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ABSTRACT: In order to determine the provenance and variation characteristics of sandstone-type
uranium deposits located in the southwest Ordos Basin, U-Pb geochronology and Hf isotope analyses
were conducted on detrital zircons from the Late Mesozoic strata of the SD01 well in the Zhenyuan ar-
ea. The detrital zircon U-Pb ages of four samples exhibited four main peaks at 250-330, 420-500, 1 720-
2 000, and 2 340-2 580 Ma, with a small number of zircons dated at 770—1 100 Ma. The detrital zircon
age spectrum and further restriction provided by the in-situ Hf isotopic data suggest that the prove-
nance of each stratum was mainly derived from the crystalline basement rock series (Khondalites, in-
termediate-acidic intrusive rocks, and metamorphic rocks) of the Alxa Block to the northwest and the
Yinshan Block to the north, with minor amounts of Caledonian magmatic rocks and Jingning Period
rocks from the western part of the northern Qilian orogenic belt to the west and the northern Qinling
orogenic belt to the south. The provenance of the sandbody has not changed significantly and is of the
Middle Jurassic—Early Cretaceous. The clear variations in the zircon ages of the samples from the Zhi-
luo and Anding formations were likely influenced by climate change during the Middle—Late Jurassic.
The Triassic zircon age (<250 Ma) first appeared in Early Cretaceous strata, suggesting that tectonic
activity was relatively strong in the northern Qinling orogenic belt during the Late Jurassic and pro-
duced extensive outcrops of Indo-Chinese granite, which were a source of basin sediments.

KEY WORDS: Southwestern Ordos Basin, provenance analysis, Late Mesozoic, detrital zircon U-Pb

geochronology, Hf isotopes, geochemistry.

0 INTRODUCTION

Sandstone-type uranium deposits are mainly distributed in
the basin-mountain junction of the Mesozoic—Cenozoic basins
in northern China, and include a series of deposits in the Bayin
Gobi, Songliao, Erlian, and Ordos basins (Xie et al., 2020;
Rong et al., 2019; Jin et al., 2018; Akhtar et al., 2017; Hall et
al., 2017; Fu et al., 2016; Shen et al., 2014). Extensive explora-
tion of these ore deposits has been conducted in the Ordos Ba-
sin, including the discovery of a series of sandstone-type urani-
um deposits in Mesozoic strata. These areas are located in the
basin-mountain junction, and the Zhiluo Formation contains the
main ore-bearing strata (Akhtar et al., 2017; Jiao et al., 2015;
Wang H et al., 2013; Xue et al., 2010; Yang X Y et al., 2009;
Liu et al., 2007). Recently, the SDO1 well was drilled by the
Tianjin Geological Survey Center in the southwestern part of
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the basin. During drilling, an industrially significant uranium
orebody was discovered in the aeolian sandstones of the Lower
Cretaceous Luohe Formation, greatly expanding the prospects
for sandstone-type uranium orebodies in the Ordos Basin
(Miao et al., 2020a, b; Qiao et al., 2020; Zhao J F et al., 2020a;
Zhu et al., 2019). Previous studies only reported a few small
uranium deposits in aeolian sedimentary environments, includ-
ing Mesozoic aeolian sandstones in Colorado in the United
States of America (USA). However, most uranium mineraliza-
tion has only been observed on a small scale (Sanford, 1982;
Isachsen et al., 1955).

Studying sandbody provenance is an important prerequi-
site for prospecting work regarding sandstone-type uranium de-
posits. Previous studies have been carried out on the petrology
(Chen et al., 2019; Luo, 2017; Zhao et al., 2010; He, 2007),
geochemistry (Yu et al., 2020; Luo et al., 2017; Wang et al.,
2017; Zhou et al., 2017), and detrital zircon U-Pb geochronolo-
gy of Jurassic sand along the western and southern margins of
the Ordos Basin (Yu et al., 2020; Guo et al., 2018a, b; Lei et
al., 2017; Zhou et al., 2017; Guo et al., 2010). The provenance
of this area is relatively complex, and related studies of the
Middle Jurassic Zhiluo Formation and the overlying strata in
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the southwestern part of the basin are not robust. There are few
studies on the provenance of the Lower Cretaceous Luohe For-
mation (Zhu et al., 2018). The formation of sandstone-type ura-
nium deposits requires a stable input of dissolved uranium
from the provenance during the metallogenic period, as well as
the contribution of uranium contained within the sand reservoir
during the synsedimentary period, which is also an essential
source of uranium during the metallogenic process (Bonnetti et
al., 2015; Jiao et al., 2015). The Middle Jurassic stratum is the
main ore-bearing layer in the basin, while the Lower Creta-
ceous stratum is the ore-bearing layer in the study area. There
is still a lack of understanding regarding the corresponding
source changes during the Middle Jurassic—Lower Cretaceous
in the study area. Therefore, the determination of the Late Me-
sozoic stratum source can elucidate the pre-enrichment charac-
teristics of uranium and provide some reference for the recov-
ery of the prototype basin at a later stage.

Zircon is a common heavy mineral in various clastic sedi-
mentary rocks. Because the isotopic system has a high sealing
temperature and a strong resistance to weathering, it can com-
prehensively record source-related tectonic events (Zhang et
al., 2001; Cherniak and Watson, 2001; Lee et al., 1997). In par-
ticular, breakthroughs in detrital zircon U-Pb dating (i.e., using
laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) and U-Pb dating technology) in the past decade
have greatly promoted the development of provenance analy-
ses in the Ordos Basin. Detrital zircon U-Pb dating has been
successfully used for basin-mountain coupling analyses, and
previous studies have accurately determined the provenance of
sedimentary rocks, the uranium source area, and the tectonic
background using in situ zircon Lu-Hf isotope analyses (Liu et
al., 2021; Geng et al., 2020; Zhao X C et al., 2020; Guo et al.,
2018a, b; Zhang X et al., 2018; Zhang Z L et al., 2018; Pereira
et al., 2016; Xing et al., 2016; Wang H et al., 2013; Thomas,
2011; Wan et al., 2011; Long et al., 2010; Dickinson et al.,
2008; Link et al., 2005). Therefore, in this study, we use LA-
ICP-MS in-situ U-Pb dating and Hf isotope analyses to perform
fine-scale dating and Hf isotopic analyses of detrital zircons
from the Late Mesozoic strata in the Zhenyuan area of the south-
western Ordos Basin. By comparing the isotope chronology and
the nature of the parent rock in the surrounding area, we deter-
mine the source area of the Middle Jurassic—Early Cretaceous
strata in the Zhenyuan area. Finally, based on the ages of zircons
from the Late Mesozoic strata, we discuss the changes in prove-
nance and regional depositional as well as the tectonic setting.

1 GEOLOGIC SETTING

The Ordos Basin is located in the southwestern North Chi-
na Craton, covering an area of more than 250 000 km’ (Fig. 1).
The basin is bound by the Tianshan-Xingmeng fold belt to the
north and the Qilian-Qinling fold belt to the south, which is ad-
jacent to the Alxa Block and the western margin corridor transi-
tion zone. The Ordos Basin is rich in resources such as coal,
oil, natural gas, and uranium ore, and is known as “a basin of
multiple energy resources” in China (Lei et al., 2017; Xie et
al., 2016; Bao et al., 2014; Li and Li, 2011; Li and Wang,
2007). During the Triassic, the collision between the Yangtze
Plate and the North China Craton formed the Dabie-Sulu ultra-

high pressure (UHP) orogenic belt and a continental lake basin
in the Ordos region. The Ordos Basin began to form at this
time, superimposed on the larger Paleozoic basin. The Ordos
Basin is a typical polycyclic cratonic basin (Liu et al., 2006;
Liu and Yang, 2000). During the Middle Jurassic to Early Cre-
taceous, the vertical movement inside the basin was relatively
weak, while the basin edge experienced intense tectonic activi-
ty and deformation. This strong late deformation promoted the
migration of oil/gas and provided a redox mechanism for the
formation of large sandstone-type uranium deposits (Yang X Y
et al., 2009b; Ritts et al., 2004).

The study area is located in the Tianhuan Depression in
the southwestern Ordos Basin, adjacent to the Weibei uplift in
the south. The regional tectonic faults are mainly northwest
and near north trending, with special structural locations. The
Cenozoic strata in this area are well preserved. The Middle Ju-
rassic strata are divided into the Yan’an, Zhiluo, and Anding
formations from the bottom to the top, while the upper Jurassic
strata contain conglomerate deposits of the Fenfanghe Forma-
tion that are in unconformable contact with Early Cretaceous
strata. The Early Cretaceous strata are divided into the Yijun,
Luohe, Huanhe-Huachi, Luohandong, and Jingchuan forma-
tions from the bottom to the top. The lithology and sedimenta-
ry facies types are mainly fluvial facies, lacustrine sand and
mudstones, aeolian sandstone facies, and alluvial fan conglom-
erates (Qiao et al., 2020; Zhu et al., 2019; Zhang et al., 2008;
Wei et al., 2006). The Middle Jurassic Zhiluo Formation is
mainly composed of gray-white fine sandstones and medium-
coarse sandstones, with some mudstones and a large amount of
carbonized plant debris (Fig. 2a). The formation was dominat-
ed by sandy braided-river facies in the early depositional stage,
and later by meandering river facies and shore-shallow lake fa-
cies (Zhao et al., 2009). The Anding Formation is mainly com-
posed of mudstones, marls, and carbonates, with some purple-
red sandstones (Fig. 2b). The grain size is relatively fine, and
the entire formation is lacustrine. The rocks in the early deposi-
tional stage are mainly gray-green, but then abruptly change to
purplish-red, possibly indicating an abrupt change in the paleo-
climate (Li et al., 2015). The Luohe Formation is mainly com-
posed of fine-medium grained sandstones that are partially in-
tercalated with sandy conglomerates and silty mudstones. The
middle and upper sections are red-brown and yellow-brown,
while the lower part is mainly light gray and gray-green (Fig.
2¢). The climate was relatively hot and arid during the deposi-
tional period, when alluvial-fluvial, acolian-fluvial, and acolian
facies were deposited. Sandstone particles have a high psephic-
ity and are well sorted with a loose structure. The Luohe For-
mation is an important ore-bearing target in the southwestern
Ordos Basin (Qiao et al., 2020). The upper part of the Huanhe-
Huachi Formation mainly comprises blue-gray mudstones and
siltstones, while the lower part primarily contains reddish
brown powdered sand mudstones and siltstones, mixed with a
small amount of fine-medium sandstones (Fig. 2d). The entire
section consists of fine clastic deposits (coastal, shallow lake,
and delta facies) that formed in a warm and humid climate.

2 SAMPLING AND METHODOLOGY
Four sandstone samples were used for detrital zircon dat-
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Figure 1. Simplified regional geologic map of the Ordos Basin (modified from Akhtar et al., 2017).

ing in this study. The samples were collected from the 2 000-m-
deep SDO1 well, which was drilled with the support of the
“Northern China Sandstone-type Uranium Deposits Geological
Survey” project. The sampling locations in each formation are
shown in Fig. 2. The sample collected from the Middle Juras-
sic Zhiluo Formation (SDO1-1) was a gray-white medium-
grained sandstone, the sample collected from the Upper Juras-
sic Anding Formation (SD01-2) was a brick red coarse sand-
stone, the sample collected from the Lower Cretaceous Luohe
Formation (SD01-3) was a gray-white coarse sandstone locat-
ed near the uranium deposit, and the sample collected from the
Lower Cretaceous Huanhe-Huachi Formation (SD01-4) was a
pale yellow medium-grained sandstone.

2.1 LA-ICP-MS Zircon Dating

In this study, the zircon targeting, cathodoluminescence
image (CL) acquisition, and LA-ICP-MS zircon U-Pb dating
and analyses were conducted by the Honest Geological Service
Company, Langfang City, Hebei Province. Traditional heavy
liquid and magnetic separation methods were used to separate
single zircons with a binocular microscope, randomly selecting

more than 300 zircons for analyses. The zircons were fixed on
a microscope slide using epoxy resin and then polished. All zir-
cons were imaged using transmitted light, reflected light, and
CL (Guan et al., 2002). Zircon U-Pb dating was conducted us-
ing an Agilent 7500a ICP-MS (Hewlett Packard, USA). The
spot diameter used for the laser ablation was 30 um, the energy
density was 10 J/cm’, and the frequency was 10 Hz. The collec-
tion times were 10 ms for **Hg and **Th, 20 ms for**Pb and
*Pb, 30 ms for *’Pb, and 15 ms for **Pb and **U. For the oth-
er elements, the collection time was 6 ms. Three of every 10
samples were analyzed using international standards SRM610,
91500, and GJ-1. The international standard zircon 91500 was
used as an external standard. The elemental contents were com-
pared to an external standard (NIST610) to calibrate the con-
centrations of U, Th, and Pb, and an internal standard element
that used *’Si (Yuan et al., 2008). The concentrations of U, Th,
and Pb, and the *"Pb/**Pb, **Pb/**U, *"Pb/**U, and **Pb/*’Th
ratios were calculated using the GLITTER 4.0 program (Mac-
quarie University, Sydney, Australia). The normal Pb correc-
tion was carried out according to the methods described by An-
dersen (2002), and the age calculations and Concordia dia-
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Figure 2. SDO1 well core photos of Zhenyuan area, southwest Ordos Basin. (a) Zhiluo Formation, grayish-white medium sandstone, containing a large amount

of carbonized plant debris, 1 835—1 840 m; (b) Anding Formation, amaranth medium-coarse sandstone, 1 553—1 556 m; (c) Luohe Formation, light grey coarse

sandstone, 1 407—1 412 m; (d) Huanhe-Huachi Formation, pale yellow medium sandstone, 923-931 m. The sample location and sample number are shown in

the figure.

grams were generated using the Isoplot 3.75 software package
(Ludwig, 2012). The errors (standard deviations) in the isoto-
pic ratios and ages were all determined at the 1o level. All ana-
lytical results are shown in Tabls S1.

2.2 Zircon Lu-Hf Isotopic Analyses

The Lu-Hf isotopic analyses were performed on a Thermo
Fisher Neptune Plus multi-collector (MC) -ICP-MS equipped
with a 193 nm laser sampling system at the Honest Geological
Service Company, Langfang City, Hebei Province. The spot di-
ameter is 44 um, the ablation frequency was 8 Hz, the energy
density is 15-20 J/cm’, and the ablation time is 60 s (Xie et al.,
2008; Wu et al., 2006). The Lu-Hf isotopic measurements were
either made in the same spots or in the same age domains of
zircon grains with concordant U-Pb ages (discordance <10%).
The operating principles and methods have previously been dis-
cussed in detail (Yuan et al., 2008). The zircon Hf isotopic anal-
yses used the international standard zircon 91500 as the iso-
tope correction, and ""Lu/Lu and "°Yb/’Yb ratios of
0.026 69 and 0.588 6, respectively, were used for the interfer-
ence correction calculations. The "*Lu/'’Hf and '"Hf/"""Hf val-
ues and the data for each datapoint contained a 30 s sample sig-
nal. A standard sample was analyzed after each set of 10 analy-
ses to monitor instrument drift. The ¢,,(7) and model age calcu-
lation parameters included a decay constant (1) of 1.867x10™;
"Lu/""Hf and "°Hf/'""Hf ratios of 0.033 2 and 0.282 772, re-
spectively, for chondrite, and 0.038 4 and 0.283 25, respective-
ly, for the depleted mantle; and £, ,, values of -0.72 and 0.6 for

the upper crust and depleted mantle, respectively (Soderlund et
al., 2004; Griffin et al., 2000; Amelin et al., 1999; Blichert-Toft
and Albarede, 1997). The formulas used to calculate the ¢,(?),
Tosi> Towor and f; - values of the samples are reported in Wu et
al. (2007). All analytical results are shown in Table S2.

3 RESULTS
3.1 Textures of Zircon

Most of the detrital zircons from the 4 samples are light
brown and brownish red, although some are colorless. The
grain sizes of the zircons are all >100 um. The CL images
showed large variations in their internal structures (Fig. 3);
some had nucleus-edge structures, while others have uniform
cores. Most of the zircons are round, reflecting their history of
weathering and transport over a certain distance. A small num-
ber of zircons are columnar and retained a high degree of auto-
genesis, suggesting that they were transported from nearby
sources. Older zircons tend to be rounder. Most of the zircons
developed oscillating or clintheriform zones, which indicate a
magmatic origin (SDO1-1-45, SD01-2-14, SDO01-3-63, and
SD01-4-37). However, some zircons had recrystallized, with a
number of magmatic zircons containing cores that were inherit-
ed or captured (SD01-1-9, SD01-2-52, SD01-3-35, and SDO1-
4-8). Some of them are typical metamorphic zircons with a ho-
mogeneous interior and semi-self-shaped morphology (SD01-3-
2 and SD01-3-28). Some of the zircons are metamorphic with
edge structures that differed significantly from the core struc-
ture (SDO1-1-5, SD01-2-29, SD01-3-12, 15, and SD01-4-1, 39).
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Figure 3. Representative cathodoluminescence (CL) images of the zircons.

The Th and U contents and Th/U ratio are important pa-
rameters for determining the source of zircons. Zircons with a
Th/U ratio of >0.4 are typically magmatic in origin, while
those with a Th/U ratio of <0.1 are typically metamorphic in or-
igin (Wu and Zheng, 2004; Hoskin and Schaltegger, 2003). In
this study, most zircons had well-defined oscillating light—dark
bands and structures with high U and Th contents (see Table
S1). The majority of zircons also had a Th/U ratio of >0.4 and
were, therefore, of a magmatic origin (Fig. 4). Some zircons had
a Th/U ratio of between 0.1 and 0.4, which may reflect different
degrees of metamorphic recrystallization or alteration by later
geological events. Only four zircons had a Th/U ratio of <0.1,
thus indicating a metamorphic origin.

3.2 Zircon U-Pb Chronology

A total of 280 data points from the clastic zircons were an-
alyzed. For the young zircons (<1 000 Ma) that had lower accu-
mulations of radiogenic components, the **Pb/*U ages were
used to represent the age of zircon formation, while the
*"Pb/"Pb ages were used for the old zircons (>1 000 Ma)
(Blank et al., 2003). Zircon U-Pb ages that met the harmoniza-
tion requirements (90% —110%) were selected from the data
points. Four samples had harmonized ages of 67, 68, 65, and
67, with ages that were generally concordant (Fig. 5). The U-
Pb age patterns of detrital zircons from the four samples
ranged widely, and the age distribution was summarized as fol-
lows (Fig. 6).

Sample SDO1-1 was sandstone of the Zhiluo Formation
(Middle Jurassic), and showed three major age populations at
250-330, 420-500, and 1 720—2 000 Ma (Fig. 6), accounting
for 34%, 15%, and 25% of the total population, respectively.
Weak peak age ranges were also observed at 770—1 100 Ma
and 2 340—-2 580 Ma, accounting for 7% and 7% of the total
population, respectively.

Sample SD01-2 was sandstone of the Anding Formation
(Middle Jurassic), and presented four major age populations at
270-350, 420-500, 1 730-2 000, and 2 340-2 540 Ma (Fig. 6),
accounting for 18%, 21%, 35%, and 13% of the total popula-
tion, respectively. One zircon was dated at 660 Ma, three zir-
cons were dated at 910—1 135 Ma, and one zircon was dated at
2 972 Ma (i.e., Archean).

Sample SDO1-3 was sandstone of the Luohe Formation
(Early Cretaceous), and exhibited four major age populations
at 220-330, 410-455, 1 720-2 050, and 2 380-2 550 Ma (Fig.
6), accounting for 27%, 23%, 27%, and 16% of the total popu-
lation, respectively. Two detrital zircons were dated at 1 051
and 1 145 Ma.

Sample SD01-4 was sandstone of the Huanchi-Huahe
Formation (Early Cretaceous), and showed four major age pop-
ulations at 235-330, 390—455, 1 700—1 980, and 2 370-2 540
Ma (Fig. 6), accounting for 36%, 19%, 22%, and 13% of the
total population, respectively. Three zircons were dated at 890—
1 100 Ma, and one zircon was dated at 144 Ma (i.e., Early Cre-
taceous).
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3.3 Zircon Hf Isotopes high concordance were selected from each sample for in-situ
The zircon ""Lu/’Hf ratio can indicate the original microregional Hf isotopic analyses. The in-situ Lu-Hf isotopic

"*Lu/'"Hf ratio at the time of its formation. Some zircons with compositions of 26 zircons from Sample SDO1-1, 25 zircons
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Figure 6. Detrital zircon probability plots.

from Sample SDO01-2, 25 zircons from Sampel SD01-3, and 25
zircons from Sample SD01-4 were measured. After excluding
data with poor Hf isotope signals, all but two zircons had
"*Lu/"""Hf ratios of >0.002, indicating that a very small amount
of radioactive Hf accumulated after zircon formation (Kinny
and Mass, 2003). Although the ¢,(#) values of zircons varied
widely from -20.2 to 11.3, most were concentrated between -14
and 7 (Fig. 7), and very few ¢,(¢) values plotted above the defi-
cit mantle evolutionary line, suggesting that most of the zir-
cons were derived from recycled crustal material. Therefore,
the crustal generation ages could be estimated using the two-
stage model age (7},,,,) (Yang et al., 2009a). The ¢,(f) values in-
dicate that the formation of old zircons (>2.0 Ga) was closely
related to crustal re-melting, while the formation of new zir-
cons was related to the addition of more mantle material to the

source region since 2.0 Ga. The T,,,, ages also ranged widely
from 0.7 to 3.2 Ga.

Overall, the Hf isotopic distributions of the four samples
were consistent (Fig. 7). The ¢,(f) values of the Late Paleozoic
zircons were evenly distributed, ranging from -13.5 to 9.9 (av-
erage of -1.1), while the 7,,,, ages ranged widely from 0.7 to
2.2 Ga (average of 1.4 Ga). The ¢,(¢) values of the Early Paleo-
zoic zircons ranged from -20.2 to 6.0 (average of -6, with most
values <0), while the corresponding T, ages were between
1.1 and 2.7 Ga (average of 1.8 Ga, with most ages at 1.5—-1.9
Ga). Among the seven zircons from the Late Mesoproterozoic
to the Early Neoproterozoic, the ¢,(f) values of two zircons
were -9.1 and -9.2, the ¢,(¢) value of one zircon was -1.2, and
the ¢,(?) values of the other four zircons were >0, with the 7},
ages ranging from 1.5 to 2.5 Ga. The ¢,(¢) values of the Late
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Figure 7. Plot of &, (#) vs. age (Ma) for the detrital zircons.

Paleoproterozoic zircons ranged from -10.1 to 8.1, with most
values<0; however, one zircon had a value of 20.0, which plot-
ted on the mantle-deficit evolution line. The corresponding
T, ages were between 1.8 and 3.2 Ga (average of 2.66 Ga,
with most ages at 2.6-3.0 Ga). The ¢,,(¢) values of the Early Pa-
leoproterozoic zircons ranged from 1.5 to 9.7 (average of 4.6),
and the 7,,,, ages were between 2.5 and 3.0 Ga (average of 2.8
Ga, with most values at 2.7-2.8 Ga), which were slightly older
than the zircon U-Pb ages.

4 DISCUSSION
4.1 Potential Sediment Sources

Extensive sediment source analyses have been conducted
along the southern and western margins of the Ordos Basin.
Previous studies found that the age distribution of detrital zir-
cons from the Zhiluo Formation was mainly at 220—-320, 400—
500, 1 600-2 000, and 2 300-2 650 Ma (Yu et al., 2020; Zhao
H L et al., 2020; Chen et al., 2019; Guo et al., 2018a, b; Wang
et al., 2018; Lei et al., 2017; Luo, 2017; Zhou et al., 2017; Guo
et al., 2010; Zhao et al., 2010; He, 2007); hence, the results of
the four samples in the present study are consistent with these
findings. This agreement suggests that the final provenance
could be the same, with only the percentage contribution of
each component differing between study areas. The adjacent
northern Qilian orogenic belt to the west, the Alxa Block to the
northwest, the Yinshan Block along the northern margin of the
North China Craton, and the North Qinling orogenic belt to the
south may have provided the provenance for the study area. In
addition, older sedimentary and metamorphic stratigraphic
units may have been the source for the new strata during sedi-
mentation due to tectonic uplift (Zhou et al., 2017). Previous
studies on the zircon U-Pb chronology of magmatic and meta-
morphic rocks in adjacent areas reported a large number of ag-
es. In addition, extensive studies have been conducted on zir-
con Hf isotope data, which have provided good constraints on

provenance. In order to determine the sediment sources of the
four sandstone samples in this study, previously published zir-
con dating and Hf isotopic data from other areas around the ba-
sin were utilized. Combining these data with the findings of
the present study can reflect the spatiotemporal distributions of
different provenances along the southwestern margin of the Or-
dos Basin (Figs. §, 9).

4.1.1 Yinshan Block

The Yinshan Block is located in the northern part of the
North China Craton and was formed by typical intra-plate oro-
genesis (Davis et al., 1998). The Early Precambrian North Chi-
na Craton underwent multi-stage geologic events and a complex
tectonic evolution; continental nuclei and micro-continental
blocks formed at >3 Ga, crustal hyperplasia occurred at 2.7—
2.9 Ga, the micro-blocks were welded together at 2.5 Ga, and
the formation of the North China Craton followed extensive
metamorphism and magmatism. The crustal rifting, subduc-
tion, and collision processes occurred at 2.3—1.97 Ga, while ex-
tension and uplift occurred at 1.97—1.82 Ga. These two groups
of events were likely related to the breakup of the Colombian
supercontinent. After 1.8 Ga, the entire lower crust was uplift-
ed to form dikes, continental rifts, and non-orogenic magma-
tism (Meng et al., 2018; Zhai, 2011; Zhai and Santosh, 2011;
Rogers and Santosh, 2009; Trap et al., 2007). During the Pha-
nerozoic, the continuous tectonic action in the Central Asian
orogenic belt on the North China Craton produced a large Late
Paleozoic—Early Mesozoic granite belt in the Yinshan region,
with an emplacement age of 235—-480 Ma. Currently, granites
are widely and extensively exposed in the Yinshan Block
(Feng et al., 2020; Zheng et al., 2019; Zhang X et al., 2018;
Zhou et al., 2018; Luo et al., 2010, 2007; Zhang et al., 2006).

According to the findings of previous studies, the &,(?)
values of Late Paleozoic magmatism ranged from -16.8 to 5.9
(average of -12.4, with most values<0), and the corresponding
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T,y ages were between 0.9 and 2.4 Ga (average of 1.7 Ga,
with most ages at 1.1-2.1 Ga). The ¢,(¢) values of Early Paleo-
zoic magmatism ranged from -6.1 to 6.8 (average of 1.0, with
evenly distributed positive and negative values), and the 7,
ages were between 1.0 and 1.8 Ga (average of 1.4 Ga, with
most ages at 1.1-1.7 Ga). The ¢,(f) values of Late Paleopro-
terozoic magmatism ranged from -7.5 to 4 (average of -0.8,
with most values<0), and the 7,,,, ages were between 2.4 and
3.2 Ga (average of 2.6 Ga, with most ages at 2.4-2.8 Ga). The
&,(t) values for the Early Proterozoic ranged from -7.8 to 10.5
(average of 2.8, with most values >0), and the 7, ages were
between 2.3 and 3.9 Ga (average of 2.9 Ga, with most ages at
2.7-3.2 Ga) (Fig. 9).

4.1.2 Alxa Block

The Alxa Block is located on the northwestern margin of
the study area and is triangular in shape. The main magmatism
in the Alxa Block can be divided into four stages: Early Paleo-
proterozoic (2 400-2 200 Ma), Middle—Late Paleoproterozoic
(2 000—1 810 Ma), Neoproterozoic (1 000—800 Ma), and Pha-
nerozoic (525—175 Ma). Intrusive rocks of all eruption stages
are exposed, but the Late Paleozoic granites are the most wide-
ly distributed (Guo et al., 2018b; Lei et al., 2017; Dan et al.,
2016; Zhang et al., 2012; Zhou and Yu, 1989). The southwest-
ern margin of the Alxa Block was affected by the subduction

and orogenesis of the Qilian Ocean during the Early Paleozoic.
The southeastern margin collided with the North China Plate
during the Late Paleozoic—Early Mesozoic, and the northern
margin was influenced by subduction and accretionary orogeny
related to the Paleo-Asian Ocean, which persisted until the
Late Paleozoic. Multiple tectonic events are also superimposed
in this region and produced massive magmatism (Dan et al.,
2016; Zhang et al., 2016; Xiao and Santosh, 2014; Windley et
al., 2007; Darby and Gehrels, 2006; Zhang et al., 1997).

Tectonomagmatic events occurred during the Late Paleo-
proterozoic in the Alxa Block at 2 000—1 900 and 1 850—1 800
Ma, and are mainly exposed in the eastern region (Dan et al.,
2012; Geng et al., 2010). Early Neoproterozoic deformable
granites form an important part of the basement and are mainly
exposed in the western region, with peak ages at 992—978 and
826—807 Ma (Song et al., 2017; Geng and Zhou, 2012; Geng
and Zhou, 2010). Recent geochronological studies have shown
that a large number of Permian (252-289 Ma) granites are pres-
ent (Dan et al., 2014; Geng and Zhou, 2012; Shi et al., 2012),
which are obvious in the Bayanwula and Langshan areas near
the eastern Alxa area (Xie et al., 2020; Zhang J J et al., 2019;
Gong et al., 2018; Wang et al., 2016; Wang Z Z et al., 2015;
Dan et al., 2014; Geng and Zhou, 2012).

Previous studies found that the ¢,(f) values of Late Paleo-
zoic magmatism ranged from -23.7 to 7.8 (average of -8.8,
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400-500, 770-1 150, 1 700-2 050, 2 3502 580 Ma. The Hf isotopic compositions of the Yinshan Block (YB) are collected from Feng et al. (2020), Ouyang et
al. (2020), Zheng et al. (2019), Zhang Q et al. (2018), Zhou et al. (2018), Chen et al. (2017), Liu et al. (2016), Su et al. (2014), Bao et al. (2013), Ma et al.
(2013, 2011); the Alxa Block (AB) from Shi et al. (2020, 2016), Xie et al. (2020), Zhang J J et al. (2019), Gong et al. (2018), Dan et al. (2016), Geng and Zhou

(2012), Geng et al. (2011); the North Qinling Orogenic Belt (NQinOB) are fro:
Wang F et al. (2009); the North Qilian Orogenic Belt (NQiOB) from Zhang J Y
al. (2014), Yu et al. (2013).

with most values <0), while the corresponding 7},,,, ages were
between 0.8 Ga and 2.8 Ga (average of 1.9 Ga, with ages most
at 1.8-2.5 Ga). The ¢,(¢) values of Meso—Neoproterozoic mag-
matism ranged from -3.0 to 6.7 (average of 1.8, with most val-
ues >0), and the 7, ages were between 1.3 Ga and 1.8 Ga (av-
erage of 1.5 Ga, with most ages at 1.4—1.7 Ga). The ¢,(¢) val-
ues of Late Paleoproterozoic magmatism ranged from -2.9 to
8.9 (average of 3.4, with most values >0), while the T, ages
were between 2.1 and 2.8 Ga (average of 2.4 Ga, with most ag-
es at 2.2-2.6 Ga) (Fig. 9).

4.1.3 Northern Qilian orogenic belt
The Qilian orogenic belt is located to the west of the

m Qin et al. (2015), Liu et al. (2014), Wang M et al. (2013), Shi et al. (2013),
et al. (2019), Tao et al. (2017), Zhang et al. (2017), Yang et al. (2015), Chen et

study area. In the Early Paleozoic, the northern Qilian Ocean
subducted under the Alxa Block, while the central Qilian Block
collided with the Alxa Block to form the Caledonian orogenic
belt (Zhao and Jin, 2011; Wu et al., 2010; Xu et al., 2010). The
most extensive tectonism recorded in the northern Qilian oro-
genic belt includes orogenic events during the Early Paleozoic,
when a large number of Ordovician—Devonian granite intru-
sions occurred (400-534 Ma, peak value at ~440 Ma). The gen-
esis of these intrusive rocks is associated with deep continental
subduction at ~500 Ma, crustal thickening caused by continen-
tal collision at ~450 Ma, and crustal uplift at 420-400 Ma (Qin
et al.,, 2015; Liu et al., 2014; Zhang et al., 2013; Pei et al.,
2007b; Yang et al., 2006b). Magmatism also occurred in the
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Neoproterozoic, which was related to the convergence and
breakup of the Rodinia supercontinent and corresponding
island-arc magmatism. These ages can be divided into three
stages: 902-981, 839862, and 738—799 Ma (Gao et al., 2013;
Shi et al., 2013; Pei et al., 2012; Wang et al., 2012; Pei et al.,
2007a; Lu et al., 2004).

Previous studies reported that the ¢,(¢) values of Early
Paleozoic magmatism ranged from -11 to 11.6 (average of
0.8, with uniformly distributed positive and negative values),
while the 7}, ages were between 0.7 and 2.4 Ga (average of
1.3 Ga, with ages concentrated at 0.8—1.0 and 1.3-1.9 Ga).
The ¢,(?) values of Meso—Neoproterozoic magmatism ranged
from -6.8 to 8.9 (average of 0.9, with evenly distributed posi-
tive and negative values), and the T}, ages were between 1.2
and 2.2 Ga (average of 1.7 Ga, with most ages at 1.5-1.8 Ga)

(Fig. 9).

4.1.4 North Qinling orogenic belt

The Qinling orogenic belt is located to the south of the
study area and is a composite orogenic belt that was formed by
the convergence of the North China and Yangtze plates. It un-
derwent multi-stage hyperplasia and collision between differ-
ent continental blocks (Dong and Santosh, 2016; Wang et al.,
2015; Wang T et al.,, 2009; Meng ang Zhang, 1999). Many
Neoproterozoic granitic rocks that range in age from 979 to
815 Ma are distributed in the Northern Qinling orogenic belt
(Wang et al., 2015; Zheng et al., 2013). They are related to the
accumulation and breakup of the Rodinia supercontinent,
which may reflect Neoproterozoic tectonomagmatic events in
the ancient Qinling Block. During the Paleozoic, the Qinling
Ocean experienced subduction, hyperplasia, and collision, pro-
ducing a large number of tectonomagmatic thermal events that
were accompanied by granite intrusions. These events can be
divided into three age groups: 505470, 455422, and 415400
Ma (Wang F et al., 2009; Ratschbacher et al., 2003). During
the Early Mesozoic, the tectonic setting in the Mianlue Ocean
changed from subduction to closure. The collision between the
Yangtze Craton and the Qinling Block was accompanied by the
intrusion of a large number of granites, which can be divided
into two groups: 250-235 and 235-185 Ma. Granitic magma-
tism of the Late Mesozoic occurred at 160—130 and 120—100
Ma, and was related to the remote continental margin or the in-
tracontinental effect due to the subduction of the paleo-Pacific
Ocean (Qin et al., 2015; Wang X X et al., 2015; Wang T et al.,
2009).

The ¢,(f) values of Early Paleozoic magmatism ranged
from -13.8 to 13.3 (average of 0.3, with uniformly distributed
positive and negative values), while the corresponding 7,,,, ag-
es were between 0.6 and 2.4 Ga (average of 1.4 Ga, with ages
concentrated at 0.8—1.1 and 1.4-2.0 Ga). The ¢,(¢) values of
Meso—Neoproterozoic magmatism ranged from -16 to 13 (aver-
age of -0.6, with most values<0), while the 7}, ages were be-
tween 0.8 and 2.7 Ga (average of 1.8 Ga, with most ages at 1.6
— 2.0 Ga). The ¢,(f) values of the Early Paleoproterozoic
ranged from -5.4 to 5.5 (average of -1.5, with most values<0),
and the T, ages were between 2.7 and 3.3 Ga (average of 3.1
Ga, with most ages at 3.0-3.3 Ga) (Fig. 9).

4.2 Primary Provenance
4.2.1 Middle Jurassic Zhiluo Formation

The samples from the Zhiluo Formation had two main
peak ages: Late Paleozoic and Late Paleoproterozoic, with a
weak peak age during the Early Paleozoic. The zircon ages of
the Late Paleozoic (250-330 Ma, 34%) matched the peak mag-
matic rock ages in the eastern parts of the Alxa and Yinshan
blocks, which are speculated to be the main sources (Figs. 6,
8). Permian—Triassic granites and metamorphic rocks are wide-
ly distributed in the Alxa Block (Xie et al., 2020; Zhang J J et
al., 2019; Gong et al., 2018; Lei et al., 2017). The Yinshan
Block also contains many Permian— Triassic magmatic rocks
(Feng et al., 2020; Zheng et al., 2019; Zhou Q et al., 2018;
Zhang X et al., 2018; Sun D et al., 2017). The ¢,(¢) values of
the zircons from the Late Paleozoic sample were evenly posi-
tive and negative, ranging from -12.7 to 9.9, and the 7}, ages
varied widely (0.7—2.1 Ga). The Hf isotopes of the samples
were consistent with the Hf isotopic characteristics of the Alxa
and Yinshan blocks and could not be clearly distinguished (Fig.
9). In addition, Zhang et al. (2016) reported that the ages of the
intrusive diabase were 277.2+2.8 and 276.3£7.6 Ma in the
Hexi Corridor area, but the exposure was small and unlikely to
provide a large number of Permian zircons.

Early Paleozoic (420—500 Ma, 15%) zircons were most
likely derived from the Early Paleozoic magmatic rocks that
are widely distributed in the North Qilian orogenic belt and the
western part of the North Qinling orogenic belt (Zhang X Y et
al., 2019; Sun X L et al., 2017; Zhang et al., 2017; Yang H et
al., 2015). However, the peak age of the Early Paleozoic zir-
cons from the Alxa Block was 375 Ma, which is inconsistent
with the 450 Ma peak of the Early Paleozoic zircons from the
study area. The ¢,(¢) values of the Early Paleozoic zircons
were both positive and negative, ranging from -12.4 to 11.3,
and most of the 7,,,, ages were between 1.4 and 2.2 Ga. The Hf
isotopic characteristics of the samples in this study were consis-
tent with those of the North Qilian and North Qinling orogenic
belts, and could not be clearly distinguished.

Late Paleoproterozoic (1 720—2 000 Ma, 25%) and Early
Paleoproterozoic (2 340—2 580 Ma, 7%) rocks are widely ex-
posed in the surrounding tectonic units, which generally
showed two peak ages at 1 800 and 2 500 Ma, both of which
exhibited good comparability. Including the Kunzite belt in the
Yinshan Block (Ouyang et al., 2020; Chen et al., 2017; Su et
al., 2014; Bao et al., 2013; Dong et al., 2013; Ma et al., 2013a),
metamorphic crystalline basement is found in the eastern part
of the Alxa Block (Dan et al., 2014; Geng and Zhou, 2011,
2010; Geng et al., 2010; Li et al., 2004). The Paleoproterozoic
orogenic events related to the North China Craton have region-
al characteristics, which provide evidence of the Proterozoic
Helan Depression and the concentrated structures related to the
breakup of the Columbia supercontinent in China (Gao et al.,
2013; Zhai and Peng, 2007; Darby and Gehrels, 2006). In com-
parison, the peak age of Early Paleoproterozoic zircons in the
Alashan Block is younger (2 335 Ma), while the distribution of
Early Paleoproterozoic zircons in the Yinshan Block is consis-
tent with that of the study area (Fig. 8). The Late Paleoprotero-
zoic zircons had ¢, (f) values ranging from -1.4 to 10.1 (only
one zircon had an ¢,(¢) value of 20) and 7, ages at 2.6—3.2
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Ga, which were inconsistent with the Hf isotopic characteris-
tics (most ¢,(7) values were >0, with T,,, ages at 1.4—1.7 Ga)
of the Alxa Block, but consistent with the Hf isotopic character-
istics of the Yinshan Block. Therefore, the Late Paleoproterozo-
ic zircons were likely derived from the Yinshan Block. The ¢,
(7) values of the Early Paleoproterozoic zircons ranged from
6.0 to 9.7 (i.e., >0), while the corresponding 7,,,, ages were be-
tween 2.5 and 2.7 Ga, which were inconsistent with the Hf iso-
topic characteristics of the North Qinling orogenic belt (most
&,(t) values were <0 and the 7, ages were concentrated at 3.0
—3.3 Ga), but consistent with the Hf isotopic characteristics of
the Yinshan Block. Therefore, the Early Paleoproterozoic zir-
cons were mainly derived from the Yinshan Block.

In addition, Late Mesoproterozoic to Early Neoproterozo-
ic (770—1 100 Ma, 7%) zircons have been reported to be wide-
ly distributed in the western part of the North Qinling orogenic
belt (Sun D et al., 2017; Shi et al., 2013; Yang et al., 2010), and
are partly exposed in the eastern part of the North Qilian oro-
genic belt (Zhang J Y et al., 2019; Yang F et al., 2015; Xu et
al., 2008), both of which contributed to the sediment prove-
nance in the study area. Large-scale magmatism in the Qilian-
Qinling junction was related to the convergence and breakup of
the Rodinia supercontinent during this period (Pei et al., 2012;
Xu et al., 2008). The peak zircon ages in the Northern Qilian
orogenic belt are significantly younger (846 Ma), while the age
distribution of zircons in the western part of the Northern Qin-
ling orogenic belt is consistent with that of the study area. The
&,(t) values of the Late Mesoproterozoic—Early Neoproterozo-
ic zircons were relatively even positive and negative values,
with T,,,, ages ranging from 1.5 to 2.3 Ga. These values are
consistent with the Hf isotopic characteristics of the Northern
Qinling orogenic belt, but inconsistent with the 7, ages con-
centrated at 1.5—1.8 Ga in the North Qilian orogenic belt.
Therefore, the Late Mesoproterozoic—Early Neoproterozoic zir-
cons were mainly derived from the North Qinling orogenic belt.

In summary, the zircons from the Zhiluo Formation (Late
Paleozoic, Late Paleoproterozoic, and Early Paleoproterozoic)
were mainly derived from the crystalline basement series
(Khondalites, intermediate-acid intrusive rocks, and metamor-
phic rocks) of the Alashan Block to the northwest and the Yin-
shan Block to the north. A few zircons (Early Paleozoic and
late Middle Proterozoic—Early Neoproterozoic) were derived
from Caledonian magmatic rocks and Jingning Period rocks
from the western part of the Northern Qilian Orogenic Belt to
the west and the Northern Qinling orogenic belt to the south.

During the depositional stage of the Zhiluo Formation, the
deposition range of the Ordos Basin was much larger than that
of the present, and the depocenter was located in the southern
part of the basin, with a high northern and low southern topog-
raphy (Zhao H L et al., 2020; Zhao J F et al., 2010). The south-
western margin of the basin was restricted by paleo-topography
and located in the provenance intersection region, where the
sources from the southern area only affected the zircon age
groups of the perimeter of the paleo-channels. The Northern
Qilian orogenic belt provided the main provenance of the Zhi-
luo Formation in the southern part of the basin (Lei et al.,
2017), while the northern Yinshan Block and Alxa Block pro-
vided the main provenance of the western margin (Yu et al.,

2020; Guo et al., 2018a; Guo et al., 2010). Where the rivers
converge, the northern sources are dominant and contain some
of the southern sources. This understanding is consistent with
previous analyses of the Zhiluo Formation in the surrounding
regions, which showed that the dominant transport directions
were mainly southward and southeastward based on analyses
of the paleocurrents, detrital zircons and heavy minerals (Yu et
al., 2020; Zhao H L et al., 2020; Guo et al., 2018a; Lei et al.,
2017; Zhao J F et al., 2010).

4.2.2 Middle Jurassic Anding Formation

The peak ages of the zircons from the Anding Formation
were the same as those from the Zhiluo Formation, but the pro-
portion of the main peak differed. The age of the main peak
was of the Late Paleoproterozoic (35%), while the ages of the
secondary peaks were of the Late Paleozoic (18%), Early Pa-
leozoic (21%), and Early Paleoproterozoic (13%), with minor
peaks in the Late Mesoproterozoic—Early Neoproterozoic. As
mentioned above, most of the sediments of the Anding Forma-
tion (Late Paleozoic, Late Paleoproterozoic, and Early Paleo-
proterozoic) were derived from the Alashan Block to the north-
west and the Yinshan Block to the north, while a few zircons
(Early Paleozoic and Late Middle Proterozoic—Early Neopro-
terozoic) were derived from the western part of the Northern
Qilian orogenic belt to the west and the Northern Qinling oro-
genic belt to the south. It is worth noting that four zircons that
did not have ages in the peak age range were present in the
Anding Formation, all of which were of Cryptozoic age. The
overall proportion of Paleoproterozoic zircons increased signif-
icantly, and the Paleozoic zircons were relatively depleted and
removed from older basement rocks. The metamorphic zircons
were dated at 2 972 Ma, which likely corresponds to the age of
the ancient metamorphic basement rocks in different areas of
the Alxa Block, for example, zircons from gneisses in the Alxa
Left Banner area (2 914+11 Ma) (Geng et al., 2007), zircons
from biotite gneisses in the Helanshan area (2 839+11 Ma,
based on secondary ion mass spectrometry (SIMS) analyses)
(Dan et al., 2012), and zircons from mica-gneiss in the Helan-
shan area (2 87123 Ma, based on sensitive high-resolution ion
microprobe (SHRIMP) analysis) (Dong et al., 2007). The ages
of two zircons (1 529 and 1 515 Ma) likely correspond to the
basement ages of the Qinling terrane in the North Qinling oro-
genic belt. Previous U-Pb analyses of single zircons from the
Qinling terrane yielded ages ranging from 1 400 to 1 600 Ma,
which recorded major magmatism of the initial phase (Cao et
al., 2017; Shi et al., 2013; Yang et al., 2010; Lu et al., 2009). A
metamorphic zircon dated at 660 Ma was probably derived
from the ophiolite and rift valley volcanics in the western part
of North Qilian orogenic belt (Xia et al., 2016; Xu et al., 2009;
Tseng et al., 2007; Shi et al., 2004; Guo et al., 2002; Mao et al.,
1998).

4.2.3 Lower Cretaceous Luohe and Huanhe-Huachi for-
mations

The distribution of detrital zircon peak ages in the Lower
Cretaceous Luohe and Huanhe-Huachi formations were essen-
tially the same, except for some differences in the peak propor-
tions of the Paleozoic zircons; thus, the two formations are dis-
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cussed together. The peak age distribution of the detrital zir-
cons was the same as that of the Zhiluo Formation, with the fol-
lowing peak ages: Early Paleozoic, Late Paleozoic, Late Pro-
terozoic, and Early Proterozoic, with very few peaks during the
Late Mesoproterozoic—Early Neoproterozoic. However, Early
Paleozoic zircons dominated the Luohe Formation, while Late
Paleozoic zircons dominated the Huanhe-Huachi Formation.
Most of the zircons were derived from the Alashan Block to
the northwest and the Yinshan Block to the north, while a few
were derived from the western part of the Northern Qilian oro-
genic belt to the west and the Northern Qinling orogenic belt to
the south. Notably, zircon ages before 250 Ma first appeared in
these two formations, including two from the Luohe Formation
(223 and 246 Ma) and four from the Huanhe-Huachi Forma-
tion (144, 209, 238, and 243 Ma). Except for the 144 Ma zir-
con (i.e., Early Cretaceous), all the zircons were from the Trias-
sic. Early Mesozoic magmatism developed widely in the Qin-
ling orogenic belt and was dominated by continental collision.
A large number of Triassic intrusive granites are distributed in
the western part of the North Qinling orogenic belt and magma-
tism can be divided into two stages: 250-235 and 235-185 Ma
(Dong and Santosh, 2016; Wang X X et al., 2015; Dong et al.,
2012; Ding et al., 2011; Jiang et al., 2010; Wang et al., 2007).
Therefore, we speculate that the source of these two formations
was mainly the western part of the North Qinling orogenic
belt. An Early Cretaceous zircon age (144 Ma) was also ob-
tained from a magmatic zircon in the Huanhe-Huachi Forma-
tion. Late Mesozoic granitic magmatism in the North Qinling
area also occurred, for which batholith zircon U-Pb ages
showed peaks at 158, 145, and 124 Ma (Wang X X et al., 2015,
2011; Yang et al., 2014; Qin et al., 2012). A large number of
acidic intrusive bodies with emplacement ages at 142—149 Ma
have been observed in the Xiaoshan area of the North Qinling
orogenic belt (Liang et al., 2020; Lu and Liang, 2018; Li et al.,
2013; Zeng et al., 2013; Hu et al., 2011), thus, this Early Creta-
ceous zircon presumably originated from the granite rocks in
this region.

4.3 Analysis of Zircon U-Pb Age Changes

When analyzing the provenance of detrital zircons, not on-
ly should the age distributions of the surrounding rock bodies
be identified, but the spectral distributions of the detrital zir-
cons in the underlying strata should also be investigated; other-
wise, incorrect interpretations could occur (Pereira et al., 2016;
Gehrels et al., 2011; Thomas et al., 2011; Dickinson and Geh-
rels, 2009; Link et al., 2005). Previous studies demonstrated
that the Yan’an Formation sandstone is a recycled deposit that
was laid after the stratum was uplifted and eroded prior to the
Jurassic along the western margin of the Ordos Basin (Guo et
al., 2018a, b). In this regard, the U-Pb ages of the Late Triassic
—Middle Jurassic detrital zircons along the southwestern and
western margins of the Ordos Basin are statistics (Figs. 6 and
10). Compared to the underlying Yan’an and Yanchang forma-
tions, the Zhiluo Formation had a relatively obvious Permian
peak age group; however, the Proterozoic peak age group was
greatly reduced, which rules out the possibility that the sand-
stone in the Zhiluo Formation is a recycled deposit. Therefore,
the provenance of the Zhiluo Formation inferred from the detri-

tal zircon ages is correct. In addition, these areas are located in
close proximity. From the Late Triassic—Middle Jurassic, the
number of detrital zircons in the samples dated at ~440 Ma and
~1 000 Ma increased markedly, while the number of zircons
dated at ~1 900 and ~2 500 Ma detrital zircons decreased, thus
suggesting that the provenance of the Qinling orogen increased
obviously. This may have been the response of the main colli-
sion between the South China Craton and North China Craton,
which occurred during the Late Triassic (Wang X X et al.,
2015; Bao et al., 2014; Dong et al., 2011).

The Zhiluo and Anding formations were continuously de-
posited in most areas of the basin, and no related tectonic
events have been observed. According to the detrital zircon
spectrum, there is a considerable difference between the two
formations, with the Early Paleozoic and Proterozoic ages in-
creasing significantly. This was likely affected by climate
change for the following reasons: the sediments of the Anding
Formation are mainly amaranth, while the underlying Zhiluo
Formation is mainly gray-green (Fig. 2). A set of micritic car-
bonates are developed in the Anding Formation throughout the
region, the overall background is a salty lacustrine environ-
ment, and the grain size of the sediments is fine, reflecting a
significant decrease in the supply of terrigenous clastic materi-
als. The climate during the deposition of the Yan’an and Zhi-
luo formations was generally warm and humid, while the cli-
mate during the deposition of the Anding Formation was dry
and cold, indicating a change in the paleoclimatic environment
(Yi et al., 2019; Guo et al., 2018b; Sun X L et al., 2017; Li et
al., 2015, 2014; Liu and Yang, 2000). In recent years, climatic
controls on changes in sediment provenance have been widely
observed (Litty et al., 2017; Bekaddour et al., 2014; Steffen et
al., 2010). A dry and cold climate led to a reduction in the
amount of denudation of exposed rocks at the surface, thereby
weakening (enhancing) the contribution of zircons from Paleo-
zoic granites (Proterozoic basement rocks).

The Lower Cretaceous Luohe and Huanhe-Huachi forma-
tions and the underlying Middle Jurassic strata differed signifi-
cantly because there were more zircon ages dated at <250 Ma
(209—-246 and 144 Ma), which were probably all derived from
the North Qinling orogenic belt. According to their statistics,
the upper Triassic and Middle Jurassic strata on the periphery
did not contribute zircons to this group (Figs. 6, 10). Although
some detrital zircons have been recorded at this age, the over-
all number is relatively small (Guo et al., 2017; Bao et al.,
2014; Xie and Heller, 2013), indicating that the Indosinian
granite in the North Qinling orogenic belt may have only been
partially exposed before the Early Cretaceous; thus, it contrib-
uted little to the provenance. Among the zircon ages of the Luo-
he Formation, the proportion of Early Paleozoic zircons in-
creased significantly and showed a strong main peak at ~436
Ma, while zircons of the remaining age groups decreased obvi-
ously; hence, the provenances of the North Qinling orogen or
North Qilian orogenic belt clearly increased. Most of the zir-
cons were angular with a low roundness, indicating that they
were not transported for a long distance by recycled deposits.
This indicates a very low possibility for a recycled deposit. In
the core, conglomerate beds of the Middle Jurassic Fenfanghe
Formation (no samples) were observed along with several sets
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of huge gravel conglomerate beds in the Luohe Formation, sug-
gesting an intense tectonic movement at the margin of the ba-
sin during the Late Jurassic—Early Cretaceous. From the Late
Jurassic to Early Cretaceous, the Qinling—Qilian orogenic belt
underwent a strong multi-cycle intracontinental orogeny. Yan-
shanian granites are widely distributed in the North Qinling
orogenic belt, and a set of alluvial conglomerates of the Yijun
Formation were deposited along the southern margin of the ba-
sin, which was derived mainly from the North Qinling region.
This suggests that the tectonic activity was relatively strong in
the North Qinling area (Qi et al., 2017; Wang X X et al., 2015;
Wang J Q, 2010; Liu et al., 2006), which may have caused the
Indosinian granites to become more widely exposed and under-
go weathering denudation, thus increasing the amount of
source material from the Indo-Chinese granites contributing to
the strata in the study area.

4.4 Uranium Source and Metallogenesis

For sandstone-type uranium deposits, a source area suffi-
ciently rich in uranium is required for the development of ura-
nium ore deposits, and intermediate-acid magmatic rocks are
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the best uranium-containing sources. Previous studies have
shown that Paleozoic—-Mesozoic magmatic rocks with high ura-
nium contents around the Ordos Basin are the main source of
uranium to the sandstone-type uranium deposits in the basin
(Akhtar et al., 2017; Wang et al., 2011; Li et al., 2010). The
analysis of the provenance in this study shows that the main
source areas for the southwest margin of the basin are the Alxa
and Yinshan blocks, with contributions from the North Qilian-
North Qinling orogenic belts. The Alxa Block has undergone
two crustal accretion events and multiple phases of magma-
tism, and Late Paleozoic granites are the most widely distribut-
ed granites (Dan et al., 2016; Luo, 2015; Windley et al., 2007;
Zhou and Yu, 1989). The rock types exposed at the surface are
mainly alkaline granites, granodiorites, migmatite granites, and
granitic gneisses, and the uranium content of the rocks in the
source area is generally high. In addition, in the Yinshan oro-
genic belt to the north of the Ordos Basin, the gneiss group of
the Archean Eonothem Wulashan terrane also has a high urani-
um content and experienced acidic magmatic intrusion that led
to uranium enrichment during the Indosinian and Yanshanian.
The average uranium content of Paleozoic granite bodies can
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Figure 10. Relative age probability diagram comparing ages of zircon grains. U-Pb age histograms of the detrital zircons from the Paleozoic sandstones in the
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2018a); (f) Yanchang Formation of Upper Triassic in Ankou area (Xie and Heller, 2013); (g)—(h) Upper Triassic Yanchang Formation in Pingliang and Nashui-

he area (Sun D et al., 2017); (i) Upper Triassic Yanchang Formation in Kongtongshan area (Song et al., 2010).
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reach 9.92x10° (Jiao et al., 2015; Wang L et al., 2015; Liu et
al., 2012; Li et al., 2008). The uranium-bearing phosphorite of
the Lower Cambrian Xinji Formation in the Longxian-Qishan
area, and the Proterozoic—Paleozoic acidic magmatic rocks and
mixed rocks in the North Qinling orogenic belt are also rich in
uranium, with a uranium content of ~2.2x10°—8.6x10° (Zhang
et al., 2018). Therefore, a large number of uranium-rich rocks
in the source area provide a good uranium source for the forma-
tion of sandstone-type uranium deposits. In addition, during
the Mesozoic—Cenozoic, the western Ordos Basin underwent
multiple periods of tectonic compression, which facilitated the
uplift and exposure of uranium-rich rocks at the bottom of the
basin. During the sedimentation period, or the infiltration and
transformation periods of the target layer, the coupled effects
of these two factors provided sufficient internal and external
uranium sources to the basin when the orogenetic conditions
were favorable (Akhtar et al., 2017; Liu et al., 2013; Guo et al.,
2010; Liu et al., 2006).

5 CONCLUSIONS

(1) The U-Pb ages of Middle Jurassic—Lower Cretaceous
detrital zircons from the Zhenyuan area along the southwestern
margin of the Ordos Basin showed four peak ages at 250-330,
420-500, 1 720-2 000, and 2 340-2 580 Ma, with a small num-
ber of zircons dated at 770—1 100 Ma. The overall distribution
of the ages was relatively consistent, but the main peaks in each
stratum differed. Most zircons were of the Paleozoic and Late
Paleoproterozoic, while only a few were of the Early Paleopro-
terozoic and Late Mesoproterozoic—Early Neoproterozoic.

(2) Comparing the isotopic chronologies of the study area
with those of the periphery revealed that the main source of the
Late Mesozoic strata (Late Paleozoic, Late Paleoproterozoic,
and Early Paleoproterozoic zircons) was the crystalline base-
ment series (Khondalites, intermediate-acid intrusive rocks,
and metamorphic rocks) of the Alashan Block to the northwest
and the Yinshan Block to the north, with smaller contributions
(Early Paleozoic and Late Mesoproterozoic—Early Neoprotero-
zoic zircons) from Caledonian magmatic rocks and Jingning
Period rocks from the western part of the Northern Qilian oro-
genic belt to the west and the northern Qinling orogenic belt to
the south.

(3) The age composition changes in the Anding Formation
were likely affected by climatic changes during the Middle —
Late Jurassic. In addition, Triassic age zircons (<250 Ma) were
first observed in Early Cretaceous strata, suggesting that the
North Qinling region was tectonically active during the Late
Jurassic, which exposed the Indosinian granites more exten-
sively at the surface and provided a source of basin sediments.

(4) The provenance of the Luohe Formation, which con-
tains the ore-bearing horizon, was mainly from the intermediate-
acid intrusive rocks and metamorphic rocks of the Alxa Block
to the northwest; gneisses, granulites, and Khondalites from
the Yinshan area to the north; a large number of Hercynian ig-
neous rocks; and partly from the intermediate-acid intrusive
rocks, basic intrusive rocks, and metamorphic rocks of the
North Qilian-North Qinling orogenic belts. It may not be suffi-
cient to identify provenance based on detrital zircons alone,
and other provenance analysis methods should be integrated in

future studies to determine the source of basin sediments more
accurately.
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