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A B S T R A C T

Large quantities of pyrite have been discovered near the ore-bearing segments of the sandstone-type uranium
deposits in the North Ordos Basin. In this study, the electron probe microanalysis, scanning electron microscopy,
and isotope geochemical analysis were used to systematically investigate the morphology, composition, and S
isotopes of the pyrites in these deposits, and their genetic order relative to the other main altered minerals. Based
on the regional tectonic evolutionary sequence of the basin, the relationships between the pyrites and uranium
mineralization are discussed. Macroscopically, the pyrites were found to occur in lumpy, banded, disseminated,
star-like or sheet-like form. Microscopically, they exist either as detrital grains or inside detrital grains, as
idiomorphic grains, in colloidal or framboidal form, inside mica minerals, in banded or petaloid form, and in
other forms related to biological cells or microorganisms. The δ34S‰ values in the pyrites are highly variable
(−7.3‰ to −37.2‰), but principally in the proximity of −30‰, and display obvious biogenic origin. Taking
into consideration the extremely low U contents in the pyrites and achavalites (iron selenide), the genetic order
of the main altered minerals is determined as follows: detrital pyrites > clay mineral overgrowths > micritic
calcites during the diagenetic stage; and achavalites > pyrites > coffinite/pitchblende > vanadium
oxides > sparry calcites during the metallogenic stage. The broad presence of pyrites in the Jurassic Yan'an
Formation during the basin’s evolution provided detrital pyrites and organic detritus for the overlying forma-
tions. The Zhiluo Formation, host of the uranium mineralization, is also home to some primary spherical col-
loidal or framboidal pyrites. The Cretaceous was the main epigenetic uranium metallogenetic period as well as
the main pyrite development period of the area. The pyrites, which are typically colloidal, have cemented the
earlier framboidal pyrites and other minerals and are closely associated with the redox reaction related to
uranium mineralization. In the Paleogene, uranium mineralization mainly occurred by the redox migration of
early shallow deposits to, and fresh pyrites forming in deeper levels.

1. Introduction

The sandstones of Jurassic Zhiluo Formation in the North Ordos
Basin are host to some of the most important sandstone-type uranium
deposits in China, including the Nalinggou, Daying, and Zaohuohao
uranium deposits (Cai et al., 2005; Deng et al., 2005; Li et al., 2007;
Yang et al., 2008; Xue et al., 2010; Liu et al., 2012; Li et al., 2016; Wu
et al., 2016; Zhang, 2016; Chen et al., 2017b; Hou et al., 2017; Zhang
et al., 2017a). Although previous authors have identified the spatial
paragenesis of uranium minerals and pyrites in these uranium deposits
(Peng et al., 2006; Liu et al., 2006c; Chen et al., 2016; Wu et al., 2016),
their exact mineral genetic sequences and interactions are not clearly
identified. Some authors have suggested that, in a sandstone-type ur-
anium deposit, the uranium enrichment in the redox fronts is the result

of U6+ in an oxygenated water solution being reduced to U4+, which
subsequently precipitated and was concentrated into a deposit, with the
uranium reducing agents including residual carbon debris or sulfides in
the sandstone, especially pyrites, or reducing fluids from the deeper
levels (Chen and Guo, 2007; Chen et al., 2017b; Jin et al., 2019). Much
work has been conducted by previous authors with respect to the
morphology, composition, S isotopes, and microstructure of the pyrites
in solid sulfide deposits, unconformity-type and granite-type uranium
deposits (Zhou et al., 2008; Gao et al., 2015; Qi et al., 2015; Skirrow
et al., 2016; Zou et al., 2017; Hu et al., 2018; Manuel et al., 2018; Zhao
et al., 2018a), but few researchers have taken a closer look at the ca-
tegory, composition, and genetic periods of the pyrites in sandstone-
type uranium deposits, and their relationships with other altered mi-
nerals and uranium mineralization. Previously, many geologists have
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focused on the S isotopic analysis of pyrite and C-H-O analysis of calcite
to discuss the uranium ore-forming fluid (Cai et al., 2007; Wu et al.,
2016; Zhao et al., 2018b). However, these isotopic works were the
mixed results of several-stage altered minerals instead of the in-situ
analysis, which would not represent the nature of ore-forming fluid in
the uranium ore-forming process. In this paper, based on the analysis of
the pyrite, the occurrence of major altered minerals will be obtained
and relationship with uranium mineralization will be discussed, which
is the basic background for the study of uranium ore-forming fluid.

Regarding the tectonic evolution of the North Ordos Basin, studies
have been conducted through the analysis of field geological features,
low-temperature chronological testing, and tectonic stress inversion,
with focuses on tectonic stress transformation and its roles in the evo-
lution of coal, oil or gas resources and related ore-forming fluids (Ren
et al., 2007; Ding et al., 2011; Zhao et al., 2012; Yang et al., 2015;
Wang, 2017). While some of these authors have realized the important
roles played by tectonic evolution in the metallogenesis of sandstone-
type uranium deposits (Sun et al., 2004; Deng et al., 2005; Liu et al.,
2006a), few have considered how important minerals related to ur-
anium mineralization (e.g., carbonates, pyrite, and uranium minerals)
have manifested themselves during different tectonic evolutionary
stages. In this paper, with reference to the findings of previous authors,
the morphology, composition, and S isotopes of the pyrites in the
sandstone-type uranium deposits in the North Ordos Basin are studied,
and their paragenesis with other altered minerals are observed. The
roles of pyrites in the uranium ore-forming process are also discussed in
light of the regional tectonic evolution of the basin during the Mesozoic.

2. Regional geology

The study area lies in the North Ordos Basin (Fig. 1), in the northern
flank of the slightly elevated end of the Northeastern Yimeng uplift. It
borders the Yinshan orogen (the Ural and Daqingshan Mountains) to
the north across the Hetao rift zone, and the Lüliang–Taihangshan
orogen to the east. To its south is the Yishan slope, where the Ordos
Basin becomes a wide, gentle slope zone (Deng et al., 2005; Yuan et al.,
2007; Zhang et al., 2018 and references therein) (Fig. 1).

Exposed sedimentary formations in the area include the Early
Cretaceous Ejinhoro and Dongsheng formations. The
Cambrian–Ordovician and Permian–Jurassic depositional units exposed
on the northern margin of the basin comprise the annular exposure of
this area. The formations are generally gently dipping, with 1–10° SW

dips (Akhtara et al., 2017). The Jurassic sediments, the main ore-
bearing unit in the uranium deposits of the area, overlie the Triassic
formation in unconformity resulting from the Indosinian Movement II
(Qiu et al., 2014; Akhtara et al., 2017), and underlie the Cretaceous
formation in angular unconformity resulting from the Yanshanian
Movement A (Yuan et al., 2007; Zhao et al., 2015) (Table 1). The
Cretaceous underwent extensive elevation–denudation in the later stage
as a result of the Yanshannian Movement B and the Himalayan Move-
ment (Liu et al., 2006a; Chen et al., 2016).

The Middle Jurassic Zhiluo Formation, which is the main uranium
ore host in the North Ordos Basin, occurs as NS-trending units that
exhibit distinct depositional hiatuses with both the overlying and un-
derlying formations (Table 1). The Zhiluo Formation can be divided
into the Upper Zhiluo and Lower Zhiluo Formations (the latter is further
divided into upper and lower submembers) (Table 1). The lower sub-
member of the Lower Zhiluo Formation consists of gray, grayish-white,
and grayish-green medium-to-coarse sandstones formed from braided
river and braided river delta deposition. The horizon within this sub-
menber, near the underlying Yan'an Formation, which contains abun-
dant carbon debris, pyrites, and carbonate cements, represents the main
uranium ore host. The upper submember of the Lower Zhiluo Forma-
tion, which consists of mud-sand-mud assemblages of grayish-green
medium-to-fine sandstones interrupted by mudstones, from a low-si-
nuosity meandering depositional environment, is the secondary ur-
anium ore host in this area. The Upper Zhiluo Formation, comprising
variegated sandstones interrupted by mudstones, is a fluvial and
floodplain depositional system consisting mostly of grayish-green
sandstones alternating with red mudstones.

The Lower Jurassic Yan'an Formation, consists of gray sandstones
and black coal measures from fluvial-lacustrine and swamp environ-
ment deposition (Table 1). Some authors have suggested the white
sandstone bed at the top to be an oil or gas-bleached zone (Wu et al.,
2015) or to be of paleo-weathering regolithic origin (Jiao et al., 2015;
Zhang et al., 2017b).

The area has relatively stable sedimentary formations and only
weakly developed regional structures, as manifested by the Hanggin
Banner fault zone (including the Bojiang Haizi fault) (Yang et al., 2013,
2015). After analyzing remote sensing images of North Ordos Basin, Liu
et al. (2006b) suggested that the area features annular tectonic zones, as
manifested by the NW–SE Dongsheng–Shiwanzi fault-uplift zone and
the Benhai Aobao–Zhunge'erzhao fault.

In Heishitougou, Hanggin Banner, the Cretaceous sandstones are

Fig. 1. Digital elevation model tectonic division map of the North Ordos Basin.
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Table 1
Composite stratigraphic column of the North Ordos Basin (Modified after Chen et al., 2016, and references therein).
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overlain by a basalt bed from the Early Cretaceous with a whole-rock
Ar/Ar age of 126Ma (Zou et al., 2008), which is close to the age of the
Zijinshan rocks in the Eastern Ordos Basin (137–130Ma) (Yang et al.,
2009a). This suggests the occurrence of a tectonic–magmatic–thermal
event in the area in the Early Cretaceous (Zou et al., 2008).

In the North Ordos basin, uranium ore-bodies were mainly hosted in
the gray sandstone of the Lower Zhiluo Formation. Compared with the
uranium deposits in Yili basin and Qianjiadian area of Songliao basin,
its ore-body shape shows the tabular instead of roll-type (Jin et al, 2019
and references therein). The occurrence of uranium minerals is coffinite
with a few of pitchblende (Bonnetti et al., 2015, 2017; Dai et al., 2015;
Akhtara, et al., 2017). The concentration of uranium minerals had the
spatial symbiotic relationship with organic materials, calcite, pyrite,
reducing bacteria, oil–gas, and so on (Cai et al., 2007; Fan et al., 2007;
Feng et al., 2017). In the study area, the major low-temperature al-
teration characteristics related to the uranium mineralization, are clay
mineralization (such as smectite, chlorite, kaolinite, illite, and so on)
and sericitization of K-feldspar (Akhtara, et al., 2017; Fan et al., 2007;
Zhao et al., 2018c) (Fig. 2-a&b). Clay minerals commonly exist as ce-
menting clasitc grains, altering of mica or feldspar minerals, sur-
rounding the clastic grains in form of thin-film, or spreading into the
matrix as acicular crystals, all of which can be found to have the spatial
relationship with coffinites. Some authors thought that uranium mi-
neralization was the result of mixing of shallow meteoric water and
deep-source fluid from the crust (Li et al., 2007; Xue et al., 2010). Al-
though the formation of pyrites is multistage, the pyrites having the
spatial symbiotic relationship with uranium minerals, are in colloidal or
framboidal form (Fig. 2-b&c). The Ti-Fe oxides often spread in the ore-
bearing layers. Influenced by ore-forming fluid, most of them were al-
tered, kept their original shape and surrounded by pyrites and coffinites
(Fig. 2-c). Besides, achavalite commonly coexisted with pyrites and
coffinites in the Lower Zhiluo Formation (Fig. 2-f).

3. Sampling and methods

The samples of Zhiluo Formation were collected from more than 10
drill cores in the Nalinggou, Tanrangaole and Daying uranium deposits

in the North Ordos Basin. All are located in the uranium ore-body
bearing layers in the Lower Zhiluo Formation. The samples of Yan’an
Formation came from the Shenshangou outcrop located at the southeast
of Dongsheng. The thin-sections were made in the Yu’neng Geological
Laboratory in Langfang, Hebei, China.

The micro-photos were taken under the Leica DM2700 M. Electron
Probe Microanalyzer (EMPA-1600 of Shimaduz Corporation, Japan)
were used to analysis the microscopic characteristics of minerals in the
Geological Laboratory of Tianjin Center, China Geological Survey. The
work conditions are as follows: 15 kV of Acceleration voltage,
20 nA–100 nA of current, 1 μm–5 μm of beam, 20–60 s of peak com-
puting time, 40° of exist angle. The ZAF method is used to revise results
data. The standard samples are SPI sulfide and Gold-Silver sample. The
SEM analysis was used of the SS550 of Shimaduz Corporation, Japan.
The chemical contents analysis of uranium minerals were conducted in
the Analytical Laboratory CNNC Beijing Research Institute of Uranium
Geology by using HEOL’s JXA-8100 electron microprobe. The S isotopic
analysis, Trace elements and REE analysis were undertaken in the
Analytical Laboratory CNNC Beijing Research Institute of Uranium
Geology.

4. Morphology of the pyrite and its relationship with other altered
minerals

Pyrites of varying morphologies are widespread throughout the
Zhiluo Formation of the uranium orefield in the North Ordos Basin
(Fig. 3), and have been found to have close spatial correlations with the
uranium ore distribution (Liu, 2011; Chen et al., 2016). In this study,
detailed analyses of the morphology and composition of the pyrites in
the orefield are conducted through hand specimen analysis, micro-
scopy, electron probe microanalysis (EPMA), and scanning electron
microscopy (SEM). Their paragenesis with other altered minerals is
observed and further discussed.

4.1. Macro- and microscopic characteristics of the pyrites

Field work and drill core observations reveal that the pyrites formed

Fig. 2. Major altered characteristics of uranium deposits in North Ordos Basin a-Clay-minerals spatial symbiotic with coffinite; b-Pyrite, coffinite and clay minerals
bearing in the altered feldspar; c-Pyrite, coffinite and calcite bearing surrounding the Ti-Fe oxide; d-Calcite spatial symbiotic with coffinite; e-Achavalite coated by
pyrite; f-Coffinite bearing surrounded and in the fossils. Ach-Achavalite.
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Fig. 3. Morphology of the pyrites in Yan'an and Zhiluo Formations, North Ordos Basin a- Two generations of veinlet pyrites present in the coalbed fissures, Yan'an
Formation; b- Spherical pyrites in the gray sandstones, Yan'an Formation; c- Oxidized brown hematitic zones are observed on the periphery of the lumpy pyrites in
the gray sandstones, Zhiluo Formation; d- Sandstones cemented by red carbonates within the pyrite lumps, Zhiluo Formation; e- Platy pyrites in the gray sandstones,
Zhiluo Formation; f- Disseminated pyrite grains with metallic luster in the gray sandstones, Zhiluo Formation, which were subsequently cemented by carbonates; g-
Star-like pyrites in the gray sandstones, Zhiluo Formation; h- Pyrite cementation in the conglomerates at the bottom of the Zhiluo Formation, which were subse-
quently cemented by carbonates; i- Banded pyrites bordering the carbon debris or bituminous organisms inside the grayish-white sandstones, Zhiluo Formation; j-
Pyrite-carbon debris aggregates in the grayish-white sandstones, Zhiluo Formation which are cemented by carbonates; k- Brown oxidized/hematized pyrites and
fractures in the brown sandstones, Zhiluo Formation, with the upper parts of the fractures appearing in green; l- Sheet-like pyrites on the slickenlined fault surface in
the green argillaceous siltstones, Zhiluo Formation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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either in gray or grayish-green sandstones and mudstones, or in coal-
beds or other highly reducing environments. Brown oxidation stains
can be detected around some of the pyrite nodules.

The Yan'an Formation is mainly composed of coalbeds interrupted
by gray sandstones or siltstones, which indicates a highly reducing
environment. The pyrites in the coalbeds, which occur in fissures in
banded form, originate from at least two periods (Fig. 3-a). The pyrites
in the Yan'an sandstones, however, occur as spheres of pyrite-cemented
sandstones, which are mostly a few centimeters in diameter (Fig. 3-b).
Cubic crystals with good metallic luster are found on the surface of
some of the pyrite spheres.

In the Zhiluo Formation, pyrites are mostly found in the gray and
green sandstones of the lower member. Macroscopically, they occur in
lumpy (or subspherical), banded (or platy), disseminated, star-like, or
sheet-like form (Fig. 3). Pyrite-cemented sandstone inside the lumpy
pyrites, which is the typical morphology of the pyrites in this formation,
occurs along the same horizon as carbon debris. Some of these pyrites
are also observed to envelop carbon debris (Fig. 3-j). In the conglom-
erates at the bottom of the Zhiluo Formation, pyrites have cemented
gravels and early carbonate cements, and are themselves cemented by
younger carbonate cements (Fig. 3-h). Banded pyrites mostly occur
along the edges of laminations and carbon debris. In drill cores, they
mostly appear as thin sheets of about 2–10mm thick, parallel to the
laminations (Fig. 3-e&i). Disseminated pyrites spread outwards from
banded or lumpy pyrites (Fig. 3-f). Star-like pyrites typically exist in
carbon debris or in black mudstones or other highly reducing locations
(Fig. 3-d). In addition, oxidized pyrite remnants exist in the oxidized
brownish-yellow-coloured sandstones. On the outcrop, some faults are
observed inside the Zhiluo Formation, while based on the observation
of drill cores, many fractures are obtained (Fig. 3-k). Around the small-
scale fault planes, the color of the sandstones is green and on their
surfaces, sheet-like pyrites with good metallic luster are present (Fig. 3-
k&l).

Based on the microscopic analysis, the sandstones are commonly
cemented by pyrites and carbonates in the ore-bearing segments
(Fig. 4). Detritus in the sandstone in the ore-bearing segments mainly
includes feldspar, quartz, lithic fragments (rock debris), and mica mi-
nerals, all of which occur in angular form and indicate proximal de-
position (Fig. 4-a). Locally, the detrital grains are coated by a clay
mineral overgrowth on the surface (Fig. 4-b). Some authors have sug-
gested that this overgrowth served as an important adhesive agent for
the subsequent enrichment of uranium minerals (Li et al., 2007; Xing
et al., 2008; Xiang et al., 2006a). As commonly seen in the ore-bearing
segments, carbonates either cement detrital grains or fill fissure in the
earlier carbon debris, and comprise either micritic or sparry calcites.
Pyrites mainly occur in colloidal or framboidal form, while their exact
formation period cannot be identified under the microscope. The major
existing forms of pyrites are (1) cementing detrital grains, (2) devel-
oping on detrital grains, and (3) developing in carbon debris fissures.
Locally, it is also observed that pyrites fill the cleavages of altered mica
minerals and to occur surrounding altered Ti-Fe oxides. As uranium
minerals are difficult to detect under a microscope, the relationships
between the pyrites, calcites, and other altered minerals, and the ur-
anium mineralization are difficultly determined satisfactorily by using
optical microscope.

To further examine the micromorphology of the pyrites and their
spatial relationships with the dominant uranium minerals (coffinite and
pitchblende) and other minerals, EPMA was used to analyze the ore-
bearing sandstones. With this higher magnification, the microscopic
characteristics of the pyrites are found to be even more complex. The
observed forms of pyrites are (1) as detrital grains or inside detrital
grains, (2) as idiomorphic grains, (3) in colloidal or framboidal form,
(4) inside mica minerals, (5) in banded or petaloid form, and (6) in
other forms related to biological cells or microorganisms. (Fig. 5). In
EPMA back-scattered electron images, microscopically observable
lumpy pyrites mainly appear in colloidal form. In most cases, the

pyrites exist in colloidal form by cementing detritus grains with coffi-
nite hosted on the margins (Fig. 5-d). Some grains also exist in fram-
boidal form and inside the cleavages of mica minerals (Fig. 5-e and f).
Some of the framboidal pyrites are cemented by younger colloidal
pyrites, or have coffinite within the framboids. The banded pyrites only
are observed to develop in the fissures or on the margins of carbon
debris, and to exhibit close relationships with organic matter (Fig. 5-g).
In a few samples, it is also observed that pyrites spread as separate
detrital grains with regular morphology or are broken into pieces
(Fig. 5-a). Given that some of the pyrites also exist within granitic or
metamorphic detrital grains (Fig. 5-b), a small amount of the pyrites
ought to originate during sedimentation or from the underlying for-
mations and have been preserved in a constant reducing environment.
The annular texture found in the petaloid pyrite signifies different
periods of growth (Fig. 5-h). Previous works have noted the ubiquitous
presence of plant fossils and microorganisms in the Zhiluo Formation
(Chen et al., 2016; Hou et al., 2016; Sun et al., 2017). In this study,
some pyrites are found to occur inside the detrital cells of plant fossils
or to have enveloped minute carbonized microorganisms (Fig. 5-i).

The EPMA study results reveal a close spatial paragenesis of the
pyrites with uranium minerals, as indicated by the occurrence of cof-
finite around the pyrites with no obvious mineralization within the
pyrites (See Fig. 5-g and Fig. 8-a in the Section 4.3.1).

4.2. SEM profiles of the pyrites and uranium minerals

Based on SEM imaging, the micromorphology and spatial config-
uration of different types of pyrites relative to uranium minerals are
shown in Fig. 6. SEM images reveal that the framboidal pyrites consist
of many neo-crystal grains, most of which exhibit to be cubic or sphe-
rical (Kalatha and Economou-Eliopoulos, 2015; Zhou et al., 2017)
(Fig. 6-a). The uranium minerals have cemented pyrite spherical grain
aggregates (Fig. 6-c), while the colloidal pyrites display flat crystal
habits inside and come into contact with the uranium minerals on the
outside grain margins in irregular form (Fig. 6-d). The uranium mi-
nerals mainly exist as minute plates, stubs, or needles, with most of the
sheet-like uranium minerals being smaller than 2 μm in size. Most of the
stub- or needle-like uranium grains are smaller than 1 μm. As dis-
covered by previous authors when examining the coal combustion
process, the larger the specific surface area and porosity of the pyrite
grains, the stronger is their degree of reduction (Xiang, 2009). On these
grounds, since they have a larger specific surface area, it is suggested
that framboidal pyrites are more conducive to the re-
duction–precipitation of the uranium minerals than their colloidal
counterparts.

4.3. Spatial relationships of the pyrites with other altered minerals

Mineral alterations present in the sandstone-type uranium deposits
in the North Ordos Basin, China include pyritization, as well as clay
mineralization and carbonatization. Depending on the lithological stage
(diagenetic or metallogenic), the development order and main devel-
opment stage of these alterations vary, as do their relationships with the
enrichment of uranium minerals. In this study, EPMA is used to ex-
amine the spatial relationships and development order of the pyrites
relative to carbonates, achavalite (FeSe), Ti-Fe oxides, and coffinite/
pitchblende.

4.3.1. Spatial relationships of pyrite with carbonates
Pyritization and carbonatization represent the most typical altera-

tions in and around the sandstone-type uranium deposits in the North
Ordos Basin, and are also closely associated with uranium mineraliza-
tion (Li et al., 2008; Chen et al., 2016; Feng et al., 2016; Zhang et al.,
2017a). The microscope analyses revealed the following relationships
between the pyrites and carbonates (Fig. 7).

Some colloidal or dyke-type pyrites formed later than the

Y. Chen, et al. Ore Geology Reviews 109 (2019) 426–447

431



carbonates (Figs. 7-a&b and 8-a). Carbonates exist in the Zhiluo For-
mation in three forms: micritic calcites, sparry calcite detritus, and
colloidal sparry calcites, with the latter being closely associated with
mineralization. Some of the pyrites are found to have cemented the
detrital grains of calcites. The calcite detritus is obviously angular in
shape, which suggests that the grains are the result of near-source
transport or in-situ fragmentation of early colloidal calcites. Then, they
were subsequently cemented by pyrites such that their original mor-
phology is preserved.

Some the colloidal pyrites and uranium mineralization formed

contemporaneously with the some carbonates (Fig. 7-c&d). The pyrites,
calcites, and coffinites comprise irregular harbors by interweaving with
each other. Locally, irregular pyrites occur inside calcites, with coffi-
nites occurring between the pyrites and calcites. These findings confirm
that these pyrites developed contemporaneously with the carbonates,
although the carbonates may have crystallized a little later than the
pyrites and coffinites. The pyrites and carbonates formed during the
uranium metallogenic stage, and are therefore primary subjects for
studying the ore-forming fluids.

Some framboidal, idiomorphic crystal, and colloidal pyrites formed

Fig. 4. Photomicrographs of ore-bearing sandstones a-Zhiluo sandstones, with detrital grains occurring in angular form and mud cementation or calcareous ce-
mentation (transmission light); b-Carbonate-cemented sandstones with clay minerals occurring on the surfaces of the detrital grains (transmission light); c- Pyrite-
cemented sandstones (reflected light); d-Pyrite-cemented sandstones with pyrites occurring in the fractures of detrital grains (reflected light); e-Pyrites developing
along the cleavages of mica minerals (reflected light); f- Altered Ti-Fe oxides. Det: detrital grains; Fel: feldspar; Qz: quartz; Bt: altered biotite; Cal: calcite; Py: pyrite;
Ti-Fe Oxide: Titanium-iron oxide;
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earlier than the carbonates (Figs. 7-e&f and 8-b). Coffinites and clay
minerals developed on the periphery of the idiomorphic pyrites, which
are cemented by younger calcites, and calcite veinlets developed along
the pyrite fissures (Fig. 7-f).

The spatial relationships of the pyrites with carbonates, therefore,
indicate the order of the two most important alterations during the
formation of the sandstone-type uranium deposits. It further shows the
chronological relationships of the different periods of pyrites or car-
bonates with uranium enrichment. This is very significant for de-
termining the alterations that occurred during the metallogenic stage.

To further explain the spatial relationships between the pyrites and
carbonates, we performed EPMA element-area scanning to map the
spatial distributions of Ca, Fe, S, U, K, and Mg. Parts of the samples
consist of veins of pyrites interwoven with carbon debris and calcite
fissures, with uranium mineralization at the intersections. In the che-
mical maps, carbonates, pyrites, and coffinites are in sharp contact,
which indicates that there is no obvious migration replacement be-
tween the minerals by Ca, Fe, U, or S. The genetic sequence of the three
minerals is as follows: carbonates boring in the organic debris > dyke-
type pyrites > coffinites. As there is a lot of carbon debris on the
periphery, it cannot be determined here whether there is a direct redox
relationship between the pyrites and coffinites or not. The remaining
sample consisted of carbonate-enveloped pyrites, coffinites, K-feldspars,
and clay minerals. Grains of K-feldspar and pyrite comprise the core,
accompanied by small amounts of clay minerals and coffinites on the

periphery. In this sample, the core appears to consist of K-feldspar
grains surrounded by clay minerals and star-like pyrites. Some of the
pyrites have very good idiomorphic crystals, which are also accom-
panied by a small amount of clay minerals. Coffinite occurs around K-
feldspars, pyrites, and clay minerals. All these minerals have eventually
been cemented by carbonates. This indicates the genetic order of the
main altered minerals, as follows: idiomorphic crystal pyrites >
coffinites > colloidal or dyke-type carbonates. The results demon-
strate that the pyritization and carbonatization processes had multiple
stages. In addition, the distribution of Mg element and disappear of Fe
element also indicates the presence of smectite membrane coating on
the surface of the K-feldspar.

4.3.2. Spatial relationships of pyrite and achavalite
Se, as a dispersed element, is rarely enriched into a deposit in the

natural world, and individual Se minerals are rarely found (Tu and Gao,
2003). As S and Se have very similar geochemical properties, including
ionic radius (S2−: 0.184 nm, Se2−: 0.191 nm), lattice energy coefficient
(S2−: 1.15, Se2−: 1.10), and ionic potential (S2−: −1.09ev, Se2−:
−1.05 eV), Se mostly exists in pyrites in isomorphic form (Liu et al.,
2001), substituting for S element. In the sandstone-type uranium ore-
bearing segments of the North Ordos Basin, pyrites (FeS2) are fre-
quently observed to be co-genetic with achavalites (FeSe) (Fig. 2-e), and
some pyrite samples also contain some Se. The EPMA area scanning
maps indicate that the achavalites are enveloped by pyrites or contain S

Fig. 5. Microscopic characteristics of the pyrites a- Pyrites existing as separate detrital grains; b- Pyrites occurring inside detrital grains; c- Subhedral pyrites with
good crystal morphology; d- Pyrite cementing detrital grains; e- Framboidal pyrites; f- Pyrites in mica cleavages; g- Banded pyrite-calcite; h- Petaloid pyrites
surrounded by coffinite; i- Organism-related pyrites mantling carbon debris. Fel- Feldspar; Qz- Quartz; Py- Pyrite; Cal- Calcite; Cof-Coffinite.
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(Fig. 9-a), and it is found that no Se element in the surrounding pyrites.
Furthermore, achavalite growth zones are present in some pyrites,
which have been subsequently enveloped by Se-free pyrites (Fig. 9-c).
Coffinite is present either on the periphery of pyrite–achavalite ag-
gregates or between the achavalite and pyrite grains. These pieces of
evidence suggest that there is some historical Se enrichment in the
Zhiluo Formation. Spatial distribution analysis revealed the paragenetic
order is as follows: achavalite > pyrite > coffinite.

4.3.3. Spatial relationship of the pyrite with Ti-Fe oxides
Numerous detrital Ti-Fe oxides have been found in the sandstone-

type uranium deposits of the North Ordos Basin (Figs. 2-c, 10). How-
ever, in the ore beds, these oxides have been altered and degraded into
Ti oxides or brannerites ((U,Ca)(Fe,Ti)2O6). EPMA element-area scan-
ning mapped the spatial relationships and evolutionary sequence of the
Ti-Fe oxides, pyrites, and uranium minerals and provided evidence
concerning the progress of uranium mineralization. The original Ti-Fe
oxides existed as detrital grains of ilmenites. Later, affected by diage-
netic fluidization, the Fe in the Ti-Fe oxides precipitated out of the Ti-Fe

oxides and was ultimately replaced by Ca, U, and V (Fig. 10). The
precipitated Fe elements combined with the S elements in the fluids to
form pyrites on the periphery of the Ti-Fe oxides. This explains why
these elements exist in zonal form, with Ti and Fe at the core; Ti, Ca,
and U located away from the core; and S and Fe on the periphery of the
grains. Although coffinites are mostly found to occur around the ag-
gregates of Ti-Fe oxides and pyrites, many are also present on the edges
of the matrixes or other detrital grains. In addition, many micritic
calcite and V compounds are hosted in these matrixes. V element is
mostly found in the matrixes, although it is also locally observed as V-
oxide, an irregular mineral. When investigating the V element dis-
tribution in the Grands U–V–Cu deposit, previous authors determined
that, having been affected by subsequent organic fluids during the
metallogenic stage, V element had precipitated out of Ti-Fe oxides and
was enriched in the nearby matrixes (Webster, 1983; Turner-Peterson,
1985). Other authors have attributed V enrichment to the wide pre-
sence of V-rich chlorites during the metallogenetic stage (Fishman
et al., 1985), and assumed that Vand U precipitated synchronously by
the interaction of the two fluids (McLemore, 2010). In this study, the

Fig. 6. SEM images showing the morphologies and EDS mineral chemistries of the pyrites and coffinites.
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widespread V element in the originally deposited matrixes, under the
action of reducing fluids, formed irregular V oxides which were sub-
sequently surrounded by younger uranium minerals. Furthermore, the
altered Ti-Fe oxides contain abundant V, whereas none is found in the
younger pyrites due to Fe precipitation. During fluidization, the pyrites
formed earlier than the V-oxide.

5. Geochemistry of the pyrites

By in-situ EPMA composition analysis, whole-rock trace element,
including trace elements, and S isotope geochemistry of the pyrites was

determined for the ore-bearing segments. The enrichment of related
elements in the pyrites and achavalites were further examined, and the
ore-bearing sandstones and mudstones were also compared with the
pyrite-bearing sandstones with respect to their mineral chemistries. The
implications of the S isotope values in the pyrites with respect to their
genesis are discussed.

5.1. Mineral composition

In view of the frequent replacement of S by Se, after the in-situ
EPMA analysis of the pyrites and achavalites, the compositional

Fig. 7. Spatial distribution of pyrites relative to the carbonates (calcites) and coffinites a-Pyrite-cemented brecciated calcites; b- Pyrites occurring in veinlet form
along calcite fissures; c- Pyrites interwoven with calcites and coffinites in irregular form; d- Pyrites and coffinites occurring inside and on the edges of calcites; e-
Calcite-enveloped pyrites, coffinites and K-feldspars; f- Calcites occurring in veinlet form along pyrite fissures. Sp- Sphalerite; others see Fig. 4.
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differences between these two minerals, and their interactions with
related elements were investigated (Table. 2). The S and Se in the two
minerals are linearly correlated in terms of percentage (Fig. 11). The As
contents are remarkably different in the pyrites and achavalites, being
less than 0.1% in achavalite but ranging from 0.1 to 0.7% in pyrite. The
Ti contents are the same in the two minerals: less than 0.04% for both.
The U content is less than 0.05% in the achavalites but somewhat
higher in the pyrites i.e., less than 0.2% in most cases, but reaching as
high as 0.7%. This indicates that, during the formation of the sand-
stone-type uranium deposits, the pyrites formed were richer in U than
the achavalites, which supports the previous observation that the
achavalites developed earlier than the pyrites, or the timing of the
pyrite development was in a period closer to the precipitation of U.

5.2. S isotopes, trace Elements, and REEs

In the natural world, mantle sulfur has a δ34S‰ of 0 ± 3‰; in
modern sea water, S has a δ34S‰ of 20‰; in terrestrial depositional
rocks, reduced S has a wider range (Rollinson, 1993; Liu et al., 2011).
The fractionation of S isotopes in sedimentary rocks is closely asso-
ciated with the generation of sulfides through sulfate-reducing bacterial
processes; the 32S enrichment level in the H2S produced by the reduc-
tion of sulfate is dependent on the concentration of the sulfate and the
intensity of the reduction process (Zheng and Chen, 2000; Seal, 2006).

The S isotope analyses of the pyrites in the ore-bearing segments of
the Zhiluo Formation and the nearby grayish-green and grayish-white
sandstones in the Nalinggou uranium orefield revealed a very wide

δ34S‰ range (−7.3‰–37.2‰), although it is mostly on the order of
−30‰ indicating a dominance of significantly negative values
(Fig. 12). According to the criteria provided by Rollinson (1993), the
δ34S‰ distribution of the Nalinggou uranium orefield indicates a bio-
genic and mixed organic origin for the S isotopes there. Other studies
have suggested that the considerable number of negative δ34S‰ values
should be proof that the sulfur has a mix of organic sources, including
coalbed methane and oil gas (Wu et al., 2006). Through the δ34S‰
analysis of the S isotopes in the Jurassic coalbeds and carbon debris, the
crude oils from the Yan'an and Yanchang Formations, and the Upper
Paleozoic coal-measure source rocks in the uranium deposits of the
North Ordos Basin, Wu et al. (2016) concluded that the S in the pyrite
of the Zhiluo Formation comes from the natural gases produced by the
deep Upper Paleozoic coal-measure source rocks. These reducing gases
were extensively dissipated northward from the basin center along
deep, large faults. In the Zhiluo Formation, the mass of H2S, either
released through decomposition under sulfate-reducing bacterial pro-
cesses or contained in the formation itself, participated in the formation
of pyrites there. In addition, the wide δ34S‰ variation also takes into
account the sedimentary origin of some of the pyrites, such as the
detrital pyrites in the Yan'an and other stratum, and the primary pyrites
in the Zhiluo Formation (Fig. 5-a).

A trace elements analysis on the ore-bearing sandstones, pyrite-
bearing sandstones, and ore-bearing mudstones in North Ordos Basin,
suggests that the trace elements geochemistry of the mudstones, which
have been less influenced by fluidization due to their limited perme-
ability, represent the trace elements distribution during the primary

Fig. 8. Spatial relationships and mineral chemical information of the carbonates, pyrites, and uranium minerals, with the EDS area scans of relevant elements (Ca, Fe,
S, U, K and Mg) (a, see Fig. 4-g; b, see Fig. 6-e).
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sedimentation (Fig. 13). Based on the Chinese sedimentary rock stan-
dard value, compared with the mudstones, the ore-bearing sandstones
have trace elements distributions more similar to those of the pyrite-
bearing sandstones: they are typically rich in U, Mo, and Ba, and poor in
Cs, Th, and Bi (Fig. 13). It further confirms that subsequent fluidization
is responsible for the U enrichment in the sandstones.

As the REEs are insoluble and less concentrated in the water, the
most significant factor affecting the REE contents of sandstone is the
provenance (Fleet, 1984; Mclennan, 1989; Ling et al, 2006). In this
work, the REEs of sandstones with ore bodies, sandstones with pyrites,
and mudstones surrounding ore-body bearing layers are analyzed
(Fig. 13). The REE patterns show that the light REEs are enriched and
the heavy REEs are depleted. The light REEs’ pattern has a right trend,
while the heavy REEs’ patterns are almost flat. It states that there is a
great differentiation between the light and heavy REEs. The patterns of
REEs are almost same among different layers, indicating that they have
the unified provenance, sedimentary and tectonic geological back-
ground. Compared with the REEs of sandstones, δEu of mudstones
shows a light negative anomaly. Besides, the REE total amounts of
sandstones are less than that of mudstones. It indicates that the ore-
forming fluid have affected the spread of REEs in sandstones. Because of
low permeability, mudstones are less influenced by ore-forming fluid,
which can be recognized as the geological background for REEs’ study.

6. Occurrence of uranium minerals

Most previous studies have considered coffinite to be the principal
uranium mineral in the sandstone-type uranium deposits in the North
Ordos Basin. The presence of pitchblende has been mentioned in pre-
vious studies, however none provided direct evidence (Yang et al.,
2009b; Liu et al., 2013; Ma et al., 2013; Chen et al., 2017b). In the
EPMA electron backscatter diffraction (EBSD) images, bright, round
dots can be seen amid the more massive coffinite. An in-situ composi-
tional analysis revealed a SiO2 content of less than 5% (Table 3, red
bold italic data). Given the influence on the EPMA by SiO2 from the
surrounding coffinites, it is highly probable that these dots represent
the presence of minor amounts of pitchblende.

Upon examining the EBSD images, the coffinites, as the typical ur-
anium mineral in these uranium deposits, are mostly found inside
metamorphic or granitic detrital grains, on the periphery of clay mi-
nerals or various pyrites, in carbon debris fissures, or inside paleonto-
logical fossils (Figs. 5 and 7). While, pitchblende often exist in the
coffinite grains (Fig. 14). Together, these locations reflect the genetic
relations of the uranium minerals in the sandstone. The presence of
uranium minerals in metamorphic or granitic detrital minerals suggests
original pre-enrichment from the provenance during the sedimentary
diagenesis, and the preservation of uranium minerals are kept well from
alteration by the subsequent fluidization. Enrichment of uranium

Fig. 9. Spatial relationships and mineral chemical information of the pyrites, achavalites, and coffinites, with the EDS area scans of relevant elements (Fe, S, Se, and
U).
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minerals on the periphery of clay minerals suggests the adsorption of U
on clay minerals and their role as catalysts for the reaction between
oxidized uranium fluids and reducing fluids. Presence of uranium mi-
nerals on the periphery of the pyrites, carbon debris, and fossils in-
dicates the contribution of reducing media to the re-
duction–precipitation–enrichment of U in oxidized fluids.

7. Discussion

7.1. Genetic order of the main altered minerals

In the study, morphological characterization has helped to de-
termine the genetic order of the achavalites, pyrites, carbonates, and
uranium minerals in the sandstone-type uranium deposits in the North
Ordos Basin.

In the diagrams of Fig. 15, which show the precipitation of Se, U, V,
and pyrites at different Eh and pH intervals, as reported in Maкcимoвa

Fig. 10. Spatial relationships and mineral chemical information of the pyrites, Ti-Fe oxides, with the EDS area scans of relevant elements (Ca, Fe, S, Ti, U, and V).
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and Шмapиoвич (1993), as Eh reduces, achavalites and pyrites pre-
cipitate earlier than the uranium minerals. Although in water solutions,
Fe-Se compounds precipitate in similar conditions to those of Fe-S
compounds, Se precipitates earlier than S in a weakly acidic environ-
ment, as evidenced by the development of pyrites that envelop the
achavalites. When the solution becomes weakly alkaline, the pre-
cipitation field of Se overlaps with that of S, resulting in pyrites en-
veloping and being enveloped by achavalites or occurring in zonal
form. In Nalinggou deposit, the achavalites are mostly enveloped by
pyrites (Fig. 9-a), except in a couple of the samples, in which achava-
lites are hosted in pyrites in zonal form. This suggests that the acha-
valites formed earlier than the pyrites; the solution pH was weakly
acidic at the time of their formation, although they became weakly
alkaline later on with the development of carbonates. Since the

achavalites and pyrites precipitated earlier than the uranium minerals,
their U contents are very low. The uranium minerals mostly occur
around the achavalites and pyrites, and are rarely observed to inter-
weave with each other. In a couple of the samples, V is hosted in a
matrix around the pyrites and enveloped by uranium minerals. The Ti-
Fe oxides, which had initially existed as detrital minerals, were subse-
quently altered. Without changing the original crystal morphology, Fe
gradually removed or was replaced by Ca or U, giving rise to halo
textures. The precipitated Fe reacted with H2S on the periphery of the
Ti-Fe oxides to generate pyrite. The uranium migrated in oxygenated
fluids mostly as carbonate complexes (Christina and Cochran, 1993; Di,
2002; Liu et al., 2006c; Feng et al., 2016; Wu et al., 2016). As a che-
mical reaction took place on the redox interface, uranium precipitation
was accompanied by the development of HCO3

− and CO2, which,

Table 2
Geochemical data obtained by EMPA for pyrites and achavalite in the uranium deposits of North Ordos Basin

Sample No. Sample Description Data No. Component (WT(%))

As Se S Fe Pb Cu Zn U Ti Total

WN5-17 Gray-green sandstone 1 0.383 13.138 42.161 43.964 0 0.06 NULL 0.014 0.063 99.78
2 0.06 68.963 2.058 27.82 0 0 NULL 0.007 0 98.91
3 0.217 23.625 33.776 41.376 0 0 NULL 0.024 0.022 99.04
4 0.081 66.923 4.629 28.646 0.014 0 NULL 0.023 0.018 100.33
5 0.276 1.911 47.223 47.009 0 0.033 NULL 0.095 0.017 96.56
6 0.063 65.286 6.499 29.107 0 0.044 NULL 0.04 0 101.04
7 0.256 2.174 49.495 46.528 0 0 0.053 0 0.007 98.51
8 0.016 68.451 3.252 28.546 0 0.048 0.065 0.003 0.019 100.40
9 0.044 68.089 4.402 28.371 0 0 NULL 0 0 100.91
10 0.302 1.11 50.684 47.752 0 0.044 0 0.003 0 99.90
11 0.253 0.802 50.002 47.305 0 0.056 0 0.048 0.003 98.47
12 0.056 67.899 4.249 28.405 0 0.024 0 0 0.001 100.64
13 0.032 60.563 4.892 28.693 0 0.042 0.096 0.03 0.017 94.36
14 0.085 71.415 3.29 27.783 0 0 NULL 0.013 0.012 102.60
15 0.06 67.658 4.082 28.609 0 0 0.036 0.042 0 100.49
16 0.291 0.021 51.574 47.625 0 0.051 0 0.033 0.004 99.60
17 0.004 66.002 4.849 29.038 0 0.024 NULL 0.026 0.002 99.94

WTN7-52 Gray-white sandstone 1 0.305 0 47.739 46.846 0 0.027 NULL 0.052 0.011 94.98
2 0.188 0 48.529 47.301 0 0 NULL 0.012 0 96.03
3 0.301 0 47.705 47.248 0 0.281 NULL 0.194 0.006 95.74
4 0.461 0.016 46.724 46.28 0 0.047 NULL 0.037 0.001 93.57
5 0.433 0.038 44.611 45.646 0 0.035 NULL 0.016 0.005 90.78
6 0.41 0 45.381 44.862 0 0.068 NULL 0.012 0 90.73
7 0.289 0 49.112 47.558 0 0.047 NULL 0 0.025 97.03
8 0.311 0 46.323 46.645 0 0.006 NULL 0.038 0.013 93.34
9 0.333 0 48.008 47.54 0 0 NULL 0.007 0.016 95.90
10 0.276 0 47.079 47.371 0 0.07 NULL 0.03 0 94.83

ZK12-62 Gray sandstone 1 0.313 0.101 48.613 45.737 0 0.031 NULL 0.005 0.004 94.80
2 0.461 3.135 47.731 43.362 0 0.017 0.015 0.008 NULL 94.73

ZK25-2 Gray-white sandstone 1 0.3 0 50.318 45.525 0 0 0.039 0 NULL 96.18
ZK17-5 Gray-white sandstone 1 0.264 0.003 50.88 46.986 0 0 0.074 0.008 0.012 98.23

2 0.266 0.115 50.62 46.891 0.008 0 0 0.043 0 97.94
3 0.249 0.353 48.738 46.747 0 0 0.044 0.017 0 96.15
4 0.248 0.74 50.876 46.88 0 0.009 0.064 0.072 0 98.89

ZK17-6 Gray-white sandstone 1 0.324 0 51.556 46.444 0 0.036 0 0.017 0 98.38
ZK17-7 Gray-white sandstone 1 0.244 0.412 52.468 47.248 0 0.012 0.064 0 0 100.45

2 0.25 9.052 45.029 43.134 0.003 0.018 0.064 0.025 0.013 97.59
ZK17-8 Gray-white sandstone 1 0.218 1.549 51.178 47.246 0 0.008 0.079 0.019 0.019 100.32
44-131-t1 Gray-white sandstone 1 0.188 0.133 52.687 49.394 0 0 0.034 0.023 0 102.46

2 0.134 6.867 47.638 47.611 0 0 0.029 0.008 0 102.29
3 0.236 0.543 52.685 48.763 0 0 0 0 0 102.23
4 0.152 3.446 50.389 47.843 0 0 0.011 0 0 101.84

44-131-t2 Gray-white sandstone 1 0.17 0.038 51.745 49.344 0 0.06 0.023 0.001 0 101.38
2 0.196 0 52.433 49.692 0 0 0 0.016 0 102.34
3 0.145 0 52.361 49.806 0 0.059 0.028 0 0 102.40
4 0.155 0 51.926 48.876 0 0.085 0 0.081 0 101.12
5 0.171 0.001 51.955 49.624 0 0 0 0 0 101.75
6 0.193 0 50.873 48.129 0 0.006 0.007 0.016 0 99.22

44-131-t3 Gray-white sandstone 1 0.192 0 52.878 49.021 0 0 0.012 0.004 0 102.11
2 0.169 0 52.089 49.663 0 0.017 0 0 0 101.94
3 0.151 0 52.821 48.708 0 0.065 0.052 0.045 0 101.84

44-131-t4 Gray-white sandstone 1 0.13 7.301 42.135 43.986 0 0.016 0 0 0 93.57
2 0.186 0.02 50.712 46.206 0 0.014 0 0.021 0 97.16
3 0.178 0 52.271 49.017 0 0 0.022 0 0 101.49
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together with the Ca2+ in the oxygenated uranium fluids and the sur-
rounding matrixes, generated CaCO3. This explains why carbonate ce-
ments are frequently found in the uranium mineral-enriched areas.

Furthermore, the morphological characteristics of the altered mi-
nerals, and the low U content of the achavalites and pyrites, as dis-
cussed above, also confirm the genetic order of the main altered mi-
nerals during the metallogenic stage to be
achavalite > pyrite > vanadium compounds > uranium mi-
nerals > carbonates.

7.2. Uranium mineralization during basin evolution

Since the Mesozoic, the study area has undergone basin sedi-
mentation and subsidence, Cretaceous tectonic inversion, and
Paleogene Hetao rifting (Liu, 2005; Yang et al., 2015; Zhao et al.,
2016). These events are respectively responsible for the original pre-
enrichment of uranium minerals, the coupling of oxygenated uranium
fluids and reducing fluids, and the disconnection of the metallogenic
areas from the uranium sources. They also account for the development
of ore-bearing altered minerals in different time periods.

The Middle Jurassic Yan'an Formation, which comprises swamp or
fluvial deposits, is a formation of gray sandstone and numerous black
coalbeds developed in a strongly reducing environment. The wide-
spread colloidal spherical pyrites and vein-like pyrites there provided

ample detrital pyrites and carbon debris for the overlying Lower Zhiluo
Formation.

The Middle Jurassic Zhiluo Formation formed in a giant braided
river depositional system, that overlies the Yan'an Formation in angular
unconformity, due to compression during the early Yanshanian
Movement. In the North Ordos Basin, the Zhiluo Formation provides a
high-quality ore-hosting bed for sandstone-type uranium ores (Jiao
et al., 2005). There are large inter-layers of mudstone-sandstone-mud-
stone, meanwhile sandstones have the high permeability which would
act as the flow pathway, and organic matters which would be the re-
duce materials. In the Daqingshan orogen in the north, there are nu-
merous uranium-rich lithologies (e.g., the Dahuabei) and extensive gold
and pyrite-hosting quartz veins (e.g., the Hadamengou gold deposit)
(Zhang et al., 2006; Chen et al., 2017b). In the early diagenetic stage,
the formation was originally pre-enriched as aggregates of detrital
grains containing some uranium minerals. Pyrites from the underlying
formation, which had formerly existed as irregular detrital grains, were
subsequently preserved in the original reducing environment of the
Zhiluo Formation (Zhang et al., 2016b; Sun et al., 2017). The extensive
Ti-Fe oxides contained in these detrital grains provided material sources
for the subsequent enrichment of uranium minerals and pyrites (Chen
et al., 2017a; Fang and Li, 2017). The development of mica minerals, on
the other hand, provided space and absorption locations for the pre-
cipitation of pyrites and uranium minerals (Miao et al., 2009; Chen
et al., 2017b). In the diagenetic stage, micritic calcites cemented the
detrital grains to form the earliest carbonates of the Zhiluo Formation.
These carbonates, however, are not directly responsible for the for-
mation of the sandstone-type uranium deposits as they reduced the
porosity and permeability of the sandstones and therefore impeded the
subsequent infiltration of oxidized uranium fluids. Nevertheless, de-
velopment of some colloidal and framboidal pyrites during the same
period (Figs. 5 and 16) provided important reducing for the subsequent
enrichment of uranium minerals (Ingham et al., 2014; Chen et al., 2016;
Zhang et al., 2017a). In addition, the clay mineral overgrowth mem-
branes on the surfaces of the detrital grains also provided important
locations for subsequent uranium mineralization (Song et al., 2016;
Chen et al., 2017b).

At the end of the Jurassic, the Bo’erjianghaizi fault zone cut the
Zhiluo Formation, thus providing important structural fracture path-
ways for the subsequent upward migration of deep oil and gas (Yang
et al., 2013, 2015).

Due to regional compression during the Cretaceous, the depocenter
of the basin underwent an inversion, accompanied by the development
of fault structures. The northeast area of the basin was elevated, causing
the depocenter to shift to the west (Liu et al., 2006; Li et al., 2012; Zhao
et al., 2012). This Yanshanian Movement caused the Jurassic and

Fig. 11. Mineral chemical plots of Se, As, Ti, U versus S for pyrites and achavalites (Red plot-Achavalite; Blue plot-Pyrite). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Pyrite S isotope data form of the deposits in the Northe Ordos Basin.

Y. Chen, et al. Ore Geology Reviews 109 (2019) 426–447

440



earlier formations in the northeast area of the basin to rise toward the
earth's surface, thereby providing material sources for the Cretaceous
and more recent overlying stratum. Subsequently, oxidized uranium-
bearing fluids migrated downward along the elevated formations in the
northeast. Given that uranium in these formations had been pre-en-
riched (Xia and Liu, 2005; Chen et al., 2017b), in addition to the ur-
anium elements from the provenance, the oxidized uranium-bearing
fluids facilitated the further migration of uranium in the formations,
subsequently resulting in enrichment–mineralization where the redox

interfaces were encountered. In the meantime, the earlier pyrites in the
formations, affected by the oxygenated fluids, were oxidized to goethite
or hematitite in the oxidation zones.

The late Early Cretaceous to the Late Cretaceous was the main
metallogenic period for epigenetic sandstone-type uranium deposition
in the North Ordos Basin, which typically occurred between 125Ma
and 84Ma (Xia et al., 2003a,b; Liu et al., 2012). This is also the main
development period for the colloidal pyrites, colloidal calcites, and
intergranular chlorites. Also, due to the regional extension, deep

Fig. 13. Mineral chemical spider diagrams, including the Trace elements, and REEs of the deposits in the Northe Ordos Basin.
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hydrocarbon-bearing fluids continued to migrate upward along fault
structures, thus providing reducing media and subsequent preservation
of uranium mineralization. The discovery of the numerous oil sand
resources in the Cretaceous Dongsheng Formation in northern Dong-
sheng (Xue et al., 2011) is evidence of the extensive oil–gas processes
that operated in the North Ordos Basin after the early Late Cretaceous.
Extensive upward oil–gas migration altered the Eh and pH conditions at
the redox interfaces, and resulted in the mineral paragenesis of acha-
valite > pyrite > uranium minerals > carbonates.

These deep-source hydrocarbon-bearing fluids (including oil gases
and coalbed methanes) provided abundant reducing agents and S for
the formation of pyrites in this area. They were also important reducing
agents for the precipitation of U (Wang and Du, 1995; Yang et al., 2006;
Chen and Guo, 2007; Cai et al., 2008; Wu et al., 2016; Hall et al., 2017;
Jiao et al., 2018).

Typically, the restrictions of the hydrocarbon fluids to the areas of
uranium mineralization are reflected by the contributions of H2, CH4,

CO, and H2S to the reduction of uranium:
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In addition, in drill core through the Zhiluo Formation, numerous
faults in the yellow oxidized sandstone provided pathways for the up-
ward migration of these hydrocarbon-bearing fluids. The combination
of hydrocarbon-bearing fluids with the oxidized fluids on the surface of
the faults produced sheet-like pyrites, resulting in chloritization on the
upside, although the original yellow coloration was retained on the
downside (Fig. 3-K&I). This further confirms the significant role played

Table 3
Geochemical data obtained by EMPA for uranium minerals in the Nalinggou uranium deposit, Ordos Basin, China.

Sample and

Test Point No.

Test Result in wt%

Na2O SiO2 UO2 FeO Al2O3 MgO CaO TiO2 Y2O3 SO3 K2O PbO ZrO2 P2O5 Total

zk4

1 0.56 19.81 58.46 0.65 1.47 0.93 2.19 0.16 6.36 0.11 0.24 / / 1.23 92.17

2 0.36 19.33 62.54 0.43 1.04 0.21 1.93 1.74 5.60 0.31 0.17 / / 1.23 94.89

3 0.18 19.83 59.76 2.46 1.20 0.11 0.50 0.30 3.87 2.29 0.28 / / 0.71 91.49

zk7

1 0.43 19.25 64.83 0.23 1.56 0.21 2.62 1.56 1.28 0.04 0.24 / 0.37 0.43 93.31

2 0.39 19.57 70.58 0.23 1.37 / 2.09 / 0.62 / 0.20 0.10 / 0.31 95.46

3 0.21 20.45 63.55 0.24 1.70 0.05 2.03 2.39 1.37 / 0.17 / 0.23 0.56 92.95

4 0.67 20.44 62.50 0.27 1.79 0.16 2.50 1.00 1.00 0.02 0.19 / 0.23 0.45 91.22

5 0.93 20.35 66.92 0.49 1.51 0.11 1.92 0.32 1.05 0.10 0.21 / / 0.44 94.35

zk19

1 0.50 4.74 85.04 0.93 0.38 / 4.14 0.80 / / 0.25 0.20 0.09 0.08 97.15

2 0.56 3.91 87.47 0.87 0.38 0.03 4.00 / / / 0.23 0.09 / 0.22 97.76

3 0.98 4.09 85.35 1.09 0.28 0.02 4.77 0.46 / / 0.29 / / 0.13 97.46

4 0.34 20.02 70.48 0.44 1.39 0.04 2.41 0.13 0.32 0.04 0.20 / 0.07 0.78 96.66

zk42 1 0.54 20.33 56.80 0.54 1.11 0.04 1.49 0.22 7.30 0.51 0.21 0.14 / 0.90 90.13

zk48
1 0.62 20.95 64.65 0.16 1.41 0.05 2.21 0.21 2.22 / 0.20 0.20 / 0.49 93.47

2 0.22 19.06 64.73 0.98 1.01 0.03 1.95 3.41 2.02 0.02 0.17 0.11 / 0.41 94.12

Fig. 14. Spatial relationship between coffinite and pitchblende.
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by oil and gas in the North Ordos Basin in the later stage of uranium
mineralization.

In the Paleogene, the development of the Hetao rift in the North
Ordos Basin disconnected the Daqingshan uranium sources and the
provenance from the deposits. The subsequent metallogenesis primarily
occurred by the migration of early uranium mineralization as roll fronts
(Hou et al., 2017), which existed mainly as coffinite. With the con-
tinued uplift of the northern margin of the Ordos basin, the Cretaceous,
Jurassic, and other formations were exposed to the surface and suffered
the denudation. The oxide water flowed down and met with the pre-
existing uranium ore body. The U4+ will be oxidized into U6+, and
migrated with the flow until met with the reduced material to be re-
duced and concentrated to be the new uranium ore body. Most of these
ore bodies are located in the front of the earlier bodies. While the mi-
neralization was migrating forward, the pyrites were also being he-
matized or cemented by calcites. The REE distribution in the uranium
orebodies and the vertically adjacent country rocks also indicates that U
is more enriched in the ore-bearing sandstones and pyrite-bearing
sandstones than in the mudstones, and verifies that ore-bearing fluids
were further enriched in sandstone.

In the sandstone-type uranium deposits of the North Ordos Basin,
two kinds of uranium minerals are found, pitchblende and coffinite
(Fig. 14). The crystallization of pitchblende and coffinite are influenced
by pH, Eh, and activity coefficient of SiO2 (ДaмкoвЮ, 1973; КoмoвИЛ,
1982; Cuney et al., 1991; Min et al., 1999; Wang et al., 2017). Pitch-
blende prefers to crystalize under conditions of neutral-weak acidity
and weak oxidation/weak reduction potential, with the activity coef-
ficient of SiO2 < 10−3.5 mol/L H2O (Wang et al., 2017 and references
therein). Coffinite mainly concentrates in neutral-weak alkaline con-
ditions with stronger reduction potential, and the activity coefficient of
SiO2≥ 10−3.5–10−2.7 mol/L H2O (Wang et al., 2017 and references
therein). With the increase of the activity coefficient of SiO2 in the fluid,
pitchblende (UO2) incorporates Si to form coffinite (nominally U
(SiO4) · nH2O) (PaфaлъcкийPП, 1963; Wang et al., 2017). At the end of
Cretaceous, the North Ordos basin was uplifted and experienced de-
nudation. With the Zhiluo Formation exposed at the surface, a complete
hydrodynamic system was formed. The fluid from the orogenic belt is
rich in oxygen and uranium contents, and reacted with Fe-sulphides

(pyrites) and organic materials in the Zhiluo Formation. A large amount
of CO3

2− and SO4
2− ions are formed and cause the fluid to become

weakly acidic. Under the acid conditions, the activity coefficient of SiO2

is lower, which is favorable for the formation of pitchblende. However,
in the Late Cretaceous, activities of various hydrocarbon-bearing fluids
increased and, following the intrusion of these hydrocarbon-bearing
fluids into the host rock, a variety of alteration features formed in the
ore-bearing layer, for example chlorite (Wu et al., 2006). During the
alteration process, a large amount of K+ and Fe2+/3+ ions were re-
leased and reacted with CO3

2− in the fluid to form K2CO3 which forced
the geochemical environment to change from acid to alkaline, with the
pH values between 6.7–10 (Chen et al., 2006; Wu et al., 2007). Under
these alkaline conditions, the original pitchblende transformed into
coffinite. In the Late Paleogene, the Hetao rift developed at the northern
margin of the Ordos basin, the original hydrodynamic system was
broken, and the surface runoff changed from the basin to the Hetao rift
(Chen et al. 2006). The Zhiluo Formation then only had little ground-
water recharge from the rainfall. As a result, the alkaline situation
persisted for a long period, which benefited coffinite formation. As
presented in the Fig. 14, pitchblendes are surrounded by coffinites. In
addition, the isotopic chronology of uranium minerals indicates that the
metallogenesis of uranium deposits in the North Ordos basin are multi-
stage, over a large time span (177–9.8Ma) (Liu et al., 2012; Zhang
et al., 2018). Within that time span, two peak metallogenic epochs can
be recognized, 124–65Ma and 22–8Ma when the coffinite mainly
formed (Liu et al., 2012).

7.3. Constrains of pyrite to uranium mineralization

The results of S isotope analysis of the pyrites reveal that, in the
redox transition zones of the North Ordos Basin, the widespread sulfate-
reducing bacteria consumed hydrocarbon fluids inside the formations
or from the deep levels. The consequent enrichment of H2S in the for-
mations gave rise to pyrites and other metal sulfides, accompanied by
the precipitation–enrichment of uranium minerals. In addition, the
earlier pyrites in the formations could also have generated H2S after
reacting with water in the oxygen-free media (Chen and Guo, 2007).
With the formation of H2S, the redox potential has a steep reduction,
which enhanced the precipitation–enrichment of pyrites and uranium
minerals. Fig. 15 shows that pyrite requires a higher redox potential
than uranium minerals. While Eh was reduced, Fe3+ precipitated ear-
lier than U6+, which explains why the uranium minerals that are ob-
served around fresh pyrites. Further work, however, is needed to de-
termine whether H2S or FeS2 acted as the reducing agent in the redox
precipitation of uranium. Overall, their contributions to uranium re-
duction can be expressed as follows:

H2S to Fe3+ and U6+:

+ + + +2Fe O ·H O 6H S FeS Fe O S 8H O2 3 2 2 3 4 2

+ + +FeS H S FeS 2H2 2

+ + + ++4UO H S 10OH 4UO SO 6H O2
2

2 2 4
2

2

FeS2 to U6+:

+ + + + ++ + +7UO FeS 8H O 7UO Fe 2SO 16H2
2

2 2 2
2

4
2

+ + + ++ + +UO Fe 3H O UO Fe(OH) 3H2
2 2

2 2 3

+ + + ++[UO (CO ) ] 2Fe 3H O UO 2Fe(OH) 3CO2 3 3
4 2

2 2 3 2

Coffinite represents the main uranium mineral in these sandstone-
type uranium deposits, which differs from the pitchblende in the de-
posits of the Yili, Erlian, and Songliao Basins (Yang et al., 2009b; Liu
et al., 2013; Bonnetti et al., 2015; Chen et al., 2017a,b), although a
small amount of star-like pitchblende in some samples are observed.
Compared with other basins in North China, the uranium provenance is
disconnected from the deposits because of Hetao rifting in the North

Fig. 15. Eh-Ph diagrams showing theoretically-calculated reductive precipita-
tion fields for some of the uranium-related elements in natural water
(T=25 °C, P=0.1MPa) (modified after Maкcимoвa M.Ф., ШмapиoвичE. M.,
1993; Chen and Guo, 2007) 1- Se precipitated as Se solid with activity drop
ranging 10−6–10−9; 2- balance line of geothites+ esmeraldaites - pyrites (area
below the line) 3- U precipitated as UO2 (10−6–10−9); 4-V precipitated as
parafrovanite (10−5–10−8).
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Ordos Basin during the Paleogene (Gao and Yu, 1990; Wang, 2017).
Then, with the movement of the oxygenated water, the early miner-
alizations migrated forward to deeper levels (Spirakis, 1996). However,
more study is needed to determine why the uranium mineralizations in
this area exist as coffinite, rather than pitchblende.

8. Conclusions

By using EPMA, SEM, and isotopic geochemical analysis, the mor-
phology, composition, and S isotopes of the pyrites in the uranium

deposits of North Ordos Basin, China, were systematically investigated.
By discussing the regional tectonic evolutionary sequence of the basin,
the relationships between the pyrites and uranium mineralization were
further determined.

1. The morphologies of the pyrites in the uranium deposits are char-
acterized macroscopically and microscopically. Macroscopically, the
pyrites occur in lumpy, banded, disseminated, star-like or sheet-like
form. Microscopically, they exist either as detrital grains or inside
detrital grains, as idiomorphic grains, in colloidal or framboidal

Fig. 16. Paragenetic sequence for the main detrital, alteration, and ore minerals in the sandstone-type uranium deposits in the North Ordos Basin (modified after Xia
et al., 2003a,b; Liu et al., 2006b; Xiang et al., 2006b; Xing et al., 2006; Zhang et al., 2015; Bonnetti et al., 2017).
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form, inside mica minerals, in banded or petaloid form, or in other
forms related to biological cells or microorganisms.

2. The genetic order of the main altered minerals in the uranium de-
posits is: (a) during the diagenetic stage - detrital pyrites > clay
mineral overgrowths/membranes > micritic calcites; (b) during
the metallogenic stage - achavalites > pyrites > uranium mi-
nerals > vanadium oxides > sparry calcites.

3. It is found that the pyrites and achavalites have very low U contents,
with the pyrites containing more U than the achavalites. The δ34S‰
values, even in the pyrites, is highly variable (−7.3‰ to −37.2‰),
but principally in the proximity of −30‰, and display obvious
biogenic characteristics. If sulfate-reducing bacteria consumed hy-
drocarbon fluids, the formations would have become rich in H2S,
which could have changed the Eh level of the formations and en-
courage the precipitation of pyrites and uranium minerals.

4. During basin evolution, the Yan'an Formation served as an im-
portant pyrite and organic provenance for the overlying formations.
During the deposition of the Zhiluo Formation, pyrites typically
existed as detrital grains, spherical colloidal pyrites, and framboidal
pyrites. The Cretaceous was the main metallogenic period for epi-
genetic uranium deposition in the study area. It was also the main
development period of the pyrites accompanying the upward oil–gas
migration, which mainly occurred as colloidal pyrites closely asso-
ciated with the redox reaction of uranium mineralization.

5. Remobilization of uranium occurred in the Paleogene, when the
development of the Hetao rift in the north disconnected the sedi-
mentary material and the uranium sources from the deposit areas.
At this time, uranium mineralization mainly occurred by roll front
migration of early uranium mineralization.
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