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ARTICLE INFO ABSTRACT

Some controversies still exist regarding the genesis of sandstone-type uranium deposits in the northeastern Ordos
Basin. Herein, based on boreholes and well logging data, we selected sandstone samples representing different
epigenetic alteration environments as the research object and comprehensively utilized polarizing microscopy,
scanning electron microscopy, electron probe analysis, elemental analysis, and other test methods to research
sandstone genesis. The main altered minerals in the sandstone of this area include limonite, pyrite, achavalite,
carbonate, sulfate, clay, and uranium minerals. The complex characteristics of alteration minerals indicate multi-
stage fluid mixed mineralization in this area. According to the relationship between the major elements in
different types of sand bodies, the components were classified into three groups. The first is the reduction media
group, including CaO, MnO, total oxygen carbon (TOC), S, U, and burning loss. The second is the detrital particle
group, including SiO,, K»0, and Na,O, and the third contains the clay and volcano component group, including
Fe,03, P05, TiO,, FeO, MgO, and Al,O3. Among these, the content of reduction media is positively correlated
with uranium enrichment, whereas detrital particles and clay components reflect the influence of alteration on
the sand body composition, which indirectly affects the uranium adsorption and precipitation. Through the
normalization of rare earth element (REE) chondrites, we find that the distribution patterns of REEs in rocks with
different geochemical environments show a fractionation of light and heavy rare earth elements (HREEs), a
right-leaning enrichment of light rare earth elements (LREEs), and relatively flat HREE. Further, via the Post
Archean Australian Shale (PAAS) normalization, we observe that the mudstone of the Zhiluo Formation exhibits
arelatively flat curve, whereas the sandstones have strongly positive Eu anomalies. The difference in REE values
for different types of sand bodies indicates that, although all types of rocks have a similar sedimentary en-
vironment, their original sediments underwent fluid alterations such as oxidation and reduction. Based on the
uranium mineralization evolution history in the study area, the water-rock reaction process and mineral-al-
teration sequence were determined on the basis of alteration types and elemental concentrations. Our findings
provide new insight into the petrological significance, mineralogy, and geochemical composition of uranium
deposits in the Ordos Basin.
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1. Introduction Wu et al., 2003; Wei et al., 2006; Li et al., 2008; Feng et al., 2014;

Bonnetti et al., 2014; Jin et al., 2016). Furthermore, a uranium me-

Sandstone-type uranium is an important type of uranium resource
with great potential in northern China. Since the beginning of the
1990s, China has made substantial efforts to explore sandstone-type
uranium deposits and has successively established three large sand-
stone-type uranium deposit bases in the Yili, Tuha, and Ordos Basins.
Several studies on metallogenic regularity and metallogenesis of sand-
stone-type uranium deposits or uranium orefields have been conducted
in the Yili, Tuha, Ordos, Erlian, and Junggan basins (Quan and Li, 2002;

tallogenic model called “multi-stage uranium mineralization” has been
established to explain the interlayer oxidation zone sandstone uranium
deposits in continental basins of China; this model reveals the me-
tallogenic mechanism to be a combination of paleoclimate, tectonic
events, uranium-bearing rock series, oxidizing fluids, oil and gas re-
duction, thermal reform, and other factors (Chen et al., 1997; Jiao
et al., 2004, 2005; Huang and Li, 2007; Xue et al., 2010a; Min et al.,
2005; Jin et al., 2014a; Cheng et al., 2018, 2019). Jin et al (2014b)
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Fig. 1. Structure-outline map of the Ordos Basin and a composite columnar section of the study area.

proposed a classification scheme of typical uranium deposits based on
the geological role of uranium mineralization.

The Ordos Basin possesses various energy resources such as oil, gas,
coal, and uranium. In particular, abundant sandstone-type uranium
deposits exist in the northeastern part of the Ordos Basin; large and
medium-sized uranium deposits such as Zaohuohao, Nalinggou, and
Hantaimiao have been discovered. Recently, in addition to the idea of
combining coal and uranium for energetic applications and following
the discovery of an ultra-large sandstone-type uranium deposit in the
Daying area, increasing efforts have been made to research the occur-
rence mechanism of the uranium deposit in the Ordos Basin.
Consequently, the northeastern region has again become a hot spot for
the exploration and research of sandstone-type uranium deposits. Many
achievements have been made in research involving sedimentary sys-
tems, hydrological conditions, metallogenic conditions, metallogenic
mechanisms, hydrocarbon alteration, and types of uranium mineral
assemblage (Zhang et al., 2017, 2005; Xiang et al., 2006; Li and Li,
2011). However, the process of fluid action in mineralization has al-
ways been controversial. Elemental analysis of sand bodies in the
Dongsheng area by Luo et al. (2005) studied the type of diagenesis and
the composition of the altered minerals. They discovered that the for-
mation of uranium sandstones is mainly related to the migration of
natural gas. Pan et al. (2007) proposed that gray sandstone and ore-
bearing sandstones have the same combination of ore-forming elements
and rare earth elements (REEs). The grayish-white kaolinized argil-
laceous siltstone is formed in an oxidizing environment, and gray—green

coarse sandstones have experienced thermal fluid reduction from deep
strata. Xiao et al. (2004a), Zhang et al. (2006), and Xue et al. (2010a)
further hypothesized that oxidizing and reducing fluids jointly control
the character of the Dongsheng ore deposit. They found that the altered
minerals exhibit multi-stage characteristics; the mineral combination in
the Dongsheng ore deposit is complex and the ore-forming fluids are
low-temperature hydrothermal solutions (70 °C-120°C). Yang et al.
(2008) and Wu et al. (2013) proposed that there is a significant cor-
relation in this area between U and some trace elements, such as Th, V,
Mo, Zr, Pb, Ti, and Au. The sedimentary strata are subjected to mag-
matic hydrothermal action from deep strata, thus promoting the mi-
gration of organic matter and resulting in secondary enrichment of the
uranium deposits. Zhu et al. (2003) discovered that the combination of
trace elements found in ore-bearing sandstones in the Dongsheng area
have both exogenous and deep-source properties. They suggested that
deep fluids or coalbed methane, in either oil or gaseous form, partici-
pate in the mineralization of sandstone-type uranium deposits. Wu et al.
(2006, 2016) presented different opinions on this issue and believed
that the main source of reducing fluid was actually coal-derived gas and
a small amount of oil and gas. They also believed that the mineralized
uranium had experienced the action of low-temperature hydrothermal
solutions and was independent of deep hydrothermal fluids. Cao et al.
(2016) established a unifying model for uranium mineralization based
on the results of petrology, inclusions, and isotopes, wherein early
coupled bacterial uranium mineralization and hydrocarbon oxidation
are followed by recrystallization of ore phases in association with low-
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temperature hydrothermal solutions under hydrocarbon-induced redu-
cing conditions.

The extensive existing literature evidences that some consensus has
been reached on the understanding of uranium mineralization in the
Northeastern basin. However, only few in-depth studies exist on some
key scientific issues, such as the epigenetic alteration characteristics of
different types of sand bodies, the causes of alteration, and the geo-
chemical indicators related to uranium mineralization. In addition,
there is no systematic analysis of the source of the fluid, which stage in
the uranium mineralization process the fluid acts on, and the corre-
sponding mineral composition changes at each stage. In this context,
based on extensive literature research, detailed field investigation, and
systematic analysis and research in the northeastern part of the basin,
we select the drilling cores of areas with good metallogenic conditions,
such as Tarangaole, Nalinggou, and Daying (called “study area” in the
remaining part of the manuscript) to perform macroscopic observation
and related analyses. In addition, we study the petrological sig-
nificance, mineralogical alteration, and geochemical characteristics of
sandstones and their relationship with uranium mineralization to pro-
vide mineralogical and geochemical constraints for this genesis study of
uranium deposits; finally, we establish the stage mode of fluid action in
uranium mineralization

2. Regional geological background

Located in the northwestern part of the North China Plate, the Ordos
Basin is a multi-cycle craton superimposed basin having an area of
~25 x 10*km? It presents North-South oriented rectangular dis-
tribution: this basin is located near the Qinling orogenic belt in the
South and extends to the Yimeng uplift in the North; it is adjacent to the
Helan Mountain and the Liupan Mountain in the west; and it is sepa-
rated from the Lvliang uplift by the Jinxi flexural fold belt (Figs. 1 and
2) (Deng et al., 2005a,b; Hou et al., 2017). The Ordos Basin is a large
depression basin developed during the Mesozoic with the character-
istics of overall uplift, continuous subsidence, gentle slope, low uplift,
and complete stratum. The anticline in the basin is rare, the sedimen-
tary cover is thin, and the magmatic activity is weak. (Darby et al.,
2001; Davis et al., 2002).

The cap rocks of the Ordos Basin are composed of the Middle and
Upper Proterozoic, Paleozoic, Mesozoic, and Cenozoic rocks, whereas
Lower Carboniferous, Devonian, and Silurian rocks are missing. The
strata differ in horizontal and vertical development. The Triassic,
Jurassic, and lower Cretaceous constitute the main body of sedimentary
cover in the basin.

This study aims to analyze the characteristics of the sandstones in
the Zhiluo Formation strata (section) in the Ordos Basin. The Zhiluo
Formation in the study area was in contact with the lower Cretaceous
Zhidan Group (K;zh) in the overlying Cretaceous and underlying Yan'an
Formation (J;_5y). According to the characteristics of the paleoclimate
during the depositional period, the Zhiluo Formation can be divided
into a lower and an upper member. The upper member of the Zhiluo
Formation is a set of red clastic rock associations, where the sand body
is relatively undeveloped. The lower member of the Zhiluo Formation is
dominated by gray and gray-green clastic rocks. According to the se-
dimentary system analysis, the upper member of the Zhiluo Formation
comprises the meandering river and meandering-river delta sediments.
The lower member of the Zhiluo Formation is further divided into
braided river sediments in the lower sub-member and braided river
low-curvature meandering-river transition sediments in the upper sub-
member (Figs. 3 and 4). The sedimentary sand bodies in the channel of
the lower member of the Zhiluo Formation are rich in organic matter,
pyrite, and other reducing media (Fig. 5a).

3. Samples

Herein, 63 samples were taken from the Jurassic Zhiluo Formation
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in the drilled target stratum of uranium mineralization at the
Tarangaole and Nalinggou areas in the northeastern basin. These
samples represent different geochemical environments and include
calcareous, red, gray, gray-green, grayish-white, and mineralized
sandstones. They were processed and analyzed in the Analytical
Laboratory of Beijing Research Institute of Uranium Geology and the
Lab of Non-Fossil Energy Minerals, Tianjin Geological Survey Center,
China Geological Survey. The samples’ major elements were analyzed
via X-ray fluorescence spectrometry, a method that has an accuracy
better than + 2%, and the trace and REEs were identified using the
American X series II model inductively coupled plasma-mass spectro-
meter (ICP-MS), that has an accuracy better than + 5%. During data
standardization, the sedimentary data of China were adopted from the
Li’s work (1994), the REE abundance data of chondrite meteorites were
adopted from the Taylor and McLennan’s work (1985), and the PAAS
abundance data were adopted from McLennan’s work (1989). The Ce
and Eu anomalies in Table 5 were calculated using the Taylor’s formula
(1985), ie, 8Ce=CeN/(LaN x NdN)"/*> and  &Eu = EuN/
(SmN x GAN)'/2, where N represents chondrite normalization.

Electron probe and energy spectrum analyses were primarily per-
formed by the Lab of Non-Fossil Energy Minerals at the Tianjin
Geological Survey Center, which is part of the China Geological Survey.
The instrument used was a JXA-8100 electronic probe from JEOL Japan
Electronics Co., Ltd (acceleration voltage 20 kV; beam 20nA; beam spot
diameter 1 pm; emergence angle 40°). Periodic operating point (POP)
analysis method was used together with the ZAF modified method.

The types and combinations of altered minerals were identified
using polarized light microscopy, scanning electron microscopy (SEM),
and electron probe microscopy.

Cluster and factor analyses were used to discuss the significance of
the major elements’ contents. The objective of cluster analysis is to
establish a relationship between the sandstone components, which
contributes to the analysis of the sandstones’ mineral composition.
Through cluster analysis, we can classify the sandstone components
based on their similarities and correlation degree of their main features.
Factor analysis can reorganize multiple variables according to the
correlation under the premise of avoiding geological information loss to
the maximum extent for generating a small number of new variables
that represent geological information or “factors.”

4. Alteration-mineral types and combination characteristics of the
Zhiluo Formation

The sandstones of the ore-bearing target layer of the Zhiluo
Formation are mainly gray-green and gray with locally visible red
sandy clumps or spots. According to the classification method of Zhao
and Zhu (2001), the lithology of these sandstones is lithic arkose
sandstone, feldspathic lithic quartz sandstone, and a small amount of
feldspathic litharenite. Clastic particles are mostly contact cementation
or base cementation and the sorting grade is medium. Several types of
debris can be identified in these sandstones, including quartzite, tuff,
granite, trachyte, mudstone, and silty mudstone lithic fragments.

Seven types of mineral alterations have been identified in different
types of sand bodies of the Zhiluo Formation in the study area: ferri-
tization, pyritization, ferroselenium mineralization, carbonation, sul-
fation, clayization, and uranium mineralization.

(1) Ferritization. The continuous stratified distribution of red sand-
stones in the abovementioned section can be observed rarely. The
rocks therein are mostly sandstone lenses or sandy blocks (spots) in
the gray—green sandstones (Fig. 5b and c), and their composition is
dominated by goethite, debris particles, and cement, which are
entirely or partially impregnated (Fig. 5d and e).

(2) Pyritization. According to the formation period and its relationship
with uranium metallogenesis, pyrite can be divided into three
phases. The first phase is the early diagenetic pyrite, including
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raspberry-like pyrite and granular pyrite (Fig. 5f). The second phase
is the late diagenetic pyrite, mainly colloidal pyrite, produced in the
gaps of clastic (Fig. 5g). The third phase is the pyrite in the me-
tallogenic stage, mainly precipitated in biotite in colloidal and al-
lotriomorphic forms, which is characterized by co-occurrence with
uranium minerals (Fig. 5h).
(3) Ferroselenium mineralization. Achavalite was found in the sand
bodies of the target strata in the Tarangaole region. It accumulates
in the pores or fissures of the particles and is often associated with
pyrite and other selenium minerals (Fig. 6a). SEM results show that
achavalite is either a metasomatic mineral of pyrite or develops
around the pyrite. Although Se can be enriched in sandstone-type
uranium deposits, the results of previous studies reveal that the
majority of Se and Re in sandstone-type uranium deposits occur in
the form of adsorbed states. Only few sandstone-type uranium de-
posits contain small amounts of clausthalite, achavalite, and other
independent minerals of selenium (Wang et al., 2006; Peng et al.,
2006). The discovery of achavalite in the study area may indicate
that the region experienced the transformation of hydrothermal
fluids at low and medium temperatures (Pan et al., 2009; Zhang
et al., 2015a,b).
Carbonation. In the core, we can see the carbonate veins developed
in the red calcareous sandstones in addition to the fine-crystalline

4

-

calcite vein developed inside the plant charcoals in the fine gray
sandstones. These observations indicate the transformation of the
late-fluid effect (Fig. 6b and 6¢). Carbonation, in general, can be
divided into three phases. In the first phase, micritic calcite with a
grain diameter of few microns was formed in the diagenesis stage
(Fig. 6d). In the second phase, coarse-grained calcite with a grain
diameter larger than 0.5 mm was formed with poor brightness and
evident traces of recrystallization. Calcite often presents metaso-
matism with matrix and partial metasomatism with detritus parti-
cles. In the area where carbonation is particularly strong, the sand
grains are residual (Fig. 6e), whereas locally, the sandstones retain
remnants of early oxidation. The third phase of carbonation is the
most advanced carbonation in the region and presents calcite
veinlets or microsphygmia output commonly with two groups of
complete cleavage (Fig. 6f): high brightness and high cleanness.
(5) Sulfation. In the study area, crumb or bedding gypsum veins can be
observed in the sandstone body (Fig. 6g). Through alteration
spectral scanning, we observed that gypsum cementation is wide-
spread in the sand body. Gypsum may experience recrystallization
in the later stage of fluid action such that the particles become
coarse.
Clayization. The clayization of the uranium-bearing rock series in
the study area mainly includes chloritization, kaolinization, and

(6)
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micazation.

Chloritization of sandstones mainly includes the chloritization of
biotite and chlorite rims or coatings on the surface of clastic particles.
Part of the biotite was altered into pennine (Fig. 6h), which is leaf-like,
light green, and presents significant pleochroism. Tiny membraniform
coniferous chlorite aggregates on the surface of detritus particles could
not be identified and they were present only as an extremely thin, green
edge on the edge of the detritus particles (Fig. 6i).

Hydromicazation is mainly manifested as hydromicazation of pla-
gioclase in sandstones (Fig. 6j).

Kaolinization of sandstones mainly includes kaolinization of mica
(Fig. 6k) and potassium feldspar. The kaolinization of potassium feld-
spar is widespread, but the alteration degree is weak. Kaolinite dust,
i.e., dot-like kaolinite, can be seen on the feldspar surface (Fig. 61).

(7) Uranium mineralization. Uranium primarily exists in the form of
uranium minerals, adsorption uranium, and uranium-bearing mi-
nerals in the ore. Uranium minerals are mainly coffinite and a small
amount of uraninite. Coffinite is mainly distributed in the following
four forms. First, it appears in a colloidal form on the periphery of
pyrite and detrital minerals (Fig. 7a and b). Second, it is dis-
seminated on detritus particles (Fig. 7c). Third, it is located in the
cleavage crack of biotite (Fig. 7d). Finally, coffinite metasomatism
with pyrite can be observed (Fig. 7e). Adsorption uranium is mainly

adsorbed by organic matter and clay minerals in rocks. Uranium-
bearing minerals are symbiotic with ilmenite and leucoxene
(Fig. 7f). Through electron probe analysis, the uranium associated
with ilmenite has a relatively higher TiO, content of more than 1%,
whereas uranium without any obvious symbiotic relationship to
ilmenite has a generally low content of 0.15%-0.6% (Table 1).
Preliminary analyses indicate that during the formation of uranium-
bearing minerals, ilmenite undergoes alteration processes, resulting
in the precipitation of iron and enrichment of titanium along with
the enrichment and precipitation of uranium. However, further
analysis is required to determine whether the uranium-bearing
minerals are brannerite or titanium-bearing uranium minerals.

5. Analysis of the geochemical characteristics of sandstones in the
Zhiluo Formation

5.1. Multivariate statistical analysis of major elements in sandstones of the
Zhiluo Formation

We conducted a multivariate statistical analysis of the elements in
different types of sand bodies in the Zhiluo Formation in the study area
(Table 2) to attain a deeper understanding of the meanings of element
combinations in ore-bearing sandstones and attempted to determine the
factors resulting in uranium enrichment.
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Fig. 5. Petrological characteristics of altered minerals. a) Pyrite and organic matter (carbon dust) coexist in gray sandstones; b) gray—green sandstones with red sandy
lumps; c) shallow purple siltstone containing limonite nodules; d) all debris particles are brown, in plain light; ) the edge of the detritus particles is brown, plain
light; f) framboidal pyrite; g) colloidal pyrite; h) pyrite associated with uranium minerals. Py: Pyrite; cof: Coffinite; OM: Organic matter; Bt: Biotite. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

5.1.1. Cluster analysis

R-type cluster analysis was conducted on the major elements and
characteristic elements in sandstones of the Zhiluo Formation. A related
dendrogram was obtained as follows (Fig. 8). Considering the dotted
line in the hierarchical diagram as the boundary, the diagram can be
divided into five subgroups and three large groups. The first group is
the reduction media group, including CaO, MnO, total oxygen carbon
(TOQ), S, U, and burning loss. The second group is the detrital particle
group, including SiO,, K50, and Na,O. The third group is the clay and
volcano component group, including Fe,O3, P5Os, TiO5, FeO, MgO, and
A1203.

In the R-type cluster analysis, CaO, TOC, and S represent the calcite,

gypsum, pyrite, plant debris, and other media primarily related to ur-
anium mineralization, whereas SiO, represents major debris particle
components, such as quartz, feldspar, and argillaceous cement. Fe,O3
and TiO, represent clay minerals, volcanic rocks (cuttings and inter-
stitial matter), and other components.

5.1.2. Factor analysis

Herein, four factors were selected to represent the major and
characteristic elements in the sandstones. In the R-factor analysis
adopted above, the cumulative variance contribution rate reached 90%.
Table 3 lists the matrices that were rotated using the most commonly
used maximum variance method for orthogonal factor rotation. The
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Fig. 6. Petrological characteristics of altered minerals a) Achavalite is associated with pyrite; b) red calcareous sandstones contain carbonate strips; c) a fine grid-like
calcite vein can be observed in the carbon dust showing the transformation of the late-fluid action; d) mud crystal calcite, plain light; e) coarse crystal calcite, crossed
Nicol; f) sparry calcite, crossed Nicol; g) fine gypsum veins grown in the green-gray sandstones; h) biotite alteration, crossed Nicol, 10 x 10; i) chlorite film on the
edge of the debris particles, plain light; j) feldspar alteration into hydromuscovite, crossed Nicol; k) biotite changing to kaolinite, crossed Nicol; 1) feldspar changing
to kaolinite, crossed Nicol. Kao: kaolinite; Bt: Biotite; Pen: Pennine; Ac: Achavalite; Py: Pyrite; Gp: Gypsum. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

combination of elements determined via factor analysis is consistent
with the cluster analysis results. The combination of minerals can thus
be determined according to the load value and positive and negative
symbols of the elements on the factors.

The variance contribution of the main factor F1 is 52.93%. Factor F1
represents SiO,, Al,O3, K;0, CaO, MnO, burning loss, and CO,. SiO,,
Al,03, K50, and NayO represent feldspar, quartz, and other detritus
particles; further, CO,, S, and other elements represent the inorganic

components, and TOC represents the organic components. Therefore,
the main factor F1 represents terrestrial detrital, cement, and inorganic
matter; higher dissolution of quartz and feldspar can be observed under
the microscope when calcareous cementation is strong (Fig. 6e). The
dissolution of quartz indicates that the participating fluid is alkaline. In
this environment, biotite is converted to chlorite, rock debris is con-
verted into montmorillonite, feldspar is converted to montmorillonite
and chlorite, and Ca, Fe, and Mg are simultaneously generated (Tang
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Fig. 7. Electron-microprobe backscattering images of uranium minerals. a) Coffinite distributed on the edge of quartz particles; b) coffinite distributed on the edge of
pyrite; ¢) coffinite disseminated on detrital particles; d) coffinite distributed in biotite cleavage; e) coffinite metasomatism for pyrite; f) uranium minerals containing
titanium, associated with ilmenite and titania. Py: Pyrite; cof: Coffinite; ilm: Ilmenite; Leu: Leucoxene; Bt: Biotite; Q: Quartz; F: Feldspar.

et al., 2016; Zhao et al., 2018). The conversions of kaolinite to mon-
tmorillonite and chlorite are promoted because of which the rock turns
gray—green. Further research on the content of the detrital components
revealed a negative correlation between the content of feldspar and clay
minerals in the surrounding rock, both in low- and high-grade ores, the
present research also confirms the transformation of feldspar into clay
minerals, and the consumption of organic and inorganic substances
through oxidative alteration (Fig. 9). Based on previous research, the
lower part of the Zhiluo Formation underwent more complete oxidation
and reduction (Zhu et al., 2018). Therefore, the gray—green, grayish—
white, and red sandstone samples used herein to check the TOC and S
content were taken from the lower part of the Zhiluo Formation.

The variance contribution of the main factor F2 is 18.572%. Factor
F2 is positively correlated to Fe,O3 and TiO,. The variance contribution
of the main factor F3 is 12.399%. Factor F3 is positively correlated to
FeO, Al,05; and MgO, and negatively correlated to Na,O. The main
factors F2 and F3 may represent the impact of muddy detrital matrix on
sandstone composition. Al,O3 is the main component of kaolinite and
montmorillonite, whereas chlorite contains FeO and MgO; Na,O is a
component of sodium feldspar; and Fe,O3 and TiO, constitute ilmenite.
Therefore, main factors F2 and F3 represent the influence of clay mi-
nerals on sandstone composition. Its relationship with uranium en-
richment is not obvious, but this does not mean that clay minerals do
not adsorb uranium; their relationship needs to be analyzed using other
methods. For example, research has shown that clay minerals have
important adsorption properties for uranium, and after examining sta-
tistics of clay mineral content in the study area, we found that uranium
minerals were more enriched when feldspar alterations had a higher
clay content (Table 4).

The variance contribution of the main factor F4 is 8.581%. Factor F4
is positively correlated to S, TOC, and U. Factor F4 may reflect the effect
of reducing media on the sandstone composition of the target stratum.

S, TOC, SiO,, Fe,03, FeO, MgO, K,0, Nay0, P,Os, U, and other
elements are involved in multiple factors, indicating that there are
many factors affecting these elements. Alteration causes a transition
between mineral components, indicating the presence of fluids in the
ore-forming stage. Uranium enrichment is most closely related to TOC
and S, which proves that the reducing medium is the most important
factor affecting uranium enrichment.

5.2. REE distribution characteristics and correlation of sandstones in the
Zhiluo Formation

Studying the behavior of REEs in metallogenesis can help us explore
the source, redox characteristics, and formation process of ore-forming
materials and determine the ore-bearing potential of rocks (Wang et al.,
1989). Eh changes during diagenesis are most likely to affect Ce and Eu
because they exist in different oxidation states in the geological en-
vironment (Henderson et al., 1984). Because REE is insoluble, the REE
content of clastic rocks is mainly controlled by the rock composition of
its source area (Fleet, 1984; McLennan, 1989). In comparison, the ef-
fects of weathering and diagenesis are secondary (Rollison, 2000) be-
cause changing the geochemistry of sedimentary rocks requires a huge
water/rock ratio. However, owing to the hydration and adsorption
characteristics of REE and the solubility differences among rare earth
complexes, separation of REE may occur during deposition (Nesbitt and
Young, 1984; Wang et al., 1989). In recent years, increasing attention
has been paid to low-temperature mineralization. Studies on the REE
changes in sedimentation, weathering, and environmental changes
conclude that REE could generate fractionation under the conditions of
exogenous geological processes, low temperature, low pressure, and
open system (Liu and Cheng, 1995; Tu, 1998; Yang and Li, 1999; Lu and
Jiang, 1999; Shao et al., 2000; Wang et al., 2000).

The rare earths in sedimentary rocks mainly comprise three parts:
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Table 1

The analysis datas of electron probe.

MgO Al,05 Si0, Y503 SO3 U0, K,0 CaO TiO, Cey03 FeO P,05 Total Type

Na,O

Depth (m)

Lithology and colour

Sample number

the uranium without any obvious
symbiotic relationship to ilmenite

96.52

0.66
0.69
0.22
0.73
1.58

0.03
5.86
0.65
4.82
1.38
0.94
0.65
0.69
2.43

0.28
0.22
0.43
0.19
0.80
0.48
0.29
0.18
0.22

2.63
2.70
1.70
2.45
2.06
2.44
2.35
2.33
2.04

0.19
0.15

67.77
53.83

0.09

6.07
6.21
2.49
6.49

18.64
16.12

/

0.00
0.03
0.00
0.00
0.17
0.03
0.05
0.05
0.46

0.16
0.16
0.03
0.25
0.14
0.10
0.32
0.10
0.17

619
620
624

Gray-green medium sandstone
Gray-green medium sandstone
Gray-green medium sandstone

Gray-green fine sandstone

U4-1

97.96
93.95
99.72

12.01

U4-3

0.23
0.17
0.16
0.16

72.12
0.13

0.11
12.17

15.98
17.14
18.89
16.59

17.18

U4-4

55.31

625
506
552

U4-5

96.72

57.85

0.20
0.00
0.01
0.00
0.02

13.50
1.73
2.75

Gray-green medium sandstone
Gray-green medium sandstone
Gray-green medium sandstone
Gray-green medium sandstone

Gray-green fine sandstone

U13-1

94.15

2.83
3.02
3.02
3.00

67.97
68.77
67.31

0.89
0.82
1.03
2.64

U15-1

96.34

553
553
555

U15-2

95.74
90.43

0.17
0.17

2.15
1.54

18.72
18.87

U15-3

/

58.87

U15-4

the uranium associated with ilmenite

92.68
92.72

0.43
0.56
0.45
1.56

0.23
0.24
0.27
0.21

1.56
2.39
1.00
1.22

2.62
2.03
2.50
3.00

0.24
0.17
0.19
0.17

0.04 64.83

1.28
1.37
1.00

9.22

19.25
20.45

1.56
1.70
1.79

/

0.21
0.05
0.16
0.05

0.43
0.21
0.67
0.25

470
471

Gray-green medium sandstone
Gray-green medium sandstone
Gray-green medium sandstone
Gray-green medium sandstone

U2-1

63.55

U2-2

90.99
96.43

62.50

0.02
0.11

20.44
18.62

472
619

U3-3

62.02

U4-2

/: This item was not detected.
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the debris, the part adsorbed on clay minerals, and the carbonate and
phosphate formed in the sedimentary process (Wang et al., 1989).
Therefore, alteration of detrital particles, mutual transformation of clay
minerals, and local enrichment of carbonate will cause regular changes
in REE content.

The results of REE analyses on several types of rocks, such as
mudstones and ore-bearing, grayish-white, gray calcareous, red, and
gray—green sandstones, are reported in Table 5. REE patterns after
normalization of chondrite and northern American shale are shown in
Figs. 10 and 11.

5.2.1. Chondritic characteristics of REE

The total rare earth element (ZREE) contents of the Zhiluo
Formation ranges between 22.86 and 355.18 ppm with an average of
137.8 ppm, and its LREE/HREE value ranges between 5.76 and 18.49
with an average of 10.03. Post chondrite normalization, we found that
REE distribution patterns in rocks belonging to different geochemical
environments were right-leaning. The ratio Lay/Yby (for chondrite)
ranges from 5 to 18.05 with an average of 11.23. The REE distribution
patterns show fractionation of light and heavy rare earths, the right-
leaning enrichment of LREEs, and moderate enrichment of HREEs
(Fig. 10).

Table 6 presents the differences in the rare earth content in mud-
stones, red sandstones, gray ore-bearing sandstones, gray calcareous
sandstones, gray-green sandstones, and grayish-white sandstones. Ac-
cording to the statistical analyses, the characteristics of the rare earth
content in red sandstones and mudstones are similar, and the char-
acteristics of calcareous sandstones and gray-green sandstones are si-
milar. Grayish-white sandstones have the lowest total rare earth con-
tent and the lowest LREE/HREE ratio. Because the changing trend of
the total rare earth content in sandstones of different geochemical types
is similar to that of light and heavy rare earth content, these types of
geologic bodies are deemed to have similar regularity, source, sedi-
mentary environment, and tectonic setting. However, owing to the in-
fluence of oxidation and reduction fluid alteration, LREEs and HREEs
are differentiated in different types of rocks. The value of REE in red
sandstones is higher than that in other sandstones. The LREE/HREE
ratio is between gray ore-bearing sandstones and grayish-white sand-
stones. The difference between red sandstones and other types of
sandstones does not support the conclusion that REEs are dissolved
from oxidized sandstone and then deposited in reduced sandstone with
the migration of metallogenic fluids. Ore-bearing sandstones are richer
in REEs compared to the gray calcareous, gray—green, and grayish—
white sandstones. This may be because the environment created by the
oxidation of organic matter and pyrite in the vicinity of uranium ore is
acidic, which is beneficial to the erosion of REEs (Michard, 1989). REEs
migrate from gray calcareous, gray—green, and gray-white sandstones
and precipitate into ores that are rich in organic matter and clay mi-
nerals.

Based on the chondrite-normalized REE distribution patterns, we
can see that the curve of the La-Sm section of mudstones in the Zhiluo
Formation is steep, whereas the Dy-Lu section is relatively flat with a
negative Eu anomaly (8Eu = 0.6-0.8, with an average of 0.71), and no
Ce abnormalities (8Ce = 0.88-1.07, with an average of 0.97) are ob-
served. LREEs and Eu are concentrated in ore-bearing sandstones, re-
sulting in decreased Eu-negative (8Eu = 0.95-1.3, with an average of
1.11) and Ce-negative anomalies (§Ce = 0.77-0.95, with an average of
0.85). Furthermore, ore-bearing sandstones are highly reducible.
Therefore, Eu readily forms soluble Eu>* under these reducing condi-
tions. However, because the transition zone is where the oxida-
tion-reduction barrier is formed, the oxidation of metal sulfides, such as
pyrite, generates a weak acid environment (Liu et al., 2008). Conse-
quently, Eu®>* does not dissolve in water in the transition zone but is
adsorbed by clay minerals and precipitates, resulting in the relative
enrichment of Eu in the transition zone (Braum et al., 1993; Price et al.,
1991; Chen et al., 2007). In calcareous sandstones, Eu presents weak
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Fig. 8. Dendrogram of R-type cluster analysis.

Table 3
The varimax-factor solution matrix of uranium-bearing sandstone.

Rotating component matrix a

Component
F1 F2 F3 F4
S —0.482 0.385 -0.253  0.567
TOC 0.115 —-0.081 —0.069 0.898
SiO, 0.946 0.099 —-0.115 —0.144
Al,03 0.751 0.301 0.569 0.020
Fe,03 0.333 0.871 0.286 —0.080
FeO 0.126 0.379 0.881 —-0.215
CaO —-0.847 —0.464 —0.226 0.074
MgO 0.312 0.251 0.900 —0.020
K,O 0.971 —-0.019 —0.102 0.062
NaO 0.546 0.115 -0.752 —-0.167
TiO, 0.185 0.947 0.027 0.134
P05 0.271 0.816 0.444 —0.149
MnO —0.862 —-0.397 —-0.120 0.223
Burning loss —-0.888 -0.250 -—0.278 0.218
0) -0.248 —-0.017 0.062 0.789
CO, —0.830 —0.492 —0.225 0.068
Variance contribution rate 52.931 18.572 12.399 8.581
Cumulative variance contribution rate ~ 52.931 71.503 83.902 92.483

negative anomalies (8Eu = 0.77-0.97, with an average of 0.87), and Ce
presents negative anomalies (8Ce = 0.64-0.83, with an average of
0.75). In red sandstones, Eu presents a negative anomaly
(8Eu = 0.38-0.91, with an average of 0.64), whereas Ce either has no
anomaly or weak positive anomalies (8Ce = 0.98-1.61, with an
average of 1.16). Eu in red sandstones exhibits the same features as
those of mudstones in the study area, probably because the two have
the same sedimentary and diagenetic environments (Zhu et al., 2018).
In addition, oxidation may have occurred in the metallogenic period.
However, as oxidation cannot cause Eu migration in sandstones, it
cannot be responsible for the change in Eu content. Under the condition
of high oxygen content, Ce is oxidized to Ce**. The solubility of Ce** is

12

very low; hence, it is easily adsorbed and detached from the solution
system by clay minerals, producing a weak positive Ce anomaly in
minerals (Huang and Wang, 2002; Wang et al., 1989). In gray and
gray—green sandstones, Eu has no anomaly or presents weak negative
anomalies (8Eu = 0.78-1.06, with an average of 0.92), whereas Ce
presents positive and negative anomalies (§Ce = 0.69-1.42, with an
average of 1.0). In grayish-white sandstones, Eu presents positive
anomalies (8Eu = 1.24-2.49, with an average of 1.75), whereas Ce
presents both positive and negative anomalies (8Ce = 0.86-1.35, with
an average of 1.02). The large anomalies of Ce may be due to the un-
even migration and precipitation of Ce caused by the superimposed
transformation of oxidation and reduction in gray-green and
grayish-white sandstones. In grayish-white sandstones, the kaolinite
content is significantly high as the formation of kaolinite may be related
to weathering. Strong weathering will reduce the total rare earth con-
tent and the LREE/HREE ratio. The precursor mineral of kaolinite may
be feldspar. The REE content of feldspar is lower than that of kaolinite,
and feldspar Eu presents a positive anomaly, whereas the Eu in kaoli-
nite presents a negative anomaly (Wang et al., 1989). Therefore,
grayish-white sandstones are more likely to have experienced oxidation
reactions, causing feldspar alteration and Eu enrichment via adsorption
and precipitation.

5.2.2. PAAS characteristics of REE

The North American shale label (NASC) of sedimentary rocks en-
ables us to understand the characteristics of sedimentary rocks and
recognize slight enrichments and depletions of elements (Rollison,
1993; Liu, 1991). Currently, European shale (ES) and Post-Archaean
average Australian sedimentary rock (PAAS) (McLennan, 1989) are
usually used instead of NASC as the normalized-REE abundance of se-
dimentary rocks. In this study we use PAAS data for the same. From the
normalized-REE distribution model (Fig. 11), we found that the mud-
stones of the Zhiluo Formation exhibit a relatively flat curve with an
average XREE of 221.75 ppm. In terms of the rare earth composition,
the mudstones of the Zhiluo Formation are characterized by light en-
richment in rare earths and moderate Eu loss. These sandstones present
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Fig. 9.

a strong positive Eu anomaly, whereas their HREE content is not en-
riched as a whole. There is a slight discrepancy in the HREEs and LREEs
in different types of sandstones. In particular, the LREEs and HREEs in
grayish-white sandstones all exhibit an apparent loss, indicating that
all types of rocks have a similar depositional environment, but they
underwent oxidation and reduction transformation after the deposition
period.

6. Significance of the geochemical characteristics of the uranium
mineralization

Since the Paleozoic, the Ordos Basin has been uplifted. However,
owing to long-term sedimentation and the formation of the Hetao fault
depression, the uplift amplitude has reduced and even disappeared after
entering the Mesozoic. Affected by the Yanshan’s tectonic movement,
when the Zhiluo Formation was deposited, the main paleogeomor-
phology in the northern Ordos Basin was elevated in the North and
West and lowered in the South and East (Zheng et al., 2006; Han et al.,
2009). In the early Yanshanian movement, the basin was fully uplifted
and entered the weathering and denudation stage. The Zhiluo Forma-
tion was exposed to the surface and the oxygenated water infiltrated a
large area to form oxidized sandstone. With the evolution of tectonic
movement and fluid effect, the formation experienced multi-stage al-
teration; in particular, it later experienced reduction transformation,
forming large-scale green and gray—green sandstones in the study area.
Red and yellow oxide residue can still be locally observed in the
sandstones, whereas the gray-green rocks retain the form of early in-
terlayer oxidation. Therefore, the northeastern part of the basin, be-
longing to the ancient interlayer oxidizing zone of the sandstone-type
uranium deposit, is a part of the Yinshan ancient Hetao provenance-
system mineralization system (Li et al., 2008; Jiao et al., 2012).

According to the tectonic evolution history and the type of altera-
tion and geochemical analysis in the study area, a paragenetic sequence
of mineral alteration was established (Fig. 12), following which, the
water-rock reaction and mineralization process was restored: from the
alkaline-weak acid oxidation-fluid transition phase in the early stage to
the weak acid reduction fluid phase in the middle stage, followed by the
alkaline reduction fluid phase in the late stage, and the mid-low-tem-
perature hydrothermal fluid transformation phase post mineralization
(Fig. 13). This work plays a significant role in revealing the genesis of
the mineralization.

13

Contrast diagram of feldspar and clay mineral content showing different types of sandstones.

6.1. Alkaline-weak acid oxidation-fluid transition phase in the early stage

Affected by the climate, the precipitation, which infiltrated the
Zhiluo Formation in the Ordos Basin, was alkaline during the exposure
period (Zhang et al., 2015a,b). The uranium present in the magmatic
metamorphic rocks in the source area and the uranium flowing through
the sedimentary formations were extracted to form oxygen-bearing
uranium-rich water. After the alkaline fluid entered the target stratum,
the sand body experienced oxidation, and ferritization occurred along
the edge of debris particles or cracks. As the Zhiluo Formation strata
contain substantial plant debris, humic organic matters oxidized to
release acidic fluid (including CO52~) during burial diagenesis, and
bacteria that were possibly fed on autochthonous organic matter dis-
persed throughout the host sandstones to produce H,S (Cao et al.,
2016). Consequently, fluid properties changed from alkaline to weak
acid (Huang et al., 2009), resulting in the dissolution of aluminosilicate
minerals, such as feldspar (Huang et al., 2009), the sericitization of
volcanic detritus, and the kaolinization of plagioclase. Ca®>* was re-
leased during feldspar alteration, which was partially involved in the
precipitation of calcite in next phase. Pyrite was oxidized into goethite
and sulfate (Kovacevic et al., 2009). These early alterations were con-
firmed via SEM and electron probe microscopy.

In all types of sandstone samples, the numerical values and change
rule of XREE, LREE, and HREE of red sandstones are closest to those of
mudstone samples, whereas the content of red sandstones is much
higher than that of other types of sandstones, two explanations are
possible for this phenomenon. One possibility is that in the study area,
the original sedimentary red sand bodies controlled by sedimentary
facies are also present along with the late oxidation residue of the sand
body. However, according to the second possibility, the increase in the
clay content caused by the clayization and ferritization in the oxidized
sand body increased XREE; then, the strong clayization precipitated
HREE:s in the secondary minerals, and, finally, HREEs moved forward
along with the fluid, thus increasing the LREE/HREE ratio (Wang,
2006).

6.2. Acid reduction fluid phase in the middle stage

The reductant in study area is generally considered to be associated
with the hydrocarbons migrating through the host rocks (Zhu et al.,
2003; Wu et al., 2006). We suggest that these hydrocarbons represent
different acidic and alkaline environments and correspond to different
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Fig. 10. Chondrite-normalized REE distribution patterns in different sandstones from the Zhiluo Formation in the northern margin of the Ordos Basin.

metallogenic stages. In the Middle Jurassic-Late Cretaceous, with the
continuous depletion of oxygen in the fluid and under the influence of
the hydrocarbon generation and expulsion in the Yan'an Formation and
deeper strata, a dissipation of gaseous reducing agents, such as CH4 and
H,S, occurred along the fracture in deep oil reservoirs. The coal seam of
the Jurassic era is known to be relatively immature (Tuo et al., 2007),
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and we measured vitrinite reflectance (Ro) to be between 0.4% and
0.57%, confirming this hypothesis. However, numerous kaolinized
sandstones and spherical pyrite were discovered at the top of the Yan'an
Formation through field outcrops, indicating that the Jurassic coal does
generate hydrocarbons. In addition, Jurassic coal is the nearest hy-
drocarbon to the ore body, and their contribution to mineralization
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Fig. 11. PAAS-REE-normalized distribution model of different sandstones in the Zhiluo Formation in the northern margin of the Ordos Basin.

should not be underestimated. We agree with previous research that
bacteria play an important role in uranium mineralization (Cao et al.,
2016). Under the action of anaerobic bacteria, CH, reduces the sulfate
dissolved in groundwater to H,S, thus forming the H,S reducing barrier.
When the oxygen- and uranium-bearing water met the reducing fluid,
the activated UO22* uranyl-humic acid complex was reduced to
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coffinite (Feng et al., 2016). The chemical reaction formula for this
reduction is UO2%* + 2H,S + Fe** —UO, + FeS,| + 4H"; in this
process, feldspar and other easily-soluble minerals experienced further
kaolinization. Therefore, the uranium mineralization alteration con-
trolled by the gaseous reductants includes pyritization, carbonation
(forming coarse-grained calcite), gypsumization, and reduction-fading
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The correlation table of rare-earth elements in different types of sandstone, Zhiluo Formation in the northern margin of Ordos Basin.

Gray calcareous sandstone

Gray-green sandstone Grayish-white sandstone

Rock types Mudstone Red sandstone Gray ore-bearing sandstone
ZREE(ppm) 221.75 213.18 145.37 126 109.05 36.74
LREE(ppm) 199.65 192.43 133.35 116.5 100.36 32.66
HREE(ppm) 22.1 20.75 12.02 9.5 8.69 4.07
LREE/HREE 9.54 9.83 10.01 11.66 11.61 8
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Fig. 12. Generation sequence of altered minerals from the Zhiluo Formation in the northeastern part of the Ordos Basin.

alteration (i.e., grayish-white sandstones). Because of the change in pH
value, the rare earths migrated in the form of soluble cations. Si-
multaneously, the early Yanshan movement exposed the uranium re-
servoir of the Zhiluo Formation to the surface, resulting in the weath-
ering of kaolinite. Consequently, the REE content in the grayish-white
sandstones was significantly reduced. Owing to the overall acidic con-
ditions, carbonate was not stable enough; therefore, coarse-grain calcite
mostly underwent dissolution.

During the Early Cretaceous period, the study area experienced the
most intense late Yanshan tectonic movement: the stratum reversed and
formed a monoclinic structure extending from the southwest to the
northeast. Currently, the coal seams of the Jurassic, Permian, and
Carboniferous periods as well as the hydrocarbon reservoir of the
Triassic period, are located at the maximum buried depth where the
hydrocarbon and gas generation capacity of the source rocks reaches a
peak (Xue et al., 2010b; Zhang et al., 2016).

6.3. Alkaline reduction fluid phase in the late stage

After Late Cretaceous, the alkaline fluids from the deep part of the
strata (mainly oil-gas fluids) further escaped. Consequently, the biotite
was chloritized, enriching the fluid in alkaline ions, such as Ca, Na, and
K. Therefore, sparry calcite cement and other minerals were formed,
whereas uranium mineralization occurred continuously, following this
chemical equation: CH4 + 4UO*" + 80H™ — 4UO, + CO, + 6H,0.

The Hetao fault depression in the stretch deformation phase of the
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Himalayas cut off the oxygen- and uranium-bearing water supply
channel. Therefore, the role of reduction fluid continued to increase and
large-scale gray—green sandstones formed. The reduction fluid protects
the stable preservation of later uranium deposits. Additionally, because
CO52~ and REE®** have strong complexing ability, the REE contents in
calcareous and ore-bearing sandstones are higher than that in gray—
green sandstones.

Previous studies have shown that the age of the uranium miner-
alization in the Dongsheng area are Early Cretaceous (124 = 6 Ma),
Late Cretaceous (80 = 5Ma), Miocene (20 + 5Ma), and Pliocene
(8 + 1Ma) (Xia et al., 2003; Zhang, 2004; Liu et al., 2007). As the
uranium mineralization process continues under the influence of fluids,
the Early Cretaceous corresponds to the acidic fluid mineralization
stage, and the period after the Late Cretaceous corresponds to the al-
kaline reductive fluid mineralization stage. With the exhaustion of
oxygen and [UO,]**, the uranium mineralization process gradually
entered the reductive fluid preservation stage.

6.4. Mid-low-temperature hydrothermal fluid transformation phase post
mineralization

The main metallogenic period of uranium deposits in the study area
(80-120 Ma) is the precise period of intense activity of the Yanshanian
tectonic-magmatic event in North China (Sun, 1997). Ilmenite, col-
loidal pyrite, achavalite, sphalerite, and other metal sulfides were found
in ore-bearing sandstones via SEM. The geochemical elemental analyses
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Fig. 13. Schematic diagram of the water-rock reaction stage in the study area.

reveal that the study area has been subjected to the transformation of
medium- and low-temperature hydrothermal fluid. Previous studies on
the homogenization temperature of fluid inclusions in calcite from ore-
bearing sandstones have confirmed that significant tectonic-thermal
events occurred in the Ordos Basin after the Middle-Late Jurassic (Xiao
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et al., 2004b; Cao et al., 2016). These events may have played an im-
portant role in activating oil and gas migration, although metallic sul-
fides, such as colloidal pyrite, selenite, and sphalerite, have been found
in the study area. However, does hydrothermal fluid influence the
formation of secondary minerals and geochemical changes? Is hydro-
thermal fluid directly involved in the precipitation and enrichment of
uranium, or did it only transform uranium minerals after mineraliza-
tion? Such questions still have no convincing evidence supporting ei-
ther hypothesis and more in-depth research is required in this regard.

According to the division of the water-rock reflection stage, the
main mineralization stage of sandstone-type uranium deposits began
with the weak acid reduction fluid phase in the middle stage and
weakened in the alkaline reduction fluid phase in the late stage.

In summary, this study compared the properties of the uranium
deposit in the northeastern Ordos Basin with the classic interlayer
oxidation zone sandstone-type uranium deposits, and the properties
were found to differ in the following three aspects:

(1) The ore-bearing formations of the classic interlayer oxidation zone
sandstone-type uranium deposits are mostly primary gray or
gray-black sandstones, and a few are variegated sandstones, with
the content of organic matter in the ore-bearing sandstone being
generally low. For example, the organic matter content in the Syr
Darya uranium province in Central Asia ranges between 0.01% and
0.5%. The uranium deposits produced in coal-bearing rock have
higher organic matter content; for example, the Kujieertai deposit
has an organic matter content ranging between (0.15%-0.8%)
(Chen et al., 2003). Minerals that have been altered exhibit obvious
zoning. The oxidation zone is characterized by ferroselenium, and
the reduction zone is characterized by pyritization, carbonation,
and kaolinization. The non-alteration zone is dominated by diage-
netic minerals. The ore-bearing formation in the study area contains
gray-green and gray sandstones, which are altered types. The or-
ganic matter content is relatively high, ranging from 0.07% to
2.66%, with an average of 0.47% (Xue et al., 2009). The types of
altered minerals are more diverse, including ferritization, pyritiza-
tion, ferroselenium, carbonation, sulfation, kaolinization, chlor-
itization, and montmorillonitization.

(2) The sandstones in the oxidation, reduction, and non-alteration
zones obviously differ in color and element content in terms of
species such as Fe>*, TOC, and S, which can be used to indicate the
fluid type. In the study area, the lower component of the Zhiluo
Formation mainly comprises gray, gray—green, and gray-white
sandstones, whereas the upper component additionally contains a
small amount of red sandstones. The color zoning in the plane and
vertical direction is not obvious, but using the color is not parti-
cularly effective in indicating fluid type.

(3) While uranium minerals in the interlayer oxidation zone sandstone-
type uranium deposits are mainly pitchblende, the ore body is roll-
type (Li., 2002; Hou et al., 2017). Reductive properties are mainly
provided by media such as pyrite and organic carbon in gray
sandstones. In the study area, no traditional oxidation-reduction
transition zone exists, and uranium minerals are mainly coffinite.
The ore bodies are mostly tabular-type produced in gray-green and
gray sandstones (Xiang et al., 2006; Zhang et al., 2017; Zhu et al.,
2018), and the source of the reducing medium is more complicated;
this source includes the acidic fluid provided by the coal seams of
the Jurassic, Permian, and Carboniferous periods, and the alkaline
fluids from the deep part of the strata (mainly oil-gas fluids). In
addition, mineralization may occur during a later event of thermal
reformation.

7. Conclusion

(1) Seven types of mineral alterations have been identified in different
types of sand bodies of the Zhiluo Formation in the study area
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considered herein: ferritization, pyritization, ferroselenium miner-
alization, carbonation, sulfation, clayization, and uranium miner-
alization. The variety in alteration types proves that this area has
multi-stage fluid mixed mineralization.

Multivariate statistical analyses of the elements in different types of
sand bodies in the Zhiluo Formation in the study area were per-
formed. According to the relationship between the main elements
and their association, the sandstone components can be classified
into three groups. The first is the reduction media group, including
Ca0, MnO, TOC, S, U, and burning loss. The second is the detrital
particle group, including SiO,, K0, and Na,O. The third contains
the clay and volcano component group, including Fe,O3, P,Os,
TiO,, FeO, MgO, and Al,O3. The analysis of the elements reveals the
factors influencing uranium enrichment.

The REE of the Zhiluo Formation has a XREE value ranging between
22.86 and 355.18 ppm with an average of 137.8 ppm and an LREE/
HREE ratio ranging between 5.76 and 18.49 with an average of
10.03. Post chondrite normalization, REE distribution patterns in
rocks with different geochemical environments were found to be
right-leaning. LaN/YbN (chondrite) ranges from 5 to 18.05 with an
average of 11.23. The REE distribution patterns show a fractiona-
tion of light and heavy rare earths, a right-leaning enrichment of
LREE, and a relatively moderate HREE.

Through PAAS normalization, mudstones of the Zhiluo Formation
were found to exhibit a relatively flat curve, whereas sandstones
were found to have strong Eu positive anomalies. HREE does not
appear to be enriched, whereas HREE and LREE in several types of
sandstones are slightly different. We can observe loss of LREE and
HREE in grayish-white sandstones. REE characteristics show that
although all types of rocks have a similar depositional environment,
they underwent oxidation and reduction transformation after the
deposition period.

According to the uranium mineralization evolution history in the
study area, the water-rock reaction process and mineral-alteration
sequence were determined on the basis of alteration types and
elemental content. The main mineralization stage of sandstone-type
uranium deposits was revealed to have begun with the weak acid
reduction fluid phase in the middle stage, and it weakened in the
alkaline reduction fluid phase in the late stage.
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