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The Qianjiadian uranium deposit is a typical interstratified oxidized zone sandstone-hosted uranium deposit hosted in the Upper
Cretaceous Yaojia Formation of the southern Songliao Basin. Despite its significance, little research has been conducted on the
relationship between trace elements, REEs, and uranium mineralization in this deposit. This study presents new geochemical
data from sandstones in the oxidation, transition, and reduction zones. The sandstones in the transition zone are highly
enriched in U and moderately enriched in Mo, Cd, and V compared to those in the oxidation and reduction zones. They are
also weakly enriched in Co, Ni, and Zn. The oxidation and transition zone sandstones have higher > LREE and ) HREE
contents than those in the reduction zone. However, the oxidation zone sandstones are characterized by LREE enrichment and
flat HRRE distribution, while the transition zone sandstones show HRRE enrichment and flat LREE distribution. These trace
element and REE differentiation characteristics within each subzone are closely related to the geological process of
interstratified oxygenation. Oxygenated uranium-bearing fluids from southwestern provenance areas carried multiple trace
elements and REEs and infiltrated along the oxidation sandstones to reach the Yaojia Formation’s transition zone. During this
process, a certain amount of Mo, V, Cd, and LREE from the oxygenated ore-forming fluids was precipitated by Fe-Mn
hydroxide adsorption or calcite and siderite cementation. Meanwhile, about 20.33% of preexisting U in the oxidation zone
sandstones was continuously extracted and entered into the oxygenated ore-forming fluids. In the transition zone, where
dissolved oxygen was exhausted and hydrocarbons were continuously injected, U, Mo, Cd, V, Co, Ni, Zn, and REEs were
unloaded and precipitated as uranium minerals, sulfide minerals, or carbonate minerals. The enrichment of Mo, Cd, V, and
HREEs in the sandstones can serve as new prospecting indicators for the Qianjiadian uranium deposit.

1. Introduction is generally attributed to the reduction of U(VI) in oxygen-

ated uranium-bearing groundwater to U(IV), resulting in
Sandstone-hosted uranium deposits are currently the most ~ uranium enrichment [2]. The Qianjiadian uranium deposit,
prospective and economic uranium resources for in situ  located in the southern Songliao Basin (Figure 1), is consid-
leaching exploitation [1]. The formation of these deposits  ered a large interstratified oxidized zone sandstone-hosted
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FIGURE 1: (a) Structural units of the Songliao Basin (modified from [6]). (b) Interior tectonic units of the southwestern Songliao Basin and

sampling locations of the drill holes (modified from [5, 12]).

uranium deposit [3-8]. Its sandstones are further divided
into oxidation, transition, and reduction zones based on
redox conditions. The deposit is hosted in the Upper
Cretaceous Yaojia Formation. The relationship between the
distribution of the interstratified oxidized zone and sedi-
mentary facies has been widely discussed in the Yaojia For-
mation [4, 7, 8]. Well-documented studies have focused on
the occurrence state of uranium, metallogenic temperature,
metallogenic fluid source, and metallogenic age involved in
the uranium mineralization of the Qianjiadian deposit
[9-15]. These characteristics were determined through
petrographic observation, mineralogical analysis, inclusion
salinity and temperature measurement, and U-Pb isotope
dating [9-15]. Additionally, many studies have investigated
the role of abiotic (e.g., pyrite and aqueous sulfides) and
organic matter (e.g., microorganisms, carbonaceous debris,
and hydrocarbons) as reductive agents of U(VI) to U(IV)
in the Qianjiadian sandstone-hosted uranium deposit
[5, 6, 13, 15]. Based on these researches, several ore-
controlling factors and metallogenic models have been pro-
posed in conjunction with the tectonic evolution history of
the Songliao Basin [9, 14, 16, 17]. However, little attention
has been paid to the geochemical behavior of trace elements
and REEs within the interstratified oxidized zone sandstones.
Previously, trace elements and REEs in Yaojia Formation
sandstones were mainly used to reflect the rock composition
and tectonic setting of the provenance [18, 19].

The aim of this study is to characterize the geochemistry
of trace elements and REEs in sandstones from each subzone
of the interstratified oxidized zone of the Yaojia Formation
in the Qianjiadian uranium deposit. Based on this data, the

relationship between trace elements, REEs, and uranium
mineralization will be discussed.

2. Geological Setting

The Songliao Basin is a large terrestrial basin located in
northeast China. It was formed during the Late Mesozoic
through Cenozoic and is one of the most important
energy-producing basins in the world (Figure 1(a)). Geogra-
phically, it is surrounded by the Zhangguangcai Mountains
to the southeast, the Lesser Xing’an Mountains to the north-
east, the Great Xing’an Mountains to the northwest, and
Gutiefa Hill to the south [20] (Figure 1(a)). The Zhang-
guangcai Mountains and Lesser Xing’an Mountains mainly
consist of Late Triassic to Middle Jurassic magmatic rocks,
while the Great Xing'an Mountains are composed of Late
Paleozoic and Early Cretaceous granites and volcanic rocks
[21]. The Songliao Basin can be subdivided into seven major
structural units based on its basement morphology: the
Kailu Depression, the Southwestern Uplift, the Western
Slope, the Southeastern Uplift, the Northeastern Uplift, the
Central Depression, and the Northern Plunge [19, 22]
(Figure 1(a)).

The Qianjiadian uranium deposit is located in the Kailu
Depression (Figure 1(b)). The basement of the Kailu Depres-
sion mainly consists of Precambrian to Paleozoic metamor-
phic and magmatic rocks, which are covered by Cretaceous,
Paleogene, and Neogene sedimentary sequences with a max-
imum thickness of 5km [19, 23]. The Kailu Depression was
formed and filled in four main tectonic stages from the
Cretaceous through the Neogene (Figure 2(a)). The first
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FIGURE 2: (a) Stratigraphic column and tectonic evolution phase of the southwestern Songliao Basin (modified from [13, 32-35]).
(b) Stratigraphic column of the Yaojia Formation in the Qianjiadian uranium deposit (modified from [32]).

stage was a synrift stage during the Early Cretaceous that
includes the Yixian, Jiufotang, Shahai, and Fuxin Forma-
tions. The Yixian Formation is represented by volcaniclastic
and volcanic rocks, and the other Formations consist mainly
of dark lacustrine fine-grained sediments, which contain
abundant organic matter and are the main hydrocarbon
source rocks of the basin [13, 24]. The second stage was a
postrift thermal subsidence stage during the Late Cretaceous

that includes the Quantou, Qingshankou, Yaojia, and
Nenjiang Formations. The Quantou and Yaojia Formations
are mainly composed of deltaic and braided fluvial coarse-
grained sediments, whereas there were two large-scaled lake
transgressions occurred in the Qingshankou and Nenjiang
Formations resulting in the formation of two sets of thick-
bedded black mudstone as important regional caprocks
[25]. The third stage was a tectonic inversion stage during



the end of the Late Cretaceous that includes the Sifangtai
and Mingshui Formations, which are characterized by the
fluvial and alluvial coarse-grained sediments [25, 26]. The
fourth stage was an extension depression stage that occurred
since the Paleogene and includes fluvial sediments of the
Yi’an, Da’an, and Taikang Formations [27].

In the Qianjiadian uranium deposit, the uranium-ore-
bearing Yaojia Formation mainly consists of red, yellow,
and grey medium- to fine-grained arkosic and lithic sand-
stones, with red or grey mudstone and siltstone interlayers
as aquitards [13] (Figure 2(b)). At the northeast of the
Qianjiadian uranium deposit, the Yaojia Formation was
tilted up during the end of the Late Cretaceous due to
regional tectonic inversion and then denuded, resulting in
the formation of a tectonic window [6, 28]. Oxygenated
uranium-bearing fluids from the southwestern, northwest-
ern, and southeastern mountains of the Kailu Depression
infiltrated into and flowed along the sandstone layers of
the Yaojia Formation [29]. The tectonic windows pro-
vided a discharge passage for confined groundwater
[30]. Long-term oxidation and reduction of oxygenated
uranium-bearing groundwater occurred in the sandstones
of the Yaojia Formation, resulting in the formation of
interstratified oxidized zone sandstone-hosted uranium
deposits [3, 7]. The Qianjiadian uranium ore bodies are
tabular or lenticular in shape and mainly occur in the
sandstones of the lower Yaojia Formation [13].

The sandstones of the Yaojia Formation are generally
weak in diagenesis and loose in cementation. They can be
further divided into an oxidation zone, a transition zone,
and a reduction zone based on their color, altered mineral
assemblage, and degree of uranium mineralization [3-6, 27].
The oxidation zone mainly consists of red and yellow sand-
stones characterized by an alteration mineral assemblage of
limonite and hematite [3, 31]. The transition zone is charac-
terized by light grey or off-white sandstones with uranium
mineralization that mainly occur near the front line of the oxi-
dation zone. In the sandstones of the transition zone, uranium
exists in the form of uranium minerals and adsorbed uranium.
Uranium minerals are dominated by pitchblende, coffinite,
and brannerite [1, 6, 14]. Uranium in the adsorbed state is
mainly adsorbed by clay minerals such as kaolinite, illite, and
montmorillonite [14, 15]. Epigenetic minerals including sul-
fide and carbonate minerals are common in the transition
zone [14]. The reduction zone is represented by primary grey
sandstones with nonmineralization. The ratios of oxidized
sandstones in the Yaojia Formation decrease from the periph-
ery to the center [32].

3. Materials and Methods

Ninety-two sandstone samples were collected from seventeen
drill holes located in the Qianjiadian Sag of the Kailu Depres-
sion (Tables S1, S2; Figure 1(b)). These drill holes were
finished in the Yaojia Formation, and the whole interval
coring of the Yaojia, Nenjiang, Sifangtai, and Mingshui
Formations was carried out. During the sampling process,
gamma-ray responses were measured using an HD-2000
gamma radiometer to roughly distinguish the degree of
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uranium mineralization. All sandstone samples were
classified into three categories based on their color and
gamma-ray responses. The first type of sandstone samples
is from the oxidation zone and is red or yellow in color.
There are a total of 52 samples of this type. The second
type is from the transition zone and is light grey or off-
white in color. These samples have high gamma-ray
response values and more plant carbon debris, with a total
of 26 samples. The third type is from the reduction zone
and is dark grey or grey in color. These samples have low
gamma-ray response values, and there are a total of 14
samples.

All samples were analyzed for bulk-rock trace element
and REE at Wuhan Sample Solution Analytical Technology
Co., Ltd. in Wuhan, China. The samples were milled to a
powder with a 200 mesh size and dried in an oven at
105°C for 12 hours. Each sample was weighed to 50 mg
and placed in a Teflon vial. Then, 1 ml of HNO3 and 1ml
of HF were added to the vial in turn. The vials were placed
in stainless steel sleeves and heated in an oven at 190°C for
24 hours. Afterward, the vials were opened and evaporated
to dryness on a hotplate at 150°C. Later, 1 ml of HNO3
was added and dried again. One milliliter of high purity
HNO3, 1 ml of H20, and 1ml of an internal standard solu-
tion of In with a concentration of 1 ppm were added to the
Teflon vials. The vials were then resealed and heated again
in an oven at 190°C for more than 12 hours. After cooling,
the solution of each sample was diluted to 100 g with 2%
HNO3. The final sample solutions were analyzed using an
Agilent 7700e ICP-MS [36]. Mixed pure elemental standards
were used as external standards to establish standard curves
for each element. Standard samples of GSR-1 (granite),
GSR-2 (andesite), and GSR-3 (basalt) were processed and
tested together with the samples as reference materials
[37]. The analytical uncertainties are less than 2% for most
trace elements.

4. Results

4.1. Trace Element Geochemistry. The trace element contents
of the Yaojia Formation sandstone samples are displayed
in Table SI. Sedimentary rocks are known for their
heterogeneity, and their material composition may vary
greatly. Estimating the relative enrichment or depletion
of trace elements in sandstones between each zone based
solely on their absolute content may result in deviation.
This deviation may not be related to later geological
fluid action, such as the dilution effect caused by plant
carbonaceous or biogenic carbonate rocks. In the supergene
environment, the Th element has only one valence state
(+4) and is insoluble, making it a relatively inert trace
element. The average content of Th in the sandstones of the
reduction zone, oxidation zone, and transition zone in this
study is 7.77 ppm, 7.77 ppm, and 7.95ppm, respectively
(Table S1), indicating that Th is very stable. Therefore, Th
is used to standardize the trace elements of all samples for
comparison in this study. The enrichment factor (EF) is
used to express the degree of enrichment or depletion of
trace elements. The relative enrichment factor of element X
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between two geological units can be expressed as EF X =
(X1/Th1)/(X2/Th2) [38]. By comparing the average value
of trace elements in samples from the transition zone and
oxidation zone with that of sandstones in the reduction
zone, the enrichment factors of each element are obtained
(Table 1 and Figure 3). The enrichment factors of the
transition zone relative to the oxidation zone are also
obtained (Table 1 and Figure 3).

In this study, an element with a change rate of less
than £ 10% is considered stable and without migration
during the process of interstratified oxygenation. An element
with an enrichment factor greater than 1.1 is considered
enriched, while an element with an enrichment factor less
than 0.9 is considered deficient. An element with an enrich-
ment factor between 1.1 and 0.9 is considered unchanged.
Compared to the oxidation zone sandstones, the transition
zone sandstones are highly enriched in U; moderately
enriched in Mo, Cd, and V; weakly enriched in Co, Ni, Zn,
and Sr; and slightly depleted in Li, Cu, and Ba. Other
elements are relatively stable. In contrast, compared to the
reduction zone sandstones, the transition zone sandstones
are highly enriched in U; moderately enriched in Mo, Cd,
and V; and weakly enriched in Co, Ni, and Zn. Other
elements are relatively stable. The enrichment factors of
the oxidation zone relative to the reduction zone show that
most trace elements are relatively stable. Sr and U are
slightly depleted, while V, Cd, Ba, and Mo are weakly
enriched to varying degrees.

4.2. REE Geochemistry. The REE content of the samples is
listed in Table S2. The ) REE content in oxidation zone
sandstones ranges from 72.66 ppm to 185.56 ppm with an
average of 126.13 ppm. This is approximately equal to that
of the transition zone sandstones, which range from
99.97 ppm to 186.32 ppm with an average of 127.38 ppm.
Both are higher than that of the reduction zone
sandstones, which range from 99.49ppm to 139.68 ppm
with an average of 117.18 ppm. The average value of the
YLREE content of sandstones in the transition zone is
identical to that of sandstones in the oxidation zone. The
average value of the ) HREE content of sandstones in the
transition zone is higher than that of sandstones in the
oxidation zone. The ) LREE/) HREE ratios of sandstones
in the oxidation zone, transition zone, and reduction zone
are 5.92~12.43 (average 9.09), 2.2~10.35 (average 8.53),
and 7.68~10.40 (average 8.55), respectively. The average
ratios of (La/Yb)y, (La/Sm)y, and (Gd/Yb) for sandstones
in the oxidation zone are 9.25, 4.13, and 1.36, respectively.
For sandstones in the transition zone, they are 8.70, 3.92,
and 1.37, respectively. For sandstones in the reduction
zone, they are 8.72, 3.98, and 1.35, respectively. The Yaojia
Formation sandstones show obvious LREE enrichment
and HREE depletion. The chondrite-normalized REE
distribution patterns among samples from the oxidation
zone, transition zone, and reduction zone are consistent
with the upper crust (Figure 4). This indicates that the
interstratified oxidized zone of the Qianjiadian uranium
deposit has not been reformed by deep fluids. All
samples display a similar negative Eu anomaly (JEu)

TaBLE 1: Enrichment factor (EF) of trace element for sandstones in
the Qianjiadian uranium deposit.

EF of oxidation  EF of transition  EF of transition

Element zone relative to  zone relative to  zone relative to
reduction zone reduction zone oxidation zone
Li 1.03 0.89 0.87
Be 1.09 1.10 1.02
Sc 1.07 1.10 1.03
A% 1.25 2.23 1.79
Co 1.01 1.15 1.14
Ni 1.01 1.19 1.19
Cu 1.03 0.90 0.88
Zn 0.92 1.14 1.24
Ga 1.05 1.08 1.03
Rb 1.05 1.04 0.99
Sr 0.85 1.02 1.20
Zr 1.00 0.97 0.97
Nb 0.99 0.96 0.97
Mo 1.21 7.69 6.36
Cd 1.12 3.92 3.50
Sn 1.00 1.01 1.01
Ba 1.15 0.99 0.86
Hf 1.01 0.95 0.93
Ta 1.00 1.02 1.02
Th 1.00 1.00 1.00
U 0.81 47.71 58.80

with a mean value of 0.59~0.62, which is lower than that
of UCC (0.71).

5. Discussion
5.1. Geochemical Behavior Analysis of the Trace Elements

5.1.1. Uranium (U). In oxygenated uranium-bearing fluids,
the U element is usually hexavalent in the form of
UO,", which generally combines with carbanions to form
[UOZ(CO3)2]2_. Under a sulfate-reducing environment,
similar to the transition from Fe(III) to Fe(II), U(VI) is
reduced to U(IV), causing the formation of uranium min-
erals or precipitation in the form of hydroxyl complexes with
high surface activity [40, 41]. This results in the enrichment
of the U element in sedimentary rocks. The content of the
U element in sandstones from the oxidation zone within
the study area is the lowest, ranging from 0.96 ppm to
8.65ppm with an average of 2.9ppm. The U content of
samples from the transition zone varies widely from
9.65ppm to 2132.01 ppm with an average of 173.23 ppm.
The U content of sandstone samples from the reduction zone
varies from 1.14ppm to 7.10ppm with an average of
3.64 ppm (Table S1).

In this study, we found that the enrichment factor of
uranium (U) in the oxidation zone relative to the reduction
zone is 0.81 (Table 1 and Figure 3), indicating a depletion.
This suggests that some preenriched uranium in the
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sandstones of the oxidation zone was continuously extracted
under oxidation conditions. The preenriched uranium is
believed to have mainly existed within clay minerals, Fe-Ti
oxides, and uranium-rich lithic fragments [1, 13, 15] and
was reactivated by transforming from U(IV) to U(VI). The
leaching ratio of uranium (U) in the oxidation zone sand-
stone can be calculated using the equation: Ry ,ciing =
(Creduction - Coxidation)/ Creductinn % 100%. Our Study shows
that 20.33% of the preenriched uranium in the oxidation
zone sandstones was leached and entered into the ore-
forming fluids, which infiltrated along the permeable layer

to reach the transition zone. In the transition zone, where
dissolved oxygen had been exhausted and hydrocarbons
had been injected [5, 13], U(VI) was reduced to U(IV),
forming uranium minerals such as pitchblende and coffinite
[1, 6, 14]. Additionally, with a uranium enrichment factor
of 47.71 in the transition zone relative to the reduction zone
(Table 1 and Figure 3), the uranium content is much higher
than that of depleted uranium in the oxidation zone. There-
fore, we speculate that most of the uranium in the Qianjia-
dian uranium deposit came from uranium-bearing source
rocks in the basin marginal provenance areas.
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5.1.2. Molybdenum (Mo). In the Yaojia Formation of the
Qianjiadian uranium deposit, the molybdenum (Mo) content
in the sandstones of the oxidation zone ranges from 0.33 ppm
to 1.33 ppm, with an average of 0.56 ppm. However, the Mo
content in sandstone samples from the transition zone varies
significantly, ranging from 0.37 ppm to 30.87 ppm, with an
average of 2.68 ppm (Table S1). In contrast, the Mo content
in the reduction zone varies only slightly, ranging from
0.24ppm to 0.76 ppm, with an average of 0.46 ppm. The
enrichment factor of molybdenum (Mo) in the oxidation
zone relative to the reduction zone is 1.21 (Table 1 and
Figure 3), indicating a slight enrichment. However, in the
transition zone relative to the reduction zone, the
enrichment factor of Mo is 7.69 (Table 1 and Figure 3),
indicating a moderate enrichment and making it the most
enriched trace element after uranium (U).

Oxygenated meteoric water leached molybdenum-rich
minerals from the source rocks in the provenance areas
and oxidized Mo(IV) to Mo(VI), forming mainly molyb-
dates (i.e., MoO,*) under weakly acidic or neutral condi-
tions [42]. These highly soluble molybdates were dissolved
in the oxygenated ore-forming fluids and then permeated
into the sandstones of the Yaojia Formation. Molybdenum
(Mo) does not typically accumulate in organisms and has a
weak affinity with minerals such as clay, carbonate, and Fe
hydroxide [43]. However, under oxidation conditions, Mo
is easily adsorbed by Mn hydroxide [44, 45]. Therefore, the
slight enrichment of Mo in the oxidation zone relative to
the reduction zone may be due to the capture of MoO,>
from oxygenated ore-forming fluids by the surface of Mn
hydroxide. In the transition zone of the Qianjiadian ura-
nium deposit, sulfates in the ore-forming fluids were
reduced to sulfides such as pyrite, creating a strong sulfuriza-
tion environment [13]. In this environment, MoO42' was
prone to being transformed into Mo (O,, S,_,)*" or into Fe-
Mo-S cluster complexes [45, 46]. Mo (O,, S4_X)2' was then
precipitated and fixed by combining with sulfur-rich organic
molecules, iron-sulfide, and/or metal-rich particulate matter
such as pyrite and uranium minerals [46], potentially result-
ing in the moderate enrichment of Mo in the transition
zone. Electron probe analysis results from this study area
show that the authigenic pyrite in the sandstones of the tran-
sition zone has a high Mo content, with an average value of
0.5%. Additionally, Mo content is positively correlated with
U content (Figure 5(a)).

5.1.3. Cadmium (Cd). The distribution of cadmium (Cd)
content in the sandstones of the oxidation and reduction
zones is similar, both ranging from 20 ppb to 90 ppb, with
average values of 45.7 ppb and 42.3 ppb, respectively. How-
ever, the range of Cd content in transition zone samples is
significantly larger, ranging from 30 ppb to 2340 ppb, with
an average of 170 ppb (Table S1). Of all the trace elements
analyzed, Cd has the lowest content. In the transition zone
relative to the reduction zone, the enrichment factor of Cd
is 3.92, indicating a moderate enrichment (Table 1 and
Figure 3). Compared to the reduction zone, the enrichment
factor of cadmium (Cd) in the oxidation zone is 1.12,
indicating a slight enrichment. The increased Cd in the

sandstones of the transition zone was mainly derived from
the basin marginal provenance areas.

As a typical chalcophile element, cadmium (Cd) is also
a sulfophile element like zinc (Zn) and has relatively
unique geochemical behavior [47]. In provenance areas, Cd
mainly exists in isomorphism with sphalerite and wurtzite.
Under the action of oxygenated meteoric precipitation, Cd-
containing minerals in source rocks such as sphalerite are
prone to dissolution and oxidation [47], forming oxides such
as CdO or CdSO, that enter oxygenated ore-forming fluids
for relatively long-distance transport along permeable sand-
stones. Polarizing microscope and scanning electron micro-
scope observations show that carbonate cements including
dolomite, ankerite, calcite, and siderite are developed in the
sandstones of the oxidation and transition zones of the Yaojia
Formation [12, 14, 48]. Hydrocarbons from the source rocks
of the Jiufotang (K1j) Formation acted as reductants [5, 9],
generating a large amount of CO, that was expected to
participate in carbonate cementation [13]. An alkaline envi-
ronment was conducive to the precipitation of CdSO, in
the form of otavite (CdCO,) [47]. Meanwhile, the strong sul-
furization environment in the transition zone was prone to
transforming CdSO, into CdS (greenockite). Otavite and
siderite have similar chemical properties and forming condi-
tions and often occur as paragenetic minerals [47]. The
siderite content in the transition and oxidation zones of the
Qianjiadian uranium deposit was both low but approxi-
mately equal [48]. However, the degree of cadmium enrich-
ment in the transition zone is much higher than that in the
oxidation zone. Notably, there is a positive correlation
between Cd and U content in the sandstones of the transition
zone (Figure 5(b)), indicating that cadmium in the transition
zone may be mainly fixed in the form of greenockite.

5.1.4. Vanadium (V). Under oxidation conditions, pentava-
lent vanadium generally occurs in the form of vanadate
(VO,> or VO,), which is highly soluble in oxygen-
containing fluids. Vanadate in groundwater can also be
adsorbed by Fe-Mn hydroxides and kaolinite [49]. In reduc-
ing environments, V(V) can be reduced to V(IV), forming
VO*, or to V(III), forming oxide V,O, or hydroxide
V(OH); [50, 51].

In the Yaojia Formation of the study area, the vanadium
(V) content in the sandstones of the oxidation zone ranges
from 14.79ppm to 112.38ppm, with an average of
39.76 ppm. The range of V content in sandstones from the
transition zone is wider, ranging from 14.32ppm to
268.78 ppm, with an average of 57.4 ppm (Table S1). The V
content in sandstones from the reduction zone varies only
slightly, ranging from 16.65ppm to 55.15ppm, with an
average of 31.58 ppm. The enrichment factor of V in the
oxidation zone relative to the reduction zone is 1.25
(Table 1 and Figure 3), indicating a slight enrichment. This
may be similar to the reason for Mo enrichment in the
oxidation zone: vanadate derived from the basin’s
southwestern source rocks was dissolved into oxygenated
meteoric groundwater, and a portion was adsorbed by Fe-
Mn hydroxide in the sandstones, resulting in V enrichment
in the oxidation zone.
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Furthermore, in the transition zone relative to the reduc-
tion zone, the enrichment factor of vanadium (V) is 2.23,
indicating a moderate enrichment (Table 1 and Figure 3).
The total sulfur content in the sandstones of the transition

zone is high, with an average value of 1.85% [52], and
abundant authigenic pyrite is present [3, 5, 10, 14], indi-
cating a strong reducing environment. It is assumed that
the remaining vanadate in the ore-forming fluids passing
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through the oxidation zone was reduced to V,0O; or
V(OH); here and precipitated together with uranium min-
erals. As a result, V content is positively correlated with U
content (Figure 5(c)).

5.1.5. Cobalt (Co), Nickel (Ni), and Zinc (Zn). In the oxida-
tion, transition, and reduction zones of the Yaojia Formation
of the Qianjiadian uranium deposit, the average values
of cobalt (Co) content are 73.52ppm, 82.15ppm, and
73.79 ppm, respectively. The average values of nickel
(Ni) content are 28.73ppm, 33.28ppm, and 28.41ppm,
respectively. The average values of zinc (Zn) content are
39.30ppm, 4542ppm, and 40.43ppm, respectively
(Table S2). In this study, Co content shows a good linear
correlation with Ni content (Figure 5(d)). The enrichment
factors of cobalt (Co), nickel (Ni), and zinc (Zn) in the
oxidation zone relative to the reduction zone are close to 1.
In contrast, the enrichment factors of the transition zone
relative to the reduction zone are 1.15, 1.19, and 1.14,
respectively (Table 1 and Figure 3), indicating a slight
enrichment. Co, Ni, and Zn from source rocks in
provenance areas were able to be leached and dissolved into
oxygen-rich groundwater in the form of divalent ions or
CoCl*, NiCl*, and ZnCl" [53]. Cobalt (Co), nickel (Ni), and
zinc (Zn) are sulfophile elements. Under the sulfate-
reducing conditions of the transition zone, Co®", Ni**, and
Zn** from ore-forming fluids were apt to form insoluble
sulfides such as CoS, NiS, and [Zn, Fe]S, which precipitated
together with authigenic pyrite as solid solutions [54]. Both
Co and Zn contents are weakly correlated with U content
since their Pearson correlation coefficients are less than 0.2
(Figures 5(e) and 5(f)). Ni content is weakly correlated with
U content (Figure 5(g)).

5.2. Geochemical Behavior Analysis of the REEs. The mobility
of rare earth elements (REEs) in water-rock interactions has
been a subject of debate. Some researchers believe that REEs
can be activated in various water-rock reaction processes
[55]. However, others believe that REEs are not active in
low-temperature (<350°C) water-rock reactions, such as
diagenesis, and have no influence on the REE composition
of sediments [56]. In this study, the Y REE content in the
sandstones of the oxidation and transition zones of the
Qianjiadian uranium deposit is significantly higher than
that in the reduction zone. The increase in Y REE content
may be due to the introduction of oxygenated ore-forming
fluids from erosion source areas. Additionally, ) REE and
YLREE contents are weakly correlated with U content
(Figures 6(a) and 6(b)), while YHREE content shows a
positive correlation with U content in the transition zone
(Figure 6(c)). To better reflect the mobility of REEs in
the uranium mineralization process, the average values of
REE content in reduction zone sandstones were used as
a standard to normalize REEs in oxidation and transition
zone sandstones. Relative to reduction zone sandstones,
oxidation and transition zone sandstones show similar
degrees of LREE enrichment but distinctly different
degrees of HREE enrichment (Figure 7). The distribution
pattern of REEs in the oxidation zone sandstones is
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right-leaning, with an enrichment of LREEs and a deple-
tion of HREEs. In contrast, the distribution pattern in
the transition zone sandstones is left-leaning, with an
enrichment of HREEs and a flat distribution of LREEs
(as shown in Figure 7). These characteristics suggest that
REEs are active under low-temperature groundwater con-
ditions and that HREEs are more likely to migrate than
LREEs during the process of uranium mineralization.

REE ions, which resemble uranyl ions (UO,*"), are alka-
line cations that can combine with carbanions, chloride ions,
and sulfate ions to form stable soluble complexes under
acidic conditions. This is especially true for fluids rich in
carbanions, which can more easily migrate REEs [56, 57].
The main carbonate complex of REEs in soil solution is
[REE(CO;),] , with HREEs being more likely to form
[REE(CO3)2]7 than LREEs [53]. In the Yaojia Formation
sandstones of the Qianjiadian uranium deposit, carbonate
cements consist of dolomite, siderite, ankerite, and calcite
[12, 14, 48]. XRD analyses show that the average content
of carbonate cements in sandstones from the transition
zone, oxidation zone, and reduction zone is 14.27%,
13.33%, and 3.89%, respectively [48]. The content of ) REE
also decreases gradually from the transition zone to the
oxidation zone and then to the reduction zone in this study.
There is a positive correlation between the content of ) REE
and the content of carbonate cement. This suggests that
[REE(CO,),] from infiltrated groundwater may precipitate
along with carbonate cements in the transition and oxida-
tion zones.

Rong et al. [32] studied the characteristics of Y REE con-
tent in various carbonate cements in the sandstones of the
Qianjiadian uranium deposit. They found that both ) HREE
and YLREE contents increase gradually from calcite to
ankerite to siderite to dolomite. Meanwhile, the carbonate
cement types in sandstones from the transition zone are
mainly dolomite, ankerite, and calcite [12, 14, 48], while
those in sandstones from the oxidation zone are mainly
calcite [48]. The total content of carbonate cements in
sandstones from the transition and oxidation zones of the
Qianjiadian uranium deposit is approximately equal [48].
As a result, the relative enrichment degree of HREEs in the
transition zone is much higher than that in the oxidation
zone, and there is a positive correlation between ) HREE
content and U content. Additionally, dolomite cement is dis-
tinguished by its enrichment of HREEs and depletion of
LREEs, while calcite cement is characterized by a flat distri-
bution of HREEs and enrichment of LREEs in the sand-
stones of the Qianjiadian uranium deposit [32]. Therefore,
the reduction zone-normalized REE distribution pattern of
sandstones from the oxidation zone is right-leaning, while
that of sandstones from the transition zone is left-leaning
(as shown in Figure 7).

In the interstratified oxidized zone of the Yaojia Forma-
tion, the values of 8Eu in sandstones from the oxidation
zone, metallogenic transition zone, and reduction zone are
essentially identical and clearly negative (as shown in
Table S2 and Figure 4). This indicates that water-rock
interaction in sedimentary rocks has limited influence on
6Eu and that ore-forming fluids were not affected by
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hydrothermal fluids from the deep crust. The Eu anomalies
here are inherited from the source rocks of the provenance
and reflect that the parent rocks in the source areas are
mainly composed of felsic rock assemblages.

5.3. Implications for Uranium Mineralization. The forma-
tion of the Qianjiadian sandstone-hosted uranium deposit
in the Yaojia Formation is generally believed to be closely
related to large-scale interstratified oxygenation caused by
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oxygenated ore-forming fluids from the southwestern mar-
gin of the basin [3, 4, 5-7]. Uranium mineralization mainly
occurs in the transition zone near the front of the oxidation
zone [3, 5, 7].

There are two main sources of uranium for the mineral-
ization of the Qianjiadian uranium deposit. The first source
is the preenriched U element in the sandstones of the Yaojia
Formation during synsedimentary and early diagenesis. This
uranium mainly exists within the clay matrix, Fe-Ti oxides,
and uranium-rich lithic fragments such as granite, rhyolite,
gneiss, and andesite [1, 13, 15]. This study has shown that
20.33% of the preenriched uranium in the sandstones of
the oxidation zone was leached and infiltrated into the
transition zone by oxygenated groundwater. However, the
enrichment degree of uranium in sandstones from the
transition zone (with an enrichment coefficient of 48.52)
was much higher than the depletion degree of U element
in sandstones from the oxidation zone (with an enrichment
coeflicient of 0.80). Therefore, it can be inferred that the ura-
nium for mineralization in sandstones from the transition
zone mainly came from another source.

The second source of uranium was intermediate to felsic
volcanic rocks, granites, and gneisses in the southwestern
provenance areas of the basin. The structural inversions of
the southern Songliao Basin during the Late Cretaceous-
Early Paleogene (~70-52Ma) and Oligo-Miocene (~38-
10Ma) may offer favorable conditions for the formation
of the Qianjiadian sandstone-hosted uranium deposit
[35, 58, 59]. The structural inversion activities gave rise to
the uplift and tilt of the Yaojia Formation in the basin mar-
ginal areas. At the same time, uranium-rich source rocks
underwent strong weathering, and uranium was leached
out in hexavalent form, such as UO,*" or [UO,(CO,),]* ",
by oxygenated meteoric fluids under weakly acidic or neutral

conditions. Additionally, certain amounts of Mo, Cd, V, Co,
Ni, and Zn elements and REEs were also taken into oxygen-
ated meteoric fluids in the form of MoO,*, Cd*", VO,>,
Co* or CoCl", Ni** or NiCl*, Zn®" or ZnCl*, and
[REE(CO;),] ™, respectively. The oxygenated ore-forming
fluids then permeated into the sandstone layers of the Yaojia
Formation. Subsequently, on one hand, the oxygenated ore-
forming fluids activated and mobilized the synsedimentary
uranium in the host sandstones of the oxidation zone. On
the other hand, a small amount of Mo and V elements from
the oxygenated ore-forming fluids were absorbed by the iron
and manganese hydroxides in the sandstones of the oxide
zone. Additionally, some REEs and Cd elements precipitated
along with the cementation of carbonates such as calcite and
siderite.

In the transition zone of the Qianjiadian uranium
deposit, where the dissolved oxygen in the ore-forming
fluids was gradually consumed and hydrocarbons were con-
tinually injected, sulfates were reduced to sulfides such as
pyrite (FeS,) or greenockite (CdS), and U(VI) was reduced
to U(IV), resulting in the precipitation of uranium minerals
like pitchblende and coffinite [1, 6, 14], along with the
reduction of V(V) to V(III). At the same time, the oxidation
of hydrocarbons generated a large amount of CO,, which
was expected to participate in carbonate cementation [13].
During this process, MoO,> from the ore-forming fluids
was likely to be transformed into Mo (O,, S, ,)*", which fur-
ther precipitated by combining with sulfide [46]. A small
amount of Cd*" may have precipitated as otavite (CACO,)
associated with siderite. REEs were likely to enter the
mineral lattice of carbonate cement, with Y REE content
gradually increasing from calcite to ankerite to siderite to
dolomite [32]. Co**, Ni**, and Zn®" were likely to form
insoluble sulfides and enter pyrite as a solid solution [54].
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In the sandstones of the transition zone, there is a
positive correlation between U content and Mo content, Cr
content, V content, and Y HREE content. The general trend
observed is an increase in Mo content, Cd content, V con-
tent, or Y HREE content as U content increases (as shown
in Figures 5(a)-5(c) and 6(c)). There is a weak correlation
between U content and Y REE content, with a correlation
coefficient of 0.27 (as shown in Figure 6(a)). U content is
rarely correlated with Co content, Ni content, Zn content,
and Y LREE content (as shown in Figures 5(e)-5(g)). Three
drill holes (D80-8, D56-0, and V5-20) with continuous
sampling were selected for a longitudinal comparative study
of the evolution characteristics of trace element content,
Y REE content, and uranium content. Cross-plots of depth
against element content in the sandstones from the same
drill hole show that the variation trend of Mo, Cd, V, Co,
Ni, Zn, Y REE, and Y HREE contents is consistent with that
of U content (as shown in Figure 8). This suggests that the
enrichment of Mo, Cd, V, and HREE:s is closely associated
with uranium mineralization in the Yaojia Formation and
can serve as new prospecting indicators for the Qianjiadian
uranium deposit.

6. Conclusions

Different trace elements and REEs have varying redox
sensitivities and exhibit different valence states and solubility
in different redox zones. Trace elements migrate along the
redox gradient and redistribute in sedimentary rocks to
achieve enrichment or depletion.

(1) The differentiation characteristics of trace elements
and REEs in sandstones from each subzone of the
Yaojia Formation in the Qianjiadian uranium
deposit are closely related to the geological process
of interstratified oxygenation. Oxygenated fluids
from the provenance areas, carrying multiple trace
elements and REEs, infiltrated the interstratified
oxidized zone. About 20.33% of the preexisting
uranium in sandstones from the oxidation zone
was continuously extracted and entered into the
oxygenated ore-forming fluids. In the transition
zone, where dissolved oxygen had been exhausted
and hydrocarbons had been continuously injected,
the Eh value decreased, and pH value increased. U,
Mo, Cd, V, Co, Ni, Zn, and HREE were unloaded
and precipitated as uranium minerals, sulfide min-
erals, and carbonate minerals

(2) Compared to sandstones from the oxidation and
reduction zones, sandstones from the transition zone
are highly enriched in U; moderately enriched in
Mo, Cd, and V; and weakly enriched in Co, Ni, and
Zn. In sandstones from the transition zone, U con-
tent is positively correlated with Mo content, Cd
content, and V content and is rarely correlated with
Co content, Ni content, and Zn content

(3) Compared to sandstones from the reduction zone,
both Y LREE and )Y HREE contents increased in
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sandstones from the oxidation and transition zones.
Sandstones from the oxidation zone were charac-
terized by the enrichment of LREEs and a flat
distribution of HREEs, while sandstones from the
transition zone were distinguished by the enrich-
ment of HREEs and a flat distribution of LREEs.
In sandstones from the transition zone, U content
is positively correlated with Y HREE content and
weakly correlated with ) REE content

(4) The enrichment of Mo, Cd, V, and HREEs in sand-
stones can serve as new prospecting indicators for
the Qianjiadian uranium deposit
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