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ARTICLE INFO ABSTRACT
Keywords: The Zhijin phosphorite deposit is a giant early Cambrian rare earth element (REE) deposit, with particular
Transmission electron microscopy enrichment in heavy REEs, and is of high economic significance. The REEs of the deposit occur almost entirely in

Early cambrian

Zhijin REE-rich phosphorite
Nanoscale francolite
Hydrothermal sedimentary

apatite, which, on the basis of petrographic characteristics, can be divided into francolite grains (90%), amor-
phous apatite, and phosphate fossils. In this paper, we report an investigation into francolite grains in different
types of phosphorite from ore sections of the Zhijin deposit. Detailed petrographic and transmission electron
microscopy observations reveal that the francolite grains are composed of nano-apatite crystals measuring
120-160 nm long. Trace-element contents of pyrite and whole-rock geochemical indicators (such as Cr/Zr and V/
Ni ratios and Th/U-Co/Ni plots) suggest that the Zhijin phosphorite formed in an anoxic hydrothermal sedi-
mentary environment. However, the negative Ce/Ce* and Eu/Eu* anomalies indicate that the diagenetic envi-
ronment of the francolite grains was oxidic. Different diagenetic redox environments and the presence of
transportation fractures in francolite grains identified under back-scattered electron imaging reveal that the
francolite grains underwent prolonged abrasion and transportation in seawater before sedimentation. Petro-
graphic observations and laser ablation-mass spectrometry element surface scanning analyses indicate that the
REEs are uniformly distributed in nano-apatite in isomorphic form, and no nano-inclusions or REE minerals were
found, implying that late mineralization was not the cause of REE enrichment. The higher (La/Yb)y ratios of
francolite grains relative to seawater indicate that the francolite grains captured abundant REEs during the early
diagenetic stage. We infer that prolonged exposure to seawater and the high specific surface area of francolite
grains are the key factors that led to the enrichment in REEs. Combining the timing of the metallogenic epoch
(543 Ma), Sr-Nd isotopic data, and the Y/Ho ratio, which is close to those of modern seawater, indicates that the
REEs were sourced from paleo-seawater. Paleogeographic information suggests that during the early Cambrian,
extensive continental collisions caused great amounts of continental weathering products to enter the paleo-
ocean, leading to the production of abundant amounts of hydrothermal-sedimentary phosphorus and REEs in
shallow seas, thus forming an ideal sedimentary environment for generating the REE resources of the Zhijin
phosphorite deposit.

1. Introduction earth elements (REEs) in global phosphorites exceed those of most
known REE deposits, meaning that the utilization of associated REE
Phosphorite is a non-renewable economic resource and is conse- resources in phosphorite deposits has recently attracted more attention

quently a geological research topic of high interest. The contents of rare (Radhika et al., 2011; Emsbo et al., 2015). It is generally considered that
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Fig. 1. Geological sketch map of the Zhijin mining region, after Zhou et al. (2019).

REEs enter apatite during the earliest stage of diagenesis, thus faithfully
recording the REE composition of seawater at the time of deposition
(Elderfield and Pagett, 1986; Wright et al., 1987; Piper et al., 1988;
Picard et al., 2002; Lécuyer et al., 2004; Martin and Scher, 2004), with
many studies interpreting normalized REE patterns similar to those of
modern seawater as major elements (Elderfield and Pagett, 1986;
Wright et al., 1987; Piper et al., 1988; Picard et al., 2002; Martin and
Scher, 2004). Variation in REE abundance in phosphorite is attributed
mainly to lithofacies, grain size, burial time, and burial depth (McArthur
and Walsh, 1984; Ilyin, 1998; Shields and Stille, 2001; Shields and
Webb, 2004). Some geologists have considered that REE content is the
product of post-deposition alteration, whereby REEs are redistributed
between detrital and authigenic phases during the process of attaining
diagenetic equilibrium between phosphate solid and pore water
(McArthur and Walsh, 1984; Ilyin, 1998; Shields and Stille, 2001;
Shields and Webb, 2004; Bright et al., 2009). The primary impetus for
the study of REEs in phosphates has been the investigation of phosphate
genesis and paleo-marine chemistry (Piper, 1999; Lécuyer et al., 2004;
Emsbo et al., 2015). However, the geological processes controlling the
content of REEs in phosphorites remain uncertain, and the source of
REEs in phosphorite is also unclear, meaning that further studies of
typical deposits are needed to elucidate phosphorite REE deposit
genesis.

It has been suggested that apatite plays an important role in the REE
enrichment mechanism of phosphorites and that it forms within the
upper part of the sediment pile during early diagenesis (e.g., Peru con-
tinental margin) or at/near the sediment-water interface (e.g., Miocene
Monterey Bay Formation; Follmi, 1996; Gadd et al., 2016). The REEs in
phosphate-rich rocks are almost entirely contained in apatite (Jarvis
et al., 1994; Emsbo et al., 2015), and this mineral is known to faithfully
record the environment of diagenesis and to reveal the mechanism of
REE enrichment (Reynard et al., 1999; Harlov and FOrster, 2003;
Shields and Webb, 2004; Li and Zhou, 2015; Fan et al., 2016).

The Zhijin phosphorite deposit developed in phosphorus-bearing
strata of the Yangtze platform during the early Cambrian, an impor-
tant phosphorus-forming period during which >150 phosphorite de-
posits formed globally (Holland, 2005; Emsbo et al., 2015). The Zhijin
deposit contains proven phosphate ore reserves of 13.48 x 10° t and rare

earth oxide reserves of 144.6 x 10* t, and it is a typical REE-rich
phosphorite marine sedimentary deposit (Gui and Zhen, 1987; Zhang
et al., 2003; Zhang et al., 2007a; Zhang et al., 2007b; Liu et al., 2016;
Guo et al., 2017; Xu et al., 2019). Abundant fossils are preserved in the
Zhijin phosphorite, revealing that the development of the phosphate
deposit was accompanied by biological prosperity (Broecker, 1982;
Runnegar, 2000). Previous studies have confirmed that the occurrence
of the deposit was controlled by stratigraphy, lithofacies, and paleoge-
ography (Zhang et al., 2003; Zhang et al., 2007a; Zhang et al., 2007b;
Mao et al., 2014; Liu et al., 2016). Clastic structure and tidal bedding
indicate that the phosphorite formed in a turbulent tidal environment
(Zhang et al., 2007a; Zhang et al., 2007b; Chen et al., 2010; Guo et al.,
2017).

Regarding the enrichment mechanism of REEs in Zhijin phosphorite,
several studies have demonstrated that only negligible REEs are absor-
bed by clay mineral grains, with the dominant amounts of REEs occur-
ring in apatite (Zhang et al., 2007a; Zhang et al., 2007b; Chen et al.,
2010; Xu et al., 2019). The phosphate mineral in Zhijin phosphorite is
termed as “collophanite”, and it is considered that REEs in phosphorite
occur in isomorphic form, displaying the characteristics of MREE
enrichment and right-dipping patterns of HREEs in element variation
diagrams (Gui and Zhen, 1987; Zhang et al., 2007a; Zhang et al., 2007b;
Liu et al., 2016; Lou and Gu, 2019). However, the mineral compositions
or micro-petrography of phosphate aggregates of the Zhijin deposit have
not been studied, meaning that the ultra-microscopic petrographic
characteristics of REE-hosting apatite in the deposit, the enrichment
mechanism of REEs, and the source of REEs are poorly understood.

In this paper, we present a detailed study of the ultra-microscopic
petrographic characteristics of apatite (francolite grains) by trans-
mission electron microscopy (TEM) to establish the occurrence of REEs
in phosphorite. On the basis of whole-rock and francolite grain
geochemistry, we reveal the diagenetic processes of francolite grains and
the sedimentary environment of the phosphorite. We also constrain the
REE source of the deposit through analysis of whole-rock Sr-Nd isotopes
and apatite Sr isotopes. Our results thus allow the source and enrichment
mechanism of REEs in the Zhijin phosphorite deposit to be established.
The investigation should also provide a reference for the study of REE-
associated deposits and the environmental conditions that existed
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Table 1
Average chemical composition (wt.%) of the phosphate from Zhijin region.
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Dolomitic phosphorite

Siliceous phosphorite

Phosphoric dolomite

Av. (n = 14) Max. Min. Std. Av. (n =9) Max. Min. Std. Av.(n=7) Max. Min. Std.
SiO, 2.3 4.4 0.7 1.1 28.8 59.1 12.6 16.1 3.3 9.1 1.0 2.6
Al,03 0.5 0.9 0.1 0.3 4.5 16.3 0.6 4.7 0.5 1.4 0.0 0.5
Fe,03 0.7 1.4 0.3 0.3 3.1 6.8 0.1 2.4 0.8 1.7 0.1 0.6
CaO 47.3 529 38.6 5.5 28.5 43.8 2.8 11.6 33.0 37.2 30.0 2.5
MgO 5.0 12.5 0.1 5.0 3.1 8.2 0.3 2.4 17.0 20.8 13.1 3.1
Na,O 0.1 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
K,0 0.2 0.3 0.1 0.1 1.3 4.2 0.2 1.2 0.2 0.5 0.0 0.2
MnO 0.0 0.1 0.0 0.0 0.1 0.5 0.0 0.2 0.1 0.2 0.0 0.1
P05 28.5 37.7 14.6 9.2 17.7 28.2 0.2 8.6 5.9 12.4 0.4 4.4
SO3 0.2 0.5 0.1 0.1 2.5 12.1 0.1 3.8 0.1 0.5 0.0 0.2
BaO 0.09 0.32 0.02 0.09 0.04 0.07 0.01 0.02 0.05 0.09 0.01 0.04
LOI 12.87 28.84 2.16 10.75 10.61 23.70 4.55 5.27 38.13 44.73 30.24 5.66
Total 99.21 97.09 0.64 100.55 109.65 97.68 3.61 99.10 99.67 98.53 0.38 99.21

during the early Cambrian.

2. Geological SETTING
2.1. Deposit geology

The Zhijin phosphate deposit is located in southwestern China, in the
interior of the Yangtze Block and at the southwestern end of the
Qianzhong Uplift (Fig. 1; Liu et al., 2016). The orebody has a strip shape
in plain view, has an inclination of 10°-15°, extends 20 km in a NE-SW
direction, and has a varying width of 0.4-4.0 km (Guo et al., 2017). The
average grade of P;Os in the Zhijin phosphate ore is 17.51%, and the
grade of rare earth oxides (REO53) is 0.05%-0.13%. The proven reserves
of phosphate ore amount to 1.334 billion tons, with 1.446 million tons of
REOj, of which YO5 accounts for 32.18% (Liu et al., 2016). The orebody
can be divided into four mineralization sections from northeast to
southwest: the Jiaguo-Daga, Guohua, Gezhongwu, and Gaoshan sec-
tions. The profile of the Gezhongwu mineralization section is well pre-
served and the orebody there occurs in horizontal bedded or lenticular
forms. Clastic phosphorite and fine-grained dolomite are intercalated,
and siliceous phosphorite appears at the top in Gezhongwu (Liu et al.,
2016). The main exposed strata are the Upper Sinian Dengying, lower
Cambrian Gezhongwu, Niutitang, and Mingxinsi formations, together
with lower Carboniferous, middle upper Permian, middle Lower
Triassic, and Quaternary beds (Fig. 1; Xu et al., 2019).

2.2. Early Cambrian paleogeography

The Precambrian—Cambrian was one of the most significant periods
in the history of Earth, as it spanned a time of major changes in the
biosphere (e.g., the Cambrian bioexplosion). During this period, so-
called phosphorite events occurred in Asia and Australia, character-
ized by the extensive deposition of phosphorite (with the formation of
>100 known phosphorite deposits; Berner et al., 2003; Wen et al.,
2011). During the early Cambrian, the first part of the Cambrian life
explosion occurred, and abundant shellfish fossils were buried in
phosphorite (Zhang et al., 2003; Moysiuk et al., 1989). In southern
China, during the Precambrian-Cambrian transition, numerous eco-
nomic phosphate deposits were formed on the Yangtze platform. From
the latest Sinian to the beginning of the Meishucun period of the early
Cambrian, the Yangtze platform underwent large-scale transgression,
forming a shallow sea. During deposition of the upper Sinian Dengying
Formation, a marine transgression occurred, and the ancient land of
Guizhou was submerged, initiating the deposition of abundant phos-
phorites. At the same time, a deep anoxic water mass was brought to the
shelf area of the southeast by ocean currents, anoxifying the shelf
environment and favoring the deposition of numerous siliceous rocks
and shales. During the Qiongzhusi period of the early Cambrian, the

large-scale marine transgression of the Yangtze platform ended, sea level
lowered, and the Zhijin region was transformed to an inland shelf
environment (Wen et al., 2011; Fan et al., 2016).

2.3. Phosphorite

Phosphorus-rich sedimentary rocks with P,Os5 contents of > 18% are
termed as phosphorites. Phosphorite deposits of the Zhijin Region
contain phosphatic particles that can be divided into three types
depending on their mineral content: dolomitic phosphorite, siliceous
phosphorite, and phosphorous dolomite (Table 1, Fig. 2).

In the Zhijin deposit, siliceous phosphorite is distributed mainly in
the upper part of the phosphorite series and alternates with dolomitic
phosphorite in the lower part. The content of P2Os in siliceous phos-
phorite is generally 8.2%-28.2% (Fig. 3B) and in dolomitic phosphorite
is generally 14.6%-37.7% (Fig. 3A). The phosphorous dolomite is
distributed mainly in the lower part of the dolomitic phosphorite
(Fig. 3C) and alternates with dolomitic phosphorite in its upper part; the
P,0s5 content in phosphorus dolomite is < 12%, with an average of 5.9%.

The dolomitic phosphorite is gray to gray-black and composed of
clastic minerals and dolomite matrix; the clastic materials are mainly
phosphate minerals and dolomite (Fig. 3A). The dolomitic phosphorite
also contains small amounts of quartz, chalcedony, calcite, and clay
minerals, which are scattered in the dolomite matrix in irregular gran-
ular form. Phosphate minerals are present as banded, columnar, and
granular apatite aggregations, as well as a small number of fossils (<5%,
Fig. 3D). The apatite aggregations that we refer to as “francolite grains”
are 30-50 pm wide and 180-300 pm long, with directional and semi-
directional structures, and are composed of cryptocrystalline nano-
apatite, accounting for 85%-90% of the total amount of phosphate
minerals. The dolomite matrix also contains phosphate minerals, which
we term as “amorphous apatite”. These phosphates have no obvious
profile and are interwoven with dolomite matrix, and their content is <
5% of the total phosphate.

The siliceous phosphorite is gray to gray-black and has a similar
mineral composition to that of the dolomitic phosphorite, but the clastic
materials contain more siliceous minerals. The francolite grains are
40-60 pm in width and 150-300 pm in length and account for 80%-85%
of the total amount of phosphate minerals. The bioclasts are composed
of bacteria, algae, and fossil crustaceans. The interstitial materials are
mainly microcrystalline quartz particles and dolomite; amorphous
apatite as an interstitial material accounts for 10%-15% of the total
amount of phosphate (Fig. 3B, F).

The phosphorus dolomite is gray to gray-white with a small amount
of apatite debris, which is composed predominantly of micro-
crystalline-cryptocrystalline dolomite.
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Fig. 2. Drillhole columnar sections of the Zhijin phosphorite deposit.

3. Samples and analytical methods

3.1. Sampling

A total of 64 samples were collected from Linfeichang (LFC),
Motianchong (MTC) and Gezhongwu (GZW) in Zhijin region, and 52
polished thin-sections were prepared and examined using both trans-
mitted and reflected light microscopy. 30 fresh rock samples were
broken into thumb-sized fragments, then cleaned with 5% dilute hy-
drochloric acid solution under ultrasonic conditions, then washed with
water, dried and removed the contaminated sample fragments visible to
the naked eye. Rock fragments were crushed in an agate mortar and
ground to <200 mesh powders, which were used for major and trace
element and Sr-Nd isotope analysis.

3.2. Transmission electron microscopy (TEM)

TEM study was conducted in the Guangdong Provincial Key Labo-
ratory of Mineral Physics and Materials, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIGCAS). Samples were
extracted from thin sections prepared using a special resin, which allows
easy extraction of small portions of slices by acetone. After extraction,
samples were mounted on copper grids. Ion-beam thinning was per-
formed using a Gatan Duo Million beam thinning machine at 5 kV with a
tilt angle of 11. The sample was coated slightly with carbon to prevent
charging before TEM analyses. FEI Talos F200S (STEM) was used to take
images and perform electron diffraction analysis.
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Fig. 3. Microstructural characteristics of phosphorites in the Zhijin region: (A) dolomitic phosphorite; (B) siliceous phosphorite; (C) phosphorous dolomite; (D)
bioclasts in phosphorite, after Xu et al. (2019); (E,F) cathodoluminescence image of francolite grains and francolite grains (sapphire colored) mixed with amorphous
apatite (orange colored); (G) SEM images of pyrite particles in phosphorite; (H) SEM image of typical francolite grains; (I-L) typical microstructure of sample
ZK2002; (J) cathodoluminescence image showing the typical microstructure of sample ZK2002, with francolite grains and amorphous apatite shown in modena color;
(K-L) La and Mg (representing dolomite) qualitative elemental maps for sample ZK2002.

3.3. Electron microprobe analysis (EMPA)

EMP analysis was conducted using a JEOL JXA-8100 microprobe at
the Guangdong Provincial Key Laboratory of Mineral Physics and Ma-
terials, GIGCAS. The analysis was performed using a 15 kV accelerating
voltage and a 20nA beam current. The beam spot diameter was set at 1
pm. All data were corrected using standard ZAF correction procedures.

3.4. In situ trace element analysis by LA-ICP-MS

We selected apatite and dolomite from the Zhijin region for in-situ
trace element analysis, the analysis was performed using a Resolution
M-50 laser ablation system coupled to an Agilent 7500a type ICP-MS at
the GIGCAS. Helium was used as a carrier gas to enhance the transport
efficiency of the ablated material. Analyses were performed with a beam
diameter of 44 pm and a repetition rate of 4 Hz. The counting times were
20 s and 40 s for the background and sample analysis, respectively. A
glass standard NIST 610 and NIST 612 was used as an external cali-
bration standard, calcium was used as the internal standard. Precision
based on repeated analysis of standards is better than 10%.

3.5. In situ Sr isotope analysis by MC-ICP-MS

In situ Sr isotopic measurements was carried out using a NWR 193
laser-ablation system attached to a Thermo Fisher Scientific Neptune
Plus MC-ICP-MS at Beijing Createch Testing Technology Co., Ltd.
Instrumental description is given below. A spot size of 60 was employed
with a 6-8 Hz repetition rate and an energy density of 10 J/cm?,
depending on the Sr concentration of the samples. Prior to laser ana-
lyses, the Neptune MC-ICP-MS was tuned using a standard to obtain
maximum sensitivity. A typical data acquisition cycle consisted of a 40 s
measurement of the Kr gas blank with the laser switched off, followed by
60 s of measurement with the laser ablating. Every ten sample analyses
were followed by one Durango apatite reference material measurement
for external calibration.

3.6. Whole-rock Sr-Nd isotopes

Sr was loaded onto tungsten elements with tantalum oxide and
analyzed for 8Sr/%%sr on a Micromass Sector 54 in dynamic mode at
Guizhou Tongwei Analytical Technology Ltd. Two hundred ratios were
collected at 1.5 V 88Sr. Mass fractionation was corrected to $0Sr/%8sr =
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Table 2
Trace-element contents (ppm) of phosphate from the Zhijin region.
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Dolomitic phosphorite

Siliceous phosphorite

Phosphoric dolomite

Av. (n =14) Max. Min. Std. Av.(n=9) Max. Min. Std. Av.(n=7) Max. Min. Std.
Cr 19 40 7.0 7.8 38 110 10 27 14 26 6.0 7.1
Zr 18 28 7.0 7.0 70 178 16 55 8.8 20 2.0 5.7
Co 12 68 0.8 23 5.1 20 1.2 5.4 1.2 2.1 0.8 0.4
Ni 17 75 2.9 26 290 2010 7.2 612 11 41 2.5 13
Th 3.1 45 1.6 0.9 7.6 26 2.2 7.0 1.2 2.8 0.06 0.90
u 9.0 21 3.4 4.9 65 309 3.7 103 5.7 15 0.9 5.9
\% 12 18 6.0 4.1 90 264 12 97 14 26 6.0 7.1
As 29 151 5.9 41 153 740 3.9 232 7.7 22 0.81 6.8
Sb 17 116 1.6 33 14 52 1.4 15 3.4 5.8 0.85 1.7
Mn 280 808 62 230 697 3510 18 1023 821 1320 186 390
St 805 1400 475 255 448 835 88 264 212 361 39 133
La 263 368 141 76.7 156.1 312 36 106.3 62.7 128.0 1.9 46.3
Ce 168 265 86 58.8 154.2 285 69.9 70.5 41.3 77.4 1.8 30.3
Pr 46.0 67.8 25 14.3 34.3 68.2 8.5 18.6 10.8 21.4 0.4 7.9
Nd 197 305 107 64.4 154.1 295.0 32.6 80.7 45.1 89.6 1.6 32.8
Sm 35.4 58.3 19 12.3 30.0 54.1 6.3 14.9 8.0 15.7 0.4 5.8
Eu 9.3 17.2 4.8 3.9 7.9 12.4 1.3 3.6 2.0 3.8 0.1 1.4
Gd 43.8 67.7 24.6 14.4 35.1 65.6 6.0 18.0 10.2 20.3 0.4 7.4
Tb 5.9 8.5 3.4 1.8 4.8 9.2 0.9 2.5 1.4 2.8 0.1 1.0
Dy 35.9 49.5 20.5 10.6 28.2 56.5 5.5 15.8 8.9 17.8 0.4 6.5
Ho 7.6 10.3 4.4 2.2 5.7 11.4 1.1 3.3 1.9 3.9 0.1 1.4
Er 19.7 26.5 11.3 5.6 14.5 29.9 3.2 8.6 5.2 10.0 0.2 3.7
Tm 2.4 3.1 1.4 0.6 1.7 3.6 0.5 1.1 0.6 1.2 0.0 0.4
Yb 11.2 14.8 6.7 2.9 8.3 18.2 3.0 5.1 3.3 6.3 0.2 2.3
Lu 1.5 1.9 0.8 0.4 1.1 2.4 0.4 0.7 0.5 0.9 0.0 0.3
Y 373 522 228 99.7 258.0 493.0 29.0 148.1 96.8 197.0 3.9 70.3
4. Results
2000
[ ® dolomitic phosphorite . .
[ @ siliceous phosphorite 4.1. Major-element and REE-Y compositions
| @ phosphorous dolomite (¢}
~ 1500 F @phosphorite (Zhou et al) @ o ° Major- and trace-element contents of phosphorite from the Zhijin
g [ ©phosphorite (Xu et al. ° @ region are given in Tables 1 and 2. The phosphorite can be divided into
S L Ophosp P g g phosp
& L Ophosphorite (Shi et al.) O o dolomitic phosphorite, siliceous phosphorite, and phosphorous dolo-
Ej 1000 i mite, based on differences in element contents. The average P2O5 con-
~ L ® ° & tents of the dolomitic phosphorite, siliceous phosphorite, and
[ :(.b oy phosphorous dolomite are 28.5%, 17.7%, and 5.9%, respectively
L 6‘ (Fig. 4). The mean SiO, contents are 2.3%, 28.8%, and 3.3%, respec-
500 - L2500 .. tively. The proportionsof francolite grains in phosphorous dolomite are
L ® o0 very limited, which can be reflected in the petrographic and geochem-
r 5) ical characteristics of dolomite matrix.
0 L The REE-Y compositions of francolite from the Zhijin region (three
0 10 20 30 40 50 sampling locations for each phosphorus mine: MTC, LFC, and GZW)

P,05 (%)

Fig. 4. Compilation of REE contents versus normalized P,Os contents of fran-
colite grains from the Zhijin region.

0.1194. The measured ¥7Sr/%Sr value and the external reproducibility
of NIST-987 at the University of Florida is 0.710245 R 0.000023. This
external precision is the uncertainty based on replicate analyses of NIST-
987 over a period of several years, and it represents the minimum un-
certainty assigned to any individual sample, although within-run un-
certainties were considerably lower. Twenty replicates analyzed during
the study yielded an average difference of 0.000015. Nd concentration
data were determined by isotope dilution thermal ionization mass
spectrometry. Cleaned, dissolved teeth were spiked for Nd concentra-
tions along with Sr. REEs as a whole were isolated on the first cation
exchange column and then processed through an additional cation ex-
change column using methylacetic acid as an eluent to isolate the Nd
and Sm. The total Nd procedural blank is 6 pg. Samples were loaded onto
Re elaments with silica gel and analyzed as NdO™.

were measured by LA-ICP-MS. The total REE-Y contents and elemental
ratios are listed in Table 3. The contents are the mean values of several
point analyses of each sample and were normalized to Post-Archean
Australian shale (PAAS; Taylor and McLennan, 1985; Fig. 5). The total
REE contents (XREE) of the francolite range from 778 to 1451 ppm, with
means values of 1047 ppm for the LFC, 1160 ppm for the MTC, and 865
ppm for the GZW. The Y contents of the francolite range from 363 to 664
ppm, with means values of 502 ppm for the LFC, 536 ppm for the MTC,
and 416 ppm for the GZW.

Anomalies of Ce/Ce*, Pr/Pr*, and Eu/Eu* were calculated after Bau
and Dulski (1996):

Ce/Ce* = (Cesample/Ceshale)/[0~5*(Lasample/Lashale) + 0.5*(Prsample/
Prshate)],

Pr/Pr* = (Prsample/Prshate)/[0.5*(Cesample/Ceshate) + 0.5*(Ndsample/
Ndshale)],

and

Eu/Eu* = (EUsample/EUshale) [0.5* (Smgample/SMshate) + 0.5*(Gdsample/
Gdshale)]~

All samples have pronounced negative Ce/Ce* anomalies
(0.30-0.42) and weak positive Pr/Pr* anomalies (1.07-1.23). Eu/Eu*
anomalies are mainly weak negative or absent (0.88-1.04), although
some samples from the LFC (with higher SiO5 content) show pronounced



Table 3
Contents of REEs (in ppm) in phosphate from the Zhijin region, after Zhang et al. (2007).
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y >REE Ce/ Eu/ Pr/ LaN/ LaN/
Ce* Eu* Pr* SmN YbN
LFC LFC-3-2 372.09 188.24 51.92 236.21 41.71 8.95 52.59 6.57 41.92 9.43 22.82 2.80 14.30 1.79 504.96 1051.33 0.31 0.88 1.14 1.67 2.45
LFC-3-7 353.51 191.89 55.73 260.85 45.94 9.82 54.57 7.29 44.61 9.48 23.23 2.42 12.66 1.46 501.87 1073.46 0.32 0.91 1.12 1.44 2.63
1fc-2-1 377.27 194.43 55.95 244.98 43.17 9.28 54.65 7.34 44.16 9.60 24.08 2.65 13.76 1.65 512.58 1082.97 0.31 0.88 1.18 1.64 2.59
1fc-2-6 416.04 214.79 60.63 273.78 49.22 10.74 60.07 7.99 48.56 10.37 26.18 2.90 14.74 1.79 547.76 1197.79 0.31 0.92 1.15 1.58 2.66
Ifc-2-11 387.29 201.74 55.53 252.85 45.68 9.80 54.76 7.54 45.66 9.87 24.56 2.78 13.37 1.73 535.52 1113.15 0.31 0.91 1.13 1.59 2.73
1fc-2-14 258.19 152.24 47.06 218.50 43.64 10.27 49.84 6.46 39.86 8.41 20.30 2.09 10.81 1.18 430.08 868.86 0.32 1.03 1.15 1.11 2.25
Ifc-2-19 355.04 180.09 50.76 222.97 39.23 9.40 50.60 6.86 43.39 9.05 22.21 2.50 13.51 1.48 499.31 1007.10 0.31 0.97 1.17 1.70 2.48
Ifc-2-23 369.15 178.05 46.82 207.14 36.08 7.73 44.89 6.27 39.17 8.55 22.39 2.66 13.49 1.70 488.51 984.10 0.30 0.89 1.15 1.92 2.58
MTC MTC-1-1 393.66 220.28 62.83 281.46 51.93 11.76 62.62 8.22 49.00 10.41 25.49 2.95 13.74 1.78 557.36 1196.13 0.32 0.96 1.16 1.42 2.70
MTC-1-6 413.33 226.74 63.67 263.01 46.73 10.73 55.18 7.19 45.65 9.94 24.01 2.87 13.30 1.82 516.24 1184.18 0.32 0.98 1.23 1.66 2.93
MTC- 403.36 225.41 62.60 282.21 52.48 11.17 60.69 8.49 50.30 10.65 26.88 3.00 14.88 1.87 563.07 1213.99 0.33 0.92 1.14 1.44 2.56
1-15
MTC- 351.68 235.41 75.15 358.90 64.06 13.84 71.05 8.97 53.66 10.65 23.84 2.36 10.14 1.04 508.46 1280.76 0.34 0.96 1.13 1.03 3.27
1-18
MTC- 522.85 270.70 73.82 322.97 54.97 11.60 66.35 8.77 55.35 11.79 29.77 3.44 17.18 2.20 644.97 1451.77 0.31 0.89 1.17 1.78 2.87
1-23
MTC-3-1 395.88 199.15 55.27 244.84 42.89 9.32 53.60 7.22 43.77 9.57 24.82 2.87 15.14 1.95 539.09 1106.29 0.31 0.90 1.16 1.73 2.47
MTC-3-6 399.74 203.67 57.75 259.94 45.20 10.31 56.02 7.54 45.86 10.29 25.25 2.94 15.05 1.81 551.34 1141.36 0.31 0.95 1.15 1.66 2.50
MTC- 367.49 180.31 48.70 216.81 38.42 8.50 47.46 6.48 39.00 8.56 21.96 2.73 13.65 1.69 496.60 1001.75 0.30 0.92 1.15 1.79 2.54
3-14
MTC- 295.76 152.95 43.60 195.33 36.90 8.08 44.80 5.97 36.86 7.95 20.17 2.25 12.05 1.54 451.10 864.22 0.31 0.92 1.16 1.50 2.31
3-20
GZIW ZK2504-6 281.00 144.71 40.89 182.26 34.67 7.46 41.29 5.62 34.77 7.62 19.77 2.26 11.28 1.49 423.09 815.08 0.31 0.91 1.16 1.52 2.35
ZK2504-9 347.77 178.26 49.13 209.99 37.42 7.92 45.63 6.10 38.34 8.72 22.07 2.51 13.54 1.70 472.27 969.09 0.31 0.89 1.19 1.74 2.42
ZK2504- 379.49 193.69 54.68 242.25 43.14 8.92 53.46 7.17 45.18 9.46 24.22 2.76 14.92 1.77 521.11 1081.09 0.31 0.86 1.16 1.65 2.40
14
ZK2504- 341.37 177.07 48.53 212.51 37.60 8.35 46.65 6.26 38.65 8.53 21.44 2.48 12.61 1.52 462.53 963.58 0.31 0.92 1.17 1.70 2.55
22
ZK2504- 300.76 148.04 39.93 179.82 31.21 6.62 39.80 5.38 35.68 7.86 20.57 2.49 12.15 1.51 436.59 831.82 0.30 0.87 1.14 1.81 2.33
31
ZK2004- 256.75 139.91 40.41 186.38 35.43 8.31 42.60 5.84 35.96 7.84 19.16 2.18 10.43 1.28 408.44 792.49 0.32 0.99 1.14 1.36 2.32
01
ZK2004- 320.16 165.84 46.13 206.33 36.94 7.98 46.26 5.87 37.46 8.41 21.27 2.43 12.38 1.49 444.89 918.96 0.31 0.89 1.15 1.62 2.44
05
ZK2004- 288.67 145.09 37.53 167.23 28.14 6.03 35.68 4.92 30.12 6.70 18.26 2.19 10.63 1.41 389.20 782.59 0.31 0.88 1.13 1.92 2.56
11
ZK2004- 311.84 155.78 41.88 187.29 33.69 6.88 39.63 5.62 34.86 7.65 19.80 2.41 12.64 1.60 426.77 861.58 0.31 0.87 1.14 1.73 2.33
20
ZK2002-8 296.79 219.33 48.29 219.90 42.47 10.13 48.64 6.74 40.89 8.85 21.27 2.44 11.73 1.59 403.94 979.06 0.42 1.04 1.07 1.31 2.39
ZK2002- 250.10 191.18 45.03 216.02 41.88 9.40 50.00 6.64 38.33 7.99 19.27 2.10 10.30 1.21 363.60 889.45 0.42 0.95 1.05 1.12 2.29
23
Bioclast 1 117.53 75.64 17.93 78.6 13.86 3.21 16.49 2.31 14.31 3.08 8.48 1.02 5.29 0.72
2 113.72 66.59 18.32 80.23 13.95 3.26 16.51 2.36 14.75 2.97 8.17 0.99 4.99 0.69
Shelly 1 28.3 35.7 7.47 36.2 8.58 2.58 13.4 1.75 10.2 217 5.4 0.89 3.1 0.65
fossil 2 41.1 58.3 11.5 55.9 15.2 3.68 17.1 2.53 15.2 3 7.76 1.22 4.72 0.96
Dolomite 1 10.7 18.7 2.53 10.5 2.08 0.44 2.36 0.34 1.95 0.39 1.08 0.15 0.83 0.13
2 1.6 1.7 0.25 1.1 0.2 0.07 0.26 0.03 0.17 0.04 0.11 0.01 0.07 0.01
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Fig. 5. Post-Archean Australian shale (PAAS; Taylor and McLennan, 1985) normalized REY patterns of representative phosphorite samples. (A) REEs of the whole
rock, dolomitic phosphorite, siliceous phosphorite, and phosphorous dolomite. (B) REEs of francolite grains of the MTC, LFC, and GZW. (C) REEs of small shelly
fossils, bioclasts, and dolomite, after Zhang et al. (2007). (D) REE contents in various minerals, after Zhang et al. (2007).
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Fig. 6. Bright-field TEM images of apatites in francolite grains of siliceous phosphorite in Zhijin. (a) SEM image of an FIB slice of a typical francolite grain. (b—e)
Enlargement of the image in (a), showing hexagonal hydroxyapatite nano-crystals observed in the direction of the c-axis. (f~-g) HRTEM image of a nano-crystal with
its FFT pattern indicating a zone axis orientation of [001]. (h) Bright-field TEM image of typical amorphous apatite, after Liu (2008).

positive anomalies. Compared with LREEs and HREEs, MREEs show
slight enrichment. Relative to modern seawater (Reynard et al., 1999),
the high (La/Yb)y ratios of francolite grains imply that they are enriched
in LREEs, which may be related to the abnormally high La content.
However, values of (La/Sm)y are in the range of modern seawater.

It should be noted that LA-ICP-MS analyses carefully avoided
ablation of non-apatite minerals and that abundant data were analyzed,
but francolite from Zhijin is composed of aggregates of numerous

microcrystalline individual apatite grains, meaning that there may be a
small amount of matrix (dolomitic or siliceous) in spaces between
mineral aggregates, resulting in some non-apatite minerals being abla-
ted. However, whole-rock trace-element analyses of REE contents and
REE partitioning in the phosphorite are similar to those of francolite
grains, meaning that any interference of the phosphorite matrix was
negligible.
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Table 4

Ore Geology Reviews 138 (2021) 104342

Sr-Nd isotopic compositions of the phosphate and carbonate fractions in the rock samples.

dolomitic phosphorite siliceous phosphorite

phosphoric dolomite

Av.(n=14) Max. Min. Std. Av.(n=9)
SiO, 2.3 4.4 0.7 1.1 28.8
Aly03 0.5 0.9 0.1 0.3 4.5
Fey03 0.7 1.4 0.3 0.3 3.1
CaO 47.3 52.9 38.6 5.5 28.5
MgO 5.0 12.5 0.1 5.0 3.1
Na,O 0.1 0.1 0.0 0.0 0.1
K0 0.2 0.3 0.1 0.1 1.3
MnO 0.0 0.1 0.0 0.0 0.1
P20s 28.5 37.7 14.6 9.2 17.7
SO3 0.2 0.5 0.1 0.1 2.5
BaO 0.09 0.32 0.02 0.09 0.04
LOI 12.87 28.84 2.16 10.75 10.61
Total 99.21 97.09 0.64 100.55 109.65

Max. Min. Std. Av.(n=7) Max Min. Std.
59.1 12.6 16.1 3.3 9.1 1.0 2.6
16.3 0.6 4.7 0.5 1.4 0.0 0.5
6.8 0.1 2.4 0.8 1.7 0.1 0.6
43.8 2.8 11.6 33.0 37.2 30.0 2.5
8.2 0.3 2.4 17.0 20.8 13.1 3.1
0.1 0.0 0.0 0.0 0.0 0.0 0.0
4.2 0.2 1.2 0.2 0.5 0.0 0.2
0.5 0.0 0.2 0.1 0.2 0.0 0.1
28.2 0.2 8.6 5.9 12.4 0.4 4.4
12.1 0.1 3.8 0.1 0.5 0.0 0.2
0.07 0.01 0.02 0.05 0.09 0.01 0.04
23.70 4.55 5.27 38.13 44.73 30.24 5.66
97.68 3.61 99.10 99.67 98.53 0.38 99.21

4.2. Micro-petrography and mineralogy

Individual crystals of apatite can be observed clearly using TEM. At
x 100,000 magnification, francolite is observed to consist of pure
apatite crystals, with the electron diffraction pattern showing the
characteristics of apatite (Fig. 6). Individual apatites are pseudohex-
agonal granular or short columnar, with a self-shaped structure. Short
axes measure 40-100 nm, with most 50-70 nm, and long axes are
80-250 nm, with most 120-160 nm. Individual crystal particles adsorb
each other and form granular francolite grains. Under TEM, grain
boundaries of apatite are regular and clear without connected crystals or
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growth edges. These nanometer-sized apatites have a chemical origin,
with no biological residue or biological structure.

Studies of crystal morphology have shown that the growth and
evolution of individual crystals in polycrystalline aggregates are not
irregular but coordinated with each other (e.g., Zhao, 2016). In the
francolite of the Zhijin phosphorite, individual apatite crystals do not
restrict each other but grow together harmoniously (Fig. 6b,c). We infer
that the apatite crystals have a simple relationship of mutual adhesion.
The crystals were connected by physical adsorption on surfaces and
were then deformed during mineralization (Fig. 6d,e).

In the Zhijin region, amorphous apatite in the form of cement is
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Legend: © dolomitic phosphorite @siliceous phosphorite @ phosphorous dolomite

Fig. 7. Plots of sedimentary environment parameters for phosphorite samples from Zhijin. (A) Zr—Cr diagram showing data for different phosphorites, after Marchig
(1982). I: Seawater hydrothermal trend line, II: hydrogenic sediment field, III: hydrodiagenetic-metal-bearing sediment field. (B) Ni-Co diagram for pyrite, after
Huston et al. (1995), Large et al. (2007) and Zhao (2016). Abbreviations: SP: sedimentary pyrite, HEP: hydrothermal exhalation pyrite. (C-D) Diagrams of oxida-
tion-deoxidation environment parameters of phosphorite samples from Zhijin, after Ross and Bustin (2006). legend: I: oxidation environment, II: suboxidation

environment, III: reduction environment.
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distributed in the matrix of dolomitic phosphorite and siliceous phos-
phorite. Electron microprobe analysis showed that the amorphous
apatite was composed mainly of apatite minerals and minor bio-organic
residues (Fig. 6h). This type of apatite accounts for only 5%-10% of the
total and was therefore not investigated further in this study.

4.3. Sr-Nd isotope measurements

Isotopic ratios of Sr and Nd are listed in Table 4, including whole-
rock Sr and Nd ratios, as well as Sr ratios of individual minerals. The
Nd content of francolite grains is < 400 ppm, which does not allow
accurate estimates to be made of in situ Nd isotope ratios. Initial
143Nd/**Nd ratios of the phosphorites range from 0.511944 to
0.512074, and eNd (543 Ma) values vary from — 7.18 to — 5.65.

Ratios of &Sr/%Sr of phosphorite in the samples are
0.708716-0.710231, except for LFC-3-4, which has a ratio of 0.713129.
Initial (543 Ma) 87Sr/80Sr ratios of the whole rock and in situ francolite
grains are 0.707904-0.709095 and 0.708701-0.709399, respectively.

5. Discussion
5.1. Paleosedimentary environment of phosphorite

5.1.1. Hydrothermal-sedimentary system

If a hydrothermal system injects fluid into the sea or a lake basin,
then sedimentation is controlled and induced by the hydrothermal
medium (e.g., seawater, lake water, hot spring, with a water tempera-
ture of 70-350 °C); the system is thus referred to as hydro-
thermal-sedimentary, and the deposit formed is termed as a
hydrothermal-sedimentary deposit (Chen et al., 1992; Zhao, 2016).
During hydrothermal processes, Cr is partly mobile and is enriched in
hydrothermal precipitates without being followed by other lithophile
element (Marchig, 1982). Consequently, the correlation between Cr and
Zr decreases during hydrothermal sedimentary and can be negligible.
However, the Cr/Zr ratio in diagenetic metalliferous sediments is similar
to that in deep-sea sediments, and the correlation between Cr and Zr is
high. The Zr contents in hydrothermal metalliferous sediments is
generally < 50 ppm and does not increase with increasing Cr contents
(Marchig, 1982). In contrast, Zr contents in deep-sea sediments and
diagenetic metalliferous sediments usually exceed 100 ppm. The Zr
contents in the dolomitic phosphorites, siliceous phosphorites, and
phosphorous dolomites from Zhijin are 7.0-28 ppm, 16-178 ppm
(mostly < 40 ppm), and 2.0-20 ppm, respectively (Fig. 7A, Table 3).
Data for the three types of phosphorite sample fall near the line of
modern hydrothermal-metal-bearing sediments, suggesting a hydro-
thermal-sedimentary origin.

Pyrite (FeS3) can contain up to 50 trace elements, which can provide
important geochemical information, such as the origin and genesis of the
deposit (Thomas et al., 2011). Pyrite with high degrees of automorphism
is widely distributed in the dolomite matrix of the Zhijin phosphorite
samples (Fig. 3G). A total of 22 morphologically regular pyrites from the
phosphorite samples were analyzed for trace-element contents. The
pyrites are tiny and isolated, scattered, and embedded in the matrix, and
show no relationship with francolite. The Co contents in these pyrites
are 10-1100 ppm, with a mean of 749 ppm. The Ni contents in 14 pyrite
grains are lower than the detection limit, and the Ni contents in 8 pyrite
grains range from 10 to 260 ppm. The most significant feature of pyrite
is that Co and Ni replace Fe?*, which changes the cell parameters of
pyrite (Dill and Kemper, 1990; Guy et al., 2010). In hydro-
thermal-sedimentary deposits, Co preferentially enters the pyrite lattice
due to its lower unit cell coefficient and becomes enriched in pyrite with
Co/Ni > 1, whereas in low-temperature sedimentary deposits, Ni can
enter the pyrite lattice more easily than Co, with Co/Ni < 1 (Bajwah
et al., 1987; Dill and Kemper, 1990; Guy et al., 2010; Gregory et al.,
2015; Zhao 2016). With a mean value of 10 for Co/Ni (Fig. 7B), the
Zhijin  pyrite is interpreted to have formed in a
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hydrothermal-sedimentary environment.

Previous geochemical and petrographic investigations have also
revealed that phosphorites from the Zhijin region show the character-
istics of hydrothermal sediments (Shi, 2005; Chen et al., 2006; Quan
et al.,, 2007; Jia et al., 2018; Liu et al., 2019; Zhang et al., 2019; Qiu
et al., 2021). Shi (2005) pointed out that As and Sb in phosphorite are
enriched relative to the average sedimentary rock content for Zhijin and
that the phosphorite shows hydrothermal-sedimentary features
(Bostrom, 1983; Marchig, 1982). Our samples show these same char-
acteristics. An Fe-Al-Mn diagram for Zhijin phosphorite also suggests
that the deposition of phosphorite was influenced by hydrothermal
sedimentation (Quan et al., 2007). Furthermore, Liu et al. (2019)
identified isolated primary fluid inclusions in siliceous phosphorite of
the GZW and in dolomitic phosphorite of the Guohua ore-section, for
which the homogenization temperature was estimated as 87.5-184.3 °C,
implying that the original hydrothermal fluid was low temperature.

5.1.2. Anoxic environment

Study of the oxidation-reduction environment of sedimentary de-
posits can give insights into the sedimentary depositional environment
and genesis. Elements such as V, Ni, Co, Th, and U in sediments are redox
sensitive (Francois, 1988; Anderson et al., 1989; Ross and Bustin, 2006;
Wei, 2012), and the ratios of these elements can be used as indicators to
estimate the bottom-water environment of sediments. The ratios of V/
Ni, Co/Ni, and Th/U are often used as indicators to determine the redox
state of paleo-marine environments (Jones and Manning, 1994; Wignall
and Twitchett, 1996).

Compared with Ni, V tends to be enriched in anoxic environments,
with high V/Ni ratios indicating a reductive anoxic sedimentary envi-
ronment. The V and Ni contents in the Zhijin phosphorite are 4.1-264
ppm and 2.5-40.8 ppm, respectively (Table 3). The aqueous environ-
ment can be divided into four types based on V/Ni ratios: oxidation
environment < 0.8, lean oxygen environment 0.8-1.5, anoxic environ-
ment 1.5-6, and sulfide environment > 6 (Lewan and Maynard, 1982;
Lewan, 1984; Hatch and Leventhal, 1992). In Fig. 7C, most phosphorite
data fall in Region III, representing an anoxic environment, with a few
data for siliceous phosphorite falling in Region I, representing an
oxidation environment, which may be related to the material source of
silicon.

The migration of Th is restricted in low-temperature surface envi-
ronments, and its content is enriched in weathering-resistant minerals,
whereas U can be readily precipitated in the tetravalent state in reducing
environments. Therefore, the Th/U ratio can reflect the redox condition
of water and is a commonly used indicator of redox condition in sedi-
mentary environments (Adams and Weaver, 1958; Kimura and Wata-
nabe, 2001; Wei, 2012). The Th/U ratios of dolomitic phosphorites,
siliceous phosphorites, and phosphorous dolomites are 0.17-0.52,
0.03-1.73, and 0.06-0.56, respectively (Fig. 7D). The study of Jones and
Manning (1994) proposed that Th/U > 1.33 indicates an oxidizing
aqueous environment, Th/U = 0.8-1.33 indicates an oxygen-poor
aqueous environment, and Th/U < 0.8 indicates an anoxic aqueous
environment.

Ratios of Co/Ni have been used to infer bottom-water conditions
during sedimentation (Jones and Manning, 1994; Rimmer, 2004; Ross
and Bustin, 2006). The Co contents in the studied dolomitic phospho-
rites, siliceous phosphorites, and phosphorous dolomites are 0.8-68
ppm, 1.2-20 ppm, and 0.8-2.1 ppm, respectively (Table 3). Lower Co/Ni
ratios are associated with decreasing oxygen content during deposition
(Jones and Manning, 1994), owing to the relatively easy isolation of Ni
from organic matter in reduced sediments (Breit and Vanty, 1991).
However, Co content a function of detrital content and is not affected by
redox conditions (Dill, 1986; Ross and Bustin, 2006). The Co/Ni ratios
respectively are 0.08-2.27, 0.02-0.27 and 0.02-0.43 of Zhijin dolomitic
phosphorites, siliceous phosphorites, and phosphorous dolomites
(Fig. 7D). Jones and Manning (1994) compared Co/Ni values with the
DOP value and proposed that a value of Co/Ni of > 0.2 indicates an
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Fig. 8. Plots of Ce and Eu anomalies plotted against various other REE parameters for francolite grains from Zhijin. (A) Ce/Ce* vs. Pr/Pr* diagram, after Bau and
Dulski (1996); Field I: no anomaly, Field IIa: positive La anomaly causing an apparent negative Ce anomaly, Field IIb: negative La anomaly causing an apparent
positive Ce anomaly, Field IlIa: true positive Ce anomaly, Field IIIb: true negative Ce anomaly, Field IV: positive La anomaly disguising a positive Ce anomaly. (B-C)
Ce/Ce* versus other REE parameters, after Xin et al. (2015); (D) Eu/Eu* vs. Ba/Nd, after Ling et al. (2013).

oxidation environment and that a value of < 0.14 indicates an anoxic
environment.

In a Th/U-Co/Ni diagram (Fig. 7D), most data for the siliceous
phosphorites and dolomite phosphorites fall in the anoxic or lean oxygen
areas, indicating an anoxic reduction paleosedimentary environment,
and especially the phosphorous dolomite can better reflect the sedi-
mentary environment of dolomite matrix in phosphorite. However, most
data for the dolomite phosphorites plot in the oxidation environment
area, which may reflect the presence of francolite grains derived from
distant sources.

5.2. Diagenetic processes of francolite grains

5.2.1. Redox proxies: Ce/Ce* and Eu/Eu*

REE geochemical characteristics can constrain the nature of the
sedimentary and diagenetic environment, especially the REE sources of
marine sediments of phosphorites (Marchig, 1982; Grandjean et al.,
1988; German and Elderfield, 1990; Bertram et al., 1992; Jarvis et al.,
1994; Reynard et al.,1999; Hannigan and Sholkovitz, 2001; Shields and
Stille, 2001; Picard et al., 2002; Qiu et al., 2019; Wu et al., 2021). The
REEs contents in the studied francolite grains can be used to reveal the
redox environment of the host sediments, especially the elements Ce and
Eu.

A plot of Ce/Ce* versus Pr/Pr* can be used to characterize redox
conditions using PAAS-normalized REE contents (Table 3; Fig. 8A). The
plot also allows evaluation of the Ce anomaly with respect to possible
spurious results caused by anomalous enrichment of La (Bau and Dulski,
1996; Shields and Stille, 2001; Garnit et al., 2012). Ce/Ce* records true
anomalies (Fig. 8A, Field IIIB), excess Ce relative to adjacent lanthanides
(Fig. 8A, Field IIIA), or Ce/Ce* related to insufficient abundance of La
(Fig. 8A, Field IIB; Bau and Dulski, 1996). Our data are concentrated in
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the IIIB region (Fig. 8A), indicating that they represent true negative Ce
anomalies that are unrelated to La abundance.

Cerium anomalies in seawater are controlled mainly by redox con-
ditions, meaning that they can be used as tracers of redox conditions
(German and Elderfield, 1990; Jiang et al., 2007; Zhu et al., 2014; Xin
et al., 2015). In the studied Zhijin francolite grains, Ce/Ce* values for
the GZW, LFC, and MTC are 0.31-0.45, 0.31-0.33, and 0.30-0.33,
respectively (Table 3). In oxygen-containing marine environments, Ce*t
is dominant and is removed by highly reactive Fe-Mn-oxyhydroxides,
resulting in the depletion of Ce in oxygen-containing seawater (Elder-
field and Greaves, 1982). In anoxic environments, Ce behaves similarly
to other trivalent REEs. Water depth, pH, and brine age also affect Ce
anomalies to some extent (German and Elderfield, 1990; Xin et al.,
2015). According to Shields and Stille (2001), REE enrichment and
values of (Dy/Sm)y decrease during diagenesis. Ce/Ce* is negatively
correlated with the (Dy/Sm)y ratio, and Ce/Ce* is positively correlated
with ZREE content. However, our data show no obvious variation in the
Ce anomaly and no obvious correlations with other geochemical in-
dicators (Fig. 8B,C), which suggests that there was no obvious change in
the Ce anomaly during diagenetic processes and that francolite grains
were unaffected by diagenetic alteration. The Ce/Ce* ratio is usually
used as a proxy for inferring redox conditions during the deposition of
authigenic minerals such as francolite (Wright et al., 1987), and the
negative Ce anomalies of our samples suggest that the Zhijin francolite
was formed in an oxidizing, rather than anaerobic, environment.

Values of Eu/Eu* for samples from the GZW, LFC, and MTC are
0.87-1.25, 0.88-1.02, and 0.89-1.04, respectively (Table 3). However,
Ba contents in the Zhijin samples are high (mostly > 200 ppm), as a
result of the interference of Ba on Eu during ICP-MS analyses (Dulski,
1994), with high Ba contents affecting Eu contents and anomalies. Such
an effect can be detected by a positive correlation between Eu/Eu* and
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Ba/Nd (Ling et al., 2013). As shown in Fig. 8D, there is no correlation
between Eu/Eu* and Ba/Nd in the francolite grains, meaning that the
determined Eu anomalies are reliable. The valence state of Eu is different
from the strictly trivalent state of other REEs, as it contains both divalent
and trivalent ions, with the relative abundance of Eu?>* and Eu®* being
controlled by redox conditions, pH, and temperature (De Baar et al.,
1985; Gadd et al., 2016). Eu®*" is the common form under reducing
conditions, alkaline environment, or high temperature (>250 °C), and
migrates to phosphate, resulting in positive Eu anomalies (Sverjensky,
1984). In addition to a reducing environment, submarine hydrothermal
fluid can also cause positive Eu anomalies (Stalder and Rozendaal, 2004;
Pi et al., 2013). In low-temperature environments (about 25 °C), Eu is
dominated by its trivalent state (Sverjensky, 1984). However, although
we have confirmed that the Eu anomalies determined in this study are
reliable, unambiguous inference of the redox environment cannot be
made because of the various factors influencing these anomalies.

5.2.2. Possible transportation of francolite grains

The Zhijin phosphorite was deposited in a coastal environment be-
tween continent and islands. This environment was influenced by ma-
rine transgression and to the cyclic action of ocean currents, storms,
tides, and waves, which generated strong hydrodynamic effects (Zhang
et al., 2007a; Zhang et al., 2007b; Liu et al., 2016). The paleoenviron-
ment of the Zhijin phosphorite was a high-energy environment, and the
early phosphate was accumulated, eroded, and transported by strong
hydrodynamic action (Yang and He, 2013; Liu et al., 2016). This hy-
pothesized environment of deposition is supported by our geochemical
analyses and visual inspection of BSE micrographs. Our geochemical
analyses indicate that the diagenetic environment of the francolite
grains was oxidic, whereas the sedimentary environment of the phos-
phorite was anoxic, and the differences in their geochemical charac-
teristics well reflect the allopatric diagenetic peculiarity of these apatite
clasts. The francolite grains are homogeneous and bright under BSE
imaging (Fig. 3H). However, in each francolite grain, fractures can be
observed under BSE imaging. These fractures are filled by dolomitic
matrix or are hollow (Fig. 3H), and some contain sporadic dark-gray
granular quartz measuring 3-5 pm. These fractures were likely caused
by abrasion and transportation of the francolite grains, suggesting that
these grains might have been exposed in seawater and transported for a
prolonged period (Auer et al., 2017).

5.3. Enrichment of REEs in francolite grains

5.3.1. Occurrence of REEs

It is generally accepted that phosphatic sediments contain higher
REE and Y contents compared with other sedimentary rocks (Jarvis
et al., 1994; Kidder et al., 2003). These elevated contents are due to the
substitution of Ca®* by REE>* and Y3 in apatite and the adsorption
process of REEs by mineral particles (Webb and Kamber, 2000; Shields
and Webb, 2004; Zhao et al., 2013; Chen et al., 2015). Zhang et al.
(2007a), Zhang et al. (2007b) selected individual minerals from Zhijin
and analyzed their REEs, giving XREE contents of small shell fossils and
bioclasts of 60.6-156 ppm and 348-358 ppm, respectively, and those of
dolomite matrix of 5.62-52.2 ppm. The XREE contents of the studied
francolite grains range from 778 to 1451 ppm in our samples (Fig. 5D).
As biological fossils or detritus are not major mineral phases, and the
REE content in dolomite matrix is extremely low, it can be inferred that
abundant REEs occur in francolite grains (Fig. 5D).

Element content maps can be used to examine the variation in
element contents in minerals, thereby allowing insights into diagenesis
(George et al., 2015). Our results show that the contents of REEs in
francolite grains are much higher than those in dolomite matrix
(Table 3). It should be noted that there is no obvious variation in REE
content in francolite grains, with no pronounced content gradient be-
tween the core and the edge; rather, REEs are uniformly distributed in
francolite grains, and there are no independent REE minerals, as
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established by analysis of our polished thin-sections using SEM
(Fig. 3G-H). American Love Hollow phosphorite has the same charac-
teristics (Emsbo et al., 2015). It is generally accepted that REEs occur in
francolite in isomorphic form (Shi et al., 2004; Zhao et al., 2013; Chen
et al., 2015; Liu et al., 2016; Guo et al., 2017; Lou and Gu, 2019).
However, Liu et al. (2006) found an extremely rare fluorocerite,
measuring only 2.6 pm in size, in Zhijin phosphorite. In addition, hy-
drothermally altered apatite may be accompanied by the formation of
monazite or xenotime, which occur as inclusions in apatite (e.g., Harlov
and FOrster, 2003; Li and Zhou, 2015). However, the size of these in-
clusions may be less than one micrometer, which cannot be observed
using traditional analytical methods.

5.3.2. Enrichment period of REEs

The topology of shale-normalized REE profiles in authigenic and
biogenic phosphates is often used as an indicator of REE behavior in
seawater (Garnit et al., 2012; Emsbo et al., 2015; Joosu et al., 2015;
Gadd et al., 2016). For this to be effective, the timing of phosphorus
formation must be synsedimentary (i.e., authigenic) rather than late
diagenesis, as REE characteristics can be modified during the latter
(Reynard et al., 1999; Lécuyer et al., 2004). Reynard et al. (1999) pro-
posed that the REE profiles of francolite grains may reflect the quanti-
tative absorption of REEs from the surrounding seawater or may reflect
adsorption and substitution processes after deposition. A comparison of
the partition coefficients of REEs in apatite and water for different
mechanisms (absorption and substitution) suggests that the (La/Sm)y vs
(La/Yb)y diagram proposed by Reynard et al. (1999) can be used to
explain the different mechanisms of REE incorporation in apatite. The
adsorption mechanism is determined by surface crystal chemistry, in
which LREEs are preferentially adsorbed onto the surfaces of apatite
crystals, and this process occurs mainly during early diagenesis
(Reynard et al.,1999; Lécuyer et al., 2004; Gadd et al., 2016). The ratio
of (La/Yb)y is not affected during the process of substitution, but the
ratio of (La/Yb)y increases when the adsorption mechanism is domi-
nant. In contrast, the ratio of (La/Sm)y usually remains unchanged
during the absorption process but decreases during the process of sub-
stitution (Zhu and Jiang, 2017).

The relative contribution of adsorption or substitution mechanisms
to REE contents in apatite can be quantitatively assessed by calculating
the ratios of (La/Yb)y and (La/Sm)y (Renard et al., 1999; Garnit et al.,
2012; Gadd et al., 2016). The mean (La/Yb)y ratio of francolite grains
from Zhijin ranges from 2.08 to 3.27, and the mean (La/Sm)y ratio
ranges from 0.69 to 2.07 (Table 4; Fig. 9). Reynard et al. (1999) and
Gadd et al. (2016) proposed that a value of (La/Yb)y below 2.5 indicates
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only slight adsorption during early diagenesis. Our data indicate that
early diagenesis modified the distribution of LREEs with respect to
HREEs. Similarly, the (La/Sm)y ratio can reveal the fractionation of
LREEs with respect to MREEs; Lécuyer et al. (2004) suggested that ratios
of > 0.3 are most likely initial REE values or only slightly changed,
whereas ratios of < 0.3 indicate a marked addition of REEs (by substi-
tution) into the crystal structure. For example, Devonian conodonts in
phosphorite are inferred to have undergone a wide range of replacement
mechanisms during late diagenesis (Fig. 9; Reynard et al., 1999). The
mean (La/Sm)y ratio of francolite grains from Zhijin is >0.5, indicating
that late substitution did not modify the pattern of primary LREEs/
MREEs. These various lines of evidence together suggest that REE con-
tents of the Zhijin phosphorite were influenced only by early diagenetic
processes and not by late substitution.

5.3.3. Ultramicroscopic petrographic evidence for REE enrichment

BSE images revealed that the surfaces of francolite grains contain
numerous small cracks and pores caused by long-term transportation
and abrasion (Fig. 3G-H). However, the absence of reaction rims and
hydrothermal erosion features suggests that the studied francolite grains
did not undergo obvious hydrothermal transformation after diagenesis,
supporting the results of geochemical analysis that REEs were enriched
during early diagenesis. However, experimental studies and in-
vestigations into magmatic-hydrothermal REE deposits have demon-
strated that tiny REE mineral inclusions can form through later fluid/
hydrothermal  alteration  of  apatite via coupled dis-
solution-reprecipitation (Harlov et al., 2002, 2005; Harlov and FOrster,
2003; Li and Zhou, 2015). TEM is undoubtedly the best means to
identify and characterize these tiny inclusions, as it can provide
microstructural, crystallographic, and compositional information from
micrometer- to sub-nanometer-sized regions of thin samples (Lee, 2010).
Focused ion beam (FIB) instruments have been used extensively by ge-
ologists to prepare electron-transparent specimens (sections) of rock
samples for imaging and chemical analysis at high spatial resolutions by
TEM (e.g., Wirth 2004; Lee et al., 2007; Gerald et al., 2017). To deter-
mine whether the studied francolite contained these tiny inclusions, two
FIB sections were prepared from representative francolite grains from
Zhijin (Fig. 6a).

Apatite may recrystallize when eroded by hydrothermal fluids, and
during the reaction of synthetic hydroxyapatite powder and natural
fluorapatite with lead nitrate, needle-shaped epitaxially growing crys-
tals may exchange cations at crystal interfaces (Kamiishi and Utsuno-
miya, 2013). Our FIB sections under TEM show that abundant nano-
apatites with well-developed crystalline forms are adsorbed together
and regular in shape, with a length of 50-200 nm; these apatites show
denaturation by extrusion, but without connected crystals or recrystal-
lization (Fig. 6b-e). These francolite nano-crystals lack obvious alter-
ation interfaces or recrystallization with acicular structure. In the
Yinachang Deposit, strong REE leaching occurred during alteration of
REE-rich fluorapatite, and the REE minerals crystallized to form in-
clusions close to the location of leaching, with sharp compositional in-
terfaces being formed between the altered and unaltered regions at a
scale of micrometers (Li and Zhou, 2015). However, BSE imaging under
a TEM excludes the existence of large particle inclusions in our samples,
as revealed through electron pattern diffraction analysis of each region
(Fig. 6f-g). In addition, no nano-inclusions were found, further ruling
out the possibility that REEs were derived mainly from independent
minerals or inclusions. Clearly, therefore, REEs substituted for Ca in the
francolite lattice of the Zhijin deposit samples, similar to other phos-
phorites (Jarvis et al., 1994; Piper, 1999; Emsbo et al., 2015).

The geological processes that control REE contents in phosphate ores
continue to be a topic of debate. The abundance of REEs and their
content variation in francolite are thought to be related to sedimentary
facies, grain size, burial time, and depth (Ilyin, 1998; Shield and Stille,
2001; Shields and Webb, 2004; Emsbo et al., 2015). However, recent
studies have suggested that the enrichment of REEs in francolite crystal
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lattice is controlled by the duration of exposure to seawater as well as
mineral crystal porosity, meaning that francolite grains with large sur-
face areas accumulate REEs more quickly and to a higher degree
(Koeppenkastrop and De Carlo, 1992; Reynard et al., 1999; Auer et al.,
2017). Laboratory studies have also suggested that REE scavenging takes
place over a time frame of only several hours (Koeppenkastrop and De
Carlo, 1992). The francolite grains from the Zhijin phosphorite under-
went transport and abrasion before deposition, and the francolite might
have been exposed to seawater for a prolong period during the crystal-
lization and transport stages. TEM images reveal that francolite grains
are aggregates of numerous nano-crystals, and this structure causes the
specific surface area to be unusually large, which would favor REE
enrichment. In addition, MREEs are preferentially incorporated into the
crystal lattice during exposure to ocean water, resulting in a hat-shaped
REE pattern (Koeppenkastrop and De Carlo, 1992; Sholkovitz et al.,
1994), which is consistent with the REEs pattern of our samples (Fig. 5B,
Q).

5.4. REE sources of the Zhijin phosphorite

5.4.1. Geochemistry

A number of studies have shown that the content of Sr is an impor-
tant indicator for evaluating the degree of diagenetic alteration,
including the influence of atmospheric diagenesis and dolomitization
(Kaufman and Knoll, 1995). Under the influence of meteoric fluids, Sr is
expelled while Mn is incorporated by substituting for Ca?" in the car-
bonate lattice until equilibrium is reached (Kaufman and Knoll, 1995;
Hou et al., 2016). Derry et al. (1989) proposed that the minimum Sr
content for Sr isotope stratigraphy is 200 ppm. Almost all of the
measured Sr contents of the studied phosphorite samples from Zhijin are
>200 ppm (mean of 561 ppm) (Fig. 11A). The MgO content of the
sample showing a lower Sr content than this threshold was 17.65%,
meaning that the main mineral of this sample is dolomite. Kaufman et al.
(1992), Kaufman et al. (1993) and Derry et al. (1992) considered that a
reliable Sr isotope value must satisfy the condition of Mn/Sr < 2-3, and
samples with high Sr contents and low Mn/Sr ratios (<2-3) are gener-
ally considered better indicators of the diagenetic environment
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(Kaufman et al., 1993; Montanez et al., 1996). The Mn/Sr ratio for Zhijin
phosphorite ranges from 0.09 to 5.16 (mean. 1.42), and there is no
correlation between Mn and Sr. Consequently, the phosphorite from
Zhijin should record the geochemical nature of the diagenetic
environment.

The element Y is similar to REEs in terms of geochemical charac-
teristics, and francolite grains from the Zhijin samples are also rich in Y:
francolite from the GZW, LFC, and MTC shows Y contents of 364-521
ppm, 430-548 ppm, and 451-645 ppm, respectively (Table 3). In sur-
face water, Y is depleted, but the concentration increases with increasing
water depth in modern seawater, with Y/Ho values ranging from 47 to
77 (Bau, 1994; Gadd et al., 2016). The elements Ho and Y have the same
or similar ionic radius and atomic valence, but in the marine environ-
ment, Ho is scavenged preferentially over Y by hydrogenous ferroman-
ganese oxyhydroxide particles, resulting in a markedly higher Y/Ho
value in the marine environment than in the continental crust, mantle,
or high-temperature hydrothermal fluid (i.e., 26; Bau, 1994; Koschinsky
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et al., 1997; Gadd et al., 2016). The contents of Y in the GZW, LFC, and
MTC are high and are characterized by positive anomalies. Values of the
Y/Ho ratio are within the seawater range, at 45.6-59.4, 48.8-57.3, and
47.7-58.5 for the GZW, LFC, and MTC, respectively (Fig. 10). This
suggests that the REEs in the studied francolite were sourced predomi-
nantly from ancient seawater. Furthermore, the hat-shaped distribution
pattern of REEs observed for the Zhijin samples is interpreted to have
been caused by the preferential uptake of MREEs into the crystal lattice
during exposure to seawater (Koeppenkastrop and De Carlo, 1992;
Sholkovitz et al., 1994), supporting the proposal that the source of REEs
was early Cambrian seawater.

5.4.2. Sr isotopes

The residence time of Sr in the ocean ranges from 2.5 to 4 Myr at
present (Palmer and Edmond, 1989; Hodell et al., 1990; Melezhik et al.,
2001), which is much longer than that of surface and thermohaline
ocean circulation (~103 years) (Brooker, 1982). Therefore, if a well-
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preserved marine authigenic composition can be determined and
appropriate dissolution methods are used, the Sr isotope composition in
the whole ocean can be considered relatively uniform (Melezhik et al.,
2001; Li et al., 2011). Marine carbonate and phosphate deposits studied
using this method can inherit the 87Sr/®Sr ratio of the sedimentary
environment without secondary (diagenetic and epigenetic) alteration
and retain the original Sr isotopic characteristics (Kuznetsov et al.,
2018). The 87Sr/36sr compositions of phosphorite in the Zhijin region
should reflect the global change in 87Sr/%%Sr because the Yangtze plat-
form was connected to an open ocean during the early Cambrian (Fan
et al., 2016). The Sr contents of different types of Zhijin phosphorite
samples also show negative correlations with the contents of SiOj
(Fig. 11C) and MgO, suggesting that Sr in the sample was mainly from
francolite, followed by dolomite matrix and silica.

The Sr isotopic compositions of dolomite and phosphorite can be
used to reconstruct the 87Sr/%0Sr value in the Precambrian ocean (Kuz-
netsov et al., 2018). The 8Sr/%0Sr values of the studied dolomitic
phosphorite, siliceous phosphorite, and phosphorous dolomite range
from 0.7079 to 0.7091, 0.7085 to 0.7109, and 0.7086 to 0.7091,
respectively. Also, the in situ 87Sr/%°Sr values of the francolite range
from 0.7081 to 0.7095 (mean of 0.7088; Fig. 11D). The 875r/80Sr ratios
of Uchur-Maya and the region of Siberia (540-553 Ma) are
0.70812-0.70823 and 0.70829-0.70844, respectively (Derry et al.,
1994; Semikhatov et al., 2003); those for Namibia (549-543 Ma)
measured by Kaufman et al. (1993) are 0.70840-0.70858; and those for
phosphorite in southern China are 0.70837-0.70852 (Sawaki et al.,
2010). Values of 8Sr/%0Sr in Chinese seawater were between 0.7080
and 0.7090 during the Cambrian (Derry et al., 1994;). The 8751 /865y
values of the studied Zhijin phosphorite samples are the same as the
global seawater value at that time, implying that the metallogenic ma-
terial of the francolite was likely derived from the paleo-ocean.

This higher 87Sr/%Sr value during the Cambrian (compared with
other geological periods) can be observed in other continents of the
world and is considered a global rather than a regional or local marine
phenomenon (Sawaki et al., 2008, 2014; Halverson et al., 2010). During
the Neoproterozoic, especially the early Cambrian, accompanied by the
breakup of the Rodinia supercontinent and global glaciation, an increase
in the intensity of weathering resulted in an increase in the 8 Sr/%0Sr
value of seawater (Powell et al., 1993; Shields, 2007; Halverson et al.,
2010). Considering the relationship between 87Sr/%6Sr value and
weathering intensity in seawater, the abrupt increase in continental
weathering conditions during the early Cambrian may explain the
extreme positive 87Sr/%%Sr excursion then, which might have made a
substantial contribution to the radiogenic ®Sr/%°Sr composition of
marginal shallow basins (Richter et al., 1992; Kasemann et al., 2014).

The disintegration of the Super-continent Rodinia was considered to
have some relationships with the continuous increase of 8Sr/%°Sr in the
paleo-seawater (Shields, 2007). Due to the increase of physical weath-
ering rate caused by tectonic uplift, the overall chemical weathering rate
during super-continent rupture and micro-continent collision became
higher (Gaillard et al., 1999; Jacobsen and Kaufman, 1999; Squire et al.,
2006). The Cambrian period stands out as a prominent period when the
increase of chemical weathering rate and continental weathering pushed
the earth system to a new state (Squire et al., 2006; Shields, 2007). It has
been preliminarily confirmed that the super-continent breakup affected
the circulation of CO, in the atmosphere and hydrosphere, changed the
global climate in the late Precambrian, and further intensified the
deposition of carbonate, iron, manganese and phosphorus in the litho-
sphere surface (Powell et al., 1993; Bloch et al., 2006; Shields, 2007;
Halverson et al., 2010). During the period of 800-543 Ma, over 100
phosphorite deposits were developed on the earth (Holland, 2005).
Therefore, the clastic materials produced by continental weathering
might have provided abundant primary metallogenic materials for the
Zhijin deposit.
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Fig. 12. Covariation in eNd(t) and 8 Sr/%®Sr of shallow carbonates and phos-
phorites during the early Cambrian (modified after Wei et al., 2019). Blue
circles and red triangles represent data for Zhijin phosphorites.

5.4.3. Nd isotopes

Values of eNd(t) for the dolomitic phosphorite samples vary from —
6.99 to — 6.21, with the siliceous phosphorite samples and the phos-
phorous dolomite samples showing distinct ranges of — 6.33 to — 6.14
and — 6.73 to — 6.37, respectively. The value of eéNd(t) of seawater in
China decreased from — 4.5 during the early Sinian to — 8.0 during the
early Cambrian. The negative eéNd(t) values indicate that a continental
crust source was the main source of REEs in seawater. Owing to conti-
nental weathering, terrigenous detrital sediment may be transported to
the ocean through rivers. Geochemically, Nd is highly particle reactive,
and its incorporation into mineral is essentially completed during early
diagenesis. The e¢Nd(t) value is the most important indicator of the
surrounding water of francolite, as it tracks the change in Nd isotopic
composition of pore water during the formation of phosphorites
(Michard et al., 1985; Martin and Scher, 2004; Xin et al., 2015). Secular
variation in shallow seawater eNd(t) values is a direct result of changes
in weathered materials exported to the continental shelf area, driven by
long-term tectonic activity (Wei et al., 2019). The variation in 8Sr/%6sr
and eNd(t) of the early Cambrian (Fig. 12) might have been related to
the breakup of Rodinia and the subsequent assembly of Gondwana,
which intensified the influx of terrigenous clastic materials into the
shallow sea. Isotopic evidence reveals that the metallogenic material
was derived from paleo-seawater (Fig. 11F), meaning that shallow
seawater with abundant terrigenous detritus in Zhijin was an ideal
environment for the formation of phosphate deposits.

5.5. Enrichment mechanism of REEs

On the basis of the results presented above, we divided the enrich-
ment of REEs in Zhijin francolite grains into three stages: the crystalli-
zation, transportation, and sedimentation stages (Fig. 13). During the
early Cambrian, accompanied by the breakup of the Rodinia supercon-
tinent and global glaciation, an increase in the intensity of weathering
resulted in an increase in the amount of metallogenic material contained
in seawater (Shields, 2007; Halverson et al., 2010). In the crystallization
stage, during crystal growth, francolite obtained the initial REEs from
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francolite, characterized by aggregation of nano-crystals of francolite to form francolite grains, following which the grains were abraded by hydrodynamic force and
transported to the shallow sea at Zhijin, where they were mixed with low-temperature hydrothermal fluids. (C) Hydrothermal-sedimentary stage of phosphorite,

with some bioclasts being buried in the phosphorite.

the surrounding oxidic seawater in the form of lattice substitution
(Fig. 13a). Strong hydrodynamic action forced francolite crystals to
migrate and be aggregated into primary francolite grains (Yang and He,
2013; Liu et al., 2016). In the transportation stage, under the influence
of intensifying ocean currents and sea waves, these francolite grains
were abraded and transported to the coastal area, where the enrichment
of REEs was completed (Fig. 13b). During this process, the long-term
exposure to seawater and the high specific surface area of apatite par-
ticles contributed to their obtention of abundant REEs in paleo-seawater
(Koeppenkastrop and De Carlo, 1992; Reynard et al., 1999; Auer et al.,
2017). In the sedimentary stage, the low-temperature hydrothermal
solution mixed with seawater to form an anoxic environment (Quan
et al., 2007; Liu et al., 2019; Zhang et al., 2019), and francolite grains
and some bioclastics were buried and deposited in the Zhijin region
(Fig. 13¢).

6. Conclusion

The Zhijin REE-associated phosphorus deposit is a hydro-
thermal-sedimentary deposit in which the enrichment of REEs occurred
before sedimentation. The REEs in Zhijin phosphorite occur mainly in
francolite grains, which are aggregates of numerous nanoscale francolite
crystals. The francolite grains were enriched with REEs during the early
diagenetic stage and were abraded and transported in seawater before
sedimentation.

Our study focused on establishing the occurrence, enrichment
mechanism, and source of REEs in francolite grains. REEs occur in
francolite crystals in isomorphic form, as mineral inclusions and inde-
pendent REE minerals are not found in these grains. Francolite grains
were enriched in REEs from seawater during the diagenetic stage before
sedimentation. The prolonged exposure time in seawater of francolite
grains and their high specific Sawaki et al. (2008), Sawaki et al. (2014)
surface area favored REE enrichment of the Zhijin phosphorite. Hydro-
thermal-sedimentary mineralization made no distinct contribution to
REE enrichment. The direct source of REEs in francolite grains was
paleo-seawater rather than hydrothermal fluids, and the REEs in
seawater were sourced ultimately from terrigenous detrital material.
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