al and 10Be/9Be ratios were 
normalized to primary standards Z92–0222 with a nominal 26Al/27Al 
ratio of 4.11 × 10− 11 and NIST SRM 4325 with a nominal 10Be/9Be ratio 
of 2.79 × 10− 11. The procedural blank processed in association with the 
samples has a 10Be/9Be ratio of (3.04 ± 0.49) × 10− 15 and 26Al/27Al 
ratio of (1.94 ± 0.79) × 10− 15. 

Neon analysis was carried out in the State Key Laboratory of Earth
quake Dynamics, Institute of Geology, China Earthquake Administra
tion. Neon extraction was performed under one-step heating at 1350 ◦C 
on a noble gas mass spectrometer (model GV 5400). Excess 21Ne was 
calculated by assuming two components mixing atmospheric and 
cosmogenic neon, and no neon blank correction was made to the data. 
For all samples and calibrations, the abundances of masses 2, 16, 18, 19, 
20, 21, 22, 40, and 44 were determined. Corrections for 40Ar2+ at mass 
20 and 44CO2

2+ at mass 22 were calculated from the measured mass 40 
(40Ar+) and mass 44 (44CO2

2+) signals by using their individual charge 

state ratios of 40Ar+/40Ar2+ = 4.18–4.20 and 44CO2
+/44CO2

2+ = 104–106. 
The isobaric interference from H2

18O+ and H19F+ at mass 20 can be 
ignored. Detailed information about the measurement procedure can be 
found elsewhere (Codilean et al., 2008; Ma et al., 2015). CREU quartz 
(Vermeesch et al., 2015) was used as an internal standard. 

4. Results 

All analytical results are listed in Table 2–3 and Fig. 4. The stated 
errors are 1σ calculated from AMS and ICP–OES uncertainties. 

A 26Al/10Be burial age of 2.50 (+0.20/− 0.18) Ma was determined 
for the bottom sand sample of the Jishi Formation (Table 2; Fig. 4A). The 
lower gravel bed of the Hewangjia Formation yields a 26Al/10Be burial 
age of 3.06 (+0.36/− 0.31) Ma (Table 2; Fig. 4A). The 10Be/9Be ratio of 
the “Liushu” Formation is as low as (2.01 ± 0.10) × 10− 14 and only an 
order of magnitude higher than the blank level, leading to a higher 
uncertainty of the 10Be concentration. 

For the neon measurement, the isotope ratio lies on the spallation 
line within the uncertainty in the neon three-isotope diagram illustrated 
in Fig. 4B, indicating no significant non-cosmogenic 21Ne released 
before 1350 ◦C. The resultant cosmogenic 21Ne concentration of sample 
LSP is (1.49 ± 0.07) × 107 atoms/g, leading to a 10Be/21Ne burial age of 
11.70 ± 0.17 Ma (Table 3; Fig. 4C). The non-atmospheric 21Ne in the 
sample includes unresolved contributions of nucleogenic Ne, therefore 
the burial age of 11.70 Ma represents the maximum age when assuming 
a simple exposure− burial history. Post-burial nuclide production 
involving spallation and muon reactions was not considered in this study 
given a minor contribution to the total nuclide concentration (Ma et al., 
2018). 

5. Discussions 

5.1. Age interpretation of the three studied formations 

For the cosmogenic nuclide simple burial age, the assumptions of (1) 
no inherited nuclide concentrations and (2) no post-burial nuclide 
production would have opposite effects on the burial age calculation, 
Ninh-induced overestimation, and Npost-induced underestimation for the 
sample’s burial age. On the basis of the different circumstances of in
dividual samples, we would interpret differently on each age. 

5.1.1. Jishi Formation 
In conventional cases, Ninh in the source rocks is negligible for ra

dionuclides. Nevertheless, in our study, the source of the Jishi Formation 
is probably the late Neogene sediments, in which the radionuclides still 
have high concentrations and cannot be neglected. Therefore, the 
26Al/10Be burial age of 2.50 (+0.20/− 0.18) Ma of the Jishi Formation 
may have been overestimated based on the following geological evi
dence. The “Liushu” Formation only left 17 m and was capped by the 
Jishi Formation in the Laogou section (basin center), where the upper 
part of the “Liushu” Formation and the whole Hewangjia Formation 
were completely eroded (Deng et al., 2004). Our sampling site of the 
Jishi Formation is located at the basin center (Fig. 1B), therefore we 
suppose that the old deposits from these two formations were most 
probably eroded and carried into the deposition of the Jishi Formation. 
The inherited low 26Al/10Be ratio may have decreased the sediment pre- 
burial 26Al/10Be ratio, making deposits appear older. 

Owing to the absence of vertebrate fossils and coarse-grained de
posits, the timing of the Jishi Formation depends largely on bio
chronology and magnetostratigraphy from overlying and underlying 
strata. Although paleomagnetic data points were obtained from the 
same lithological unit at the Wangjiashan section in the western Linxia 
Basin (Li et al., 1997; Fang et al., 1997, 2003), the reliability of the 
signals retrieved from the conglomerates has never been elaborated in 
previous studies. In consideration of the overlying loess-paleosol and 
lacustrine sequences yielding Quaternary Equus fauna, as well as the 
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underlying Hewangjia Formation bearing Shilidun local fauna of early 
Pliocene (Deng et al., 2004, 2013a, 2013b), the Jishi Formation was 
generally regarded as a late Pliocene sequence (Li et al., 1997; Fang 
et al., 1997, 2003; Deng et al., 2004, 2013a, 2013b). 

Based on this assumption, different magnetostratigraphic studies of 
the overlying Quaternary successions provided similar age constraints to 
the early Pleistocene Equus fauna therein (Li et al., 1997; Liu et al., 2008; 
Zan et al., 2016). Li et al. (1997) reported the magnetostratigraphy from 
two long Quaternary sequences in the western Linxia Basin, which are 

composed of eolian loess-paleosol in the upper part and lacustrine silts in 
the lower part. A prolonged normal magnetozone (N6) obtained from 
the lower part of the Dongshanding section was correlated to the Old
uvai normal subchron (Fig. 5A), meanwhile, the Equus fossils from the 
Wangjiashan section, which shared a similar polarity pattern to that of 
the Dongshanding sequence, were considered to yield from the reversed 
polarity (R6) just below this long normal one (Li et al., 1997). Liu et al. 
(2008) presented a short magnetostratigraphic sequence from an 
outcrop near the fossil sites of the Longdan local fauna, while Zan et al. 

Table 2 
Cosmogenic nuclide 26Al and 10Be data of the dated samples.  

Sample Quartz mass (g) Al (ppm) 27Al/26Al (10− 14) 10Be/9Be (10− 14) Concentration (atoms/g) 26Al/10Be Burial age (Ma) 
26Al (104) 10Be (104) 

JSS 22.09 139 ± 2 2.26 ± 0.19 5.44 ± 0.17 7.02 ± 0.59 3.44 ± 0.13 2.04 ± 0.19 2.50 (+0.20/− 0.18) 
HWJS 20.91 213 ± 2 0.90 ± 0.14 4.35 ± 0.16 4.26 ± 0.66 2.74 ± 0.13 1.56 ± 0.25 3.06 

(+0.36/− 0.31) 
LSP 25.89 79 ± 1  2.01 ± 0.10  0.10 ± 0.07    

Table 3 
Neon isotope data of the sample LSP from the “Liushu” Formation.  

Sample Weight (g) T(◦C) Concentration (atoms/g) 21Ne/20Ne (10− 3) 22Ne/20Ne (10− 3) 21Necos (107 atoms/g) 10Be-21Ne age (Ma) 
20Ne (109) 21Ne (107) 

LSP 0.41 1350 17.56 ± 0.05 6.50 ± 0.23 3.81 ± 0.14 103.03 ± 1.00 1.49 ± 0.07 11.70 ± 0.17  

Fig. 4. (A) Cosmogenic nuclide data of the Jishi Formation and Hewangjia Formation, shown on a 26Al/10Be exposure-burial diagram. Labeling of sample acronyms 
as used in Table 1. (B) Ne three isotope diagram for the upper “Liushu” Formation sample showing the Ne isotope ratios of the component. (C) 21Ne/10Be exposure- 
burial diagram of sample LSP. 
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(2016) exhibited another one from a long borehole succession in the 
same area. The latter two studies demonstrated a similar prolonged 
normal magnetozone overlying two short normal ones in the lower part 
of the sequence (Fig. 5B and C). The authors all correlated the lowermost 
normal magnetozone (N5 in Fig. 5B and C) to subchron C2An.1n of the 
Gauss Chron spontaneously based on the assumption that the Jishi 
Formation was assigned to the late Pliocene (Liu et al., 2008; Zan et al., 
2016). The age range of the Longdan Equus fauna, thus, was constrained 
within a long time span from Chrons C2r.2r to C2n (from early 
Matuyama Chron to early Olduvai subchron). 

Our first radiometric age by the 26Al/10Be burial dating technique of 
the Jishi Formation suggests that its initial deposition age in this site was 
no earlier than 2.50 (+0.20/− 0.18) Ma. This absolute dating of the 
conglomerate layers provides us with new insight into the timing of the 
fauna from the younger strata (Fig. 5). The sequences above the Jishi 
Formation, including the eolian loess/paleosol and lacustrine silts, may 
have been deposited during the Chinese Nihewanian Stage/Age of 
Quaternary (Deng et al., 2019a; Sun et al., 2021). Consequently, the 
correlations between N5 in the lower part of the two Longdan sequences 
and subchron C2An.1n (Fig. 5B and C) are problematic. With the new 

Fig. 5. Previous lithostratigraphic and magnetostratigraphic studies of (A) the Dongshanding section (modified from Li et al., 1997), (B) the Longdan outcrop 
(modified from Liu et al., 2008), and (C) the Longdan borehole (modified from Zan et al., 2016), and their correlation to (D) the GPTS (Geomagnetic Polarity Time 
Scale, Singer, 2014; Singer et al., 2014; Ogg, 2020) by different studies. 
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absolute age of the Jishi Fm. in this study, we are able to recalibrate the 
lower part of the previous age models of the Quaternary lithostratig
raphy of the Linxia Basin. The consistent magnetozones N5 from the 
basal Longdan outcrop and borehole and N8 from the bottom of the 
Dongshanding section are preferred to reassign to Feni (formerly 
Réunion, see Singer, 2014) normal subchron instead of C2An.1n of late 
Gauss Chron (Fig. 5A− C). Another isolated interval of normal polarity 
above it was identified from all three sequences (N7 in Fig. 5A, N4 in 
Fig. 5B and C). Whether this magnetozone could be accurately associ
ated with certain short-lived geomagnetic excursions between Olduvai 
and Feni subchrons (i.e., pre-Olduvai at 1.977 Ma and Huckleberry 
Ridge at 2.077 Ma, Singer et al., 2014, Fig. 5D) needs further verifica
tion. Our recalibrated age model, which is similar to the original inter
pretation of Fang et al. (1997) in some ways, also acknowledges the 
paradoxical conclusion on a loess/paleosol sequence with a basal age at 
the beginning of Chron C2An.1n (3.032 Ma; Ogg, 2020) (Yang and Ding, 
2010). Therefore, the ages of the upper and lower Longdan Equus fauna 
are now constrained between subchrons C2r.1r and early C2n with a 
narrower temporal interval of ca. 2.1–1.9 Ma. 

Although shared with a few fossil mammal components, the Longdan 
local fauna is supposed to be slightly earlier than the classic Nihewan 
fauna (sensu stricto, i.e., the Xiashagou local fauna) in the Nihewan 
Basin in northern China (Qiu et al., 2004b). The Xiashagou local fauna 
persisted from ca. 2.2 Ma to ca. 1.7 Ma based on magnetostratigraphic 
dating (Liu et al., 2012), which has been independently supported by the 
26Al/10Be isochron burial dating to 2.05 ± 0.38 (0.39) Ma recently (Tu 
et al., 2022). The first appearance of the lower fossiliferous layer of the 
Longdan local fauna at ca. 2.1 Ma is consistent with these bio
chronological estimations. 

5.1.2. Hewangjia Formation 
The 26Al/10Be burial age of 3.06 (+0.36/− 0.31) Ma places the lower 

clast sedimentation of the Hewangjia Formation in the eastern Linxia 
Basin to the late Pliocene. Unlike in the Jishi Formation, there is no 
obvious geological evidence suggesting significant 26Al/10Be pre-burial 
inheritance. Therefore, in consideration of the post-burial muon pro
duction possibility, the age of 3.06 Ma may be interpreted as an 
underestimated age for the lower Hewangjia Formation. This age is 
significantly younger than the previous paleomagnetic age of 6.16–6.25 
Ma in the same gravel layer in the Wangjiashan section of the western 
Linxia Basin indicated by Li et al. (1995) and Fang et al. (1997, 2003). 
The radiometric 26Al/10Be ages of the Jishi Formation and the lower 
Hewangjia Formation imply that the accumulation of the red clay of the 
upper Hewangjia Formation at our sampling site persisted to the late 
Pliocene. This result is inconsistent with the previous palaeomagnetic 
age of 4.3–6.2 Ma in the Wangjiashan section (Li et al., 1995; Fang et al., 
1997) and conflicts with the latest magnetostratigraphic study indi
cating that the Hipparion fauna fossils found in the upper Hewangjia 
Formation were at ~5.3 Ma in the Duikang section, which is ~20 km 
east of our sampling site (Zhang et al., 2019). The Hipparion fauna found 
in red clays 3 m above the basal gravels of the Hewangjia Formation in 
the Shilidun section, close to the Duikang section, was assigned to the 
Shilidun fauna by Deng et al. (2013a) and inferred to the early Pliocene, 
which corresponds to the Gaozhuangian Stage/Age of biochronology in 
China and MN 14 of the European mammal zones (Deng et al., 2004, 
2019b). 

However, new micro-mammalian fossils found in the red clay of the 
upper Hewangjia Formation at the same sampling site, which are named 
Caojiashan fauna, suggest that the strata are from the late Pliocene, 
roughly equivalent to MN 16 of the European land mammal zonation 
(Qiu Z.D. et al., this issue). This latest biochronological estimation 
strongly supports our radiometric age, and these two methods could 
independently constrain the age of the Hewangjia Formation at this site. 
The age estimation difference of the Hewangjia Formation between 
different sections, as mentioned above, could be preliminarily explained 
by the diachroneity of stratigraphy or its distinct preservation at 

different localities. Hence, our radiometric age that was directly dated 
on the gravel bed would be reliable and postpone the Hewangjia For
mation in the Caojiashan section into the late Pliocene. The Hewangjia 
Formation is now verified to persist until the late Pliocene in the eastern 
Linxia Basin. 

5.1.3. “Liushu” Formation 
The sampling site of the upper “Liushu” Formation near Hualin 

Village yields a 10Be/21Ne age of 11.70 ± 0.17 Ma. Our sampling section 
lies exactly on the fossiliferous bed of the Yangjiashan fauna of the 
Hipparion fauna in the burial site museum of Hualin (personal commu
nication with T. Deng). This kind of Hipparion fauna was speculated to be 
from the late Miocene and could correlate with the late Bahean Stage/ 
Age of biochronology in China and MN 11/12 of the European mammal 
zones (Deng et al., 2013b, 2019b). The lower boundary of the Bahean 
Stage/Age was expediently assigned to 11.63 Ma within chron. C5r.2n 
of the geomagnetic polarity timescale (GPTS) (Fang et al., 2016; Deng 
et al., 2019b), which is characterized by the appearance of the oldest 
Chinese Hipparion fauna that was also known as the Guonigou fauna 
(Deng et al., 2013b, 2019b). This lowermost level of Hipparion fauna 
produced in the lower Liushu Formation could correspond with the 
Tortonian stage and MN 9 of the European mammal zones (Qiu and Qiu, 
1995; Qiu et al., 1999; Deng et al., 2013b, 2019b). The boundary of the 
Bahean/Baode Stage was expediently correlated to the beginning of the 
Messinian stage since 7.25 Ma (Hilgen et al., 2000; Deng et al., 2013b, 
2019b). Nevertheless, a new study of an early Baodean assemblage from 
Inner Mongolia inferred that this boundary may be earlier than 7.64 Ma 
(Sun et al., 2018), indicating that the age of the Yangjiashan fauna 
should be older than 7.64 Ma. Recent paleomagnetic dating of the 
Yangjiashan fauna agrees with this view and suggests that its age is 
~8.2 Ma (Zhang et al., 2019). However, the typical elements in the 
Dashengou fauna such as Dinocrocuta gigantea and Hezhengia bohlini, 
disappeared in the Yangjiashan fauna, and Yangjiashan fauna is similar 
to but slightly older than the Baodean fauna (Deng et al., 2013b, 2019b). 
Consequently, we suggest that the age of the Yangjiashan fauna should 
range between 7.6 Ma and 8.2 Ma. 

The youngest Hipparion fauna found in the top “Liushu” Formation 
was named Qinbushan fauna and ascribed to the Baodean Stage by Deng 
et al. (2013b, 2019b). The Qinbushan fauna was estimated to be 
approximate ~6.3 Ma at different sections in the Linxia Basin (Li et al., 
1995; Fang et al., 1997, 2003, 2016; Zhang et al., 2019). Therefore, our 
sample LSP collected above the Yangjiashan fauna and beneath the 
Qinbushan fauna should yield an age of 6.3–8.2 Ma according to the bio- 
magnetostratigraphic studies mentioned above. However, the 10Be/21Ne 
age of 11.70 ± 0.17 Ma obtained in this study is only on the lower 
boundary of the Bahean Stage/Age, indicating that the deposition age of 
the upper “Liushu” Formation should be younger than 11.7 Ma attrib
uted to the unsolved non-cosmogenic 21Ne concentration. This age is 
older than previous bio-magnetostratigraphic work but generally agrees 
with the new bio-magnetostratigraphic framework of “Liushu” Forma
tion (Qiu Z.X. et al., this issue; Zheng et al., 2023; Sun et al., 2023). 

It is important to note that the cosmogenic burial age estimations of 
the three samples from three lithological units in this study might only 
represent the sedimentation age of the formation of individual sites. 
However, the present results have shown the potential application of 
cosmogenic nuclide dating in the Linxia Basin. In future work, more 
cosmogenic nuclide dating technique (especially isochron burial dating) 
combined with the bio-magnetostratigraphic method would not only 
provide accurate constraints to the chronostratigraphic framework but 
also help conclude the debate about the diachroneity of stratigraphy in 
the Linxia Basin. 

5.2. Regional geological implications 

An abrupt change in lithology in the Linxia Basin occurred at 2.5 Ma, 
marked by a change from the alternations of lacustrine-based and short 
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intervals of fluvial deposition before 2.5 Ma to the very uniform gravel 
deposits of the Jishi Formation. This kind of angular unconformity 
conglomeratic sedimentation widely occurs in the different margins of 
the Tibetan Plateau and makes it the most striking marker strata for 
stratigraphic correlation in western China. For instance, there are the 
Xiyu conglomerates along the Tian Shan, Kunlun Shan, and Altun Shan, 
the Yumen conglomerates along the Qilian Shan, and the Dayi con
glomerates in front of the Longmen Shan (Fig. 6). In addition, these thick 
molasse deposits were synchronously deposited at ~3.6 Ma, as inferred 
by earlier magnetostratigraphy and electron spin resonance dating (Li, 
1991; Fang et al., 2004; Li et al., 2006). Therefore, Li et al. (1996) 
attributed the origin of these conglomerates to intensive tectonic 
movement and named them the first episode of the Qing-Zang Move
ment (QZM A, ~3.6 Ma), which is normally regarded as the initial 
accelerated uplift of the Tibetan Plateau in the late Cenozoic. However, 
Zheng et al. (2006) queried this interpretation of the Jishi conglomer
ates and attributed them to the local uplift of the Jishi Shan instead. 
Based on the apatite fission track data, the Jishi Shan was uplifted high 
enough (200–900 m) to result in relief precipitation and traverse river 
origination. Then, coarse sediments were discharged from the Jishi Shan 
and deposited in the basin by these rivers. Thus, the Jishi conglomerates 
were argued to be unqualified as a proxy for the onset deformation and 
uplift of the Tibetan Plateau (Zheng et al., 2006a, 2006b). 

An alternative view is that the piedmont conglomerate involving the 
Jishi conglomerates was a product of climate change. Some studies have 
proposed that these large-grained sediments deposited 2–4 Ma ago were 
primarily caused by the increased erosion rates as a result of global 
climate change (e.g. Molnar and England, 1990; Zhang et al., 2001). 

Kong et al. (2011) used the glacial activity before 2 Ma to interpret the 
deposition of the Dayi conglomerates in eastern Tibet. Stable carbon and 
oxygen isotope analyses of the Xiyu conglomerates from the northern 
margin of the Tian Shan indicate that climate change has a non- 
negligible effect on the occurrence of these coarse deposits (Deng 
et al., 2008). Sun et al. (2004) also suggested that the accumulation of 
the early Pleistocene Xiyu conglomerates in the same study area was 
controlled by both tectonics and climatic cooling. By contrast, the 
sedimentation rate of the Yumen conglomerates in front of the Qilian 
Shan increases northwestwardly, which is coincident with the present- 
day topography rather than the annual precipitation (Liu et al., 2011). 
This research suggested that the deposition of conglomerates was mainly 
in response to tectonic uplift. 

In recent years, a large number of chronologic works have demon
strated that these thick conglomerates were asynchronously deposited at 
different mountain rims. Magnetostratigraphic studies show that the 
basal age of the Xiyu conglomerates is diachronous and can range from 
the Miocene to the Quaternary (~15–1 Ma) in different regions (e.g. Sun 
et al., 2004; Charreau et al., 2009; Heermance et al., 2007). Our results, 
together with previous cosmogenic dating studies suggest that the 
Yumen, Jishi, and Dayi conglomerates were deposited at ~5 Ma (Zhao 
et al., 2017), 2.5 Ma (this study), and 2.0 Ma (Kong et al., 2011), 
respectively. As mentioned above, the deposition of conglomerates 
around Tibet, including the Siwalik Group (upper Siwalik) in the Hi
malayan foreland basin, was asynchronous and had multiple causes 
along the different orogens rather than a particular tectonic and/or 
climate event, as previously thought. 

Nevertheless, a strong tectonic movement indeed occurred in the 

Fig. 6. The distribution of some conglomerates around the Tibetan Plateau. Reference codes are as follows: [1] = Sun et al. (2004, 2007), Li et al. (2011), Sun and 
Zhang (2009); [2] = Ji et al. (2008, 2010) and Charreau et al. (2009); [3] = Sun et al. (2009), Huang et al. (2010), Jing et al. (2011) and Zhang et al. (2014); [4] =
Chen et al. (2007), Heermance et al. (2007) and Qiao et al. (2017); [5] = Han et al. (2015); [6] = Zheng et al. (2006a, 2006b) and Sun and Liu (2006); [7] = Ma 
(2007); [8] = Zhao et al. (2017); [9] = Fang et al. (2004); [10] = Li et al. (1995), Fang et al. (1997, 2003); [11] = Kong et al. (2011); [12] = Li et al. (2006) and 
Wang et al. (2003); [13] = Nakayama and Ulak (1999), Sinha et al. (2007) and Chirouze et al. (2012). 
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Linxia Basin, as mentioned above, that is, the upper part of the “Liushu” 
Formation and the whole Hewangjia Formation were completely eroded 
(Deng et al., 2004). The tectonics had significant effects on the accu
mulation of the Jishi Formation. The role of climate change in the Linxia 
Basin has not been adequately addressed over the timespan of interest. 
However, the onset of large ice sheets in the high northern latitudes has 
been firmly documented around ~2.6 Ma, followed by a series of glacial 
and interglacial cycles. Climate change most likely affects conglomerate 
production through the control of glacial erosion in the high mountains. 
The intricate controls of tectonics and climate change over time and 
their signatures are often mixed and difficult to resolve. Therefore, we 
see tectonic uplift was the dominant driving force for the accumulation 
of Jishi conglomerates in the Linxia Basin and that climate cooling might 
have played a minor role in this process. 

6. Conclusions 

The cosmogenic 26Al/10Be and 10Be/21Ne burial dating applied on 
the upper “Liushu” Formation, lower Hewangjia Formation, and lower 
Jishi Formation in the Linxia Basin provides reliable age constraints for 
its chronostratigraphy. The upper “Liushu” Formation yields a cosmo
genic 10Be/21Ne burial age of 11.70 ± 0.17 Ma, in contrast to the find
ings from previous bio-magnetostratigraphy, this age may have been 
overestimated due to indistinguishable nucleogenic 21Ne from the total 
concentration. The underestimated 26Al/10Be age of the Hewangjia 
Formation is 3.06 (+0.36/− 0.31) Ma, and the overestimated 26Al/10Be 
age of the Jishi Formation is 2.50 (+0.20/− 0.18) Ma, suggesting that 
the previous bio-magnetostratigraphic ages need correction. The time 
span of the Longdan Equus local faunas yielded from the strata above the 
Jishi Formation is thus between C2r.1r and early C2n (ca. 2.1–1.9 Ma). 
Our new data demonstrate that accelerated uplift recorded by the Jishi 
Formation on the northeastern margin of the Tibetan Plateau occurred 
from 2.5 Ma to 3.1 Ma ago, which is younger than the previous esti
mation of ~3.6 Ma. In future work, the 26Al/10Be isochron burial dating 
method could be tried on the Jishi Formation and the Hewangjia For
mation, which would help with identifying recycled materials and 
addressing post-burial production. In addition, for more accurate age 
constraints on the upper “Liushu” Formation, we will attempt to correct 
for nucleogenic neon by determining neon isotopes in the deep shielded 
parent rock from the source areas. If applicable, accurate radiometric 
ages of the older strata could be obtained from 10Be/21Ne burial dating, 
which will greatly improve the understanding of the chronology of the 
Linxia Basin. 
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