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ABSTRACT: The Ordos Basin is an important sandstone-type
uranium enrichment region in China, and the Lower Cretaceous
Huanhe Formation has attracted significant attention as a newly
discovered ore-bearing stratum. To elucidate the provenance, tectonic
background, and sedimentary environment constraints on uranium
enrichment in the Huanhe Formation sandstone-type uranium
deposits, 10 representative sandstone samples from the study area
were analyzed by using electron microscopy, X-ray fluorescence
(XRF), inductively coupled plasma mass spectrometry (ICP-MS),
and electron probe microanalysis. Independent uranium minerals in
the Yihewusu area of Hangjin Banner were shown for the first time to
be composed mainly of coffinite and titanium-uranium oxide, with
trace amounts of pitchblende. The major element diagrams of the
sandstone and ratios of Sr/Ba, V/Cr, and U/Th and enrichment factors of Mo and U revealed that the source rocks of the Huanhe
Formation sandstone in the study area were intermediate-felsic igneous rocks. The tectonic setting is characterized as an active
continental margin, with later deposition in brackish-to-marine water environments. The ore-bearing strata indicate a reducing
environment, whereas the nonore-bearing strata indicate a weakly oxidizing environment. With reference to previous studies, the
sedimentary material primarily originated from the medium-acidic intrusive rocks exposed in the northern portion of the basin,
including the Daqing-Wula Mountains, the Yin Mountains, and middle-acidic intrusions along the eastern margin of the Alxa region
in the western part of the basin. The uranium-rich granitic pluton of the source area contributed to the preenrichment of uranium in
the target sandstone layer. Under oxidizing aqueous conditions, U6+ migration was activated, whereas under reducing aqueous
conditions, U6+ was reduced to U4+, resulting in eventual sedimentation of coffinite as ore.

1. INTRODUCTION
The Ordos Basin is a significant multienergy resource basin in
northern China and it hosts coal, uranium, oil, and natural gas
deposits. Its formation is closely linked to the tectonic activities
of three major structural domains: Paleo-Asia, Tethys, and
Circum-Pacific.1−3 The western segment of the northern part
of the basin lies between the Yimeng Uplift and Tianhuan
syncline structural units, which have undergone multiple
phases of intense tectonic movement. These movements
have posed challenges in determining the provenance of
deposits and simultaneously introduced significant uncertain-
ties in reservoir predictions for sandstone-type uranium
deposits within the basin.3−8 Detrital sediments are crucial
indicators for deciphering the tectonic background of
sedimentary basins, evolution of intracontinental basins, and
characterization of source rock properties.9−17 Sandstone-type
uranium deposits exhibit distinct characteristics because the
sand body is controlled by the facies and the ore is controlled

by the sand body.18 As a result, provenance investigations of
sand bodies have become an essential prerequisite for
conducting prospecting efforts targeting sandstone-type
uranium deposits.

Lower Cretaceous strata have been extensively exposed in
the northwestern part of the Ordos Basin. In recent years, with
continued exploration for sandstone-type uranium deposits in
northern regions, significant industrial uranium mineralization
with relatively high grades (up to 16.44 kg/m2) has been
discovered within the Huanhe Formation sandstones in the
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Yihewusu area of the northwestern Ordos Basin.19 Sub-
sequently, multiple industrial uranium-mineralized boreholes
were identified, which further enhanced and solidified the
exploration potential and scale of uranium mineralization in
the Yihewusu area. Thus, the Huanhe Formation has been
designated as a new prospecting horizon for mineral
exploration in the Ordos Basin. Recently, scholars have
focused on aspects such as the sedimentology and tectonic
evolution of the Lower Cretaceous Huanhe Formation within
the region.19−27 However, research concerning detrital
provenance and uranium mineralization characteristics within
the area remains relatively limited, especially with regard to the
occurrence characteristics of uranium minerals. Due to the
limited research on the provenance and uranium mineraliza-
tion, there has been a certain degree of constraint on the
thorough exploration of sandstone-type uranium deposits
within the region. Therefore, based on geological field surveys,
this study systematically collected samples of the Huanhe
Formation (mineralized) sandstone within the ore-bearing
target layer in the Yihewusu area. Various methods were used
to investigate these samples including petrology, elemental
geochemistry, and electron probe microanalysis. By integrating
previous research findings, this study preliminarily examined
the provenance characteristics and uranium mineralization
processes to provide an essential theoretical foundation for
future sandstone-type uranium exploration efforts within this
region.

2. GEOLOGICAL BACKGROUND
The Ordos Basin is a large-scale inland rift basin developed
during the Mesozoic, and it covers an area of approximately
250,000 km2, which is roughly equivalent to the sedimentary
extent of the Late Mesozoic. The northern and southern
margins of the basin are controlled by the Qilian−Qinling
tectonic belt, which trends approximately east−west, and deep-
seated fault zones along the margin of the Yinshan Mountains

tectonic belt. The Taihang-Lvliang and Helan Mountains in
the north−south tectonic belt constitute the eastern and
western boundaries of the basin, respectively, and separate it
from the Alxa and Shanxi Blocks. Thus, a rectangular basin
with a north−south orientation was formed. The northern part
of the basin is encircled by the Huanghe (Yellow River) fault
depression and spans five provinces (Shaanxi, Gansu, Ningxia,
Inner Mongolia, and Shanxi) and different regions.25 During
the Early Cretaceous, the Ordos Basin entered a state of stress
relaxation following intense tectonic compression during the
Yanshanian period. Early reverse fault inversion, accompanied
by basic magmatic activity, marked the onset of a new
evolutionary stage, thereby transforming the basin into a rift
depression under extensional conditions. During this phase,
the Ordos Basin largely inherited the paleogeographic pattern
of the Late Jurassic half-graben depression with steep west and
gentle east orientation. Within this context, the basin
accumulated Luohe Formation (K1l) and Huanhe Formation
(K1h), with the depositional center located along the
Etuokeqi-Jingchuan line.

In the study area, the Cretaceous sequence from top to
bottom consists of the Jingchuan Formation (K1j), Luohan-
dong Formation (K1lh), Huanhe Formation (K1h), and
Luohe Formation (K1l) (Figure 1). These formations are
composed of red argillaceous siltstone, red sandstone, gray-
green (reddish-brown) sandstone, and red conglomerates. The
sedimentary facies mainly consist of delta deposits, braided
river deposits, and aeolian sand dune deposits. The sandstone-
type uranium deposits of the Huanhe Formation are primarily
enriched in grayish-brown sandstones, which transition from
brown and reddish-brown to greenish sandstones. Within the
area, two significant faults influenced the Lower Cretaceous
sequence, namely, the Sanyanjing and Wulanjilinmiao faults.
Both are east−west-trending normal faults that cut through the
Lower Cretaceous strata and underlying formations. These
faults provide pathways for the migration of deep-seated

Figure 1. Geological map of the Northwestern Ordos Basin. (Revised by Wang et al.19) Adapted with permission from ref 19. Copyright: [Bulletin
of Geological Science and Technology, 2023].
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reducing gases and act as conduits for the discharge of
oxygenated, uranium-bearing waters.20,26,27

3. MATERIALS AND METHODS
3.1. Materials and Preprocessing. Ten sandstone

samples were selected from borehole ZKW20-1 from the
Huanhe Formation in the Yihewusu area of the northwestern
Ordos Basin. Among them, four samples were uranium-bearing
sandstone, and six samples were regular sandstone (Figure 2).
Sample preparation involving thin section and probe section
preparation for the 10 samples was conducted at the sample
preparation facility of the East China University of
Technology. Subsequently, eight samples were selected, rock
blocks from the samples were broken and ground using an
agate mortar to a fineness of 200 mesh, and approximately 30
and 50 g of each sample were weighed. The samples were
securely packaged in sample bags and sent to the State Key
Laboratory of Nuclear Resources and Environment at the East
China University of Technology for analysis and testing.
3.2. Thin Section Identification and Electron Probe

Analysis. Mineral identification work was performed on 10
regular thin sections and 10 electron probe microanalysis
(EPMA) thin sections of the Huanhe Formation sandstones at
the State Key Laboratory of Nuclear Resources and Environ-
ment, East China University of Technology, using an electron
microscope (Zeiss Axio Imager M2m). The chemical
composition of the uranium minerals at the microscale was
analyzed in an electron probe analysis chamber by using a JXA-
8100 M electron probe coupled with an Inca energy-type
energy dispersive spectrometer (EDS). The test conditions
included an acceleration voltage of 15.0 kV, a beam current of
20.0 nA, a beam diameter of 2 μm, and a ZAF correction

mode. The testing process strictly adhered to national
standards (GB/T 15617-2002).28

3.3. Major Element Analysis. Major elemental analysis of
the Huanhe Formation sandstone was conducted using an X-
ray fluorescence spectrometer (Philips PW2404). Prior to
geochemical analysis, the samples were crushed into a powder
that could filter through 200 mesh. Samples (1−1.5 g) were
accurately weighed and then heated in a ceramic crucible for 4
h. After being cooled for 2 h, the samples (0.5 ± 0.05 g) were
weighed and placed in plastic cups. Li2B4O7 and the cosolvent
were poured dropwise into the sample holder and heated for
15 min. The prepared samples were tested in a Rigaku 100e
XRF instrument, which had an analytical precision greater than
10%.
3.4. Trace Element Analysis. Trace and rare-earth

element analyses of the Huanhe Formation sandstone were
conducted using inductively coupled plasma mass spectrom-
etry (ICP-MS) with a Thermo Fisher X Series II quadrupole
plasma mass spectrometer. The samples were pretreated by
using the acid dissolution method. First, 200 mesh samples
were dried at 105 °C for 3 h. Then, 50 ± 1 mg of samples were
weighed in a poly(tetrafluoroethylene) dissolution container
and dissolved dropwise by adding HNO3, HF, and HClO4.
Finally, the Rh internal standard solution was added, and the
final solution was diluted to 100.0 g with deionized water such
that the concentration of Rh in the solution was 10 ng/mL.
The analytical precision was greater than 5%.29

4. RESULTS
4.1. Petrographic Characteristics. The exposed sand-

stones of the Huanhe Formation (K1h) are mainly composed
of green and gray-green sandstones (Figure 3a). They exhibit

Figure 2. Borehole histogram of the Yihewusu region.
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distinct sandstone structures (Figure 3b) and blocky fabrics.
The clastic material is primarily composed of quartz, feldspar,
and lithic fragments, with particle sizes ranging from 0.11 to
0.33 mm. The overall sortability is moderate to poor, and the
roundness is relatively low. Quartz clasts are mostly single-
crystal quartz that exhibit angular to subangular shapes, with a
few displaying irregular shapes due to dissolution and
significant intracrystalline fracturing (Figure 3c). They consist
of 15−60% of clast content and show significant variations in

the content. Feldspar clasts exhibit subangular shapes and
account for 5−40% of the clast content, with extensive
sericitization on their surfaces (Figure 3d). These optical
characteristics indirectly suggest that the quartz and feldspar
clasts were predominantly sourced from felsic igneous rocks.
Debris accounts for 14−70% of the clast content and mainly
includes granite and quartzite debris.
4.2. Major Element Characteristics. The elemental

composition of sandstone from the Huanhe Formation in

Figure 3. Rock photos and microscopic photos of sandstones from the Huanhe Formation in the Yihewusu area, Ordos Basin. (a) Green
sandstone; (b) sand-like structure; (c) clear intracrystalline fracturing of feldspar; and (d) prominent sericitization of plagioclase; Qtz�quartz;
Pl�plagioclase; Bt�biotite; Ser�sericite.

Table 1. Analysis Results of Major Elements in the Sandstone Samples from the Study Areaa

sample
no. ER20-19 ER20-5 ER20-17 ER20-6 ER20-14 ER20-8 ER20-12 ER20-22

lithology

brownish-red
medium
sandstone

gray calcareous
fine sandstone

gray medium
sandstone

green coarse
sandstone

green
medium
sandstone

brownish-red
coarse sandstone

brownish-red
coarse sandstone

gray fine
sandstone

upper
crust

SiO2 72.25 55.75 72.19 72.54 68.44 73.34 70.74 67.15 65.89
Al2O3 12.94 9.47 12.74 12.49 12.41 12.09 12.88 12.76 15.17
Fe2O3 1.77 1.45 0.86 0.87 1.61 0.77 0.57 1.87
FeO 1.10 1.06 1.02 1.45 2.00 1.27 1.52 2.36
MgO 1.23 1.28 0.79 1.20 1.75 0.76 0.67 2.51 2.20
CaO 1.73 13.38 2.34 1.77 2.98 2.05 2.46 1.96 4.19
Na2O 3.40 2.72 3.46 3.76 3.69 3.69 4.18 3.41 3.89
K2O 2.36 1.88 2.72 2.69 2.08 2.56 2.63 2.31 3.39
MnO 0.10 0.29 0.11 0.12 0.16 0.12 0.15 0.14 0.07
TiO2 0.36 0.34 0.26 0.23 0.46 0.35 0.30 0.45 0.50
P2O5 0.09 0.08 0.09 0.09 0.11 0.10 0.11 0.11 0.20
loss on
ignition

2.35 11.97 3.00 2.38 3.88 2.38 3.10 4.36

CIA 53.87 46.27 50.12 50.80 47.89 49.46 48.01 52.78 49.21
CIW 60.29 51.40 56.72 57.65 52.46 55.82 53.71 58.88
ICV 1.25 3.79 1.25 1.31 1.62 1.29 1.31 1.57
aNotes: Chemical index of alteration (CIA) = 100 × Al2O3/(Al2O3 + CaO* + Na2O + K2O); chemical index of weathering (CIW) = 100 × Al2O3/
(Al2O3 + CaO* + Na2O); and index of compositional variability (ICV) = (Fe2O3 + K2O + Na2O + CaO + MgO + MnO + TiO2)/Al2O3. Higher
values indicate stronger weathering.31,32 The chemical composition of the formula is the mole number, and CaO* refers to the CaO present in
silicate minerals. When the mole number of CaO was greater than that of Na2O, mCaO* = mNa2O. Otherwise, mCaO* = mCaO.33
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the study area is presented in Table 1. In the sandstone in the
Huanhe Formation, the SiO2 content ranged from 55.75 to
73.34% (avg. of 69.5%), Al2O3 ranged from 9.47 to 12.94%

(avg. of 12.22%), Fe2O3 ranged from 0.57 to 1.87% (avg. of
1.22%), FeO ranged from 1.02 to 2.36% (avg. of 1.47%), MgO
ranged from 0.67 to 2.51% (avg. of 1.27%), Na2O ranged from

Table 2. Trace Element Analysis Results for Sandstones from the Study Area (10−6)

sample
no. ER20-19 ER20-5 ER20-17 ER20-6 ER20-14 ER20-8 ER20-12 ER20-22

lithology

brownish-red
medium
sandstone

gray calcareous
fine sandstone

gray medium
sandstone

green coarse
sandstone

green
medium
sandstone

brownish-red
coarse sandstone

brownish-red
coarse sandstone

gray fine
sandstone

upper
crust

Li 15.80 13.80 18.10 15.60 22.00 17.30 15.80 42.70 20.00
Be 2.47 1.65 1.94 1.37 1.71 1.94 3.18 2.59 3.00
V 61.00 34.70 104.00 36.40 108.00 248.00 154.00 490.00 107.0
Cr 42.90 31.70 29.70 27.10 55.50 37.50 35.00 49.50 85.00
Co 6.40 6.13 20.10 11.10 9.01 16.10 27.70 11.00 17.00
Ni 15.40 12.60 18.90 14.90 19.10 22.40 35.50 25.90 44.00
Cu 8.27 7.58 564.00 8.58 8.86 8.15 21.80 15.40 25.00
Zn 31.70 27.60 28.20 32.20 45.50 432.00 39.70 299.00 71.00
Ga 14.00 10.70 14.50 13.30 14.00 12.80 13.20 17.40 17.00
Rb 64.50 47.10 73.30 69.20 59.20 67.70 70.00 73.30 112.0
Sr 332.00 335.00 333.00 337.00 396.00 312.00 344.00 472.00 350.0
Mo 0.70 0.45 0.52 0.57 1.28 116.00 3.07 38.00 1.50
Cd 0.05 0.04 0.04 0.23 0.09 2.44 0.19 2.01 0.10
In 0.03 0.03 0.04 0.03 0.06 0.03 0.02 0.05 0.05
Sb 0.41 0.36 1.04 0.38 0.52 1.77 1.03 1.45 0.20
Cs 2.82 1.65 3.27 2.55 3.68 2.64 3.40 5.22 4.60
Ba 698.00 619.00 727.00 824.00 579.00 769.00 1293.00 577.00 550.0
W 1.31 0.47 0.96 0.81 1.12 0.93 0.84 1.15 2.00
Tl 0.41 0.30 0.56 0.51 0.38 0.89 0.68 0.69 0.75
Pb 17.20 32.70 29.20 24.30 23.80 46.70 25.10 51.40 17.00
Bi 0.09 0.10 0.19 0.17 0.24 0.11 0.12 0.19 0.13
Th 5.09 6.48 4.17 5.70 6.87 6.14 5.19 7.55 10.70
U 3.47 2.64 48.30 11.80 38.10 700.00 679.00 954.00 2.80

Table 3. Rare-Earth Element Analysis Results for the Sandstone Samples from the Study Area (10−6)

sample no. ER20-19 ER20-5 ER20-17 ER20-14 ER20-8 ER20-12 ER20-22

lithology

brownish-red
medium
sandstone

gray calcareous
fine sandstone

gray medium
sandstone

green
medium
sandstone

brownish-red
coarse sandstone

brownish-red
coarse sandstone

gray fine
sandstone

upper
crust

lower
crust

La 20.70 21.80 24.80 25.50 18.20 21.60 23.40 30.00 11.00
Ce 37.00 42.00 61.50 51.00 36.90 44.10 62.30 64.00 23.00
Pr 4.43 4.67 6.11 5.54 4.16 4.83 7.07 7.10 2.80
Nd 16.10 15.70 22.10 19.60 14.80 16.60 23.80 26.00 12.00
Sm 3.49 3.07 3.87 3.78 3.04 3.40 4.50 4.50 3.10
Eu 1.04 0.94 1.06 1.02 1.02 1.03 1.08 0.88 1.10
Gd 3.29 2.47 3.41 3.27 2.68 2.81 4.12 3.60 3.10
Tb 0.52 0.35 0.47 0.49 0.41 0.40 0.59 0.64 0.50
Dy 3.02 1.84 2.51 2.54 2.27 2.21 3.08 3.50 3.60
Ho 0.61 0.39 0.52 0.49 0.44 0.42 0.62 0.80 0.70
Er 1.79 1.23 1.57 1.51 1.27 1.28 1.83 2.30 2.20
Tm 0.30 0.18 0.24 0.23 0.19 0.21 0.29 0.33 0.30
Yb 1.72 1.15 1.45 1.39 1.14 1.30 1.67 2.20 2.20
Lu 0.26 0.18 0.21 0.21 0.17 0.20 0.25 0.32 0.20
∑REE 94.29 96.01 129.85 116.52 86.73 100.45 134.54 146.17 65.80
LREE 82.80 88.21 119.46 106.40 78.16 91.63 122.08 132.48 53.00
HREE 11.49 7.80 10.38 10.12 8.58 8.82 12.46 13.69 12.80
LREE/HREE 7.21 11.31 11.51 10.52 9.11 10.38 9.80 9.68 4.14
LaN/YbN 8.15 12.83 11.56 12.41 10.80 11.26 9.45
LaN/SmN 3.74 4.45 4.03 4.25 3.77 4.01 3.27
GdN/YbN 1.55 1.74 1.91 1.90 1.91 1.75 2.00
δEu 0.93 1.01 0.88 0.87 1.07 0.99 0.75
δCe 0.87 0.94 1.15 0.97 0.96 0.98 1.13
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2.72 to 4.18% (avg. of 3.54%), K2O ranged from 1.88 to 2.72%
(avg. of 2.40%), MnO ranged from 0.10 to 0.29% (avg. of
0.15%), TiO2 ranged from 0.23 to 0.46% (avg. of 0.34%), and
P2O5 ranged from 0.08 to 0.11% (avg. of 0.10%). Substantial
variations were observed in the CaO content, which ranged
from 1.73 to 13.38% (average of 3.58%). Apart from the higher
SiO2 content compared with that of the continental upper
crust, the remaining elements generally exhibited lower
concentrations compared with those of the continental upper
crust in the samples,30 suggesting the presence of abundant
quartz and clay constituents.
4.3. Trace and Rare-Earth Element Characteristics.

The trace element data of the sandstone are given in Table 2.
In terms of trace elements, the average Rb, Ba, and Sr contents
were 65.54 × 10−6, 760.10 × 10−6, and 357.63 × 10−6,
respectively. Except for the slight enrichment of Ba compared
with that in the continental upper crust, the remaining
elements exhibited a weakly depleted pattern. The content of
mafic elements, such as Cr and Ni, was slightly depleted
compared to that in the upper crust, thus reflecting a higher
proportion of acidic components in the sandstones in the study
area.
The rare-earth element (REE) data for the sandstone

samples are listed in Table 3. The total rare-earth elements
(∑REE) in the sandstones of the Huanhe Formation in the
Ordos Basin ranged from 86.73 to 134.54 × 10−6, with an
average value of 108.34 × 10−6. The contents of light rare-
earth elements (LREE) and heavy rare-earth elements (HREE)
ranged from 78.16 to 122.08 × 10−6 and 7.80 to 12.46 × 10−6,
with average values of 98.39 × 10−6 and 9.95 × 10−6,
respectively. The LREE/HREE ratios varied between 7.21 and
11.51 × 10−6, with an average value of 9.98 × 10−6, indicating
enrichment of LREEs and depletion of HREEs and notable
fractionation between LREEs and HREEs. The chondrite-
normalized REE distribution curve showed a significant
rightward tilt and mild negative Eu anomalies (δEu = 0.75−
1.07, with an average of 0.93; Figure 4a). The REE distribution
curves of each sample were parallel to each other, indicating
synchronous variations in the REE contents. The North
American shale-normalized REE distribution curve displayed a
nearly horizontal distribution feature (Figure 4b), indicating
similarities in REE composition to North American shales.
This suggests that the detrital source rocks within the study
area originated from the continental upper crust.

4.4. Chemical Composition and Occurrence State of
Uranium Minerals. The chemical composition and occur-
rence of uranium minerals in the ore-bearing sandstone of the
research area were analyzed by using electron probe chemical
composition analysis. The results are summarized in Table 4.
The uranium minerals were mainly coffinite, followed by
titanium-uranium oxide with a very small amount of
pitchblende. The UO2 content in coffinite ranged from 49.73
to 61.04%, with an average content of 53.74%; the SiO2
content ranged from 16.30 to 21.12%, with an average content
of 18.54%; the CaO content ranged from 0.90 to 2.89%, with
an average content of 1.69%; the Y2O3 content ranged from
2.56 to 10.22%, with an average content of 5.96%; the P2O5
content ranged from 0.46 to 3.80%, with an average content of
2.35%; and the FeO content ranged from 0.14 to 4.90%, with
an average content of 1.53%. Moreover, it also contained trace
amounts of Na2O, TiO2, MgO, and Al2O3.

The UO2 content in pitchblende ranged from 60.65 to
66.10%, with an average content of 63.37%; the SiO2 content
ranged from 8.45 to 11.98%, with an average content of
10.22%; the CaO content ranged from 2.34 to 3.21%, with an
average content of 2.77%; the Y2O3 content ranged from 0.57
to 3.67%, with an average content of 2.12%; the P2O5 content
ranged from 0.18 to 2.27%, with an average content of 1.22%;
and the FeO content ranged from 0.25 to 0.73%, with an
average content of 0.49%. In addition, trace amounts of Na2O
and Al2O3 were observed. The UO2 content in titanium-
uranium oxide ranged from 31.84 to 34.68%, with an average
content of 33.20%; the TiO2 content ranged from 24.11 to
41.38%, with an average content of 33.90%; and the SiO2
content ranged from 7.41 to 14.39%, with an average content
of 10.37%. Y2O3, P2O5, FeO, and SO3 were found in some of
the coffinite particles tested. This phenomenon could
potentially be attributed to the relatively small size of the
coffinite particles and their close association with xenotime and
pyrite framboids, resulting in the inadvertent introduction of
trace components during the testing procedure.

Electron probe backscattered electron (BSE) images of
uranium minerals reveal that coffinite and pitchblende
generally exhibit particle sizes ranging from 1 to 10 μm and
display diverse morphologies and varied occurrences. Based on
their morphological characteristics, distribution patterns, and
associations with other minerals, these uranium minerals can
be preliminarily classified based on five distinct occurrence
patterns. (1) Uranium minerals were distributed along the

Figure 4. (a) Chondrite-normalized REE distribution pattern and (b) North American shale-normalized REE distribution pattern.
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edges of the detrital particles. This distribution pattern was
predominantly observed at the edges and fractures of the
quartz particles (Figure 5a,b). Coffinite occurred as irregular
granular formations along the periphery of quartz particles,
thus creating the illusion that the two formed a circle or
package (Figure 5c). This portion of coffinite exhibited
relatively larger grain sizes overall, accompanied by a higher
content of UO2. (2) Uranium minerals were distributed within
detrital particles, with the main types of detrital particles being
quartz, debris, and a minor amount of feldspar. Coffinite
occurred as irregular granular formations or star-like clusters
within the crystal lattice of detrital quartz. Coffinite was also
found within the concavities of the quartz grains (Figure 5d).
(3) Uranium minerals coexisted with pyrite framboids (Figure
5e) or limonite. Coffinite presented irregular, granular, and
star-like patterns within the periphery of pyrite framboids and
detrital quartz particles. The association of uranium minerals
with pyrite and quartz was evident. When uranium minerals
were distributed within quartz particles, the coexisting nearby
pyrite could induce the reduction of precipitation owing to the
strong reducing nature of pyrite, resulting in the reduction of
the precipitation of U and SiO2 from the fluid. (4) Uranium
minerals were present around or within the cleavage fractures
of biotite and coexisted with pyrite. This suggests that the Fe2+
contained in the biotite was capable of creating a favorable
reducing microenvironment for the reduction and precipitation
of U6+ (Figure 5f). (5) A small amount of uranium was found
within the interstitial material, which primarily consisted of
clay minerals and cementing material. Clay minerals exhibited
strong adsorption capabilities with uranium being adsorbed by
the clay minerals and subsequently precipitating around or
within them.

5. DISCUSSION
5.1. Rock Types of Provenance. The geochemical

characteristics of sandstone samples can reflect the material

composition characteristics of the sediment source areas.34,35

Some trace elements with weaker activity and ratios exhibited
poor migration and minimal changes during sedimentation.
Therefore, their transfer to sediment can still reflect the
geochemical habits of the parent rock and can be an ideal
object for identifying material sources.36,37 REEs are generally
considered nonmigratory, and the REE content in sediments is
mainly constrained by the REE abundance and weathering
conditions in the source rocks. Transport, sedimentation, and
diagenesis had little effect on the REE content in the
sediments, and the REE distribution pattern did not change
significantly from the source to the sedimentary site. The REE
contents of the sediments effectively reflect the characteristics
of the source rocks.30,38,39

During the formation of sandstone, processes such as
weathering, erosion, transportation, sedimentation, and later
alteration occur, which inevitably affect its chemical
composition. The contents of unstable elemental oxides,
such as CaO, Na2O, and K2O, undergo significant changes
owing to oxidation effects, as extensively documented in the
literature.40,41 Consequently, these oxides have been widely
employed as indicators of the degree of sample weathering.42,43

Due to K metasomatism and cyclic sedimentation, the
chemical index of alteration (CIA) of the chemical weathering
process, which affects the reliability of its products, can be
overestimated. Therefore, an index of compositional variability
(ICV) was used for correction. If ICV > 1, then fine-grained
clastic rocks contain little clay material, indicating initial
deposition in an active tectonic belt; and if ICV < 1, then the
fine-grained clastic rocks contain a high amount of clay
material, which indicates that the sediments have experienced
sedimentary recycling or initial deposition under heavy
weathering.42,43 The ICV values in the study area range from
1.25 to 3.79, with an average of 1.67, all >1, indicating that the
clastic rocks in the study area are in the initial sedimentary
stage of the active tectonic zone. A−CN−K diagrams are often
used to reflect the degree of weathering and effect of diagenesis

Figure 5. Backscatter images of uranium minerals from the sandstone of the Huanhe Formation in the Yihewusu area, Ordos Basin. (a) Coffinite
distributed within quartz fractures; (b) titanium-uranium oxide distributed along quartz margins; (c) coffinite irregularly distributed at the
periphery of quartz grains, creating an appearance of encirclement or inclusion; (d) coffinite distributed within quartz concavities; (e) coffinite
distributed within fillings, coexisting with pyrite framboids; (f) coffinite coexisting with biotite and chlorite; Cof: coffinite; Qtz: quartz; Brt:
titanium-uranium oxide; Py: pyrite; Kfs: potassium feldspar; Bt: biotite; Chl: chlorite.
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or metasomatism on samples. Heavier weathering of the
provenance generally corresponds to a higher CIA value. The
A−CN−K diagram (Figure 6) indicates that the effect of

potassium metasomatism on the CIA of the studied samples
can be neglected.42,43 The CIA values of the Huanhe

Formation samples in the study area were close to the ideal
weathering trend line (Figure 6), indicating that the
provenance was not affected by weak potassium metasoma-
tism. At the same time, the K2O contents (1.88−2.72%, avg. of
2.4%) of the samples were lower than those of the upper crust
(2.80%),44 which also indicated that the sediments in the
provenance area were not affected by potassium metasoma-
tism. Thus, the CIA can effectively determine weathering in
the provenance area. The CIA values for the study area ranged
from 46.27 to 53.87, with an average of 49.90. The CIA values
were close to those of the continental upper crust (49.21),
which indicates that sedimentary sorting had little impact on
the CIA value. Therefore, the low CIA value of sandstone in
the study area can reflect the general chemical weathering
conditions of the source area.45,46 Similarly, the chemical index
of weathering (CIW) values varied from 51.40 to 60.29, with
an average of 55.35 (Table 1), thus reflecting the relatively
small impact of diagenesis and metamorphism after sed-
imentation on the chemical composition of rocks.

The major elements can serve as criteria for classifying
sedimentary rocks and assessing their compositional maturity.
The SiO2 content was primarily controlled by the quartz
content, whereas the Al2O3 content reflected the presence of
clay minerals and feldspar. The SiO2/Al2O3 ratio can be used
as an indicator of compositional maturity.48 In this study, the
SiO2/Al2O3 ratios of the samples ranged from 5.26 to 6.07,
with an average of 5.66. This value fell within the range of
SiO2/Al2O3 values (>5) typical of mature sedimentary rocks,49

Figure 6. A−CN−K diagram of sandstone in the Huanhe Formation
in the Yihewusu area of the Ordos Basin.47 Adapted with permission
from ref 47. Copyright: [Geochimica et Cosmochimica Acta, 1984].

Figure 7. Diagram for distinguishing the source rock types of sandstones from the Huanhe Formation in the Yihewusu area, Ordos Basin. (a)
lg(Na2O/K2O)-lg(SiO2/Al2O3) (from Pettijohn et al.51); (b) TiO2−SiO2 (from Roser and Korsch52); (c) F2−F1 (from Roser and Korsch52); (d)
La/Yb-∑REE (from Bhatia36); and (e) La/Th−La/Yb (from Shao and Stattegger53). F1 = −1.773 × TiO2 + 0.607 × Al2O3 + 0.76 × Fe2O3 − 1.5
× MgO + 0.616 × CaO + 0.509 × Na2O − 1.224 × K2O − 9.090 and F2 = 0.445 × TiO2 + 0.07 × Al2O3 − 0.25 × Fe2O3 − 1.142 × MgO + 0.438
× CaO + 1.475 × Na2O + 1.426 × K2O − 6.8610. (a) Adapted from ref 51 Copyright: [New York: Springer-Verlag, 1972]. (b, c) Adapted with
permission from ref 52. Copyright: [The Journal of Geology,1986]. (d) Adapted with permission from ref 36. Copyright: [Sedimentary
Geology,1985]. (e) Adapted from ref 53. Copyright: [Journal of Sedimentary Research. 2001].
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indicating the relatively mature nature of the sandstone in the
Huanhe Formation. The petrographic characteristics reflected
a similar proportion of debris and rock debris. The findings in
Figure 7a comprehensively reveal that the sandstone of the
Huanhe Formation in the Ordos Basin is mainly composed of
greywacke.
In the TiO2−SiO2 diagram, the sample points are situated in

the transitional region between igneous rocks and the
boundary between igneous and sedimentary rocks (Figure
7b), thus indicating a predominant contribution from igneous
source rocks with minor input from sedimentary sources.
Roser and Korsch50 established discriminant functions (F1 and
F2) to differentiate source rock types based on the oxide
contents of Ti, Al, Fe, Mg, Ca, Na, and K in the sediments. By
utilizing the F2−F1 plot, it was possible to effectively
distinguish magnesian, intermediate, and felsic igneous rocks

from quartz-rich sedimentary rocks as potential source rocks.
In the F2−F1 plot, the majority of samples fell predominantly
within the felsic igneous source area, with a few samples
positioned in transitional zones between the felsic igneous
source and neutral igneous source, as well as between the felsic
igneous source and quartz-rich sedimentary source regions
(Figure 7c).

In the La/Yb-∑REE diagram, sample points predominantly
clustered in the overlapping region among sedimentary rocks,
calcareous mudstone, and granitic compositions with only one
sample positioned within the basaltic area (Figure 7d). In the
La/Th−La/Yb diagram, the sample points were primarily
situated near the average upper continental crust values
(Figure 7e). These characteristics collectively indicate that
the provenance of the Huanhe Formation sandstone in the

Figure 8. Tectonic setting discrimination diagram of the sandstone source area of the Huanhe Formation in the Yihewusu area of the Ordos Basin.
(a) K2O/Na2O-SiO2 (from Roser and Korsch52); (b) SiO2/Al2O3−K2O/Na2O (from Maynard et al.57); (c) TiO2−(TFe2O3 + MgO) (from
Bhatia54); and (d) Al2O3/SiO2-(TFe2O3 + MgO)/(SiO2 + K2O + Na2O) (from Kumon and Kiminami55). PM, passive margin; ACM, active
continental margin; ARC, oceanic island arc margin; A1, arc setting, basaltic, and andesitic detritus; A2, evolved arc setting, felsitic−plutonic
detritus; OIA, oceanic island arc; CIA1, continental island arc; IIA, immature island arc; EIA, evolved island arc; MMA, mature magmatic arc. (a)
Adapted with permission from ref 52. Copyright: [The Journal of Geology, 1986]. (b) Adapted with permission from ref 57. Copyright:
[Geological Society, 1982]; (c) Adapted with permission from ref 54. Copyright: [The Journal of Geology, 1983]; (d) Adapted with permission
from ref 55. Copyright: [Proceedings 29th IGC, 1994].
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study area is primarily attributed to felsic igneous rocks
originating from the continental upper crust.
The REE composition of the North American Shale

Composite (NASC) is commonly employed to represent the
REE characteristics of upper crustal compositions.38 In the
NASC-normalized REE distribution diagram for sedimentary
rocks in the study area, the normalized curves exhibited a near-
horizontal distribution (Figure 4b), suggesting similarities in
REE composition with the NASC and implying that the
Huanhe Formation sandstone primarily originated from the
continental upper crust. The chondrite-normalized distribution
pattern (Figure 4a) indicated a consistent trend in the
distribution curves of the Huanhe Formation sandstone,
which is similar to the upper crustal composition. This finding
further indicates that the source rocks originated primarily
from the continental upper crust.
5.2. Tectonic Setting. Bhatia54 categorized continental

margins and ocean basins into four tectonic types: oceanic
island arcs, continental island arcs, active continental margins,
and passive continental margins. Bhatia also proposed major
element geochemical parameters for discriminating sedimen-
tary basin tectonic settings as well as multivariate tectonic
setting discrimination diagrams and bivariate diagrams. In the
SiO2-(K2O/Na2O) diagram (Figure 8a), the sandstone
samples of the Huanhe Formation predominantly fall within
the active continental margin field, with only a few projecting
into the island arc domain. In the (K2O/Na2O)−(SiO2/Al2O3)
diagram (Figure 8b), the sandstone samples from the study
area are situated in the active continental margin region. In the
(TFe2O3 + Mg)−TiO2 diagram (Figure 8c), most of the
samples were positioned within the active continental margin
field, with a small portion intersecting the boundary between
the active continental margin and continental island arc as well
as the boundary between the active continental margin and
passive continental margin and predominantly aligning with
the active continental margin domain.
Kumon and Kiminami55 proposed the use of the (Al2O3/

SiO2)−(TFe2O3 + MgO)/(SiO2 + K2O + Na2O) diagram to
differentiate between immature island arcs, evolved island arcs,
and mature magmatic arcs. In this context, Al2O3/SiO2 roughly
signifies the proportion of feldspar to quartz, whereas (TFe2O3
+ MgO)/(SiO2 + K2O + Na2O) represents the ratio of
relatively basic components to felsic components.56 In this
diagram (Figure 8d), the majority of samples fell within the
mature magmatic arc field. A comprehensive analysis indicated

that the tectonic setting of the provenance region corresponds
to an active continental margin.

The Ordos Basin is situated in a complex superimposed
region with multiple tectonic domains. The evolutionary
processes and geodynamic settings are highly intricate. The
potential source areas surrounding the study region primarily
include the Yin Mountains, Daqing-Wula Mountains, Jining
area, Lang Mountains, Helan Mountains, Zhuozi Mountains,
and eastern edge of Alxa.16 The Huanhe Formation sandstones
in the Ordos Basin encompass four major age groups: 235−
330, 390−455, 1700−1980, and 2370−2540 Ma.58 The peak
age of 235−330 Ma coincides with the ages of the intrusive
rock bodies in the northern part of the study area, including
the Daqing Mountains, Wulate Zhongqi, Guyang, Siziwangqi,
and Baiyunebo, and the eastern edge of Alxa in the west. For
instance, the Xiaojingou granite body in the Daqing Mountains
has an age of 275 ± 1 Ma.59 In the Wulate Zhongqi region, the
Wuliangstai granite has an age of 277 ± 3 Ma,16,60 and the
De’ersi granite body has an age of 279 ± 3 Ma.16,61 In the
Guyang region, the adakite granite body has an age of 281.9 ±
3.1 Ma.16,62 In the Siziwangqi region, there are granites with
ages of 264 ± 3.4 and 266 ± 2 Ma.16 The Baiyunebo area
features a peak age of 269 Ma for granodioritic−granitic
intrusions.16,63 In the Alxa Desert region, weakly deformed
granites from the Early Permian are widely distributed, and
they are concentrated in the age range of 269−289 Ma.17 The
peak age of 2370−2540 Ma corresponds to the ages of granite
bodies in the Daqing-Wula Mountains in the northern part of
the study area. For instance, in the Daqing Mountains region,
Early Paleoproterozoic biotite granite with an age of 2430 ± 19
Ma is observed, while in the Ula Mountains region, Zisu
granite with an age of 2430 ± 7.7 Ma is observed.16

Combining the geochemical characteristics of sandstone
elements in the study area and the evidence obtained from
detrital zircon geochronology, it is suggested that the
predominant sources of detrital rock in the study area are
likely intermediate-acidic intrusive rocks exposed in the Daqing
Mountains, Ula Mountains, Yin Mountains, and the eastern
margin of the Alxa. The presence of abundant granite clasts in
the Huanhe Formation sandstone (Figure 3c) further supports
this hypothesis.
5.3. Sedimentary Environment. Since the Late Meso-

zoic, most regions in China have undergone continental
sedimentation during which continental strata directly
interacted with the atmosphere. Paleoenvironmental and
paleoclimatic characteristics and changes during the sedimen-

Table 5. Characteristic Parameters of the Trace Element Sedimentary Environment of the Sandstone from the Huanhe
Formation in the Yihewusu Area of the Ordos Basin

F.m type sample no. lithology Sr/Ba Sr/Cu V/Cr U/Th UCC-MoEF UCC-UEF PAAS-MoEF PAAS-UEF

K1h nonore-bearing
sandstone

ER2020-17 gray medium sandstone 0.46 15.78 3.50 11.58 0.11 2.32 0.22 2.62
ER2020-14 green medium

sandstone
0.68 44.70 1.95 5.55 0.29 1.88 0.55 2.12

ER2020-19 brownish-red medium
sandstone

0.48 40.15 1.42 0.68 0.15 0.16 0.29 0.19

ore-bearing
sandstone

ER2020-12 brownish-red coarse
sandstone

0.27 15.78 4.40 130.83 0.67 32.27 1.27 36.43

ER2020-22 gray fine sandstone 0.82 30.65 9.90 126.36 8.32 45.76 15.80 51.66
ER2020-8 brownish-red coarse

sandstone
0.41 38.28 6.61 114.01 26.83 35.46 50.97 40.04

nonore-bearing
sandstone

ER2020-6 green coarse sandstone 0.41 39.28 1.34 2.07 0.13 0.58 0.24 0.65
ER2020-5 gray calcareous fine

sandstone
0.54 44.20 1.09 0.41 0.13 0.17 0.25 0.19
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tation period have been keenly recorded.64−66 Some redox-
sensitive trace elements in sedimentary rocks, such as Ba, Cu,
V, Cr, and U, exhibit variable valence states that are influenced
by environmental changes. The redox conditions of the
environment control the enrichment of trace elements in
sediments. As a result, these redox-sensitive elements can
indicate the depositional environment of sedimentary rocks,
and their mass fractions and element ratios are crucial
indicators for interpreting the sedimentary environ-
ments.65,67,68 Therefore, in this study, the trace element
characteristic ratios in the sandstone samples from the Lower
Cretaceous Huanhe Formation in the northwestern Ordos
Basin were analyzed (Table 5). By utilizing indicators such as
the Sr/Ba, Sr/Cu, V/Cr, and U/Th ratios of trace elements in
sandstones, the evolutionary patterns of sedimentary environ-
ments in the northwestern part of the Ordos Basin were
revealed.69−72

(1) The Sr/Ba ratio is frequently used as an indicator of the
salinity of sedimentary water bodies. A Sr/Ba ratio
greater than 0.5 indicates a marine water environment, a
ratio between 0.2 and 0.5 indicates a brackish water
environment, and a ratio less than 0.2 suggests a
freshwater environment.65,67 In the studied Huanhe
Formation sandstones, the Sr/Ba ratios ranged from
0.27 to 0.82. Most of them were between 0.2 and 0.5,
with a small portion exceeding 0.5. These findings
indicated that the Huanhe Formation developed
brackish-to-marine water environments. This suggests
that the depositional environment of the Huanhe
Formation in the northwestern part of the Ordos
Basin was characterized by brackish-to-marine water
conditions.

(2) The V/Cr ratio is commonly employed as a significant
indicator of redox conditions. A V/Cr ratio < 2 indicates
an oxygenated environment, a ratio between 2.00 and
4.25 indicates a suboxic environment, and a ratio > 4.25
indicates a suboxic to anoxic environment.65,67 In the
studied Huanhe Formation sandstone, the V/Cr ratios
range from 1.09 to 9.90. For samples ER20-12, ER20-22,
and ER20-8, which represent uranium-bearing minerals,
the V/Cr values were all >4.25, suggesting that these
mineral-bearing sandstones were deposited in an anoxic
environment. In contrast, sample ER20-17, which
exhibited slightly enriched uranium content, had a V/
Cr ratio of 3.50, indicating a suboxic environment. The
V/Cr values of the other nonore-bearing sandstone
samples were close to 2, indicating mildly oxygenated
conditions. This implies that the oxygen content
gradually decreased during uranium enrichment in the
Huanhe Formation sandstones, further suggesting the
occurrence of redox reactions during mineralization.

(3) The U/Th ratio is commonly used as an indicator to
discern the redox conditions of water bodies. It is
generally accepted that U/Th ratios > 1.25 indicate an
anoxic environment, ratios from 0.75 to 1.25 indicate a
suboxic environment, and ratios < 0.75 indicate an
oxidizing environment.65,67 The U/Th values for most of
the nonore-bearing sandstones were greater than 1.25,
indicating that the nonore-bearing sandstones were in a
hypoxic environment. The U/Th values of the Huanhe
Formation sandstones in the study area showed a
positive correlation with uranium content. This suggests

that the oxygen content gradually decreased during
uranium enrichment in the sandstones, further implying
the occurrence of redox reactions during mineralization.

(4) Mo and U elements are found in very low concen-
trations in phytoplankton, and their sedimentary enrich-
ment is generally derived from autogenic enrichment. In
oxidized seawater, Mo exists in the form of stable and
inactive molybdate ions (MoO4

2−). Given the very
limited accumulation of authigenic Mo in an oxidized
environment, the concentration of seabed sediments in
the modern continental rim is as low as 1−5 ppm.73−75

Under anoxic sulfur-rich conditions, a specific concen-
tration of hydrogen sulfide (approximately 50−250 μM)
is capable of activating Mo, thereby catalyzing the
conversion of molybdate into thiomolybdate
(MoOxS(4−x)

2−, x = 0−3),70,71,73,76 and the latter is
easily deposited with sulfurized organic matter or iron
sulfides.77−80 Under oxidized conditions, U primarily
occurs in the form of soluble hexavalent uranyl
carbonate complexes and shows chemical inertness.81−85

The enrichment of authigenic U is relatively limited in
an oxidizing environment, and the U concentrations are
only 1−5 ppm in seabed sediments of the modern
continental rim.30,86,87 Under anoxic conditions, hex-
avalent U(VI) is reduced into tetravalent U(IV) in the
possible form of insoluble uranyl ions UO2+ or weakly
soluble uranyl fluoride complexes. Therefore, the above
chemical properties of Mo and U show that these
elements can be used to evaluate the redox conditions of
ancient waters. Studies before 2000 mainly analyzed the
original concentrations and the ratios between these two
elements,72 while recent studies tend to use the
standardized enrichment coefficient of Al to evaluate
the redox conditions of ancient waters 86−88. The
formula for calculating the enrichment coefficient is
given as follows

=XEF (X/Al) sample/(X/Al) UCC or PAAS

where X and Al represent the mass concentrations of elements
X and Al (ppm), respectively. The samples are generally
standardized using upper continental crust (UCC) rocks38 or
post-Archean average shales (PAAS) from Australia.30 U/
AlUCC has a value of 0.35 × 10−4 and Mo/AlUCC has a value of
0.19 × 10−4; and U/AlPAAS and Mo/AlPAAS have values of 0.31
× 10−4 and 0.10 × 10−4, respectively.72 An element has good
autogenetic enrichment if its enrichment coefficient is greater
than 3 and less than 10 or large-scale autogenetic enrichment if
its enrichment coefficient is greater than 10.

According to the contents of Mo and U in the sandstone
samples of the Huanhe Formation in the Yihewusu area of the
Ordos Basin, the enrichment coefficients of Mo and U were
calculated using UCC and PAAS of Australia. The MoEF and
UEF values of UCC and PAAS in the Huanhe Formation ore-
bearing sandstone are much lower than those in nonore-
bearing sandstone. This indicates that the redox conditions of
the ancient water bodies in the Huanhe Formation were lower
in terms of oxidation in ore-bearing sandstones than in nonore-
bearing sandstones. Therefore, ore-bearing sandstone was in a
reducing environment, while nonore-bearing sandstone was in
an oxidizing environment relative to ore-bearing sandstone.

According to the compiled database of modern marine
systems, Mo concentrations below 25 ppm usually represent a
noneuxinic environment, those between 25 and 100 ppm
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usually represent intermittent euxinia, and those greater than
100 ppm usually represent persistent euxinia.88−91 The MoEF
and UEF values of the ore-bearing sandstone in the Huanhe
Formation were generally greater than 25, while the MoEF and
UEF values of the nonore-bearing sandstone were all less than
25. This also indicates that the ore-bearing sandstone was in a
reducing environment, while the nonore-bearing sandstone
was in an oxidizing environment.
In summary, analysis of the trace element ratios (Sr/Ba, V/

Cr, U/Th, MoEF, and UEF) of the Lower Cretaceous Huanhe
Formation sandstones in the northwestern part of the Ordos
Basin clearly showed that the sedimentary environment of the
Huanhe Formation experienced significant fluctuations (Figure
9). Overall, the environment was a freshwater to brackish
environment. The ore-bearing layers (ER2020-12, ER2020-22,
ER2022-8) belonged to a reducing environment, whereas the
nonore-bearing layers belonged to a weakly oxidizing environ-
ment.
5.4. Uranium Mineralization and Mineralization

Models. Previous studies have indicated that rocks surround-
ing sandstone-type uranium deposits can serve as significant
sources of ore-forming materials. The contribution of these
host rocks to uranium mineralization depends directly on the
active uranium content in the source rocks. Therefore, host
rocks with higher uranium concentrations are favorable for
initial enrichment.27,92 In the northern part of the basin, there
are three major granite plutons with well-exposed outcrops: the
Langshan Granite Pluton, Daqing Mountain Granite Pluton,
and Yinshan Granite Pluton. The Langshan Granite Pluton
consists of nearly a hundred different-sized plutons with widely
distributed deposition times, primarily during the Variscan
Period. These plutons belong to central Inner Mongolia
granite. Previous research suggested that the granite plutons
deposited during the Variscan period had a uranium content of
7.8 × 10−6, and multiple uranium mineralization events have
been identified within these plutons.93,94 The Daqing
Mountain Granite Pluton has an overall higher uranium
content (4−8 × 10−6), indicating that it has a uranium-
enriched structure.93,94 Scholars have identified an average Th/
U ratio of 4.2 for mainland Chinese rocks. A Th/U ratio
greater than 4.2 is considered indicative of significant uranium

loss in rocks.68 Moreover, the Th/U ratio in this region was
48.8, indicating a considerable migration of uranium from
uranium-enriched granite plutons in the source area. Thus,
these plutons represented abundant uranium sources for the
Yihewusu area. Furthermore, the sand bodies of the Huanhe
Formation in the study area exhibit a relatively high whole-rock
uranium content (2.64−48.3 × 10−6). This suggests that
during the weathering and erosion processes, uranium-bearing
debris from the source rocks was transported by surface water
and other media and accumulated in the Yihewusu area, where
it accumulated.95 In humid paleoclimate and sedimentary
environments characterized by rapid near-source deposition,
sandstones contain significant amounts of pyrite framboids and
minor amounts of carbonaceous organic matter, both of which
are reducing substances.27,96 During the early burial stage, the
sandstones remained in a reducing environment, thus
preserving the uranium-bearing debris. This further contrib-
uted to the preenrichment of uranium in the sandstones of the
Huanhe Formation.

In the natural environment, uranium mainly exists in three
forms: discrete uranium minerals (such as uraninite,
pitchblende, and coffinite), as isomorphous analogues
(uranium-bearing secondary minerals, such as zircon and
monazite), and dispersed adsorption (often adsorbed onto coal
seams and clay minerals).97,98 Under oxidizing conditions,
uranium exists in the hexavalent state (U6+) and migrates in
the form of uranyl carbonate, uranyl phosphate, or uranyl
fluoride complexes. Under reducing conditions, uranium
precipitates in the tetravalent state (U4+) to form uranium
minerals such as pitchblende, uraninite, and coffinite.99−102

During the Jurassic to Cretaceous era, extensive coal-bearing
and oil-bearing rock formations were deposited in the northern
continental basins, forming a characteristic red-black rock
series. This red-black rock series is the main ore-bearing
stratum for sandstone-type uranium deposits in the northern
region. The coexistence of the black and red rock series in
Mesozoic continental basins represents a transition from a
reducing to an oxidizing paleoenvironment. The red layers
formed under oxidizing conditions provide a site for the
dissolution of uranium minerals by surface fluids, while the
black rock series acts as a barrier for uranium mineral

Figure 9. Sedimentary Environment Evolution of the Yihewusu Huanhe Formation in the Ordos Basin.
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precipitation. This interplay between the red-black rock series
indicates a close spatial and temporal association between
sandstone-type uranium deposits and the “red-black rock
series” in the northern continental basins.103−105 The Ordos
Basin is an important area for exploring coal, oil, and gas
resources. With later intensified tectonic activity, deep-seated
reducing fluids escaped and infiltrated the strata. Additionally,
the abundant presence of pyrite framboids and organic matter
in the form of coal served as reducing agents, thereby
facilitating uranium mineralization within the region. From the
Late Cretaceous to the Early Eocene, the basin experienced
regional uplift and limited sediment deposition, resulting in
prolonged periods of exposure for Triassic, Jurassic, and Lower
Cretaceous formations. The arid climate during this period
favored the development of the oxidation processes.
Eventually, uranium-rich fluids originating from source areas,
including uranium-bearing groundwater and atmospheric
precipitation, vertically penetrated the ore-bearing sandstone
bodies. These uranium-enriched fluids continuously generate
free [UO2]2+ ions. When the concentration of [UO2]2+ ions
reached saturation, the reducing agents present in the
Yihewusu region (including reducing gases such as CH4 and
H2S, coal seams, sulfides, and pyrite) led to the occurrence of
redox reactions. U6+ ions were reduced to U4+ ions, which
precipitated as independent uranium minerals, such as coffinite
and pitchblende, within the region (Figure 10).106

6. CONCLUSIONS

(1) This study revealed for the first time that the
independent uranium minerals in the Yihewusu area of
Hangjin Banner are mainly coffinite, which is commonly
found in association with detrital grains, along the edges
or concavities of pyrite framboids, and within cleavage
fissures of biotite. Previous reports have only provided
data for the Dongsheng area in the eastern part of the
study area.

(2) By combining the analysis of sandstone trace element
ratios, such as Sr/Ba, V/Cr, U/Th, MoEF, and UEF, this
research demonstrates significant fluctuations in the

sedimentary environment of the ore-bearing strata
within the Huanhe Formation. Overall, these strata
suggest a brackish-to-marine water setting. The ore-
bearing layers correspond to reducing conditions,
whereas the nonore-bearing layers indicate weakly
oxidizing conditions.

(3) The integrated analysis of sandstone detrital compo-
nents and elemental geochemical characteristics indi-
cates that the Huanhe Formation sandstone in the
Yihewusu region originated primarily from a tectonic
setting along an active continental margin. The main
sources of sediment were medium-acidic intrusive rocks
exposed in the northern part of the basin, including the
Daqing-Wula Mountain region, Yin Mountains, and
eastern edge of Alxa in the western part of the basin.

(4) A comparison of the uranium contents and Th/U ratios
in the Variscan period granitic rocks from the source
region revealed that the predominant contribution of
uranium-enriched granitic rocks from the source region
led to the preenrichment of uranium in the targeted
uranium-bearing sandstone layers. Ultimately, this
uranium precipitated as an ore through redox reactions.
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