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China. This study aims to reveal the genetic process of the Beisantai deposit and constrain the mineralization
characteristics conducted through petrographic observation, Rock-Eval pyrolysis, high-resolution microscopic
mineralogical observation based on BSE, C-O isotopes of calcite cement, and in-situ measurements on pyrite of
trace elements and S isotope. There are two types of calcite cements, including diagenetic microcrystalline calcite
and epigenetic sparry calcite, dominantly occurring in the redox transition zone and the oxidation zone,
respectively. The broad heterogeneity of 'C values, ranging from —29.2%0 to —6.52%o, indicates the mixed
sources of carbon. Given the poor organic content in sediments (0.05% in sandstone and from 0.11% to 0.26% in
mudstones), the large amount of organic carbon in the transition zone conglomerates, revealed by the super low
513C values, is attributed to extrinsic hydrocarbons. Besides, the widespread dissolution of microcrystalline
calcite also indicates a weakly acidic environment in the formation. The heavy carbon isotopes are sourced from
surface freshwater and the dissolved COg, which causes the epigenetic metasomatism of early-stage calcite. Thus,
the infiltrated groundwater is characterized as alkaline with carbonate dissolved. Pyrites are highly enriched in
ore-bearing rocks, with complex morphologies. The extremely negative sulfur isotopic signatures (5>4S values
from —48.38%o to —35.65%0) indicate that these pyrites precipitate through bacterial sulfate reduction (BSR).
Combined with the morphology features, distribution patterns, and the decrease in light sulfur isotope and
several trace elements, including As, Se, Ni, and Co between individual pyrites and ore-related pyrites, a suc-
cessive process of pyritization can be revealed. Ore-related pyrites are formed at the late stage. The pervasive
coffinite replacement of pyrite suggests that uranium mineralization should occur after the cessation of pyriti-
zation, resulting from the consumption of organic matter. Distinctive bio-oxidation features of pyrite can also be
observed, characterized as deep and oriented holes. Thus the role of microbes such as Acidithiobacillus thiooxidans
is non-negligible, which enhances the dissolution rate of pyrite and the reduction of U(VI). Overall, as the major
reducing material during the ore stage, the large amount of pyrite has played the predominant role in the
precipitation of coffinite, with the catalysis and acceleration of microbes.

1. Introduction et al., 2020), have attracted increasing attention for its cost-efficiency
with the development of in-situ leaching technology in recent years

Sandstone-type uranium deposits, mainly occurring in permeable (OECD-NEA-IAEA, 2020). Genesis of sandstone-type uranium deposits
sandstone, pebbly sandstone, or conglomerate, generally originated in in interlayer oxidation zone is globally modeled as U transported by
the supergene low-temperature fluid environment (Kyser, 2014; Zhao oxidising groundwater within permeable layers down dip to the redox
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front, where soluble U (VI) is reduced to insoluble U (IV) by reductants
such as carbonaceous materials, sulfides, and hydrocarbons (Curiale
et al., 1983; Hansley and Spirakis, 1992; Spirakis, 1996; Kyser, 2014,
2016). The mineralization processes, including complex Physico-
chemical interactions, adsorption, and microbial activities, are hard to
constrain despite numerous studies that have been conducted for
decades.

According to the origin, the reducing materials can be subdivided
into (1) intrinsic reductants, in primary regionally reduced sandstones;
(2) extrinsic reductants such as oil & gas that are introduced into res-
ervoirs devoid of inherited organic matter (OM); and (3) a combination
of both sources above (Bonnetti et al., 2020). In any case, organic matter
is considered to be the major reductant in the formation. In these de-
posits, it is broadly observed that uranium minerals are intimately
intergrown with pyrites which show very light sulfur isotope signatures,
attributed to sulfate-reducing bacteria (SRB; Southam and Saunders,
2005). Organic matter has usually been replaced by ore-stage pyrite or
uranium minerals but without substitution relation between them (e.g.
Bonnetti et al., 2017; Zhao et al., 2018; Chen et al., 2019), suggesting
that they may precipitate simultaneously or successively in a short time
and be triggered by the same mechanism. It can be interpreted that SRB
is capable of utilizing organic matter as nutriment and reduce sulfates to
sulfides, with the reduction of U(VI) to U(IV) simultaneously (Lovley and
Phillips, 1992; Lovley et al., 1993; Abdelouas et al., 1998). Thus, the role
of SRB has been emphasized in sandstone-type deposits in recent years.
Although the reductant role of pyrite has also been mentioned in some
deposits (Jaireth et al., 2008; Yue et al., 2019), it is the secondary factor
thus with less attention paid. Overall, organic matter commonly acts as
the predominant reductant in the organic matter-rich sandstone-type
uranium reservoirs, resulting in the precipitation of pyrite and uranium
minerals and protecting them from oxidation.

The newly discovered Beisantai deposit occurs in conglomerates
short of OM. Uranium minerals are also closely associated with pyrites.
However, these pyrites are pervasively corroded and replaced by post-
dated uranium minerals. Indeed, uptake and reduction of U(VI) by pyrite
under acidic conditions have been manifested depending on plenty of
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laboratory work (Wersin et al., 1994; Eglizaud et al., 2006; Scott et al.,
2007; Gallegos et al., 2015; Ma et al., 2020). Besides, some experiments
have also focused on microbially mediated reduction of uranium such as
Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans that are
able to reduce U(VI) based on pyrite (Pisapia et al., 2008; Gargarello
et al.,, 2009; 2010; Jiang et al., 2011; Zhang et al., 2020). Biotic
controlled oxidation is identified to increase the pyrite dissolution rates
by several orders of magnitude (Sampson et al., 2000; Crundwell, 2003;
Pisapia et al., 2008; Yin et al., 2020) and has been applied to the bio-
leaching of sulfide minerals in mining operations (Gleisner et al., 2006;
Zhao et al., 2013) as well as U-containing water/sediments remediation
(Borch et al., 2012; Larson et al., 2012). Nevertheless, it is seldom re-
ported in literature about uranium ore deposits. In the Beisantai deposit,
many phenomena in the corroded pyrites can be involved in bio-
oxidation. Given this, it is necessary to re-estimate the significance of
pyrite in the precipitation of uranium as well as its role during the for-
mation of sandstone-type deposits.

The purpose of this paper is based on the Beisantai deposit, mainly
from the mineralogical and geochemical studies of organic matter,
calcite cement, pyrite, and uranium minerals, trying to reveal its genesis
and demonstrating for the first time uranium mineralization through the
predominant reduction of pyrite with the promotion of biotic pathways,
under the condition of lack of organic matter.

2. Geological setting
2.1. Junggar Basin

The Junggar Basin, located in the north part of the Xinjiang Uygur
Autonomous Region, northwest China (Fig. 1A), covering an area of
approximately 130,000 km?, is a giant superimposed Meso-Cenozoic
basin with abundant resources (Allen et al., 1995; Cai et al., 2000;
Chen et al., 2002; Yang et al., 2015). The basin is surrounded by Zhayier
Mountains and Hatealate Mountains to the west, Qinggelidi Mountains
and Kelameili Mountains to the east, and Yilinheibiergen Mountains and
Bogda Mountains to the south (Fig. 1B), which are composed of
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Fig. 1. Geological map and cross-section of the Beisantai area. (A) Map of China, the Junggar Basin locates in northwestern China. (B) Structural units of the Junggar
Basin (modified after Yang et al., 2004) showing the location of the study area. (C) Regional geological map of the Beisantai area showing the sampling location
(modified after Zhang, 2016). (D) North-South cross-section AA’ cross the Beisantai Swell revealed by seismic tomography and drilling wells (modified after

Zhang, 2016).
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Paleozoic ophiolites, accretionary sedimentary rocks, and island arc
volcanics (Carroll et al., 1990; Xiao et al., 2008) that provide a great deal
of material for the sedimentary basin. During the Mesozoic and the
Cenozoic, the basin has been subjected to the Indosinian, Yenshanian,
and Himalayan orogenies (Wu, 1986; Luo et al., 2012; Sun et al., 2014;
Hu et al., 2020). It can be subdivided into six major structural units
(Fig. 1B): the Western Uplift, the Wulungu Depression, the Luliang
Uplift, the Central Depression, the East Uplift, and the North TianShan
Fold-thrust Belts (Yang et al., 2004).

2.2. Beisantai deposit

The Beisantai area is a paleo-swell that formed in the late Hercynian,
developed in the Indosinian, and finalized in the Yansanian (Wu et al.,
2012). During the Himalayas, the south margin was in a rejuvenated
foreland basin environment, where the strata had undergone strong
compression and strike-slipping deformation. Under the condition of
flexural subsidence that the basement sloped towards the south, the
Cenozoic in the Beisantai area covered a thickness of more than 2000 m
(Wu et al., 2004). With the lake transgression, the sedimentary envi-
ronment in Neogene, including the Shawan Formation (Nis), Taxihe
Formation (N1t), and Dushanzi Formation (N;d), had evolved from delta
to lacustrine, from which the Shawan Formation was identified as delta
facies.

Ore Geology Reviews 140 (2022) 104557

Since the climate has become arid from the Neogene (Yang and He,
2016), the Shawan Formation is dominated by reddish-brown argilla-
ceous siltstones and mudstones; the Taxihe Formation is dominated by
brown-red sandy conglomerates; the Dushanzi Formation is mainly
composed of interbedded brownish-yellow sandy mudstones, conglom-
erates, and sandstones. A number of oil fields have been discovered in
the Beisantai area, e.g. Shanan oil field, Beisantai oil field, and Xiquan
oil field from north to south (Wu et al., 2012). Intense tectonic activities
during Yanshanian and Himalayan lead to fault reactivation and pe-
troleum migration repeatedly (Pan, 2007; Wu et al., 2012). Some oil and
gas shows were also found in shallow layers (including the Paleogene
and the Neogene) of Beisantai Swell (Zhao et al., 2016).

The newly discovered Beisantai uranium deposit is due to the pio-
neering work “co-exploration of petroleum and uranium” of the ongoing
“survey of sandstone-type uranium in northern China” (Jin et al., 2018;
Miao et al., 2020). Based on the recheck of a huge amount of data from
oil boreholes, the promising positions are selected, where show high
radioactive anomalies. The Beisantai deposit is located in the Beisantai
Swell, west margin of East Uplift, next to the East Fukang Slope, about
100 km to the northeast of Urumchi City (Fig. 1C). This deposit is sit-
uated on a southwesterly sloping monocline (Fig. 1D) nearby the EW
orientation of a major reverse fault in the north, which controls the
formation of the Beisantai oil field (Wu et al., 2012). A borehole was
performed at the Beisantai Swell located between the Beisantai oil field
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Fig. 2. Sedimentological characteristics of the uranium borehole of the Beisantai deposit, showing the logging curves, lithology, cores, and sedimentary environment

of the top of Anjihaihe Formation and the bottom of Shawan Formation.
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and the Xiquan oil field. The uranium deposit is hosted in the bottom of
the Neogene Shawan Formation that is mainly composed of conglom-
erates and gravel pebbly sandstones, at a depth around 950 m below the
surface, with 12 m permeable rocks. The reservoir is sandwiched by
super thick impermeable formations, mainly mudstones and siltstones,
providing a favorable structure for the formation of interlayer oxidation
zone (Fig. 2).

Controlled by interlayer drainage of oxidising groundwater, there is
an obvious brownish-yellow oxidation zone in the middle part, in which
the rocks are loose and fragile (Fig. 2). The adjacent bluish-gray sand-
stones and conglomerates, representing the redox transition zone, are
separated into several individual drainage systems by thin interlayers of
mudstones, thus showing different degrees of epigenetic alteration
(Fig. 2). Uranium minerals are mainly observed in the bluish-gray con-
glomerates at the bottom of the Shawan Formation (Fig. 2; Table 1),
showing a higher radioactive anomaly (Fig. 2; Table 1), with a great deal
of pyrites occurred.

3. Sampling and methods

The samples were collected from a borehole in the Beisantai deposit,
southeast of Junggar Basin. Centered on the bottom of the Neogene
Shawan Formation, fifteen cores were selected from different color
zones (Fig. 2; Table. 1). During collection, the y-ray responses were
measured for rough potential estimation with a gamma radiometer and
all of them were sealed in plastic bags, in order to prevent from humid
air and oxidation before geochemical/mineralogical study.

The mineralogical study was performed using optical microscope
(transmitted-reflected lights and fluorescence) and scanning electron

Table 1

Rock information, v, 5'3C and 6'%0 of calcite cement, and temperature calcu-
lated by oxygen isotope data for the samples from the Beisantai deposit (Depth in
m; 8'3C in %o and V-PDB; 5'%0 in %o and V-SMOW; y in nc/(kg-h); T in °C; -, no
measurement).

sample depth lithology Y 53¢ 5% T
19ZS01- 934.12 Bluish-gray fine 10 —29.2 20.3 14.02
1 conglomerate
197s01-  933.83  Bluish-gray fine 10 -22.8 21.1 10.77
2 conglomerate
197S01- 933.68  Bluish-gray matrix-rich 22 - - -
3 conglomerate at the
interface between the
bottom conglomerate
and the overlying
mudstone
197S01- 932.93 Bluish-gray mudstone 11 - - -
4
19ZS01- 932.13  Bluish-gray medium- 10 -26.7 19.57 17.09
5 course sandstone
197S01-  932.48  Bluish-gray pebbly 10 -23.9 203 14.02
6 sandstone
19Zs01-  927.76  Brownish-yellow 3 —6.52 17.62  25.80
7 pebbly sandstone
19ZS01- 925.73  Brownish-yellow fine 5 —21.6 20.9 11.57
8 conglomerate
197S01- 924.05  Brownish-yellow 3 —13.64 19.26 18.42
9 pebbly sandstone
197S01- 936.68  Green siltstone 4 -8.76 22,5 5.35
10
19ZS01- 941.33  Green fine sandstone 3 —-12.44  20.3 14.02
11
19Zs01- 921.75  The interface between 11 -16.81 19.24  18.50
12 conglomerate and fine
sandstone
19Zs01- 916.13  Green mud stone 3 - - -
13
19ZS01- 834 Red mudstone - - - -
14
197S01- 835 Red mudstone - - - -
15
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microscopy (SEM) in the Key Laboratory of Crust-Mantle Materials and
Environments, University of Science and Technology of China, Chinese
Academy of Sciences. A MIRA 3 LMH (FE-SEM) was used to take BSE
images and equipped with EDAX GENESIS APEX to identify minerals
and perform compositional X-ray maps. This measurement was carried
out under an accelerating voltage of 15 kV, a beam current of 20nA on
polished sections in situ. Organic matter typology and maturity were
determined by rock-eval VI pyrolysis at Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences.

Ten samples from different zones were selected for carbon and ox-
ygen isotope analyses at the ALS Mineral Laboratory in Guangzhou. The
isotopic compositions were measured through CO, which is liberated
from the reaction of carbonate and phosphoric acid. The evolved CO,
gas is then conducted to and analyzed by Thermo-Finnigan GasBench
coupled to Thermo-Finnigan MAT Delta Plus XP Continuous-Flow
Isotope-Ratio Mass Spectrometer (CF-IRMS). The instrument was cali-
brated using CaCO3 minerals by international isotopic standards NBS18
and NBS19. The testing values §!°C and §'%0 are reported using the
delta (8) notation in permil (%o), relative to Vienna Pee Dee Belemnite
(VPDB) for C and Vienna Standard Mean Ocean Water (VSMOW) for O,
respectively, with precisions of 0.1%o for C and 0.5%. for O.

The measurement of trace element concentrations in pyrite was
performed by LA-ICP-MS (Analytikjena PlasmaQuant MS Elite equipped
with ESINWR 193 nm excimer laser ablation system) at Beijing Createch
Testing International Co. Ltd (Beijing). The laser beam was 30 um in
diameter and the ablation frequency was 6 Hz. Helium was applied as a
carrier gas. The instrument was calibrated using NIST610 (Pearce et al.,
1997) to make it stay in the optimal state. The sulfide external standard
Mass-1 (called PS-1 in Wilson et al., 2002) and Fe content as the internal
standard were used as reference material for trace elements measure-
ment for this experiment. Data calibration depended on program
GLITTER (ver. 4.4.4, Macquarie University) off-line (Griffin, 2008).

In-situ Sulfur isotope analysis was performed by using a Nu 1700 MC-
ICP-MS system, equipped with sixteen Faraday cups and three ion
counters at the State Key Laboratory of Continental Dynamics in
Northwest University, Xi’an, China. The spot size was about 35 pm in
diameter. The mass separation was calculated as 0.3333 in the analyses.
The data were integrated as 32g /34g (6348 in %o) ratio and normalized to
Vienna-Canyon Diablo Troilite (V-CDT). Detailed descriptions of the
measuring procedures are elaborated in Bao et al. (2017) and Chen et al.
(2014).

4. Results
4.1. Lithologies and mineral assemblages

Mineralogical compositions of the bottom bluish-gray conglomerates
and the middle brownish-yellow conglomerates were comparatively
studied. Generally, they are consistent in the detrital grains that are
mostly composed of fine-grained lithic fragments (Fig. 3A; mainly clastic
rocks and some metamorphic, granitic, and volcanic rocks). Detrital
minerals are mainly quartz and a small number of feldspar grains.
Detrital accessory minerals such as zircon, apatite, magnetite, ilmenite,
and monazite are occasionally observed.

The authigenic minerals show different assemblages in two zones.
The bluish-gray conglomerates at the bottom part, with little interstitial
matrix, are massively cemented by carbonate (20 ~ 40%), dominantly
microcrystalline calcite followed by minor sparry calcite (Fig. 3A, B).
Detrital grains are floating in the cement, suggesting that the rock was
cemented at the early diagenetic stage. Many contemporaneous pyrites
are enveloped in calcite cement (Fig. 3B), indicating a relatively
reducing environment. Uranium minerals appear in the top margin of
that conglomerate layer, which is characterized as a matrix-rich
conglomerate, adjacent to an overlaid thin layer of mudstone (Fig. 2).
For the ore-bearing rock (sample 19Z2S01-3), the intergranular space is
filled with abundant matrix micro-particles dominantly as quartz and
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Fig. 3. Lithological characteristics of the samples from the bluish-gray zone (A-F) and the brownish-yellow zone (G-F). (A) The texture of conglomerate, showing
pebbles floating in microcrystalline calcite cement. (B) The detritus are largely cemented by microcrystalline calcite and minor by sparry calcite, with some pyrites
enveloped in it. (C) In the ore-bearing rock, pyrites and uranium minerals occur in the matrix conglomerate. (D) Ore-related pyrite, which is partly corroded and
replaced by uranium minerals. (E) Barite partly replaces the edge of pyrite. (F) Pyrite and uranium minerals in barite. (G) The texture of conglomerate, cemented by
sparry calcite. (H) Particles are cemented by calcite and limonite. (I) Barite and sparry calcite in the brownish-yellow zone. Fel-feldspar; Py-pyrite; Lit-lithic fragment;
Qz-quartz; Brt-barite; Lim-limonite; Cal-calcite; U-uranium minerals. Orange circles indicate the location of spots for trace element analyses and red circles corre-
spond to spots for sulfur isotopes measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

feldspar as well as less biotite debris (Fig. 3C). The pores are also partly
cemented by a small proportion of calcite. This ore-bearing rock carries
the highest concentration of pyrite, which extensively occurs either in
the intergranular space or pores and cracks in detritus (Fig. 3C). Ura-
nium minerals are spatially related to certain pyrites that display com-
mon phenomenon of partial dissolution (Fig. 3D), suggesting that the
uranium minerals should postdate the counterpart pyrites. Finally, some
barites also occur in the ore-bearing rock in replacement pyrite (Fig. 3E),
with residual uranium minerals and pyrites wrapped in it (Fig. 3F).
Thus, barite is considered to be formed after uranium mineralization.

In the brownish-yellow zone, conglomerates are composed of more
proportions of detrital grains with smaller sizes in diameter. Some par-
ticles show tangential intergranular contact (Fig. 3G). Likewise, rare
interstitial matrix distributes in pores, where are mostly cemented by
starry calcite (10 ~ 20%; Fig. 3G). Pyrite has been altered into barite and
limonite (Fig. 3H, I), which causes the brownish-yellow in color of this
zone. Some bluish-gray lenticles, incompletely oxidized remnants, can
also be observed wrapped in the brownish-yellow rocks. Overall, sparry
calcite, limonite, and barite represent the post-ore stage authigenic
minerals.

Under BSE observation, the emplacement of uranium minerals is
intimately related to the strong alteration in pyrite, calcite, matrix, and
detritus (Fig. 4). Intensive alteration and associated mineralization in
the matrix are generally centered on ore-related pyrite and the degree
gradually decreases with distance (Fig. 5A). Unstable minerals such as
feldspar and biotite in the matrix or detritus are readily to be dissolved

and altered into clay minerals (Fig. 5B). The calcite cement has also
undergone a certain dissolution, with lots of microcavities and cracks
observed (Fig. 5C). Ore-stage alteration results in lots of secondary
pores, which are beneficial for fluid migration and uranium adsorption
(Fig. 5D). Except for the substitution of dissolved pyrite, uranium min-
erals are pervasively adsorbed on these secondary pores (Fig. 5D) and
clay minerals (Fig. 5E).

4.2. Organic matter

The sediments are considered to be deposited under a weakly
reducing environment for the green in color of the primary impermeable
mudstones and siltstones. There is no organic matter such as black
phytoclast or coal fragment macroscopically observed in hand specimen,
except for one single micro carbonaceous debris found under SEM
(Fig. 5F), which shows no spatial relationship with pyrites or uranium
minerals.

To further characterize the typology of the organic matter in the
sediments accurately, rock-eval pyrolysis was applied on samples,
mainly mudstones that could have more content, from the bluish-gray
zone and the green zone (Table 2). Total organic carbon (TOC) con-
tent of all the sampled organic matter is very low, ranging from 0.05 to
0.26%. In the green sandstone (sample 19ZS01-11) TOC value is
extremely low, 0.05%, indicating that organic matter is rarely pre-
served. Rock-eval pyrolysis of free hydrocarbon (HC) in the samples
reveals a very low content of thermodesorbed HC with S1 values of 0.07



X. Hu et al. Ore Geology Reviews 140 (2022) 104557

Fig. 4. Spatial relationship and mineral chemical information of pyrite and uranium minerals, with the EDS area scans of relevant elements (U, Ca, P, Fe, S, Si, Al,
and Ti).
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Fig.5. Microscopic characteristics of minerals. (A) Uranium minerals distribute in the matrix on the periphery of pyrite. (B) Uranium minerals and pyrites occur in
the fine sandstone fragment in which unstable minerals are altered. (C) Microcrystalline calcite cement with lots of holes and cracks. One honeycomb-like pyrite
locates in the center. (D) In an ore-bearing detritus, unstable minerals have been dissolved, resulting in secondary pores as the passageway for fluids and adsorption
space for uranium minerals (SE image). (E) Uranium minerals intergrowth with clay minerals. (F) Carbonaceous debris in the ore-bearing rock. Py-pyrite; Lit-lithic
fragment; U-uranium minerals; Cal-calcite; CD-carbonaceous debris.

to 0.21 mg HC/g sample. Rock-eval pyrolysis S2 data are also quite low, matter has a very low hydrogen index (HI), ranging from 96 to 167 mg
ranging from 0.2 to 0.35 HC/g sample, and indicate low petroleum HC/g TOC, and very low Oxygen index (OI) from 20 to 52 mg COy/g
potential (Espitalié et al., 1985). Except for sample 19ZS01-11, organic TOC. Tmax values are lower than 435 °C and characterize thermally
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Table 2

Ore Geology Reviews 140 (2022) 104557

Rock-Eval Pyrolysis (REP) Results from samples of the Beisantai deposit (using REP interpretation methods of Espitalié et al., 1985).

Sample no. lithology TOC(%) S1 (mg HC/g sample) S2 (mg HC/g sample) S3 (mg COy/g sample) Tmax CC) HI (mg HC/g TOC) OI (mg CO,/g TOC)
197501-3 mudstone 0.21 0.17 0.35 0.05 351 167 52
19ZS01-4 mudstone 0.18 0.16 0.29 0.01 346 161 39
19ZS01-10 mudstone 0.26 0.14 0.25 0.05 343 96 31
197501-11 sandstone 0.05 0.07 0.16 0.03 345 320 20
19ZS01-12 mudstone 0.11 0.07 0.1 0.03 338 91 36
197S01-13 mudstone 0.21 0.21 0.35 0.06 338 167 52

immature organic matter (Espitalié et al., 1985). These data indicate
that the kerogen composition corresponds to type III or type IV (Fig. 6;
Demaison et al., 1983) inherited from land plants. Given this, the
indigenous organic matter can hardly create enough reducing agent for
the reservoir conglomerates, where certainly have much lower content.
There should be an external reductant supply for the Beisantai deposit.

4.3. C-O isotopes of calcite cement

For the broad calcite cementation, ten samples from different zones
have been selected for the measurement of carbon and oxygen isotopic
compositions (Table. 1; Fig. 7). The 613CpDB values range from —29.2%o
to —6.52%o, displaying mixed sources. The samples from the bluish-gray
zone show very low values (-29.2%o ~ —16.81%o). The green zone calcite
has a higher s'3¢ signature (-12.44%o ~ —8.76%o). The 513C values of
brownish-yellow rocks range from —21.6%o to —6.52%.. The oxygen
isotopes vary in a narrow range that 6180V_SM0W ranges from 17.62%o to
22.5%o.

4.4. Pyrites

4.4.1. Morphology and texture

Pyrites are highly enriched in the bottom bluish-gray conglomerates,
especially in the ore-bearing rock of the deposit. They mainly occur as
(1) framboidal pyrite or euhedral crystals, cubic or polyhedral, with very
small grain sizes (Fig. 8A), (2) sub-idiomorphic to idiomorphic grains or
cement (Fig. 8B-D), with large sizes, (3) vine- or net-like pyrites, filling
the fissures of detrital grains (dominantly in lithic siltstone) or in the
matrix (Fig. 8E). Some of these pyrites intergrowth with uranium min-
erals are partially dissolved and replaced, which mainly occur as: (1) the
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Fig. 6. HI v. OI diagram showing the typology of organic matter occurring in
the samples of the Beisantai deposit (modified after (Herbin and Deroo, 1979;
Demaison et al., 1983).
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Fig. 7. Calcite 8'3C values of samples from different zones of the Beisantai

deposit, indicating two main origins from freshwater and organic matter. '>C
of various geological reservoirs were modified from Hoefs, (2015).

edge of large pyrite is dissolved into irregular shapes as sawtooth or
embayment and substituted by uranium minerals (Fig. 8F, G); (2) vine-
like pyrites are partially cut and replaced by uranium minerals, with
some incompletely dissolved pieces remained in it (Fig. 8D, H); (3) py-
rite particles are enveloped by colloidal uranium minerals, in which the
pyrites are corroded into anhedral (Fig. 81); (4) the etched pits of pyrite
are filled by uranium minerals (Fig. 8J-L).

For further comparative study, the pyrites in the ore-bearing rock
were subdivided into two groups according to their spatial relationship
with uranium minerals (Table 3). Under the SEM observation, individual
pyrites have relatively larger particle sizes, better perfection, and weak
alteration (Fig. 8B, C). In contrast, ore-related pyrites show more
complicated morphology with stronger corrosion (Fig. 8D-L). It is worth
mentioning that some pyrites show distinctive biotic oxidation textures
as numbers of oriented deep corrosion pits or honeycomb-like structures
(Fig. 9A-C) different from cracks or shallower pits caused by chemical
dissolution.

4.4.2. Trace elements characteristics of pyrite

The trace element concentrations of pyrite, both the individual ones
and ore-related ones occurring in the ore-bearing rock, were measured
by LA-ICP-MS. Both the two groups have similar patterns of higher Mn,
Mo, Zn concentrations, and minor Cu, V, and Sb content (Fig. 10,
Table 4). Whereas, there is a progressive decrease of As, Se, and espe-
cially Ni and Co concentrations from individual to ore-related pyrites
(Fig. 10; Fig. 11A, B). The individual pyrites have higher As (91.68 ~
836.68 ppm; median = 236.055 ppm), Se (50.37 ~ 2404.12 ppm; me-
dian = 318.635 ppm), Ni (12.09 ~ 395.51 ppm; median = 84.795 ppm),
and Co (9.74 ~ 442.14 ppm; median = 83.135 ppm) contents. Ore-
related ones are characterized by lower As (26.81 ~ 213.24 ppm; me-
dian =110.61 ppm), Se (36.22 ~ 162.13 ppm; median = 125.815 ppm),
Ni (3.34 ~ 48.11 ppm; median = 10.355 ppm), and Co (0.851 ~ 16.91
ppm; median = 7.22 ppm) contents.
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Fig. 8. Uranium minerals in replacement of pyrites. (A) Framboidal pyrite and euhedral pyrite. (B-C) Individual sub-idiomorphic pyrite. (D) Ore-related pyrite,
which is partly corroded and replaced by uranium minerals. (E) vine-like pyrites and uranium minerals in fissures of lithic siltstone. (F-G) Pyrites are partly dissolved
and replaced by uranium minerals. (H) Enlargement of the rectangle in (E) showing the vine-like pyrites are partially replaced by uranium minerals. (I) Colloidal
uranium minerals envelope small pyrite crystals. (J-K) Globular cocci-shaped uranium minerals fill in etched pits of pyrite. (L) Enlargement of the rectangle in (K).
Py-pyrite; Lit-lithic fragment; Qz-quartz; U-uranium minerals; Cal-calcite; Orange circles indicate the location of spots for trace element analyses and red circles
correspond to spots for sulfur isotopes measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

4.4.3. Sulfur isotope signature

Pyrites in the ore-bearing rock were analyzed to reveal the origin.
The results of the pyritic §3*S show extremely negative values within a
narrow range, between —48.38%0 and —35.65%o (Table 5; Fig. 12), in
which the §°*S values of pyrite related to U minerals (n = 6) ranging
from —41.29%0 to —35.65%0 (mean = -39.46%o); the individual pyrites
(n = 5) have a slightly lower signature from —48.38%0 to —41.12%o
(mean = -43.71%c). These representative isotopic signatures likely
indicate the important role of SRB during pyritization.

4.5. U minerals

By way of SEM observation, all the uranium minerals occur as

coffinite, containing high U, O, and Si and less P and Ca identified by
EDS (Fig. 9D). Coffinite mainly occurs as monocrystal, aggregate
(Fig. 5B), or colloidal form (Fig. 8I). They consist of microspheric
nanocrystals, generally smaller than 1 pm, exhibiting coccoid
morphology. These minerals are closely associated with strongly dis-
solved pyrites as stated above, surrounding the pyrites or disseminated
in the corroded matrix or detritus on the periphery of the ore-related
pyrites (Fig. 4).
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Table 3

Characteristics of individual pyrite and ore-related pyrite in the ore-bearing rock

of the Beisantai deposit.

Characteristics

Individual pyrite

Pyrite intergrowth with
coffinite

Particle size

Distribution
pattern

Morphology

Corrosionfeatures

Mostly between 100 pm and
500 pm; some larger than
500 pm.

Mostly occurring in the large
intergranular spaces.

Sub-idiomorphic to
idiomorphic. The shape is
barely restricted by detritus.
The edges are usually end up
with smaller euhedral
crystals.

Light corrosion or no
corrosion.

Mostly smaller than 300 pm;
little between 300 and 500
pm.

Mostly occurring in the
narrow intergranular spaces
or in fissures and pores of
detritus.

Sub-idiomorphic to
xenomorphic. The shape is

usually restricted by detritus.

Some of the edges are
irregular due to dissolution.

Moderate to severe corrosion.

5. Discussion

5.1. Stable isotopes of calcite cement and implications for fluids

5.1.1. Oxygen isotopes

In order to better understand the depositional environment of calcite
cement, it is necessary to constrain the temperature during calcite
cementation. Oxygen isotope fractionation between parental water and
calcite is greatly affected by temperature, so oxygen isotopic signature
can approximately reveal the fluid property as a geological thermom-
eter. The oxygen isotopic compositions of different zones have a narrow
range, from 17.62%o to 22.5%o, and mainly concentrate between 19.24%o
and 21.1%o (Table. 1). The calcite formation temperature was calculated

using the equation proposed by Friedman and O’Neil (1977):

10000 Qqicite—arer = 2.78 x 10°T2(K) — 2.89

@

Since there is no magmatic and corresponding hydrothermal activity
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recorded in Cenozoic in the study area, we adopt modern shallow
groundwater in east Junggar Basin (mean SIBOV.SMOW = —10.9%o; Li
et al., 2015) as parental fluid isotopic composition during calcite pre-
cipitation, assuming a similar condition from the Neogene to the pre-
sent. The outcomes listed in Table 1 demonstrate that the temperature of
parental fluid of the calcite cement is very low, ranging from 5.35 °C to
25.8 °C (mean T = 14.96 °C). Although these values could not represent
the real paleo-temperature in the reservoir, it approves the
low-temperature supergene environment during the calcite cementa-
tion. This is consistent with the observation of lacking quartz over-
growth and the bare occurrence of fluid inclusions in calcite cement.
During the Cenozoic, the Shawan Formation has been continuously
subsiding (Liao et al., 2002) and is currently at its maximum depth.
Previous studies have obtained that the present temperature of the
Neogene Shawan Formation is approximately 40°C, at the depth of ~
950 m at a geothermal gradient of 24.2 °C/km (Wang and Chen, 1990),
which is in accordance with the burial-thermal history of the Beisantai
Swell (Liao et al., 2002; Zhang et al., 2018; Liu et al., 2020a; Liu et al.,
2020b). This can be regarded as the upper temperature limit of the
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Fig. 10. Trace element concentrations of pyrite occurring in the ore-bearing
rock, which was subdivided into two groups according to whether intergrown
with uranium minerals. Median values are presented in the diagram.

Fig. 9. (A-C) Microscopic characteristics of the bio-oxidation of pyrite. (D) EDS Spectrum for uranium minerals in the Beisantai deposit. Py-pyrite; U-uranium
minerals; Cal-calcite; Lit-lithic fragment.
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Representative trace element concentrations of two groups of pyrite occurring in the ore-bearing rock of the Beisantai deposit.

Group ore-related pyrite
Anlysis no. 3-1-1 3-1-2 3-1-3 3-1-4 3-1-5 3-1-6 3-1-7 3-1-8 3-1-9 3-1-10
V51 4 22.3 22.56 9.52 18.35 6.92 30.22 10.68 <0.73 <0.69
Mn55 707.26 929.76 1023.37 798.34 942.5 921.6 910.11 1009.34 1473.61 1714.6
Co59 0.851 11.24 3.86 2.29 3.09 15.31 16.91 8.7 10.68 5.74
Ni60 3.43 18.33 10.7 8.77 7.9 48.11 24.81 10.01 12.88 9.22
Cu65 2.6 33.34 44.81 23.28 36.51 88.41 95.04 32.23 21.38 20.33
Zn66 16.5 67.97 145.8 231.37 136.99 966.69 147.72 53.93 97.09 68.44
Ga71 0.304 2.29 3.07 0.59 2.44 0.913 5.04 1.219 10.95 3.53
Ge72 5.33 5.56 6.62 4.68 6.29 4.76 5.83 5.46 12.65 5.82
As75 26.81 143.11 99.32 110.1 93.85 213.24 150.7 90.17 156.02 111.12
Se77 36.22 131.38 125.1 51.77 99.53 162.13 137.42 100.29 126.53 136.83
Mo95 434.71 1046.48 855.09 575.12 955.08 894.94 960.68 640.99 1706.24 1288.98
Group Individual pyrite
Anlysis no. 3-1-11 3-1-12 3-2-1 3-2-2 3-2-3 3-2-4 3-2-5 3-2-6 3-2-7 3-2-8
V51 17.82 <0.62 10.97 36.73 11.63 <2.13 53.36 19.73 7.65 26.03
Mn55 762.79 185.55 980.4 180.64 842.98 927.74 878.53 1127.74 917.24 425.13
Co59 9.74 25.96 115.22 151.62 149.93 24.41 442.14 41.61 84.02 82.25
Ni60 12.09 17.94 106.17 135.71 142.05 72.56 395.51 30.75 44.56 97.03
Cu65 4.55 15.09 16.02 247.39 3.53 132.83 27.73 22.63 6.57 29.12
Zn66 73.86 94.2 56.54 91.48 71.01 191.67 153.41 60.75 34.2 72.99
Ga71 1.439 3.67 2.45 2.56 1.432 8.15 3.64 1.718 0.716 2.87
Ge72 4.39 4.95 4.35 4.89 4.55 6.03 4.55 4.8 4.29 4.76
As75 100.35 199.85 91.68 836.68 505.16 272.26 735.04 170.69 144.63 367.92
Se77 69.58 50.37 379.81 257.46 2404.12 107.7 2003.23 589.5 619.33 135.82
Mo95 737.94 1313.52 1985.92 677.32 840.87 1888.42 1424.25 1546.03 568.38 718.35
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Fig. 11. As vs. Se (A) and Co vs. Ni (B) diagrams showing the trace element concentrations decrease from individual pyrite to ore-related pyrite. The plot dem-
onstrates how pyrites formed at the early stage appear consistently more enriched in As, Se, Co, and Ni than pyrites formed at the late stage.

Table 5
In-situ sulfur isotopic analysis of representative pyrite in the ore-bearing rock.
Groups Analysis no. 8%*Sy.cor (%o0) 2SE
Ore-related pyrite 3-1-1 —35.5649 0.206264
3-1-2 —41.2887 0.24526
3-1-3 —40.261 0.24249
3-1-4 —40.678 0.233265
3-1-5 —40.3399 0.530003
3-1-6 —38.6466 0.3094
Individual pyrite 3-1-7 —48.3849 0.197539
3-1-8 —43.7287 0.372305
3-2-1 —42.8369 0.422978
3-2-2 —42.4926 0.154682
3-2-3 —41.1204 0.252058

Beisantai deposit. Besides, the low homogenization temperatures of oil
and gas inclusions from the deep Permian to Jurassic reservoirs, with
average temperatures ranges from 42.0 to 66.6 °C (Liao et al., 2002),
suggest that this deduction is acceptable. Therefore, the oxygen frac-
tionation temperature is considerable and it can be inferred that the
interlayer alteration and cementation processes were occurred at a su-
pergene low-temperature environment before the deep burial by over-
lying thick sediments.

5.1.2. Carbon isotopes

Generally, carbonate cement has serval potential carbon sources,
including (1) endogenetic sources, e.g., magmatism, (2) carbon dioxide
(COy) in atmosphere, (3) carbonates and bicarbonates dissolution, and
(4) organic matter oxidation (Zhao et al., 2018). The 513C values of
carbonate cement have been used to identify the origin of carbon, for
different reservoirs are usually characterized by certain ranges of iso-
topic compositions (Hoefs, 2015; Sharp, 2017). The diagenetic

10
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Fig. 12. Pyrite 5°S indicating its origin of bacterial sulfate reduction. §>*S
geological reservoirs were modified from (Kaplan and Rittenberg, 1964; Aplin
and Coleman, 1995; Seal, 2006; Hoefs, 2015).

microcrystalline calcite and the epigenetic sparry calcite occurring in
different zones can reflect the properties of the formation fluid and the
external fluid, respectively. Combined with the carbon isotopic signa-
ture of each zone, the origin and genesis of calcite cements can be
determined.

The 8'3C values are broadly heterogeneous (Fig. 7). For the green
zone, the 53¢ values, —12.44%o ~ —8.76%o, reflect the predominance of
fresh groundwater and atmospheric CO5 origin. The siltstone and fine
sandstone in the green zone are strictly restricted by thick aquicludes,
thus these rocks can hardly be affected by external fluids. The bluish-
gray conglomerates and sandstones are massively cemented by diage-
netic microcrystalline calcite (Fig. 3A, B). The extremely low &!3C
values, as low as —29.2%o, reflect the tremendous contributions of
organic carbon. Since the much higher 8'3C values in the primary green
zone, indigenous organic matter could have very limited influence on
calcite cementation. Moreover, indigenous organic matter content in the
conglomerates should be much lower than the adjacent siltstones or
mudstones which show very low contents (Table 2). The enhanced
amount of syngeneic pyrites sealed in calcite (Fig. 3B) also indicate the
injection of external reducing materials. Therefore, the organic carbon
probably originated from extrinsic hydrocarbons such as the upward
migrated oil and gas. Under SEM observation, there are extensive
dissolution characteristics in microcrystalline calcite, resulting in
numerous cracks and micro-cavities (Fig. 5C, 9A-C). This is likely to be
caused by organic acids or excess CO, produced through the biodegra-
dation of organic matter at the late stage (Edman and Surdam, 1986).
Therefore, the formation fluid in the bluish-gray rocks can be charac-
terized as acidic and reductive.

The permeable layer has also been subjected to epigenetic alteration
and metasomatism to varying degrees by the infiltrated interlayer fluid,
resulting in uneven increases in the proportion of sparry calcite (Fig. 3G,
I) and heavy carbon isotope. This is liable to the increase of §!3C value in
the bluish-gray zone, up to —16.81%o0 (sample 19ZS01-12). The broad
813C values of brownish-yellow rocks indicate that the carbon sources
are the mixture of organic carbon and external heavier carbon carried by
infiltrated groundwater. The lowest value of —21.6%o0 represents a
higher proportion of organic carbon remained after weaker alteration.
This is in accordance with the bluish-gray lenticles that remained in the
yellow zone. The higher values, —13.64%0 ~ —6.52%o, are correspond-
ing to freshwater and atmospheric CO; origin. In any case, it can be
confirmed that the infiltrated interlayer fluid is alkaline with appre-
ciable carbonate dissolved.
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5.2. Biogenic origin of pyrite and constraint on uranium mineralization

5.2.1. Bacterial sulfate reduction originated pyrite

Pyrites in the ore-bearing rock are characterized by a strong defi-
ciency of 34S (Table 5; Fig. 12), with §>*S ranging from —48.38%o to
—35.65%0 (mean = -41.39%). Such negative values are originated far
from other ways but biogenic process, for they are much lower than the
lightest value of organically derived sulfur approximately —17%o (Aplin
and Coleman, 1995; Cai et al., 2002). Bacteria are very active in su-
pergene low-temperature condition (Knoblauch and Jorgensen, 1999;
Moosa et al., 2005). Sulfite-reducing bacteria (SRB) are widely existed in
the sedimentary strata and are identified to play a significant role in the
formation of metal sulfide deposits (Min et al., 2005a, b; Cai et al.,
2007a, b; Ingham et al., 2014; Bonnetti et al., 2015; Akhtar et al., 2017;
Bonnetti et al., 2017; Zhao et al., 2018; Rallakis et al., 2019). Bacterial
sulfate reduction (BSR) produces reduced species (HaS (aq), HS;
Machel, 2001) that are strongly depleted in 3*S (Habicht and Canfield,
1997; Brunner and Bernasconi, 2005), reacting with iron minerals (such
as Fe oxides/hydroxides) to form pyrite (Botsou et al., 2015; Bgrresen,
2017). Moreover, the lower isotope value (-48.38%o) are supposed to be
generated from multi-step reactions (Cai et al., 2007a; Ulrich et al.,
2011) for it is hard to achieve such huge fractionation through single-
step BSR, as performed on pure culture experiments (Kaplan and Rit-
tenberg, 1964). Indeed, it is not uncommon in interlayer oxidation zones
of formation for the persistent down dip transportation of redox front via
multiple dissolution and re-precipitation of pyrite (Bonnetti et al.,
2020).

5.2.2. The process of pyritization and the implications

Comparing the two groups of pyrites in the ore-bearing rock, though
they both have the same origin, BSR, there are differences in occurrence
and geochemical features. Most of the individual pyrites have much
larger sizes and more idiomorphic crystal forms (Table 3). They are
mostly emplaced with more capacious space during the diagenetic to the
epigenetic stage that their morphologies are less restricted by detritus
(Fig. 8B, C). Ore-related pyrites with smaller sizes are usually shaped by
detrital grains, filling the narrow intergranular space or fissure of grains,
resulting in complex morphologies that are also partly caused by the
intensive corrosion (Fig. 8D-L).

In the pore systems of conglomerate, the space for fluid flow and
mineral emplacement are controlled by diagenesis mainly through
compaction and filling and cementation of authigenic minerals. During
the gradual closure of pores, the early precipitated pyrites are supposed
to obtain more and better space and material supply, including sulfur
and reductant. Meanwhile, the pyritization also results in the sealing of
the major fluid passageways. Afterwards, the interlayer fluid influx
slows down and the paths transfer to the poor residual pores. The late
pyrite precipitated in a lower porosity is characterized as smaller size as
a result of the decreased supply of reduced sulfur. Besides, the positions
where the late pyrites precipitate represent local open systems at that
time, where provides ways for the interaction between the later ore-
bearing fluid and materials in the formation. Therefore, the process of
pyritization can be expressed as the gradual sealing of pores, which is
accompanied by a decrease in the supply of organic matter, leading to
the slowdown in the rate of BSR and pyrite precipitation.

This trend also corresponds to the changes in sulfur isotopes and
trace elements between the two groups. Comparatively, slightly lighter
signatures (mean 5%*S = -43.71%o) of the sulfur isotope are displayed
among the individual pyrites than the ore-related pyrites (mean §>*S =
-39.46%0) (Fig. 12). Although the changes are small, it is likely to reflect
the changes in compositions of fluid, which can be attributed to the
quick consumption of 325 in the early stage and the lower rate of BSR in
the late stage, within a gradually closed system. Due to light sulfur
isotope is superior to be utilized by SRB (Cai et al., 2007a, b), which can
cause the decrease of 32S available in solution with the continuous
precipitation of pyrite. Although the pyritization was processed in an
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open system, a series of factors including the decrease in the supply of
328, the decline of the SRB communities, and the accumulation of 345 in
the formation, could cause the slight increase in 534S values.

Likewise, there are considerable decreases in the content of the ore-
related pyrite on Ni and Co as well as minor on As and Se. From the plots
of Fig. 11, progressive decreases display from the individual pyrites,
with higher values and broader variation ranges, relative to the ore-
related ones, with low but concentrated values. As, Se, Ni, and Co are
easily incorporated into pyrite during BSR (Teclu et al., 2008; Qian et al.,
2013; Le Pape et al., 2017) under reducing conditions (Amrhein et al.,
1993; Diehl et al., 2012; Kusebauch et al., 2018), for these elements play
essential biochemical roles in their metabolic processes (Dungan and
Frankenberger, 1999; Dopson et al., 2003; Barton et al., 2007). Con-
centrations of As and Se that are both greatly affected by reducibility
and microbes show a slight decrease as the gradually weakened BSR. In
the same way, Co and Ni contents that are less affected by redox po-
tential have a sharp drop from the early stage to the late stage. This
provides the same indication as to the sulfur isotopic signatures. In
addition, trace elements such as Mn, Mo, Zn, Cu have similar patterns of
contents, suggesting that the composition of parental fluid remained
stable during the pyritization stage. Combined with their occurrence and
the small changes in geochemical properties, a successive progress of
pyritization in the ore-bearing rock can be revealed. The pyritization has
lasted a relatively short period of time, in which the ore-related pyrites
precipitate at the late stage. The occurrence of the abundant pyrites in
the ore-bearing rock provides the significant material basis for the
subsequent uranium mineralization.

5.2.3. Relationship between pyritization and uranium mineralization

Pyrite is one of the most common minerals associated with uranium,
especially widely distributed in the oxidation-reduction transitional
zone of sandstone-type deposits, and is generally considered as an in-
dicator for redox environment (Cai et al., 2007a, b; Wignall et al., 2009;
Ingham et al., 2014; Wei et al., 2016; Chen et al., 2019; Yue et al., 2019,
2020; Bonnetti et al., 2020). Studies about the genesis of BSR originated
pyrite and the coexisted uranium minerals are mainly demonstrated as
organic matter related reduction under low-temperature conditions (e.
8., Rackley, 1972; Granger and Warren, 1974; Reynolds and Goldhaber,
1978), involving biogenic mechanisms for both sulfate reduction and
uranium mineralization (Min et al., 2005a, b; Cai et al., 2007a, b;
Bonnetti et al., 2015), with the contribution of sulfate-reducing bacteria
(SRB; Southam and Saunders, 2005), which is able to utilize organic
matter as nutrient reducing sulfates to sulfides simultaneously with
reduction of U(VI) to insoluble U(IV) ore (Lovley et al., 1991; Lovley and
Phillips, 1992; Spear et al., 1999; Sani et al., 2004; Cai et al., 2007a, b).
SRB are approved capable of utilizing U(VI) as the preferred electron
acceptor for respiration and reduced to U(IV) directly (Lovley et al.,
1991; Lovley and Phillips, 1992; Sani et al., 2004; Spear et al., 1999).
Light sulfur isotope is preferential for bacteria, hence these pyrites,
characterized by strongly enriched in 325, are generally interpreted as
resulting from BSR (Jensen, 1958; Belyi et al., 1972). This speculation is
primarily based on the paragenetic relationship between uranium
minerals and the intimate intergrown biogenic pyrites but without
replacement, which suggests that they are precipitated either simulta-
neously or in succession within a short time. By the way, the enriched
organic matter in these deposits provides a shield for pyrites and ura-
nium ores, protecting them from dissolution or decomposition by post-
ore stage fluids.

In the Beisantai deposit, the mineralization shows much difference to
previous studies. Despite the abundant pyrites, the barely preserved
organic matter and the widespread coffinite replacement of ore-related
pyrite are the most notable features. Thus, it is necessary to discuss the
relationship between the periods of pyritization and U mineralization,
which is the key to investigate the relationship of pyrite and the uranium
ore. As stated above, the dissolved ore-related pyrites are the late-stage
ones; therefore, the scenario of the dissolution of early pyrites while the
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precipitation of new pyrites is unlikely to happen simultaneously during
the ore stage. Uranium should precipitate during or after the large-scale
dissolution of pyrites, when pyritization and BSR have ceased, resulted
from the exhaustion of organic matter and the increase of redox po-
tential (Fig. 13).

5.2.4. Pyrite dissolution contributions to uranium precipitation

The significant role of pyrite in sandstone-type uranium deposits has
been investigated in previous studies, not only as adsorption sites for
providing large surface (Goldhaber et al., 1987; Eglizaud et al., 2006;
Qafoku et al., 2009; Miao et al., 2010) but also as one of the reductants
resulting in the transformation of U(VI) to sparingly soluble U(IV) (e.g.
Jensen, 1958; Granger and Warren, 1974; Leibold, 2013; Gallegos et al.,
2015). The interaction of aqueous U(VI) with pyrite surface has been
manifested depending on many experiments (Wersin et al., 1994; Egli-
zaud et al., 2006; Ma et al., 2020). It is also reported that pyrite can
generate H,S, which is a strong reductant, after reaction with water
under an anoxic environment (Chen and Guo, 2007; and references
therein).

Indeed, it is found that pyrite oxidation rates remain quite slow even
under acidic conditions without being mediated by bacteria (Pisapia
et al., 2007; Yin et al., 2020). Pyrite oxidation microorganisms such as
Acidithiobacillus thiooxidans and Acidithiobacillus ferrooxidans (an iron-
and sulfide-oxidizing bacterial species commonly present in natural
environments) are known to increase oxidation and dissolution rates of
pyrite greatly (Mustin et al., 1992; Sasaki et al., 1998; Boon et al., 1999;
Toniazzo et al., 1999; Fowler et al., 2001; Yu et al., 2001; Jones et al.,
2003; Pisapia et al., 2008). Uranium can be reduced mediated by either
metabolically produced reducing compounds or directly use of U(VI) as
a final electron acceptor (Gargarello et al., 2009, 2010; Zhang et al.,
2020). Due to the efficient reaction rates, microbially mediated reduc-
tion of U(VI) to immobilized U(IV) minerals has been applied into the
field of remediation of the environment from radioactive contamination
(Wersin et al., 1994; Wu et al., 2006, 2007; Gargarello et al., 2009).

In the Beisantai deposit, distinct bio-oxidation features can be
observed on pyrites. This is characterized by the perforative corrosion
features, consisted of deep, geometric (squares, lozenges, pseudo-
hexagons), and oriented holes in pyrite or honeycomb-like structures
(Fig. 5C; 9A-C), distinguished from cracks or shallow tiny pits caused by
abiotic oxidation. These phenomena seriously resemble the biotic
controlled patterns described by Jiang (2006), Pisapia et al. (2008), Liu
and Zhang (2011), and Jiang et al. (2011). Thus, there were drastic
bacterial activities in the Beisantai deposit, which probably had been
involved in the pyrite oxidation and uranium mineralization. The
microbially mediated uranium mineralization can also be approved by
the high content of phosphorus uranium minerals (Gachter and Meyer,
1993; Alessi et al., 2014) and the microbial-like textures, as globular
cocci (Fig. 5B, 8 J, L) that is proposed to be evidence of biogenic origin
(Min et al., 2005a, b; Cai et al., 2007a, b; Zhao et al., 2018). The tinny
irregular apatite fragments scattered in the matrix (Fig. 3F) might be the
remnants of bacterial metabolism (Hutchens et al., 2006; Feng et al.,
2011). Therefore, all these aforementioned factors support the specu-
lation of microbial-mediated uranium reduction based on pyrite.

5.3. Uranium mineralization

Uranium is sensitive to redox potential and its mineralization in
supergene deposits has been generally attributed to U(VI) reduction by
reductants (e.g. sulfides and organic matter) under low-temperature
conditions (Rackley, 1972; Granger and Warren, 1974; Reynolds and
Goldhaber, 1978). Coffinite is likely to precipitate from neural to weakly
alkaline fluids, with high silicate concentrations (Mercadier et al., 2011;
Szenknect et al., 2016). As is shown in Fig. 14, both the decrease of Eh
and pH lead to coffinite precipitation (Cumberland et al., 2016). In
general models for the interlayer oxidation-type uranium deposit, ura-
nium is transported by oxidising groundwater to the redox front where
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database) (Bethke, 2014) using the following condition: concentration U 107

M: Pcoa 10’3‘5; at 1/100 seawater concentration at 25 °C; and increased con-
centrations of Si044+ (Modified after Cumberland et al., 2016).

the environment has changed greatly, leading to the uranium precipi-
tation through appropriate Physico-chemical reactions. Indeed, the
mineralization processes are far more complex than the simple reduc-
tion of U(VI) to U(IV) but involve multiple interactions among fluids of
different properties and various minerals.

As demonstrated above, the infiltrated groundwater is characterized
by oxidising and alkaline, with carbonate ions dissolved. This downward
fluid has first leached uranium from outcropping source rocks migrated

13

The sequence of mineral paragenesis of the Beisantai deposit.

along with the permeable conglomerates or sandstones, which led to the
oxidation of pre-ore pyrite and the partial liberating of uranium in un-
stable minerals. Unstable silicate minerals also supplied a source of Si
(Cai et al., 2007a, b). In the solution, uranium readily forms carbonate
complexes such as [UOy(CO3)] 2 and [U02(CO3)3]4‘ (Fig. 15; Nash
et al., 1981, Cumberland et al., 2016) for the strong affinity of U to
carbonates (Behrends and Van Cappellen, 2005; Cheng et al., 2012). On
contrast, the formation is in an acidic environment, in which pyrites
dissolution creates a lot of local acidic and reducing centers favorable for
uranium precipitation. It can rationally speculate that when the two
fluids mix, both the mobility and stability of uranyl carbonate complexes
and silicate in the ore-bearing solution decrease abruptly as the sudden
decrease in pH. Simultaneously, stable uranyl carbonate complexes

100
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Fig. 15. Relative concentration of uranyl complexes for UO,-H,0-CO, system
under the following condition: concentration U 107® M: Pcoy 10725 at 1/100
seawater concentration at 25 °C (Modified after Cumberland et al., 2016).
Modelled speciation generated using PHREEQC (Parkhurst, 1995).
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break down into free uranyl ions that are readily to be adsorbed
(Bachmaf and Merkel, 2010; Li et al., 2013) and reduced (Hua et al.,
2006; Kelly et al., 2006; Stewart et al., 2010). Under the promotion of
microbes, coffinite deposits dominantly through the reduction of pyrite.
Therefore, the mixing of infiltrated alkaline fluids and internal acidic
reducing fluids contributes significantly to uranium mineralization.

6. Conclusions

In the Beisantai uranium deposit, diagenetic microcrystalline calcite
cement and epigenetic sparry cement dominantly occur in the redox
transition zone and the oxidation zone, respectively. The broad het-
erogeneity of 5'3C values, ranging from —29.2%o to —6.52%o, indicates
the mixed sources of carbon. The strongly negative isotopic signatures in
the transition zone suggest the great contributions of extrinsic hydro-
carbons for the lack of indigenous organic matter in sediments. The fluid
in the formation is weakly acidic, manifested by the widespread disso-
lution of microcrystalline calcite. The increased heavy carbon isotopic
signature in the oxidation zone is attributed to the infiltrated ground-
water characterized as alkaline, with carbonate dissolved. The mixture
of two fluids contributes significantly to uranium mineralization.

Pyrites in the ore-bearing rock, with extremely negative 534S values
(from —48.38%0 to —35.65%0), are formed through bacterial sulfate
reduction. Combining the morphology features, distribution patterns,
and the geochemical characteristics between individual pyrites and ore-
related pyrites, a successive process of pyritization can be revealed. The
pyritization has lasted a relatively short period and ceased before the ore
stage due to the consumption of organic matter as well as the decline of
sulfate-reducing bacteria. Pyrite is the predominant reductant for the
precipitation of coffinite, with the catalysis and acceleration of
microbes.
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