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Abstract


Significant uranium exploration breakthroughs have been achieved in the eolian deposits of the uranium reservoirs in the southwestern part of the Ordos Basin. The redox environment remains a crucial factor in controlling the migration and precipitation of uranium. This study, through rock mineralogical observations and hydrocarbon gas composition analysis, combined with the regional source rock and basin tectonic evolution history, reveals the characteristics of the reducing medium and the mineralization mechanisms involved in uranium ore formation. The Lower Cretaceous Luohe Formation uranium reservoirs in the study area exhibit a notable lack of common reducing media, such as carbonaceous debris and pyrite. However, the total hydrocarbon gases in the Luohe Formation range from 2967 to 20,602 μmol/kg, with an average of 8411 μmol/kg—significantly higher than those found in uranium reservoirs elsewhere in China, exceeding them by 10 to 100 times. Due to the absence of other macroscopically visible organic matter, hydrocarbon gases are identified as the most crucial reducing agent for uranium mineralization. These gases consist predominantly of methane and originate from the Triassic Yanchang Formation source rock. Faults formed during the Indosinian, Yanshanian, and Himalayan tectonic periods effectively connect the Cretaceous uranium reservoirs with the oil and gas reservoirs of the Triassic and Jurassic, providing pathways for the migration of deep hydrocarbon fluids into the Cretaceous uranium reservoirs. The multiphase tectonic evolution of the Ordos Basin since the Cenozoic has facilitated the development of faults, ensuring a sufficient supply of reducing media for uranium reservoirs in an arid sedimentary context. Additionally, the “Replenishment-Runoff-Drainage System” created by tectonic activity promotes a continuous supply of uranium- and oxygen-bearing fluids to the uranium reservoirs, resulting in a multi-energy coupling mineralization effect.
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1. Introduction


Uranium mines are an important source of clean energy and strategic resources, with diverse types and complex origins [1,2,3,4,5,6,7]. Sandstone-type uranium deposits are non-fossil energy mineral resources that are enriched within sandstone bodies through fluid action. Soviet scholars referred to them as “hydrothermal uranium deposits” [8]. In the classical model of interlayer oxidation zone uranium mineralization, the redox environment within the sandstone uranium reservoirs is a key factor influencing the migration and precipitation of uranium [8,9,10,11,12,13,14]. The reducing medium is essential for the formation of sandstone-type uranium deposits, as it constrains the development of interlayer oxidation zones. The spatial coupling between this reducing medium and the oxidation zones creates a redox transition zone, which is the optimal location for uranium mineralization [15,16]. Thus, it can be said that the exploration and prediction of sandstone-type uranium deposits essentially involve evaluating the distribution patterns of the reducing medium [11].



Deep hydrocarbon fluids, such as oil and natural gas, have been extensively reported to participate in uranium mineralization in various basins, including Qaidam, Junggar, Bayin Gol, Ordos, Erlian, and Songliao [16,17,18,19,20,21,22,23,24,25,26,27]. However, the contribution of hydrocarbon fluids to uranium mineralization has been questioned in these regions due to the common presence of carbonaceous debris and pyrite—two critical reducing media for sandstone-type uranium deposits [10,28,29,30,31,32,33,34,35,36,37].



Recent uranium exploration findings in the Pengyang–Zhenyuan area of the southwestern Ordos Basin indicate that the reducing media within its uranium reservoirs are distinctly different from those in other regions. The Lower Cretaceous Luohe Formation uranium reservoirs show a significant lack of carbonaceous debris and pyrite; however, acid-soluble hydrocarbon results demonstrate that their hydrocarbon gas content is far higher than that in uranium reservoirs across China, clearly indicating that the reducing medium contributing to uranium mineralization originates from deep hydrocarbon fluids [38,39,40,41]. Nonetheless, the sources of these hydrocarbon fluids remain unclear, as the Cretaceous uranium reservoirs are underlain by Paleozoic Ordovician and Carboniferous–Permian formations, as well as multiple sets of Mesozoic Triassic and Jurassic source rocks, still leaving the mineralization mechanisms uncertain. In light of this, this paper employs microscopic rock mineralogical observations and hydrocarbon gas composition analyses, synthesizing regional geophysical interpretations along with the regional source rocks and basin tectonic evolution history. It aims to reveal the sources and migration pathways of hydrocarbon fluids within the uranium reservoirs, exploring the temporal and spatial coupling between hydrocarbon fluids and uranium and oxygen-bearing fluids, thereby providing theoretical insights for regional sandstone-type uranium exploration and prediction.




2. Regional Geological Background


The Ordos Basin, located in central China, covers an area of approximately 250,000 km2 and is renowned for its coexistence of multiple mineral resources, including oil, gas, coal, and uranium [17]. The basin can be divided into six structural units: the Yimeng Uplift, the western thrust belt, the Tianhuan Depression, the Shaanxi North Slope, the Jinxi Anticline Zone, and the Weibei Uplift (Figure 1a). The western thrust belt experienced intense compressional thrusting activity during the late Jurassic, resulting in widespread faulting and localized structural development (Figure 1a). The Tianhuan Depression, influenced by the western thrust belt, exhibits an asymmetric syncline structure with a steep western flank and a gently dipping eastern flank. The basin’s basement comprises metamorphic rock formations from the Archean to Lower Proterozoic, while the cover mainly consists of Cenozoic strata. Mesozoic strata are well-developed within the basin, rich in energy resources such as coal (coalbed methane), oil (gas), and sandstone-type uranium deposits (Figure 1a,b).



During the late early Cretaceous, the southwestern Ordos Basin underwent significant uplift and erosion due to the Yanshan movement. This movement persisted until the late Cretaceous, resulting in the absence of Upper Cretaceous strata within the basin (Figure 1c). Sandstone-type uranium deposits are extensively developed in the basin, primarily distributed in the northern region around Hangjinqi–Dongsheng and the southern region around Binxian–Hancheng (Figure 1a) [42,43,44,45,46,47]. The main uranium-bearing strata are the Middle Jurassic Zhiluo Formation and the Lower Cretaceous Luohe Formation (Figure 1b). A large number of source rocks are distributed beneath the Mesozoic uranium-bearing rock series (Figure 1a) [48,49,50,51]. Previous studies have suggested that the Triassic Yanchang Formation serves as the primary hydrocarbon source rocks and reservoirs, and the secondary migration of hydrocarbons formed the Jurassic hydrocarbon reservoirs (Figure 1b) [20,49,50].



The study area is situated within the Tianhuan Depression in the southwestern Ordos Basin, where uranium mineralization is primarily found in the thick sandstone of the Lower Cretaceous Luohe Formation, with minor uranium occurrences also identified in the Jingchuan and Luohandong Formations. The Luohe Formation in the study area primarily consists of interbedded aeolian and fluvial sediments, characterized by the development of sandstone bodies. The uranium deposits are distributed at depths ranging from 400 to 1100 m (Figure 2 and Figure 3), with mineralization in the Pengyang region reaching depths of up to 1400 m (Figure 3; [38]). The uranium bodies generally exhibit a tabular form, with some appearing lens-shaped. Uranium mineralization primarily occurs within gray fine sandstones adjacent to red sandstones and yellow sandstones (Figure 2 and Figure 3).
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Figure 1. (a) Distribution map of multiple energy and mineral resources in the Ordos Basin. (b) Composite column map of Meso-Cenozoic strata in southwestern Ordos Basin [52]. (c) Geological profile characteristics of the Ordos Basin. Primary—Source rocks and initial migration. Secondary—Secondary migration of oil and gas reservoirs. Pt—Proterozoic; Є—Cambrian; O—Ordovician; C+P—Carboniferous–Permian; T1+2—Early Middle Triassic; T3—Late Triassic; J—Jurassic; K—Cretaceous; E+N—Paleogene–Neogene. 
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3. Sample Collection and Testing


Core and thin-section samples were primarily collected from the uranium-bearing strata of the Luohe Formation within the study area. The study of uranium mineralogy involved microscopic observations of the altered mineral assemblages in the Luohe Formation, followed by scanning electron microscopy (SEM), backscattering, and energy dispersive spectroscopy to analyze the symbiotic relationships of uranium minerals. Microscopic observations and SEM analyses were conducted at the National Key Laboratory for Collaborative Green Exploitation of Terrestrial Shale Oil with Multi-Resource Synergy at Northeast Petroleum University. The optical microscope used was a German Leica DM4P, and the SEM was a TESCAN VEGA-LMS manufactured in the Czech Republic, operating at an accelerating voltage of 15–20 kV. The energy dispersive spectroscopy and backscattering detectors were provided by Oxford Instruments with the X-maxN spectrometer.



Samples for hydrocarbon gas analysis were collected from the core samples of the Jingchuan, Luohandong, Huanhe, and Luohe Formations within the study area. The sample processing involved natural air drying, crushing, and then sieving through a 40-mesh screen to ensure homogeneity. A 50 g aliquot of the sample was placed in a flask, and hydrochloric acid was added to decompose the carbonate minerals, releasing gases while removing carbon dioxide. Once the acid digestion was complete, a specific volume of gas was extracted for testing hydrocarbon gas component concentrations. A calibration curve was plotted using the external standard method (R2 > 0.999), and the content was calculated by correcting to the standard state using the ideal gas equation. Quality control involved blank experiments (subtracting background values < 50 μL/kg), parallel sample analysis (RSD < 5%), and spiked recovery experiments (90%~110%). Error control was achieved by checking the aeration apparatus for air tightness (flow rate ≤ 50 mL/min), thoroughly absorbing CO2 with saturated NaOH, ensuring uniform sample crushing, and regularly calibrating the injection volume of the chromatograph (RSD < 1%) and the detector response factor to prevent environmental hydrocarbon contamination and ensure analytical accuracy. The analytical testing was conducted at the Analysis and Testing Center of the Nuclear Industry 203 Research Institute, using an Agilent 6820 gas chromatograph for the hydrocarbon component analysis. The analysis included methane (C1), ethane (C2), propane (C3), n-butane (nC4), isobutane (iC4), n-pentane (nC5), and isopentane (iC5), with an analytical error of less than 5%. The results are presented in Table S1.




4. Results


4.1. Petrological Characteristics


The Luohe Formation uranium reservoir in the study area exhibits diverse geochemical rock types. Lithologies include purple-red medium-coarse sandstones (Figure 4a), yellow medium sandstones (Figure 4b), pale yellowish-gray fine sandstones (Figure 4c), and gray fine sandstones (Figure 4d). The predominant lithology is feldspathic quartz sandstone or lithic feldspathic quartz sandstone, with minor occurrences of lithic quartz sandstone and quartz sandstone. Neither carbonaceous debris nor abundant pyrite was observed in the field outcrops or core samples.



Microscopic examination revealed that the mineral grains in the uranium-bearing sandstone primarily consist of quartz, feldspar, and minor lithic fragments (Figure 4e). The lithic fragments are mainly composed of quartzite (Figure 4f) and dolomite (Figure 4g). Heavy minerals include opaque metallic minerals and zircon, while the cementing material primarily consists of calcite with some silt. Localized occurrences of iron dolomite can also be observed (Figure 4g). The overall sorting of the rock is poor, with moderate roundness, and both compositional and structural maturity are at intermediate levels. The rock is characterized by particle support, with a pore-type cementation, where particles are in point contact, and a few secondary dissolution pores are developed within the rock.



Under scanning electron microscopy, the contact between sandstone grains appears loose, with well-developed intergranular pores, and localized feldspar dissolution pores are noted (Figure 4h). Authigenic quartz and dolomite grains are present between mineral grains and on grain surfaces, with the dolomite exhibiting a good crystalline form, appearing as microcrystalline aggregates (Figure 4i). Many grains show alteration features, with clay minerals predominantly adhered to their surfaces (Figure 4j). No common reducing media such as carbonaceous debris or pyrite were observed under either microscopic or scanning electron microscopy.




4.2. Characteristics of Uranium Mineral Distribution


Scanning electron microscopy (SEM) analysis reveals that uranium minerals are primarily located at the edges of sandstone clastic particles or within the pores between clastic grains (Figure 5a,b). Some uranium minerals are distributed within the dissolution pores of mineral or lithic particles (Figure 5c,d). The uranium mineral particles exhibit a clustered or speckled distribution, with irregular shapes and sizes predominantly ranging from 2 to 15 μm (Figure 5a,b). Some larger clusters can reach sizes of 50 to 100 μm (Figure 6a,b).



The results of electron probe analysis indicate that the percentage of uranium in uranium minerals in the study area can reach as high as 84.75% (Figure 6a; Table S2). The uranium minerals are dominated by pitchblende with minor coffinite, and the main difference between them lies in the silicon (Si) content. Since the silica content in the study area is mostly below 5%, pitchblende is the predominant mineral. Some uranium minerals exhibit elevated titanium (Ti) content (Figure 6b), which is likely influenced by titanium oxides.




4.3. Geochemical Characteristics of Hydrocarbon Gases


The results of the acid digestion hydrocarbon analysis of sandstone indicate that the hydrocarbon gas component compositions are similar across the different sedimentary strata of the Cretaceous system in the study area. The main components are methane, ethane, and propane, while the concentrations of butane and pentane are relatively low (Supplementary Materials Table S1, Figure 7). Specifically, the Luohe Formation exhibits methane concentrations ranging from 2420 to 16,332 μmol/kg, with an average of 7313 μmol/kg; ethane concentrations range from 347 to 2951 μmol/kg, averaging 1105 μmol/kg; and propane concentrations range from 137 to 413 μmol/kg, with an average of 1014 μmol/kg. In the Huanhe Formation, methane concentrations range from 3911 to 10,529 μmol/kg, averaging 6949 μmol/kg; ethane ranges from 623 to 1416 μmol/kg, with an average of 960 μmol/kg; and propane ranges from 256 to 584 μmol/kg, averaging 341 μmol/kg. For the Luohandong Formation, methane concentrations range from 5182 to 10,111 μmol/kg, with an average of 7753 μmol/kg; ethane ranges from 779 to 1506 μmol/kg, averaging 1193 μmol/kg; and propane ranges from 321 to 612 μmol/kg, averaging 484 μmol/kg. In the Jingchuan Formation, methane concentrations range from 3597 to 8481 μmol/kg, averaging 5677 μmol/kg; ethane ranges from 566 to 1359 μmol/kg, with an average of 861 μmol/kg; and propane ranges from 245 to 548 μmol/kg, averaging 348 μmol/kg.



Regarding the total hydrocarbon gas content (C1–C5), the Luohe Formation has a maximum of 20,602 μmol/kg, a minimum of 2967 μmol/kg, and an average of 9215 μmol/kg. The total for the Huanhe Formation ranges from 4886 to 12,128 μmol/kg, with an average of 8411 μmol/kg; the Luohandong Formation ranges from 6392 to 12,422 μmol/kg, also averaging 8411 μmol/kg; and the Jingchuan Formation ranges from 4503 to 10,609 μmol/kg, averaging 7154 μmol/kg (Supplementary Materials Table S1). Overall, the total hydrocarbon gas content in the Luohe and Luohandong Formations is higher than that in the Huanhe and Jingchuan Formations, with the Jingchuan Formation exhibiting the lowest total hydrocarbons (Figure 8). In comparison, the hydrocarbon gas content in the Luohe Formation in the western Pengyang area is lower than that in the study area (Figure 8).





5. Discussion


5.1. Reducing Medium in the Uranium Reservoir


Field core observations and microscopic analyses indicate that the Luohe Formation uranium reservoir does not contain common reducing media such as carbonaceous debris and pyrite, and clay minerals are also quite rare (Figure 4a–j, Figure 5a–d and Figure 6a,b). Numerous studies have reported that hydrocarbon fluids, such as deep oil and gas, serve as reducing media in uranium mineralization processes within Mesozoic uranium basins in northern China [16,19,24,53]. For example, the Upper Youshashan Formation of the Neogene in the northwest of the Qaidam Basin [38,54], the Mesozoic–Cenozoic strata in the northern margin [2,55], the Jurassic Zhilu Formation in the Dongsheng area of the Ordos Basin [56], and the Jurassic Zhilu Formation in the Zaohuohao area, as well as the Cretaceous Sifangtai Formation in the western slope zone of the Songliao Basin [57] and the Cretaceous Yaojia Formation in the southern Tongliao area [19], have all demonstrated similar findings. The results of the acid digestion hydrocarbon analysis in the study area show that the total hydrocarbon gas content in the Zhenyuan area of the Ordos Basin is significantly higher than that in uranium reservoirs in other regions of China, reaching levels 10 to 100 times greater (Figure 9). Furthermore, the presence of substantial amounts of CH4 has been detected in the fluid inclusions of Luohe Formation sandstones within the Pengyang uranium deposit in the western part of the study area (Figure 10a,b; [40,58], which is consistent with the hydrocarbon analysis results obtained in this study (Figure 7). This evidence indicates that hydrocarbon fluids serve as the most significant reducing medium in the Cretaceous Luohe Formation uranium reservoir of the Zhenyuan area.




5.2. Source of Hydrocarbon Fluids


The Luohe Formation, as a typical uranium reservoir formed under eolian arid sedimentary conditions, lacks source rocks for hydrocarbons within its own strata. Therefore, the hydrocarbon fluids present in this formation originate from external sources. Beneath the Cretaceous sedimentary strata of the Ordos Basin, four sets of source rocks are developed: Ordovician Marine Source Rocks: Primarily mudstone-type, found in the Lower Paleozoic (Figure 11a). Carboniferous–Permian Coal-Forming Source Rocks: Developed in the Upper Paleozoic (Figure 11b). Triassic Yanchang Formation Source Rocks: Consisting mainly of dark mudstones from deep to semi-deep lake environments (Figure 12a). Lower Jurassic Yanan Formation: Characterized by lacustrine coal-forming source rocks (Figure 12b).



Biogenic gas, oil-type gas, and coal-type gas are the three main sources of hydrocarbon gases in the strata. The C1/∑C and C1/C2+ parameters can be used to identify the origin of hydrocarbon gases. In the Cretaceous sandstones of the study area, the C1/∑C values range from 0.72 to 0.87, and the C1/C2+ values range from 3.41 to 6.58, with all samples falling within the oil-type gas range (Figure 13a). This indicates that the hydrocarbon gases in the Cretaceous sandstones of the Zhenyuan area in the Ordos Basin are primarily oil-type gases generated from humic parent material. The dryness coefficient (C1/C1–5) is concentrated between 0.78 and 0.84, indicating typical wet gas, which suggests that the hydrocarbon gases are mainly in the thermal evolution stage from low maturity to high maturity, reflecting the characteristics of associated gas with crude oil.
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Figure 11. Distribution maps of Paleozoic source rocks in the Ordos Basin. (a) Distribution extent and hydrocarbon generation assessment of marine carbonate source rocks in the Majiagou Formation of the Ordovician system. (b) Cumulative thickness of coal seams in the Upper Paleozoic [59]. 
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The C2/iC4 and C2/C3 parameters have a good correlation with natural gas maturity and can serve as qualitative indicators for gas maturity, distinguishing between kerogen cracking gas and crude oil cracking gas [59,60]. The C2/C3 values of the hydrocarbon gases in the Cretaceous sandstones of the Zhenyuan area range from 2.08 to 3.96, with an average of 2.68. The C2/iC4 values range from 31.10 to 78.59, with an average of 43.95, all greater than 10 (Figure 13b). These characteristics indicate that the hydrocarbon gases in the Cretaceous sandstone layer of the study area primarily originate from early crude oil cracking gas with a higher degree of thermal evolution.
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Figure 12. Distribution map of Mesozoic source rocks in Ordos Basin. (a) Triassic hydrocarbon accumulation distribution map. (b) Total thickness map of coal seams in the Yanan Formation of the Jurassic system. 
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The iC4/nC4 and iC5/nC5 values can be used to identify natural gas from different parent materials. When the iC4/nC4 value is less than 0.9 and the iC5/nC5 value is less than 0.85, the hydrocarbon gases are primarily crude oil cracking gas; otherwise, they are from the primary cracking of kerogen [61]. When the iC4/nC4 value is less than 0.8, the hydrocarbon gases are classified as oil-type gas; otherwise, they are coal-type gas [62]. In the study area, the iC5/nC5 values range from 0.63 to 0.85, with an average of 0.72, and all samples fall within the range of crude oil cracking gas (Figure 13c). The hydrocarbon gases have iC4/nC4 values ranging from 0.20 to 0.29, with an average of 0.25, indicating that the hydrocarbon gases in this sandstone layer are primarily oil-type gas.
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Figure 13. Discrimination diagrams for hydrocarbon gas genesis. (a) C1/∑C versus C1/C2+ diagram; (b) C2/iC4 versus C2/C3 diagram (based on [60]); (c) iC4/nC4 versus iC5/nC5 diagram (derived from [63]); (d) ln(C1/C2) versus ln(C2/C3) diagram (following [64]). 
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The ln(C1/C2) and ln(C2/C3) diagrams can also be used to determine whether the current natural gas is from the primary cracking of kerogen or the secondary cracking of crude oil [62,64]. In the sandstone layers of the Sifangtai Formation in the western slope zone, the ln(C1/C2) values range from 1.71 to 2.18, and the ln(C2/C3) values range from 0.73 to 1.38. Overall, the variation in ln(C2/C3) values is greater than that in ln(C1/C2), appearing almost vertical in the diagram (Figure 13d), indicating that the hydrocarbon gases in the study area exhibit characteristics of crude oil cracking gas [62].



From the distribution of source rocks and their spatial configuration in the study area, it can be seen that the coal-type source rocks from the Carboniferous–Permian (Figure 11b), the oil-generating source rocks from the Triassic Yanchang Formation (Figure 12a), and the coal-type source rocks from the Jurassic Yanan Formation (Figure 12b) are closely related to uranium mineralization in the study area. The Carboniferous–Permian coal-type source rocks are primarily in the high- to over-maturity stage and serve as the main gas source rocks for Upper Paleozoic gas fields, which are mainly distributed in the northern part of the Shaanxi North Slope (Figure 1a; [21,37,65,66]. The Triassic source rocks are mainly in the low-to-high maturity stage, with oil and gas primarily distributed in the southern part of the Shaanxi North Slope [67,68]. The Jurassic Yanan Formation source rocks have a low degree of thermal evolution, primarily in the immature-to-low maturity stage [69,70].



The hydrocarbon gas origin identification diagrams indicate that the hydrocarbon gases in the Cretaceous strata of the study area are oil-type gases (Figure 13a–c), and the dryness coefficient also indicates that they are primarily in the low-to-high maturity thermal evolution stage. These characteristics are consistent with the Triassic Yanchang Formation source rocks. Therefore, it can be concluded that the hydrocarbon fluids in the uranium reservoir of the study area mainly originate from the Triassic Yanchang Formation source rocks.




5.3. Migration Pathways of Hydrocarbon Fluids


As previously mentioned, the hydrocarbon fluids in the Jurassic Luohe Formation uranium reservoir originate from the Triassic Yanchang Formation. These two formations are more than 1000 m apart vertically and are separated by a significant number of mudstone barriers. Therefore, there must be pathways connecting the two formations, which serve as migration channels for hydrocarbon fluids.



The secondary migration of oil and gas from the Triassic Yanchang Formation directly contributes to the formation of oil and gas reservoirs in the Jurassic [65,68,71,72]. The oil in the Yanchang Formation migrates rapidly under overpressure conditions, with fractures and microfractures serving as the main pathways for oil migration [73,74,75]. Seismic interpretation and C-O isotope analysis indicate that there are three significant phases of fault structures in the southwestern fault zone of the Ordos Basin, namely, the Indosinian, Yanshanian, and Himalayan periods. The Yanshanian period is the most significant and critical phase for fault formation, while the Himalayan and Indosinian periods show relatively weak fault activity [76,77] (Figure 14). These faults from different periods effectively connect the uranium reservoir with the oil and gas reservoirs of the Triassic and Jurassic, providing pathways for hydrocarbon fluid migration to the Cretaceous uranium reservoir.
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Figure 14. Phases of fault and fracture development in the Zhenjing area of the Ordos Basin (modified from [77]). (a) a-a’ Seismic profile. (b) b-b’ Seismic profile. 
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Research on regional geology, geophysics, and fission track thermochronology has revealed multiple tectonic thermal events since the Late Mesozoic, with tectonic activities continuing to the present day [12,33,52,78,79,80,81]. These tectonic activities facilitated the formation of Yanshanian and Indosinian faults, providing pathways for hydrocarbon fluid migration. Concurrently, regional uplift events have also driven the migration of uranium-bearing oxygenated waters. The distribution of sandstone-type uranium deposits in the southern Ordos Basin is closely related to fault structures, with faults and secondary fractures controlling the locations of uranium deposits (Figure 15a,b; [49,52,76,82]).




5.4. Metallogenic Mechanism of the Luohe Formation


5.4.1. Formation of Uranium Reservoirs


In the early Cretaceous, the regional paleoclimate transitioned from a humid and warm environment to a hot and arid one [52]. Subsequently, the area remained in a prolonged dry environment, with widespread Cretaceous deposits primarily consisting of aeolian sediments. During the deposition of the Luohe Formation, a thick layer of aeolian sand was deposited in the Ordos Basin, with extensive red sandstone layers forming a favorable uranium reservoir (Figure 2, Figure 3 and Figure 16) [38,84]. The multiple intermittent fluctuations of the paleoclimate during the Cretaceous recorded several advances and retreats of the desert in the basin [85]. Changes in the paleoclimate also led to the formation of a stable “mud–sand–mud” reservoir structure in the Luohe Formation, which is conducive to uranium mineralization [52]. Due to the arid paleoclimate and the dominance of aeolian sedimentary systems in the Luohe Formation, the reservoir is characterized by an extreme lack of reducing media.




5.4.2. Injection of Hydrocarbon Fluids


The late Jurassic to early Cretaceous period is the main accumulation period for oil in the Yanchang Formation, with hydrocarbon source rock generation being a continuous process (Figure 16). In the early Cretaceous, the geothermal gradient in the Ordos Basin reached its peak, promoting the maturation of source rocks and the accumulation of oil and gas [86]. After the late early Cretaceous, the basin began to uplift as tectonic activities increased, leading to the gradual development of faults [87]. The secondary migration of oil and gas began, forming Jurassic oil and gas reservoirs [73,88]. With the ongoing tectonic activities, hydrocarbons further dispersed from the Triassic to Jurassic reservoirs [20,72]. Along the fault structures, hydrocarbon fluids progressively entered the Cretaceous uranium reservoirs. Due to the development of sand bodies, the Luohe Formation became an important space for the dispersion of hydrocarbon gases. The original red sandstone of the Luohe Formation was transformed into gray sandstone under the influence of hydrocarbon fluids [40], becoming a reduction barrier that constrains the migration of oxidizing fluids (Figure 17).




5.4.3. Coupled Mineralization of Oxygenated and Hydrocarbon Fluids


The transition from the preparatory phase to the enrichment phase of sandstone-type uranium mineralization typically involves undergoing tectonic transformation events in the basin [4,11,15,62,71,89,90,91,92]. Since the Mesozoic, the Ordos Basin has experienced multiple tectonic uplift events, with the mineralization of sandstone-type uranium deposits being closely related to these events [89]. Tectonic uplift controls the groundwater recharge–drainage system, with accompanying faults facilitating material transport and providing the driving force for mineralizing fluid migration. The ample uranium sources at the basin margin, driven by tectonic uplift, continuously migrate into the uranium reservoirs with oxygenated fluids. When these fluids encounter the geochemical reduction barriers formed by deep basin hydrocarbon fluids, redox mineralization occurs (Figure 17). The age distribution of sandstone-type uranium deposits in the Ordos Basin also correlates with tectonic transformation events and oil and gas dispersion timings (Figure 16). The sequence of tectonic evolution and its superimposed transformation features in the Ordos Basin during the Cenozoic facilitated the migration of hydrocarbons, providing a sufficient reducing medium for uranium reservoirs in arid sedimentary backgrounds and resulting in a multi-energy coupling mineralization effect.






6. Conclusions


	(1)

	
In the southwestern part of the Ordos Basin, uranium minerals in the Lower Cretaceous Luohe Formation are primarily hosted at the edges of sandstone particles or within pores, exhibiting a lump or star-like distribution. The main uranium mineral is pitchblende, with particle sizes concentrated between 2 and 15 μm. The uranium reservoir lacks common reducing agents such as carbonaceous debris and pyrite, but the total hydrocarbon gas content is significantly higher than in uranium reservoirs in other regions of the country, reaching levels 10 to 100 times greater. Therefore, deep hydrocarbon-bearing fluids are the most important reducing agents for uranium mineralization.




	(2)

	
In the Cretaceous, the acid decomposition gas components within different sandstone bodies are predominantly methane. Based on relevant characteristic parameters, the hydrocarbon gases in the uranium reservoir are of organic origin, primarily in the low-maturity to high-maturity thermal evolution stage, representing oil cracking gas. These characteristics are consistent with the Triassic Yanchang Formation source rocks, indicating that the hydrocarbon fluids in the Cretaceous uranium reservoirs mainly originate from the Triassic Yanchang Formation source rocks.




	(3)

	
Faults from different geological periods, including the Indosinian, Yanshanian, and Himalayan phases, effectively connect the Cretaceous uranium reservoirs with Triassic and Jurassic oil and gas reservoirs, providing pathways for the migration of deep hydrocarbon-bearing fluids into the Cretaceous uranium reservoirs. The distribution of sandstone-type uranium mines in the southern Ordos Basin is closely related to fault structures, with faults and secondary faults controlling the locations of uranium deposits.




	(4)

	
The multiphase tectonic evolution since the Cenozoic in the Ordos Basin provides fault pathways for the migration of hydrocarbon-bearing fluids, supplying sufficient reducing agents for uranium reservoirs in an arid sedimentary background, while also facilitating the migration of uranium and oxygen-bearing fluids, resulting in a multi-energy coupling mineralization effect.
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Figure 2. Borehole column and logging curves in Zhenyuan area, southwest Ordos Basin. nc/kg·h—Nanocoulombs per kilogram per hour. 
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Figure 3. Borehole column and logging curves in Pengyang area, southwest Ordos Basin [38]. 
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Figure 4. Petrological characteristics of uranium reservoir sandstones in the Luohe Formation. (a) Purple-red medium-grained sandstone. (b) Yellow medium-grained sandstone; (c) Light yellow-gray fine-grained sandstone. (d) Gray fine-grained sandstone. (e) Microscopic image of medium-grained sandstone. (f) Quartzite debris observed under the microscope. (g) Microscopic image of dolomite debris. (h) Development of sandstone pores observed under scanning electron microscopy. (i) Secondary dolomite grains adhering to the surface of mineral grains. (j) Clay mineralization of feldspar. 
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Figure 5. Modes of occurrence of uranium minerals under scanning electron microscope. (a) Occurring at the margins of quartz grains. (b) Embedded within the pores of sandstone. (c) Present in the dissolved pores between quartz and feldspar. (d) Inhabiting the interstices within rock fragments. 
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Figure 6. Energy dispersive spectroscopy (EDS) analysis results of uranium minerals under scanning electron microscope (SEM). (a) Pitchblende (uranium oxide ore). (b) Titanium-bearing uranium minerals. (c) Spectral analysis of pitchblende. (d) Energy spectrum analysis of titanium uranium minerals. 
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Figure 7. Analysis results of hydrocarbon components in acid-decomposed sand bodies from the Lower Cretaceous Formation. 
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Figure 8. Analysis chart of total hydrocarbon content via acidolysis in different sedimentary strata. 
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Figure 9. The histogram of determination results for acid-degraded hydrocarbons in hydrocarbon gases from uranium reservoirs in different basins. 
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Figure 10. Depicts microscopic images of hydrocarbon-bearing inclusions within the uranium reservoir of the Luohe Formation at the Pengyang uranium deposit, accompanied by laser Raman spectroscopic analyses [40,58]. (a,b) Fluorescence photos of hydrocarbon inclusions. (b) Titanium-bearing uranium minerals. (c,d) Laser Raman Analysis Results of Methane. 
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Figure 15. Spatial distribution relationship between fracture structures and uranium mineralization in the southwestern Ordos Basin. (a) Uranium mineralization is predominantly localized in the vicinity of fracture structures [83]. (b) Fracture structures serve as conduits, facilitating communication between hydrocarbon source rocks and uranium reservoirs [52]. 
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Figure 16. An integrated diagram illustrating the tectonic evolution and uranium mineralization timing of the Ordos Basin. 
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Figure 17. Schematic diagram illustrating the coupled mineralization process involving uranium-bearing oxygen-rich fluids and hydrocarbon-bearing fluids in the southwestern region of the Ordos Basin (modified from [39,44]). 
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