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1 | INTRODUCTION

| Jianmin Hu® | Peng Chen? | Hong Chen! | Yongchao Wang! | Xiang Qin? |

The South Ningxia Basin, as the outermost Cenozoic basin on the north-eastern mar-
gin of the Tibetan Plateau, is characterized by a series of convex to the north-east
arcuate structural belts. Constraining the final formation time of the belt has
been an ongoing focus in geologic research of the Tibetan Plateau. A set of early
Pleistocene conglomerates, the Yumen conglomerate, overlying the folded pre-
Quaternary formations are widely distributed throughout the whole basin, and the
latest folded formation is the upper Pliocene Ganhegou Formation, marking the
termination of folding uplift in the north-eastern Tibetan Plateau. Based on
1:50,000 geological mapping, a set of early Pleistocene alluvial fan conglomerates
overlying the folded Palacogene-Neogene strata were recognized and agree well
with the Yumen conglomerate. Here, the Yumen conglomerate formation ages were
determined to be 0.6-1.04 Ma using cosmic nuclide burial dating. Combined with
the upper limit age of the latest strata beneath the unconformity with the latest
palaesomagnetic age of 2.77 Ma, the crustal shortening event is restricted to the
period 2.77-1.04 Ma, indicating that it is the most intense tectonic shortening event

along the north-eastern margin of the Tibetan Plateau.
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structure, the Haiyuan (F4), Xiangshan-Tianjingshan (F»), Yantongshan

(F3), and Niushoushan-Luoshan fault zones (F,) are successively

The north-eastern margin of the Tibetan Plateau records tectonic
information regarding the north-eastward expansion of the Tibetan
Plateau (Figure 1; RGAFSO, 1988; Shi et al., 2015). This area in terms
of geometry is characterized by convex to the north-east arcuate
structural belts resulting from the blockage of the northern Alxa
Massif and the eastern Ordos Massif. The topographic morphology is
characterized by a basin-and-range structure including the Haiyuan-
Xingrenpu, Tongxin, and Hongsipu basins and the Yueliangshan-
Nanhuashan-Huangjiawashan, Xiangshan-Tianjingshan, Yantongshan,
and Luoshan-Niushoushan mountains (Figure 1; RGAFSO, 1988;
Zhang et al., 1990). At the leading edges of each basin-and-range

aligned from south-west to north-east (Figure 1; Shi et al., 2015).
Numerous studies have shown that Pleistocene conglomerates overly-
ing Palaeogene-Neogene strata in an angular unconformity are widely
distributed along the north-eastern margin of the Tibetan Plateau
(Shi et al., 2015), reflecting a major tectonic event resulting in the for-
mation of a topographic framework (Burchfiel et al., 1991; Chen et al.,
2015; Duvall et al., 2013; RGAFSO, 1988; Shi et al., 2013, 2015;
Zhang et al., 1990). Based on regional tectonic analysis, the deforma-
tion age of this tectonic event was approximately ascertained as late
Pliocene-early Quaternary (Shi et al., 2015; Zhang et al., 1990). Reli-

able evidence to accurately restrict the age of this tectonic event
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remains lacking. Recently, 1:50,000 geological mapping in the South
Ningxia Basin was conducted to uncover a set of early Pleistocene
conglomerates, the Yumen conglomerate, along the north-eastern
margin of the Tibetan Plateau (Shi, Chen, Li, Gong, & Qiu, 2016). The
Yumen conglomerate typically are developed with near-horizontal
bedding structures and overlay the pre-Quaternary folded strata
in an angular unconformity. Cosmological nuclide dating has been
widely applied for direct dating of geomorphic surface ages of
Pliocene or younger age during the recent two decades (Gosse &
Phillips, 2001); here, this technique was used to determine the burial
age of the lower Pleistocene conglomerates in the north-eastern
Tibetan Plateau, helping to constrain the accurate deformation age

of this tectonic event.

2 | GEOLOGICAL SETTING

The Haiyuan Fault zone extends from Xiaokou at the eastern piedmont
of Liupanshan Mountain north-westward through the Yueliangshan,
Nanhuashan, Xihuashan, Huangjiawashan, Hasishan, and Halashan
mountains before terminating in Jingtai County, Gansu Province. It
has a total length of approximately 200 km, forming the most significant
fault zone along the north-eastern margin of the Tibetan Plateau
(Figure 2; IG & SBNHAP, 1990). The Haiyuan Fault is a left-lateral
strike-slip fault with strong seismicity during the Quaternary (Burchfiel
et al., 1991; Shi et al., 2015). Geophysical data show that the fault
zone is a significant gravity anomaly gradient zone and the lithosphere
dramatically thins along its deformational belt (Ye et al., 2015). The
fault zone is mainly developed along the sides of the striped-shape
uplifted ranges and is spliced by en echelon secondary faults
and small-scale pull-apart basins bounded by these secondary faults
(IG & SBNHAP, 1990). The approximately 150-km-long Xiangshan-
Tianjingshan Fault zone can be divided into eastern and western seg-

ments with a right-steepening geometric pattern. The NW-trending

FIGURE 1 Structural outline of Central
North China and the location of study area
based on digital elevation model (DEM; DEM
from https://wist.echo.nasa.gov/wist-bin/api/
ims.cgi?mode=MAINSRCH&JS=1) [Colour
figure can be viewed at wileyonlinelibrary.
com]
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western segment extends along the northern piedmont of the
Xiangshan and Tianjingshan mountains and connects with the Gulang
and Lenglongling fault zones. The eastern segment changes from
NW:-trending to N-S-trending in the Hanjiaoshui-Heicheng-Guyuan
area and may extend to the Liupanshan fault zone in the Guyuan area.
The Yantongshan fault zone begins in Yashigou in Zhongwei County to
the north and extends south-eastward through the Yellow River, the
eastern piedmont of the Yantongshan and Yaoshan mountains,
and the western piedmont of Tanshan, before disappearing
southward under loess deposits. The approximately 590-km-long
Niushoushan-Luoshan fault zone is the outermost boundary fault of
the north-eastern margin of Tibetan Plateau and is bounded by the
Tibetan Plateau, North China Block, and Alxa Block (Chen et al,
2015). The fault zone begins near Jingyuan County to the south,
extends northward through the Yunwushan and Daluoshan mountains
and the eastern piedmont of Xiaoluo Mountain, and then turns to the
N-NW connecting with the north-eastern piedmont of Niushoushan
Mountain and Yuanshanzi (Chen et al., 2015).

The Palaesogene and Neogene strata in this area consist of the
Sikouzi, Qingshuiying, Zhangenpu, and Ganhegou formations
(ECRGCN, 2017). Except for the micro-angle or parallel unconformity
between the Ganhegou Formation and the Zhangenpu Formation, no
significant angular unconformity has been observed among the other
formations (BGMN, 1990; Liu et al., 2019). The Sikouzi Formation is
largely characterized by fluvial-lacustrine sediments composed of
brick red and purple-red medium-to-thick layered conglomerates,
glutenite, and coarse sandstones. Red thick-bedded coarse sandstones
feature large-scale interlaced and oblique bedding. This formation
overlies the early Cretaceous Naijiahe Formation in a parallel uncon-
formity (Shi et al., 2013). The Sikouzi Formation, hundreds of metres
in thickness, is locally distributed on the eastern side of the
Xiangshan-Tianjingshan Mountains and the northern side of
Madongshan Mountain. Eocene fossils have been found in the Sikouzi
Formation (RGSNX, 2000).
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FIGURE 2 Schematic geological map of the north-east periphery of the Tibetan Plateau, showing the Cenozoic basins, boundary faults, and the
locations for a regional angular unconformities between the Early Pleistocene Yumen conglomerate and the underlying stratigraphic rocks [Colour

figure can be viewed at wileyonlinelibrary.com]

The lower part of the Qingshuiying Formation is composed of
brownish-red sandstone, siltstone, and argillaceous siltstone with some
red mudstone. Its upper part is characteristically brown-red, orange-
red, and purple-red mudstone, grey-green mudstone-clad gypsum,
and an argillaceous gypsum layer indicating a salt lacustrine sediment.
The formation is marked by widely distributed gypsum more than
1,000 m thick. Early vertebrate fossils, sporopollen, and palaeomagnetic
data indicate that the Qingshuiying Formation formed during the
Oligocene (BGMN, 1990; Shen, Tian, Ding, Wei, & Chen, 2001).
The Zhangenpu Formation is a typical deep lacustrine sediment with
lithological assemblages of light red, orange-red, and orange-yellow
mudstone, occasionally containing some gypsum. The formation is
weakly consolidated with a lighter colour than that of the underlying
Qingshuiying and Sikouzi formations (ECRGCN, 2017). Animal fossils
together with gastropods, spirulina, and ostracods indicate it formed
during the early and middle Miocene (Qiu & Ye, 1988; Wang, Yan, Lu,
& Chen, 1994). The latest palaeomagnetic results show that the

sedimentary age of this formation is 23.8-9.7 Ma (Liu et al., 2019), in
agreement with the fossil data.

The Ganhegou Formation is dominated by fluvial strata including
yellowish-brown grey-white conglomerates, glutenite, and sandstones
with poor cementation (Wang, Zhang, & Kirby, 2011). Palaeomagnetic
results show an older age limit of ~9.5 Ma but possibly extending into
the mid-late Pliocene (~2.58 Ma; Jiang, Ding, & Xiong, 2007; Lin,
Chen, Wyrwoll, & Cheng, 2010; Liu et al., 2019). The sedimentary pro-
file shows an obvious sedimentary discontinuity with the underlying
Zhangengpu Formation (Liu et al., 2019; Shen et al., 2001). The early
Pleistocene formation has a very limited distribution and lies uncon-
formably over Palaeogene, Neogene, or Cretaceous strata (BGMN,
1990; Shi et al., 2015). The formation is mainly exposed along a pied-
mont river valley with well-consolidated light-purple or grey conglom-
erates at the bottom, thought to be Yumen conglomerate (BGMN,
1990). The upper part is a grey sand-gravel layer and is aged as lower

Pleistocene from vertebrate fossils contained in the conglomerates.
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3 | SPATIAL DISTRIBUTION AND
SEDIMENTARY FEATURES OF THE YUMEN
CONGLOMERATE

A group of early Pleistocene conglomerates is widely distributed at the
top or highlands of hills and in valleys with a sub-horizontal bedding
structure in the South Ningxia Basin, along the north-eastern periph-
ery of the Tibetan Plateau. Together with underlying stratigraphic
rocks, it forms regional angular unconformities in this region
(Figures 2 and 3; Shi et al., 2015). This stratum is identified as lower
Pleistocene Yumen conglomerate in the Ningxia regional geological
survey based on lithology, sedimentary facies, occurrence, and com-
parison to regional strata (BGMN, 1990).

In the interior of the Haiyuan Fault, the innermost part of the South
Ningxia Basin, these early Pleistocene Yumen conglomerate cover
folded early Pliocene conglomerates (Figure 3a). North-west-striking
thrusts and early Pliocene conglomerates along the major Haiyuan
Fault are overlapped by the early Pleistocene Yumen conglomerate,
suggesting a NE-SW shortening prior to the early Pleistocene
(Figure 3b; Shi et al., 2015). Our structural investigation shows a
regional angular unconformity for the Yumen conglomerate and over-
laying Oligocene sandstone, a conglomerate (Qingshuiying Formation)
in the interior of Tianjingshan Mountain (Figure 3c) and Yumen con-
glomerate unconformably in contact with Eocene conglomerate
(Sikouzi Fm.) along the southern periphery of Tianjingshan Mountain
(Figure 3d). Along the west margin of Niushoushan Mountain, the
Yumen conglomerate cover Early Miocene mudstone (N4,), and Oligo-
cene mudstone (Ezq), dominating a regional angular unconformity
(Figure 3e,f). The Yumen conglomerate also unconformably overlie the
Oligocene mudstone (E3,) south-west of the Liumugao Fault
(Figure 3g), the Early Miocene mudstone (N4,) north-east of the
Liumugao Fault (Figure 3h), and a Late Miocene-Pliocene conglomer-
ate (N4_pg; Figure 3i).

Geological mapping at a1:50,000 scale along the northern segment
of the Luoshan-Niushoushan Fault zone was conducted, and the distribu-
tion and stratigraphic characteristics of the Yumen conglomerate were
recognized along the Liumugao Fault in the outermost periphery of the
Tibetan Plateau which belongs to the north segment of the Luoshan-
Niushoushan Fault zone (Figures 4 and 5; Shi et al., 2016). The Yumen
conglomerate are mainly distributed at the frontal edge of the central
Liumugao Fault with a fan-shaped distributional pattern and overly
the Ganhegou Formation and other older strata (Figures 3-5). The thick-
ness of the conglomerates varies from ~1 to 6 m, with a gradient thinning
from the piedmont area to the Yinchuan Basin. The detailed large-scale
geological survey shows that the conglomerates are a group of alluvial
coarse-grain clastic rocks composed of a grey-brownish grey thick layer
of blocky calcareous medium- and coarse-grained conglomerates
sandwiched with yellow silty sandstones or lens bodies. The particle size
of the gravels is approximately 1-6 cm with poor roundness and
cemented by sandy, muddy, and calcium cementation (Figure 5). From
the piedmont to the basin, the particle size gradually decreases. The
gravels contained in the conglomerates show complex assemblages with
dominate sandstone and limestone and limited metamorphic rock, granite,

and quartz. The source area of the Yumen conglomerate was traced to
the west-south-west side of the mapping area according to palaesocurrent
data, indicating that the source materials are from Jurassic sandstone and
conglomerates and Cambrian-Ordovician limestone, a typical alluvial

origin determined from the sedimentary characteristics (Figure 5).

4 | THE DATING OF THE YUMEN
CONGLOMERATES

Previous studies show the cosmological nuclide dating is one of most
effective methods to directly dating Quaternary conglomerates (Ciner
et al., 2015; Sarikaya, Ciner, & Zreda, 2015). Here, we use this tech-

nique to determine the burial ages of the Pleistocene conglomerates.

4.1 | Sample collection

Sample collection was carried out at the conglomerates tableland with
different altitudes and different strata from the underlying strata. To
determine the burial age of the conglomerates, the bottom of the con-
glomerates were sampled, and pure quartz gravels were collected and
then were used to test the burial age of cosmogenic nuclides. Here, a
total of three samples were collected in the South Ningxia Basin, and
at least 20 gravels were selected for each sample, with a total weight
of 500 g or more (Table 1).

Accelerator mass spectrometry (AMS) measurement errors are at
1 s level, including statistical (counting) error and error due to normal-
ization of standards and blanks. The error weighted average '°Be/’Be
full-process blank ratio is (3.13 = 0.36) x 107*°. 2°Al/1°Be ratios are
calculated with the CRONUS-Earth exposure age calculator and are
referenced to Balco et al. (2009).

4.2 | Sample pretreatment and testing

The sample processing and testing were completed at the Xi'an Accel-
erator Mass Spectrometry Center of Xi'an Loess Institute of Chinese
Academy of Sciences. Sample pretreatment mainly removes impurities
from the sample in the laboratory to purify the quartz. The process
was as follows: the sample was washed with water to remove the clay;
the sample was heated in 3 mol/L HCI for 6 hr to remove the lime-
stone in the sample; the sample was immersed in a 1% HF + 1%
HNOj3 solution and heated to 80°C; and the sample was subjected
to ultrasonic disturbance for 8-12 hr; the solution was replaced sev-
eral times to obtain pure quartz.

Sample testing included the determination of the Be and Al con-
tents, as well as the *°Be/?Be ratio and the 2°Al/?”Al ratio. First, pure
quartz was weighed, and 0.5235 mg of °Be carrier was added. The
quartz was dissolved in HF, and part of the solution was removed
and diluted to determine the Al content in the quartz. The remaining
solution was extracted with an anion resin, acetylacetone-carbon tet-
rachloride, and a cationic resin to finally obtain the Be and Al compo-
nents. Then, the Be and Al components were converted to Be (OH),

and Al (OH); with ammonia water and were precipitated, and then
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FIGURE 3 Field photographs of the regional angular unconformities between the Early Pleistocene Yumen conglomerates and the underlying
stratigraphic rocks in the north-east periphery of the Tibetan Plateau. (a) The regional angular unconformity composed of the Early Pleistocene

Yumen conglomerates and the folded Early Pliocene sandstone in the interior of the Haiyuan Fault. (b) The Early Pleistocene Yumen conglomerate
covering north-west-striking thrusts and Early Pliocene conglomerates along the major Haiyuan Fault (Shi et al., 2015). (c) The regional angular

unconformity between the Yumen conglomerate and Oligocene sandstone, conglomerate (Qingshuiying Fm.) in the interior of the Tianjingshan Mt.
(d) The Yumen conglomerate unconformably overlying Eocene conglomerate (Sikouzi Fm.) in the south periphery of the Tianjingshan Mt. (e, f) The
regional angular unconformities between the Yumen conglomerate and the Early Miocene mudstone (N1z), and Oligocene mudstone (E3q) in the
west margin of the Niushoushan Mt., respectively. (g) The Yumen conglomerate unconformably overlying the Oligocene mudstone (E3q) in the

south-west of the Liumugao Fault, and on the Early Miocene mudstone (N1z) in the north-east of the Liumugao Fault (h). (i) Yumen conglomerate
unconformably covering Late Miocene-Pliocene conglomerate and sandstone (N;_, g) [Colour figure can be viewed at wileyonlinelibrary.com]
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Be (OH), and Al (OH); were heated in a muffle furnace at 950°C for
1 hr to form BeO and Al,O3; BeO and Al,O3; were mixed with high-
purity Nb powder and Ag powder, respectively, to form a target, and
were finally placed in an accelerator mass spectrometer (AMS) to
determine the ratio of 1°Be/?Be and 2%Al/?’Al (Sharma et al., 2000).
The AMS assay was performed at the Purdue University Accelerator
Mass Spectrometry Center in the United States.

4.3 | Analysis of experimental data

The cosmogenic nuclide burial age method is based on the cosmic ray
bombardment of rocks during the near-surface exposure to form cos-
mogenic nuclides. These surface rocks containing cosmogenic nuclides
are denuded, transported and deposited, and covered by sediments.
The content of the cosmogenic nuclides °Be and 2°Al decay with
the increase of burial time, and the 2°Al/1°Be ratio also decreases with
time. Thus, the rock deposition time can be calculated in terms of con-
tent and ratio of cosmogenic nuclide pairs in rocks, and the formulae
can be used as follows (Granger & Muzikar, 2001):

NBe(t) = PBee_)\Bet/()\Be + E/L) + NBe(d)7 (1)

Nai(t) = Pae™a'/ (*ai+€/L) + Na(d), 2

where Ngo(t) and Na(t) present the contents of 1°Be/?°Al with the
burial time interval of quartz, respectively; Age and A5 express decay
constant for °Be and 2°Al nuclides, respectively; Pge and P, are rates
of 1°Be/?°Al nuclide concentrations, respectively; L is decay length of
cosmic-ray particle (160/(pcm)); p is density of the overlying deposits
of quartz. Ngo(d) and Na(d) are the contents of °Be/2°Al nuclide
posterior to burial quartz.

Here, the burial ages of three conglomerates were obtained in

terms of the previously methods (Table 2).

5 | DISCUSSION

Increasingly, more studies have shown that strong NE-SW-trending
crustal shortening that occurred in the north-eastern margin of the
Tibetan Plateau is constrained to the late Pliocene-early Quaternary
and resulted in the formation of the arcuate structural belts (Burchfiel
etal, 1991; RGAFSO, 1988; Shi et al., 2013, 2015; Zhang et al., 1990,
1991; Zhang & Cai, 2006; Zhang, Liao, Shi, & Hu, 2006). These belts
comprise the basic geomorphic pattern of the north-eastern margin
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TABLE 1 AMS 26AI/?’Al and °Be/?Be results of the samples from the South Ningxia Basin
Sample Sample 1°Be/Be  Uncertainty °Be weight  2°Al/2’Al  Uncertainty  2’Al weight
code Longitude/latitude weight (g)  ratio (%) (mg) ratio (%) (mg) 26p1/1%Be
D1517 38°02'57"105°51'15" 30.0004 8.71E-13 3.55 0.3260 1.82E-12 211 2.4735 15.84
D1519 38°03'55105°49'56" 30.0186 9.22E-13 2.82 0.3319 2.08E-12 1.91 2.3877 16.20
D1520 37°57'02"105°49'12" 30.0273 3.81E-13 412 0.3328 3.99E-13 4,98 3.2300 10.17

TABLE 2 Burial Ages of samples from the South Ningxia Basin
Sample code S 26Al 26l err 1%Be 1%Be err Burial Age (ka) 1 sigma Erosion rate (cm/ka) 1 sigma
D1517 24620 3343981.8366 70560.0750 633208.0984 224575.7694 170.0 323.1 1.174 0.317
D1519 2.5432 3684232.6002 70357.9725 682405.8433 192628.6469 126.3 280.6 1.144 0.276
D1520 2.6353 957799.0542 47711.3693 282534.1073 116515.1021 1043.9 5334 1.915 0.813

of the Tibetan Plateau and reflect the most intense tectonic deforma-
tion caused by the north-eastward expansion of the plateau (Shi et al.,
2015). Here, based on 1:50,000 geological mapping of the north-
eastern margin of the Tibetan Plateau, integrating high-precision mag-
netic stratigraphic chronology of the Palaeogene-Neogene in the
basin (Liu et al., 2019), and cosmological dating of the Yumen con-
glomerate, the most intense tectonic deformation which caused the
widespread folding uplift occurred on the north-eastern Tibetan Pla-
teau (Shi et al., 2015) was restricted to the age span of ~2.77 to
~1.04 Ma. The cosmic nuclide dating result on the highest terrace in
the Xiangshan-Tianjingshan fault zone was reported to be 2.4 Ma,
which might represent the transformation age from thrusting to left-
lateral strike-slip faulting (Zhang & Cai, 2006), consistent with the
aforementioned result. The palaeochannel reconstruction along the
north margin of the Qinling shows that the tributaries along its north
margin have a higher incision of 144 + 25 m since the late Early Pleis-
tocene (~1.4-1.2 Ma), leading to the break- up of the Tianshui ancient
lake (Shi et al., 2018), which also dominates the intensive north-
eastward expansion of the Tibetan Plateau.

In fact, the traditional Yumen conglomerate are a piedmont
molasse melange that developed in the Hexi Corridor (Fang et al.,
2004; Huang et al., 1947; Wang, Wan, & Liu, 2003). Palacomagnetic
dating analysis showed that the sedimentary ages of these strata are
5-1.7 Ma and termed the Xiyu conglomerate in the Hexi Corridor
(Qiao, Huang, Biggin, & Piper, 2017; Zhao et al., 2017). The conglom-
erates, occurring in the Tianshan area to the west of the Hexi Corridor,
were determined to be 2.5-2.9 Ma in age based on palaeomagnetic
dating and vertebrate fossil analysis (Chen, Lin, Guan, & Xu, 1994; Li
et al., 2001; Peng, 1975; Qiao et al., 2017), also supporting that the
northern margin of the Tibetan Plateau underwent a rapid uplift during
the late-early Quaternary with the typical molasse melange (Jin,
Wang, Chen, & Ren, 2003; Sun, Zhu, & Bowler, 2004). Of course,
other studies also have noted that the Xiyu Formation is diachronous
with a deposition time of 3.5-1.8 Ma (Fang et al., 2004). Actually,
there is an angular unconformity existing in the stratigraphic
sequences of the Xiyu Formation; subsequent palaeomagnetic studies

have reported palaeomagnetic ages of the conglomerates to be 2.88-

2.58 Ma (Fang et al., 2004; Liu et al., 2011). These studies also demon-
strated that a quasi-simultaneous orogenic event occurred along the
northern and north-eastern margin of the Tibetan Plateau during the
late Pliocene-early Quaternary (2.5 Ma).

6 | CONCLUSIONS

1. The early Pleistocene Yumen conglomerate along the north-
eastern margin of the Tibetan Plateau, predominately composed
of alluvial-proluvial deposits, were deposited during the period

1.04-0.6 Ma, as defined by cosmic nuclide burial age dating.

2. The younger strata of the Yumen conglomerate via cosmic nuclide
burial are ~1.04 Ma in age, and the upper strata of the underlying
youngest stratigraphic rocks (Ganhegou Formation) have

palaeomagnetic ages of ~2.77 Ma, delimiting the time span of a

regional angular unconformity along the north-eastern periphery

of the Tibetan Plateau, consisting of the Yumen conglomerates
and the underlying pre-Pleistocene strata, which represents the

most intensive expansion of the Tibetan Plateau.
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