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Abstract: The rare earth elements and yttrium (REY)-enriched phosphorites in the Zhijin region,
southwest China, have attracted much attention, yet its origin has not been sufficiently addressed.
The geology, mineralogy and geochemistry of samples from four sections of the early Cambrian age
from the Zhijin region were studied to attain the redox condition and origin of REY. Data from in situ
analysis show that REY are mainly contained in francolite, and the two types of francolite (bioclastic
and granular) have no distinct difference in REY content (ΣREY). A Ce anomaly indicates an oxic
condition in primary seawater. An Eu anomaly and ratios of redox sensitive elements (RSEs) indicate a
fluctuating redox condition during phosphorite deposition. Shale-normalized REY patterns of whole
rock and francolite show a hat-shaped pattern, indicating the effect of diagenetic processes. The Y/Ho
ratio of the selected sections ranges from 38.13 to 61.93, and together with the Y anomaly, LaN/NdN

ratio, LaN/SmN ratio, and LaN/YbN ratio, this indicates a seawater origin. This is supported by the
Ce/Ce* of the phosphorite that ranges from 0.32 to 0.52 and the Eu/Eu* that ranges from 0.88 to
1.82, which is similar to the characteristics of seawater and deep-sea mud. We also propose a minor
contribution of terrigenous debris and influence of diagenesis and hydrothermal processes.

Keywords: rare earth elements and yttrium; phosphorites; francolite; Gezhongwu formation; origin

1. Introduction

Rare earth elements and yttrium (REY) are an extremely important resource in the
21st century. They are widely used in a variety of industries including aerospace, national
defense, electronics, petroleum, the chemical industry, metallurgy, textile, ceramics and
permanent magnets. Bayan Obo, Mountain Pass, Mount Weld, and South China ion
adsorption clay-type are some major REY deposits in the world, among which the Bayan
Obo deposit and China’s ion adsorption clay-type deposits provide more than 95% of the
world’s REY production [1,2]. In recent years, with the increase in high-tech industries, the
demand for REY in the global market is increasing. Therefore, with the growing need for
REY resources, REY in phosphate deposits is considered as a potential REY source to meet
the global REY demand [1,3].

REY-enriched phosphate deposits are mainly distributed in Russia, the United States,
Vietnam, Egypt, and China [4]. Researchers in the United States have reported that some
phosphorites are rich in REY, especially heavy rare earth elements (HREE). The content

Minerals 2022, 12, 408. https://doi.org/10.3390/min12040408 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min12040408
https://doi.org/10.3390/min12040408
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-8871-9065
https://doi.org/10.3390/min12040408
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min12040408?type=check_update&version=2


Minerals 2022, 12, 408 2 of 25

of REY (ΣREY) in these phosphorites is higher than that of South China ion adsorption
type, with the ΣREY of phosphorites sometimes even reaching 18,000 ppm. The REE-
bearing phosphate rocks in Egypt also contain elevated REY with an average content of
~800 ppm, reaching up to 2000 ppm, and show an obvious enrichment of light rare earth
element (LREE) relative to the HREE [5,6]. Recently, researchers studied modern marine
phosphorites and found a high ΣREY content in seamount phosphorites, with an average
of 727 ppm, and a maximum content of 1992 ppm, with high HREE concentrations [3]. In
recent years, deep-sea muds have also been proposed as a potential REY resource, which
are widely distributed in the Pacific Ocean, Indian Ocean, and Atlantic Ocean [7,8], which
contain quite a large amount of REY, reaching up to ~7000 ppm [9].

In China, phosphate deposits are widespread in Yunnan, Guizhou, Sichuan, Hunan,
and Hubei Provinces, and the amount of associated rare earth resources is huge, reaching
millions of tons [10]. Despite the widespread distribution of phosphate rocks, the distribu-
tion of REY-enriched phosphorites is limited. Most reported REY-enriched phosphorites
are in the Zhijin region, west Guizhou Province, southwest China, containing 3.5 Mt of
REY oxide (REY2O3) resources [11].

Previous studies focused on the Zhijin phosphorites, addressed the identification of
minerals in phosphorites [12–14], REY occurrence in francolite [14–19], the depositional
environment of the phosphorites [20–22] and the origin of the REY [18,19,23,24]. Francolite
is the chief mineral in phosphorite. Other minerals include dolomite, calcite, quartz,
chalcedony, clay minerals, pyrite, and limonite [12,13]. It has been agreed that REY are
mainly contained in francolite [18,24]. Phase analysis, energy dispersive analysis of X-ray,
electron probe micro analyzer (EPMA), and scanning electron microscope showed that the
form of REY in francolite is mainly isomorphic substitution, in which REY predominantly
substitute for Ca2+ [14–19]. The depositional environment of Zhijin phosphorite has been
much debated in previous research. Studies investigating the depositional environment of
Zhijin phosphorite using Mo isotope analyses indicated that the phosphorite deposit formed
in the suboxic-anoxic water [20,21]. However, recent analyses of Mo isotope regarding
redox conditions around the Precambrian-Cambrian boundary indicated an oxic condition
prevailed in Central Guizhou during the early Cambrian [25]. However, Fe isotope analyses
suggest fluctuating oxic–suboxic seawater conditions at the same time [26,27].

The origin of REY in the Zhijin phosphorite has been discussed for a long time, but no
clear conclusions have been drawn. Seawater is an important source of REY. In phosphate
grains, REY can be incorporated from seawater mainly during the transportation and
redeposition phase when the grains are in direct contact with seawater [28]. In the Zhijin
deposit, the seawater origin of REY is supported by Sr-Nd isotope data [29], the relationship
between the mineral/seawater REY partition coefficients and the logarithm of the ionic ra-
dius [19]. Moreover, the mixing of normal seawater and hydrothermal fluids has also been
considered as one of the possible REY origins of the Zhijin phosphorite based on the follow-
ing geochemistry characteristics [18,23,24]: (1) the mixed REY pattern of normal seawater
and hydrothermal fluids; (2) Fe/Ti > 20, (Fe + Mn)/Ti > 25 and Al/(Al + Fe + Mn) < 0.35;
(3) U/Th > 1; and (4) the enrichment of As and Sb. The hydrothermal influence has been
shown by the observation of hydrothermal veins, hydrothermal minerals (e.g., anatase
and fluorite) and hydrothermally transformed minerals (e.g., fluorapatite and zircon) [30].
Terrigenous materials along with organic matter are also considered the principal source
of REY in phosphatic rocks [31]. However, there is no reported evidence of a terrigenous
origin in Zhijin phosphorite.

Here, we present the major and trace elements of four representative sections from
the Zhijin region to comprehensively discuss the REY distribution in Zhijin phosphorites.
To better discuss the distribution of REY in single mineral, we analyze the in situ REY
concentrations in francolite and dolomite from the Linfeichang (LFC) section. Moreover,
we discuss some diagnostic parameters and ratios to define the REY origin as well as
diagenetic processes. Based on our results, we propose that seawater is the main origin of
REY, and terrigenous materials have little influence.
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2. Geology Setting

The Zhijin region is located in the Yangtze Platform, southern China, which contains
a succession of Ediacaran to Early Cambrian age stratigraphy with different paleoenvi-
ronmental settings, including a platform, transition belt, and basin belt [26,32] (Figure 1).
The Yangtze paleogeographic block was the site of massive phosphogenesis between 580
and 520 Ma (Neoproterozoic III–Cambrian) [33], resulting in two significant phosphorite
forming periods: Ediacaran and Early Cambrian, corresponding to phosphate deposits in
the Doushantuo Formation and Gezhongwu Formation, respectively, in Guizhou Province.
The Zhijin phosphorite deposit is located within the carbonate platform inside the Yangtze
Block (Figure 1), preserving shallow-water sediments [22].
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Figure 1. Simplified paleogeographic map of the Yangtze Platform during the early Cambrian, modi-
fied from Steiner et al. (2001) [34] and Guo et al. (2007) [32]. The star represents the studied region.

Xinhua and Lijiazhai phosphate ore blocks are two typical ore blocks in the Zhijin
deposit. The LFC section, the Gaoshan (GS) section, and the ZKX002 section belong to
the Xinhua phosphate ore block, and the Lijiazhai (LJZ) section belongs to the Lijiazhai
phosphate ore block (Figure 2a). The Lijiazhai ore block is 17 km to the southeast of the
Xinhua ore block (Figure 2a). In the Zhijin region, the phosphate rocks of the early Cambrian
Gezhongwu Formation conformably overlay the dolomite of the Dengying Formation and
are in turn, conformably overlain by the siltstone of the Niutitang Formation and equivalent
strata (Figure 2b).

The LFC section is a typical section of the Gezhongwu Formation. It is composed of a
lower layer and an upper layer (Figure 2b). The lower layer is mainly interbedded with
dolomitic phosphorite and phosphatic dolomite, while the upper layer is mainly interbed-
ded with siliceous dolomitic phosphorite and siliceous phosphatic dolomite. The lower
layer mainly consists of bioclastic phosphorites, while the upper layer mainly contains
granular phosphorite with less bioclastic components. The structure of the ore body is
banded and massive. The banded phosphorite is interbedded by dark gray phosphorite
and light gray phosphatic dolomite. The thickness of dolomitic phosphorite is 2–5 cm, and
that of phosphatic dolomite is about 10–30 cm.
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red stars are the sampling locations (LFC is the Linfeichang section; Gs is the Gaoshan section; LJZ is
the Lijiazhai section.). (b) Stratigraphic columns and sampling sites of the LFC Section.

The Gaoshan (GS) section is located in the southeast of Zhijin County and contains a
relatively high content of P and REY. The thickness of the Gezhongwu Formation in this
section is about 14 m, and it is mainly composed of light to dark gray phosphorite. The
Lijiazhai (LJZ) section contains a relatively low content of P and REY. The thickness of
Gezhongwu Formation in this section is about 9 m, and it is mainly composed of light gray
phosphatic dolomite. The ZKX002 section belongs to the lower layer of the Zhijin deposit,
and samples were obtained from drill core. The thickness of Gezhongwu Formation in
this section is about 14 m, and it is mainly composed of black to gray compact massive
phosphorite and light gray phosphatic dolomite.

3. Materials and Methods
3.1. Samples

Phosphorite samples of the Gezhongwu Formation were collected from the following
four sections (Figure 2a; marked by red stars): the LFC section (N = 30), the GS section
(N = 4), the LJZ section (N = 5), and the ZKX002 section (N = 6). The sampling sites are
shown in Figure 2b, with the LFC section given as an example, because the samples are
well-exposed, fresh, and sequential.

3.2. Methods

The micro-textures of minerals were observed using a JSM-7800F field emission SEM
at the State Key Laboratory of Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences. The backscattered electron image (BSE) was collected with a 20 Kv,
4.5 mA beam current.

Samples used for geochemical analyses were cut with a cutting machine to remove
stale surfaces and visible veins. Then, the samples were ground to 200-mesh powders, and
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the subsequent major and trace element analyses were conducted on these powders. The
major elements of the whole rock were analyzed by ALS Minerals (Guangzhou, China)
Co., Ltd., and this analysis of phosphate rock was carried out using the X-ray fluorescence
spectrometry melting method (ME-XRF24 and ME-XRF26s). Trace elements of whole rocks
were measured using a quadrupole inductively coupled plasma mass spectrometer (Q-
ICP-MS) at the State Key Laboratory of Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences, with a relative standard deviation that was generally better
than 10%. Fifty milligrams of the powdered samples were completely digested using a
mixture of HF and HNO3 solution. The internal standard was a 40 ng/mL Rh solution. The
standard materials for samples (ΣREY > 500 ppm) from the GS, LJZ and ZKX002 sections
were OU-6, AGV-2, and GBPG-1. The standard materials for the other samples were AGV-2,
AMH-1, and GBPG-1. The detection limits were as follows: Tb, Ho, Lu, and Tm (0.01 ppm);
Er, Eu, Sm, Pr, and Yb (0.03 ppm); Ce, Gd, and Dy (0.05 ppm); Nd (0.1 ppm); Y and La
(0.5 ppm).

In situ analysis of francolite and dolomites was carried out at the State Key Laboratory
of Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. The laser
ablation system utilized a 193 nm excimer laser system produced by Coherent, and the ICP-
MS used an Agilent 7900 inductively coupled plasma mass spectrometer. Each acquisition
cycle included a 20 s blank signal and a 50 s sample signal. Ablation was carried out
with a 44 µm beam. SRM610 and SRM612 were used as external standards. Durango was
used as the apatite calibration standard and MACS as the carbonate calibration standard.
The multiple external standard-single internal standard method [35] was used for the
quantitative calculation of element content, and Ca obtained by electron probe was used as
the internal standard.

4. Results
4.1. Francolite Micro-Textures

Phosphate minerals, typically identified as apatite or francolite, occur as fine-grained
aggregates. Francolite is the major REY-bearing mineral in the phosphorites, and it is
cemented mainly by dolomite (Figure 3a–c), with lesser calcite, pyrite, quartz, and clay
minerals. In the GS section, quartz is a more common component of the cement than in
the other localities. Based on the shape of minerals, francolite in Zhijin phosphorite are
divided into granular (Figure 3a,d–f) and bioclastic (Figure 3b,c,f) sub-types. The granular
(Figure 4a–d) and bioclastic (Figure 4e–l) francolite can be observed better on BSE images.
The bioclastic francolite includes a large number of Zhijinitids [36] (Figures 3c and 4h,k,l), a
particular kind of small shelly fossil found in the Zhijin region.

In the LFC section, bioclastic francolite and granular francolite are heterogeneously
distributed through the section, in which the bioclastic francolite grains are more heavily
distributed in the lower layer than in the upper layer. The length of columnar francolite
is 50–200 µm, and the width is 20–50 µm, and the diameter of granular francolite is
approximately 50 µm. The francolite grains are predominantly oriented in the samples
with high REY level, and the bioclastic francolite grains are closely packed (Figure 3b).
Otherwise, in the ZKX002 section, the distribution of two types of francolites is relatively
uniform. The size of the francolite is similar to that in the LFC section. In the GS section
and the LJZ section, the majority of francolite is granular.
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4.2. Bulk Major and Trace Elements

The major element contents of the Zhijin phosphorites are shown in Table 1. In all of
the samples from the Zhijin phosphorites, the P2O5 content ranges from 1.86% to 38.50%,
with an average of 18.39%; the F content ranges from 0.30% to 4.10%, with an average
of 1.86%; the CaO content varies from 13.25% to 53.80%, with an average of 36.18%. In
the four selected sections, the average contents of P2O5 are as follows: the GS section
(P2O5 = 32.37%) > the lower layer of the LFC section (P2O5 = 20.13%) > the upper layer of
the LFC section (P2O5 = 18.61%) > the ZKX002 section (P2O5 = 15.63%) > the LJZ section
(P2O5 = 6.2%). The GS section is the section with the highest P2O5 content. In contrast, the
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LJZ section has the lowest P2O5 content. In the LFC section, the P2O5 content of samples
from the upper layer is lower than that of the lower layer.

The ΣREY of the Zhijin phosphorites exhibit a relatively large range of 95.71–1936.69 ppm
(Table 2), with an average value of 943.30 ppm. The average contents of ΣREY of the four
sections are as follow: the GS section (ΣREY = 1591.48 ppm) > the upper layer of the LFC
section (ΣREY = 1072.93 ppm) > the lower layer of the LFC section (ΣREY = 892.83 ppm)
> the ZKX002 section (ΣREY = 804.88 ppm) > the LJZ section (ΣREY = 497.49 ppm). The
ΣREY of the dolomites and the siltstones are low, with an average of 16.30 and 175.03 ppm,
respectively. The Ce/Ce* ranges from 0.34 to 0.52, with an average of 0.40, showing signifi-
cantly negative anomalies (Table 2). Additionally, the Eu/Eu* ranges from 0.90 to 1.62, with
an average of 1.16, showing slightly negative or positive anomalies (Table 2). The LREE (La
− Eu)/HREE (Gd − Lu + Y) ratio is over 1, with an average value of 1.39, showing that
LREE is more enriched than HREE.

The major element correlations of ΣREY (Figure 5) show that ΣREY has a significantly
positive correlation with P2O5, CaO, and F, but a negative correlation with MgO. In addition,
ΣREY has no obvious correlation with SiO2 and Fe2O3.
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ppm, respectively. The Ce/Ce* ranges from 0.34 to 0.52, with an average of 0.40, showing 
significantly negative anomalies (Table 2). Additionally, the Eu/Eu* ranges from 0.90 to 
1.62, with an average of 1.16, showing slightly negative or positive anomalies (Table 2). 
The LREE (La − Eu)/HREE (Gd − Lu + Y) ratio is over 1, with an average value of 1.39, 
showing that LREE is more enriched than HREE. 

The major element correlations of ΣREY (Figure 5) show that ΣREY has a signifi-
cantly positive correlation with P2O5, CaO, and F, but a negative correlation with MgO. In 
addition, ΣREY has no obvious correlation with SiO2 and Fe2O3. 

 
Figure 5. The correlations between ΣREY and some major elements in phosphorite from the Zhijin 
region. (a) ΣREY vs. P2O5. (b) ΣREY vs. CaO. (c) ΣREY vs. F. (d) ΣREY vs. MgO. (e) ΣREY vs. SiO2. 
(f) ΣREY vs. Fe2O3. 

Figure 5. The correlations between ΣREY and some major elements in phosphorite from the Zhijin
region. (a) ΣREY vs. P2O5. (b) ΣREY vs. CaO. (c) ΣREY vs. F. (d) ΣREY vs. MgO. (e) ΣREY vs. SiO2.
(f) ΣREY vs. Fe2O3.



Minerals 2022, 12, 408 8 of 25

Table 1. Some selected major elements of Zhijin phosphorites (wt.%).

Stratum Sample P2O5 CaO F MgO SiO2 Al2O3 TFe2O3 MnO K2O Na2O LOI

Upper Gezhongwu

LFC1-8 Phosphorite 30.70 43.70 3.10 0.54 11.96 2.49 1.30 0.01 0.80 0.06 5.45
LFC1-7 Phosphatic dolomite 5.36 27.20 0.60 13.05 16.92 0.83 4.09 0.46 0.29 0.03 30.62
LFC1-6 Phosphorite 26.70 40.60 2.70 0.97 16.35 2.02 2.88 0.06 0.68 0.04 7.03
LFC1-5 Phosphatic dolomite 3.91 26.40 0.50 13.85 13.83 0.96 6.10 0.32 0.31 0.01 32.76
LFC1-2 Phosphorite 20.40 35.20 2.30 1.62 19.81 2.50 6.10 0.14 0.81 0.05 10.82
LFC1-1 Phosphatic dolomite 8.64 26.80 1.00 10.30 24.19 0.93 3.48 0.27 0.33 0.03 23.99
LFC-30 Phosphorite 32.80 44.70 3.20 0.51 11.80 2.72 1.94 0.02 0.81 0.07 2.63
LFC-29 Phosphatic dolomite 3.01 28.40 0.40 16.65 11.22 0.61 1.56 0.24 0.21 0.03 37.60
LFC-27 Phosphorite 30.70 42.90 3.30 0.68 13.00 3.11 2.69 0.02 1.02 0.08 3.41
LFC-25 Phosphorite 31.00 43.30 3.20 0.68 12.86 2.07 2.93 0.03 0.75 0.06 3.37
LFC-24 Phosphatic dolomite 11.45 30.20 1.20 10.05 16.47 1.34 4.45 0.23 0.43 0.04 23.70

Lower Gezhongwu

LFC-22 (2) Phosphorite 32.70 45.40 3.40 0.17 15.19 0.52 0.96 0.04 0.17 0.05 1.90
LFC-22 (1) Phosphatic dolomite 11.90 16.15 1.10 0.11 66.02 0.63 2.52 0.17 0.16 0.03 1.01
LFC-21 (2) Phosphorite 31.80 44.20 3.20 0.29 13.18 1.07 3.46 0.27 0.36 0.05 2.54

LFC-20 Phosphatic dolomite 9.79 33.80 1.10 13.00 8.52 0.31 2.16 0.28 0.12 0.03 31.15
LFC-19 Phosphatic dolomite 14.55 38.50 1.50 10.75 4.42 0.49 2.37 0.40 0.18 0.05 27.25

LFC-18 (1) Phosphorite 35.60 49.10 0.90 0.22 8.47 0.55 1.33 0.13 0.21 0.07 2.61
LFC-17 Phosphatic dolomite 7.95 32.30 0.90 14.30 6.39 0.36 3.55 0.33 0.13 0.03 33.69
LFC-16 Phosphorite 22.70 42.80 2.40 7.67 5.80 0.39 0.74 0.07 0.15 0.07 18.06
LFC-15 Phosphatic dolomite 17.60 37.10 2.00 10.00 5.92 0.73 1.43 0.11 0.25 0.05 23.25
LFC-14 Phosphatic dolomite 13.50 37.10 1.40 12.45 6.17 0.26 0.74 0.09 0.10 0.05 28.44
LFC-13 Phosphatic dolomite 7.41 33.40 0.80 15.70 6.26 0.28 0.66 0.10 0.11 0.03 35.50

LFC-12 (2) Phosphatic dolomite 11.00 36.10 1.30 14.25 4.99 0.28 0.74 0.09 0.11 0.05 32.01
LFC-12 (1) Phosphorite 35.80 52.20 3.50 1.29 2.26 0.22 0.50 0.02 0.10 0.11 4.71

LFC-11 Phosphorite 22.70 39.80 2.40 5.79 15.09 0.58 0.50 0.05 0.21 0.06 13.78
LFC-10 Phosphatic dolomite 8.63 34.00 1.00 15.10 6.31 0.32 0.54 0.10 0.12 0.03 34.16

LFC-9 (1) Phosphorite 37.50 52.40 3.50 0.19 5.08 0.38 0.36 0.02 0.14 0.05 2.19
LFC-8 (2) Phosphatic dolomite 14.65 36.20 1.60 10.90 10.74 0.55 0.66 0.07 0.20 0.05 25.00

LFC-7 Phosphorite 38.50 53.80 4.10 0.18 1.94 0.38 0.55 0.02 0.15 0.11 2.24
LFC-6 Phosphatic dolomite 8.17 33.00 0.90 15.00 8.29 0.54 0.78 0.10 0.18 0.04 33.53

Upper Gezhongwu
GS-13 Phosphorite 32.50 41.20 3.20 0.75 9.47 3.13 5.58 0.02 1.04 0.14 7.43
GS-10 Phosphorite 34.80 47.60 3.50 0.38 5.32 2.53 1.95 0.02 0.70 0.14 3.06
GS-6 Phosphorite 29.80 39.50 3.10 0.70 19.45 2.85 1.86 0.01 0.98 0.13 3.07

Lower Gezhongwu

LJZ-5 Phosphatic dolomite 2.44 43.40 0.50 6.05 8.52 0.74 0.47 0.05 0.28 <0.01 29.90
LJZ-12 Phosphatic dolomite 1.86 30.60 0.30 17.30 7.32 0.43 0.85 0.14 0.17 <0.01 41.08
LJZ-17 Phosphatic dolomite 3.84 27.00 0.50 15.30 14.25 1.66 0.89 0.08 0.72 <0.01 34.80
LJZ-23 Phosphatic dolomite 12.95 15.30 1.30 1.15 46.80 9.36 3.29 <0.01 4.35 0.09 4.46
LJZ-27 Phosphatic dolomite 10.10 13.25 1.30 1.29 56.50 9.38 0.93 <0.01 4.52 0.10 3.09
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Table 1. Cont.

Stratum Sample P2O5 CaO F MgO SiO2 Al2O3 TFe2O3 MnO K2O Na2O LOI

Lower Gezhongwu

ZKX002-520.5 Phosphorite 26.40 36.80 2.70 0.52 22.40 2.25 3.75 0.03 0.74 0.11 3.88
ZKX002-523 Phosphorite 18.55 25.20 1.90 0.38 44.50 1.86 2.81 0.04 0.58 0.08 3.82

ZKX002-527S Phosphorite 26.30 41.20 2.70 3.11 16.70 0.47 1.01 0.09 0.15 0.12 8.25
ZKX002-527Q Phosphatic dolomite 9.87 31.10 1.00 12.05 13.40 0.32 2.48 0.32 0.10 0.03 27.28
ZKX002-528.5 Phosphatic dolomite 9.76 31.80 1.10 12.45 10.85 0.99 2.28 0.34 0.28 0.02 28.31
ZKX002-531Q Phosphatic dolomite 2.91 31.10 0.40 18.85 2.91 0.38 0.73 0.15 0.12 <0.01 41.74

LOI is an abbreviation for loss on ignition. LFC represents the Linfeichang section; GS represents the Gaoshan section; LJZ represents the Lijiazhai section.

Table 2. The REY content (ΣREY, ppm) of the Zhijin phosphorites and phosphatic dolomites (bulk-rock analyses).

Stratum Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ΣREY

Upper Gezhongwu

LFC1-8 Phosphorite 351.00 293.00 69.70 335.00 62.60 23.12 71.09 9.90 58.20 582.00 12.20 30.30 3.37 14.90 1.87 1918.24
LFC1-7 Phosphatic dolomite 57.50 45.80 10.60 50.20 9.13 3.30 10.17 1.54 8.63 98.80 1.81 4.76 0.52 2.74 0.33 305.84
LFC1-6 Phosphorite 270.00 238.00 55.40 267.00 51.50 18.12 54.64 7.92 44.60 461.00 9.21 23.50 2.52 12.00 1.51 1516.93
LFC1-5 Phosphatic dolomite 40.20 35.30 7.69 37.20 7.14 2.41 7.62 1.15 6.44 71.30 1.34 3.43 0.40 2.11 0.27 224.00
LFC1-2 Phosphorite 204.00 178.00 43.20 210.00 41.00 14.57 43.58 5.94 35.20 360.00 7.03 17.90 1.99 9.33 1.20 1172.94
LFC1-1 Phosphatic dolomite 89.50 71.60 16.60 78.70 14.30 4.69 16.06 2.26 13.30 149.00 2.81 7.44 0.78 4.05 0.51 471.60
LFC-30 Phosphorite 367.00 245.00 59.40 275.00 48.60 10.86 56.82 8.13 53.60 623.00 11.90 32.30 3.80 18.70 2.52 1816.63
LFC-29 Phosphatic dolomite 39.10 26.80 6.00 28.20 4.78 1.15 5.76 0.88 5.42 65.50 1.20 3.41 0.43 2.53 0.33 191.48
LFC-27 Phosphorite 378.00 264.00 63.60 302.00 50.80 11.73 60.54 8.83 54.80 606.00 11.80 31.20 3.36 15.70 1.95 1864.31
LFC-25 Phosphorite 357.00 244.00 58.80 277.00 47.30 11.04 54.60 8.11 52.40 573.00 10.90 28.50 3.12 15.30 1.80 1742.87
LFC-24 Phosphatic dolomite 123.00 82.30 18.50 85.20 14.30 3.57 16.83 2.56 16.00 195.00 3.49 9.41 1.10 5.42 0.68 577.36

Lower Gezhongwu

LFC-22 (2) Phosphorite 328.00 230.00 59.30 293.00 51.80 14.82 56.11 8.21 48.40 490.00 9.77 25.10 2.77 13.10 1.64 1632.02
LFC-22 (1) Phosphatic dolomite 110.00 78.60 20.70 95.60 17.80 5.48 19.75 2.81 16.60 167.00 3.32 8.38 0.93 4.46 0.60 552.03
LFC-21 (2) Phosphorite 300.00 205.00 55.70 263.00 46.00 12.61 50.33 7.32 43.90 453.00 9.10 23.40 2.55 12.70 1.50 1486.11

LFC-20 Phosphatic dolomite 102.00 66.00 17.60 81.10 14.10 3.05 15.17 2.31 13.50 156.00 2.92 7.68 0.86 4.32 0.53 487.14
LFC-19 Phosphatic dolomite 142.00 90.70 23.70 109.00 18.60 4.15 20.26 3.05 18.60 210.00 3.92 10.40 1.17 6.05 0.73 662.32

LFC-18 (1) Phosphorite 277.00 203.00 51.30 236.00 43.50 15.21 52.18 6.62 37.30 402.00 7.29 19.20 2.06 10.40 1.21 1364.27
LFC-17 Phosphatic dolomite 75.10 53.70 13.30 60.30 12.10 4.32 14.19 1.84 10.10 114.00 2.03 5.46 0.56 3.08 0.37 370.44
LFC-16 Phosphorite 196.00 131.00 34.20 159.00 29.20 10.03 35.52 4.52 25.30 294.00 5.46 13.80 1.60 7.95 0.94 948.52
LFC-15 Phosphatic dolomite 151.00 102.00 26.20 118.00 22.10 7.82 26.61 3.39 18.70 225.00 3.96 10.80 1.21 6.22 0.71 723.71
LFC-14 Phosphatic dolomite 149.00 104.00 26.20 120.00 22.00 7.85 26.76 3.45 19.90 225.00 4.03 10.80 1.21 6.34 0.73 727.27
LFC-13 Phosphatic dolomite 130.00 91.30 23.20 106.00 20.40 6.61 23.64 3.05 16.90 194.00 3.41 9.45 1.02 5.35 0.64 634.97

LFC-12 (2) Phosphatic dolomite 81.50 48.50 12.80 56.10 9.80 2.46 11.64 1.68 9.70 127.00 2.13 5.84 0.73 3.98 0.46 374.31
LFC-12 (1) Phosphorite 352.00 208.00 58.40 260.00 45.70 10.55 53.82 7.13 42.80 501.00 9.13 23.20 2.59 13.10 1.51 1588.93

LFC-11 Phosphorite 203.00 122.00 34.10 149.00 27.00 6.33 32.20 4.28 25.20 287.00 5.24 14.50 1.44 8.12 0.89 920.30
LFC-10 Phosphatic dolomite 89.40 52.60 14.50 62.20 11.10 2.70 13.51 1.81 10.80 140.00 2.37 6.38 0.77 4.16 0.50 412.79
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Table 2. Cont.

Stratum Sample La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ΣREY

LFC-9 (1) Phosphorite 328.00 192.00 54.10 235.00 41.30 9.83 49.58 6.88 39.00 481.00 8.30 21.50 2.41 12.00 1.38 1482.28
LFC-8 (2) Phosphatic dolomite 122.00 73.60 19.40 87.60 15.00 3.85 18.99 2.49 15.00 181.00 3.19 8.42 1.02 4.95 0.63 557.13

LFC-7 Phosphorite 351.00 229.00 61.70 275.00 48.90 11.78 57.87 8.02 46.40 539.00 9.76 25.90 2.73 14.20 1.59 1682.85
LFC-6 Phosphatic dolomite 75.90 46.40 12.10 53.70 9.44 2.37 11.21 1.57 9.31 122.00 1.97 5.62 0.67 3.63 0.43 356.32

Upper Gezhongwu

GS-13 Phosphorite 271.00 177.00 42.30 197.00 36.40 7.87 42.10 6.01 39.30 433.00 8.54 22.00 2.64 13.10 1.66 1299.92
GS-10 Phosphorite 388.00 268.00 64.30 288.00 54.20 11.50 53.80 7.86 52.80 686.00 11.70 29.30 3.36 15.90 1.97 1936.69
GS-6 Phosphorite 340.00 258.00 54.80 261.00 51.10 10.70 55.90 7.87 49.00 484.00 10.30 25.60 2.99 14.50 1.84 1627.60
GS-3 Phosphorite 318.00 216.00 48.40 232.00 44.00 9.10 49.90 7.00 45.20 478.00 9.67 24.60 3.00 14.90 1.92 1501.69

Lower Gezhongwu

LJZ-5 Phosphatic dolomite 50.20 43.40 8.98 36.60 6.14 1.24 6.40 1.35 7.29 70.80 1.76 4.69 0.63 3.04 0.47 242.99
LJZ-12 Phosphatic dolomite 47.70 37.40 8.47 34.30 5.52 1.36 5.92 1.25 6.72 64.80 1.64 3.88 0.58 2.56 0.41 222.51
LJZ-17 Phosphatic dolomite 61.50 51.30 11.10 48.30 8.11 1.80 8.69 1.74 9.59 88.70 2.27 5.71 0.83 3.67 0.53 303.85
LJZ-23 Phosphatic dolomite 188 145 34.8 156 29.7 6.25 32.6 4.59 28.8 271 6.06 15.1 1.76 8.73 1.1 929.49
LJZ-27 Phosphatic dolomite 157 129 30.4 132 25.5 5.05 27 3.91 25.1 225 5.24 13.1 1.53 7.8 1 788.63

Lower Gezhongwu

ZKX002-520.5 Phosphorite 308.00 239.00 58.8 270.00 57.9 12.5 63.3 8.96 56 482.00 11.4 28.1 3.22 15.4 1.93 1616.51
ZKX002-523 Phosphorite 253.00 173.00 42.2 205.00 38.9 8.08 42.9 5.89 36.6 356.00 7.57 18.6 2.08 9.86 1.21 1200.89

ZKX002-727S Phosphorite 226.00 138.00 38.8 174.00 32.3 6.8 35.6 5.06 32.5 343.00 6.89 17.4 2.07 10 1.25 1069.67
ZKX002-527Q Phosphatic dolomite 86.90 67.20 18.10 71.80 13.60 2.96 15.35 2.46 13.10 122.00 3.20 7.92 0.91 4.57 0.60 430.66
ZKX002-528.5 Phosphatic dolomite 84.00 63.40 17.40 69.00 13.10 3.42 14.55 2.35 12.40 119.00 3.10 7.88 0.93 4.76 0.58 415.86
ZKX002-531S Phosphatic dolomite 18.50 17.60 3.25 13.60 2.60 0.80 2.98 0.47 2.62 29.70 0.65 1.56 0.21 1.03 0.13 95.71

Anomalous abundances of Ce, suggested by Ce/Ce* ratios, are calculated by CeN/(LaN × PrN)1/2.
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4.3. In Situ REY of Francolite and Dolomite

Forty francolite and ten dolomite minerals from four samples from the LFC section
were selected for in situ analysis of their REY composition. Both bioclastic and granular
francolite were studied, and the ΣREY (ppm) and elemental ratios are given in Table 3
and Table S2. Some selected major element contents are given in Table S3. The ΣREY of
francolite from the lower layer ranges from 1640 to 2054 ppm, with an average of 1836 ppm.
In contrast, the ΣREY of francolite from the upper layer ranges from 2054 to 2600 ppm,
with an average of 2294 ppm. The upper layer of the LFC section contains a relatively high
ΣREY, which is consistent with the result of the whole rock trace element chemistry. As for
different types of francolite, the ΣREY of bioclastic francolite ranges from 1664 to 2054 ppm,
with an average of 1825 ppm, and the ΣREY of granular francolite ranges from 1640 to 2600
ppm, with an average of 2168 ppm; seemingly, the granular francolite is more enriched in
ΣREY than the bioclastic francolite. However, if we focus on the two types of francolite,
both from the lower layer, the average ΣREY of both types is similar. In other words, there
is no obvious ΣREY difference between granular francolite and bioclastic francolite from
given stratum, but the upper layer has higher ΣREY than the lower layer. The ΣREY of
dolomite ranges from 44 to 95 ppm, which is much lower than that of francolite.
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Table 3. In situ ΣREY of the francolite and dolomite from the LFC section (ppm).

Sample (Type) Spot La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ΣREY

LFC1-2
(granular francolite)

1-2-1-A 409.65 289.25 66.63 316.96 59.82 17.85 72.82 9.39 57.14 687.99 12.38 31.12 3.40 16.40 1.90 2052.71
1-2-1-B 454.62 339.90 77.36 365.66 69.65 23.64 84.02 10.51 62.48 730.63 13.60 33.85 3.71 17.96 2.23 2289.82
1-2-1-C 455.48 349.21 80.62 381.03 73.58 26.35 86.76 10.76 64.49 729.65 13.63 33.32 3.64 17.47 2.08 2328.05
1-2-1-D 499.29 349.48 76.37 350.80 64.06 18.63 77.59 9.87 60.46 740.41 13.29 33.81 3.89 19.04 2.36 2319.34
1-2-2-A 419.61 376.72 91.17 462.19 96.22 40.29 110.61 13.05 73.28 761.09 14.85 35.11 3.57 16.06 1.80 2515.63
1-2-2-B 486.67 362.92 81.14 381.91 71.82 22.99 85.69 10.85 65.12 768.14 14.01 35.16 3.90 18.73 2.23 2411.28
1-2-2-C 449.06 327.23 72.89 336.70 63.09 18.93 76.72 9.68 59.07 707.69 12.76 32.31 3.59 17.52 2.11 2189.36
1-2-2-D 493.49 365.51 81.02 378.13 71.89 22.98 85.05 10.97 65.34 768.78 14.00 35.18 3.86 18.61 2.29 2417.10

LFC-27
(granular francolite)

27-1-A 545.90 321.73 73.54 327.67 58.78 12.86 73.39 9.86 62.49 758.35 13.60 34.70 3.94 18.89 2.26 2317.94
27-1-B 549.07 314.76 71.68 321.15 56.82 12.65 71.55 9.61 62.22 754.67 13.59 35.19 3.90 19.59 2.26 2298.71
27-1-C 550.93 320.23 73.42 328.28 58.15 12.99 73.06 9.85 63.06 774.59 13.95 35.56 3.97 20.06 2.33 2340.42
27-1-D 537.62 306.30 69.99 308.56 53.74 11.73 68.95 9.18 59.67 741.40 13.08 34.30 3.83 19.18 2.30 2239.83
27-1-E 493.11 298.05 69.55 317.53 57.27 13.50 73.54 9.82 61.55 738.46 13.47 33.92 3.69 18.20 2.12 2203.78
27-1-F 465.71 291.85 69.91 321.85 59.51 13.83 74.67 9.98 62.41 735.87 13.44 33.68 3.62 17.27 1.96 2175.58
27-1-G 494.84 286.07 65.52 299.20 53.26 12.12 69.02 9.23 59.60 742.24 13.13 34.15 3.86 19.39 2.29 2163.92
27-2-A 517.22 304.56 69.84 314.55 56.29 12.67 71.45 9.49 60.99 742.17 13.39 34.19 3.85 19.19 2.25 2232.10
27-2-B 563.55 359.06 84.33 385.42 70.10 17.17 88.41 11.77 73.56 863.29 15.92 40.14 4.32 20.82 2.41 2600.27
27-2-C 483.47 295.31 69.22 318.39 57.29 13.50 73.74 9.94 64.07 761.65 13.78 35.86 3.95 19.45 2.30 2221.92
27-2-D 579.38 331.77 74.18 332.89 57.91 12.61 71.77 9.81 62.21 769.59 13.70 35.19 4.02 20.23 2.42 2377.67
27-2-E 461.59 289.49 70.17 329.06 60.44 14.20 76.04 10.16 64.26 743.24 13.89 34.81 3.69 17.93 2.04 2191.01

LFC-7
(granular francolite)

7-1-A 435.59 240.51 63.20 279.24 50.91 11.76 59.91 8.38 50.60 577.35 10.80 27.54 3.16 15.94 1.92 1836.83
7-1-B 430.38 237.80 64.95 289.01 53.88 11.65 64.14 8.71 54.07 596.63 11.33 28.54 3.24 16.07 1.88 1872.27
7-1-C 450.07 248.29 67.70 304.37 55.71 12.49 66.03 8.93 55.73 622.15 11.72 29.40 3.32 16.75 2.01 1954.66
7-1-D 449.98 239.44 63.76 279.66 50.70 11.15 60.49 8.24 50.66 582.41 10.84 27.39 3.21 16.51 2.01 1856.43
7-1-E 479.16 255.74 67.74 303.30 53.83 11.82 63.52 8.73 53.10 609.74 11.42 29.00 3.23 16.81 2.00 1969.15
7-1-F 463.53 245.25 63.79 282.84 50.44 10.63 59.62 8.14 50.67 585.96 10.88 27.71 3.21 16.32 1.98 1880.96
7-1-G 367.18 211.82 57.44 261.82 48.22 10.57 57.24 7.75 47.62 517.86 9.84 24.92 2.67 13.71 1.57 1640.23
7-1-H 430.77 233.10 63.68 281.89 51.25 11.12 60.92 8.17 49.90 571.23 10.70 26.91 3.00 15.16 1.79 1819.61

LFC-7
(bioclastic francolite)

7-2-A 461.81 244.44 64.29 280.86 49.06 10.27 57.92 7.83 49.16 566.30 10.36 26.51 3.11 16.33 1.95 1850.18
7-2-B 454.33 242.67 63.10 276.02 49.08 10.17 56.75 7.78 47.94 547.58 10.11 25.91 3.00 15.16 1.91 1811.51
7-3-A 400.15 215.28 57.55 255.44 45.43 9.93 55.03 7.28 44.47 520.01 9.59 24.49 2.77 14.51 1.72 1663.64
7-3-B 406.00 216.94 58.36 260.88 46.41 10.15 55.99 7.40 46.39 527.57 9.81 25.27 2.78 14.50 1.75 1690.20
7-3-C 427.52 236.56 63.82 287.34 52.17 11.60 62.20 8.24 51.83 583.55 10.68 27.59 3.12 16.23 1.91 1844.38
7-3-D 389.10 214.91 58.21 261.15 47.23 10.36 56.49 7.63 47.07 528.32 10.03 25.56 2.85 14.49 1.69 1675.11
7-3-E 439.14 236.38 62.30 279.47 49.35 10.79 59.01 7.95 48.56 559.81 10.39 26.39 3.02 15.51 1.93 1810.00
7-3-F 450.62 235.96 61.06 268.51 47.84 9.84 56.34 7.55 47.68 547.26 10.09 25.82 2.97 15.52 1.90 1788.98
7-3-G 451.51 238.05 61.63 273.87 47.87 10.15 57.62 7.76 48.62 555.55 10.32 26.31 3.01 16.01 1.90 1810.20
7-3-H 474.91 247.49 65.01 287.07 50.70 11.09 59.86 8.05 50.45 577.44 10.71 27.70 3.16 16.88 2.06 1892.57
7-3-I 485.17 262.56 73.24 326.61 59.93 12.76 68.73 9.41 57.63 633.24 12.22 30.07 3.39 17.00 2.02 2053.98
7-3-J 499.20 264.95 69.30 307.96 55.54 11.81 64.44 8.67 52.22 609.19 11.39 28.68 3.28 17.01 2.08 2005.72
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Table 3. Cont.

Sample (Type) Spot La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ΣREY

LFC-6
(dolomite)

D6-1-1 18.39 9.94 2.41 9.81 1.46 0.28 2.24 0.35 2.96 39.23 0.86 2.34 0.40 2.92 0.40 93.98
D6-1-3 10.18 6.34 1.61 6.46 1.09 0.23 1.59 0.24 2.56 29.67 0.64 1.68 0.33 1.69 0.27 64.59
D6-1-5 13.65 7.71 1.96 8.31 1.94 0.30 2.24 0.43 3.25 41.00 0.85 2.85 0.44 3.47 0.48 88.88
D6-1-6 11.44 6.40 1.62 6.48 1.45 0.24 1.74 0.29 2.48 31.91 0.67 1.91 0.30 1.98 0.30 69.22
D6-1-8 20.70 11.00 2.41 9.84 1.57 0.32 2.10 0.39 2.81 37.79 0.72 2.30 0.35 2.07 0.30 94.66
D6-2-1 14.02 7.68 1.96 7.68 1.33 0.30 1.91 0.31 2.46 32.07 0.59 2.00 0.32 2.16 0.34 75.14
D6-2-2 10.53 5.90 1.62 6.82 1.23 0.28 1.58 0.26 2.26 26.95 0.56 1.77 0.27 1.77 0.28 62.07
D6-2-3 6.04 3.64 1.02 3.89 0.85 0.17 1.18 0.23 1.64 21.65 0.44 1.45 0.23 1.56 0.22 44.20
D6-2-4 9.08 4.74 1.10 4.35 0.85 0.21 1.07 0.20 1.74 22.10 0.45 1.54 0.24 1.72 0.25 49.65
D6-4-2 18.4 9.6 2.47 10.6 1.83 0.40 2.27 0.37 2.69 35.3 0.67 2.21 0.33 2.35 0.33 89.86
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5. Discussion
5.1. Occurrence of REY

Phosphatic rocks have been reported to contain high ΣREY all over the word [1,37].
Previous research suggested that the REY in the Zhijin phosphorite were dominantly
hosted in francolite by isomorphic substitution [14–19,22], while very small amounts of
REY were adsorbed in francolite [15,17,38] or occurred as independent REY minerals [14,15].
Generally, REY are substituted into apatite via two dominant schemes: REY3+ + Na+↔2Ca2+

and/or REY3+ + Si4+↔Ca2+ + P5+ [39,40]. In our study, the ΣREY has a significantly positive
correlation with P2O5, CaO, and F, which are the main components of francolite, indicating
that REY are mainly enriched in the francolite. This is further supported by the results of in
situ ΣREY analyses and can be observed from the element content mapping (Figure 6) that
the rare earth elements are homogeneously distributed in the francolite particles.
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5.2. REY Pattern

The PAAS-normalized REY pattern in phosphorites can be an important indicator
for the depositional conditions and diagenetic effects, as well as REY sources [31,33,41,42].
The PAAS-normalized REY patterns of phosphate rocks and nodules studied by many
researchers can be concluded as being seawater-like and “hat-shaped” [1,31,41,43]. Com-
monly, a seawater-like pattern is characterized by a negative Ce anomaly, HREE enrichment,
as well as Y enrichment [44–48], whereas a hat-shaped pattern is distinguished by MREE
enrichment and HREE depletion [31,41].

MREE enrichment is most common in phosphate rocks and sediments [24,43,49–56].
In this study, the REY pattern of whole rock analyses of four sections and that of franco-
lite is quite similar (Figures 7 and 8), showing a typical hat-shaped pattern with MREE
enrichment. Most studies have attributed this hat-shaped REY pattern in phosphate rocks
to diagenetic conditions [33,43,48,55,57]. The MREE enrichment has been observed in
authigenic phosphate that precipitates during early diagenesis [58,59], but there is also
evidence that the timing of the uptake of MREEs occurs throughout early and late dia-
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genesis [43]. During the diagenetic recrystallization of apatite, the MREEs preferentially
substitute Ca2+ due to the similarity between the ionic radii of Ca and MREE [29,31]. The
MREE enrichment has also been attributed to the preferential adsorption of MREE into
organisms [60,61]. Research on the Ediacaran Weng’an phosphorite deposit indicates that
biogenetic phosphorite might play a role in MREE enrichment [22,53]. However, in our
case, bioclastic and granular francolite are both characterized by MREE enrichment, and
the two types of francolite from the lower layer of the LFC section do not show significant
differences in ΣREY. Thus, we propose that biological activity may not play an important
role in REY enrichment in the Zhijin deposit.
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It is believed that the REY pattern of seawater can be well preserved in carbonate
sediments and rocks [62]. Therefore, the pattern of dolomites in this study can represent the
seawater pattern at that time to a large extent. In Figure 8, we compare the REY patterns of
different systems, and we propose that the REY patterns of dolomite from the LFC section
are similar to that of modern seawater, whereas the REY pattern of francolite varies from
seawater by a distinct HREE depletion, which can be the result of hydrothermal influence
or diagenetic processes [33].
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are based on reported REY, including high-temperature hydrothermal fluid [63], modern seawater
from Indian Ocean and South Pacific Ocean [45,47] and terrigenous components [64]. Data of
phosphorites and francolite and dolomite grains are from the LFC section, Zhijin deposit.

5.3. Redox Conditions
5.3.1. Ce Anomaly

A Ce anomaly in phosphate rocks is usually used as an effective indicator of redox
conditions of the depositional environment during early diagenesis [52,65]. Commonly,
a negative Ce anomaly can be a result of the oxidation of Ce3+ to Ce4+, and this process
occurs under oxic seawater conditions. Ce4+ is scavenged by Fe-Mn oxyhydroxides and
organic matter, thus leaving the seawater depleted of Ce [56,66]. Therefore, sediments
precipitating from oxic seawater record a negative anomaly and indicate an oxidizing
environment [42,65]. In this study, the Ce/Ce* of phosphorites and francolite ranges from
0.32 to 0.52, as for many phosphorites [19,22,31,65], showing a distinct negative Ce anomaly.
Since the high concentration of La can lead to great uncertainty in Ce/Ce* calculation [33],
we use the method of Bau and Dulski (1996) to measure the La effect on Ce anomaly values
(Figure 9a). In our study, all samples of phosphorites and francolite are plotted on the
Pr/Pr*-Ce/Ce* diagram, which is divided into five domains. Figure 9a shows that samples
from this study lie within the field IIIb, indicating real Ce anomalies of all the samples.
Therefore, the negative Ce anomaly suggests oxic conditions during the deposition of the
Zhijin phosphorites, which is supported by the Mo isotope data [25]. In the LFC section,
the average Ce/Ce* of rocks from the lower layer is 0.37, and that of the upper layer is
0.42, implying that the degree of oxygenation decreased from the bottom to the top of the
LFC section.

However, Ce/Ce* can also be affected by diagenetic processes, pH, and water
depth [33,67]. Diagenetic processes will lead to REE enrichment and a decrease in (Dy/Sm)N,
and therefore the correlation between ΣREY − Ce/Ce* and (Dy/Sm)N − Ce/Ce* can be
used as a geochemical parameter to determine the effect of diagenetic processes [33,68]. Our
data of Ce/Ce* from phosphorites and francolite do not show an obvious positive correla-
tion with ΣREY (Figure 9b) or negative correlation with (Dy/Sm)N (Figure 9c), indicating
that diagenetic processes did not significantly affect the Ce concentrations of phosphorite
and francolite. However, we do not exclude the influence of pH and water depth. However,
it should be noted that a Ce anomaly cannot alone determine the redox conditions.



Minerals 2022, 12, 408 17 of 25

Minerals 2022, 12, x FOR PEER REVIEW 17 of 25 
 

 

therefore the correlation between ΣREY − Ce/Ce* and (Dy/Sm)N − Ce/Ce* can be used as a 
geochemical parameter to determine the effect of diagenetic processes [33,68]. Our data of 
Ce/Ce* from phosphorites and francolite do not show an obvious positive correlation with 
ΣREY (Figure 9b) or negative correlation with (Dy/Sm)N (Figure 9c), indicating that dia-
genetic processes did not significantly affect the Ce concentrations of phosphorite and 
francolite. However, we do not exclude the influence of pH and water depth. However, it 
should be noted that a Ce anomaly cannot alone determine the redox conditions. 

 
Figure 9. REE plots: (a) position of the data points in bivariate plot of Pr/Pr*-Ce/Ce*, modified after 
Bau and Dulski, 1996 [69]. The five fields are defined as follows: I: no La and Ce anomaly; IIa: 

Figure 9. REE plots: (a) position of the data points in bivariate plot of Pr/Pr*-Ce/Ce*, modified
after Bau and Dulski, 1996 [69]. The five fields are defined as follows: I: no La and Ce anomaly;
IIa: positive La anomaly and no Ce anomaly; IIb: negative La anomaly and no Ce anomaly; IIIa:
positive Ce anomaly; IIIb: negative Ce anomaly. (b) Ce/Ce*-ΣREY diagram based on Morad and
Felitsyn (2001) [68] and Shields and Stille (2001) [33]. (c) Ce/Ce*– DyN/SmN diagram based on
Morad and Felitsyn (2001) and Shields and Stille (2001). (d,e) V/Cr-V/Ni and Th/U-Co/Ni diagram
of phosphorite and francolite samples from Zhijin deposit. Modified after Ross and Bustin (2006) [70]
and Zhang et al. (2021) [29]. Legend: I: oxic environment, II: suboxic environment, III: anoxic
environment. The arrow indicates the direction of oxic environment. (f) Y/Ho ratios of samples of



Minerals 2022, 12, 408 18 of 25

Zhijin phosphorites. The blue area represents the Y/Ho range of seawater [69], from 44 to 74.
The blue line represents the Y/Ho ratio of terrigenous materials [71], which is 28. (g) LaN/NdN

vs. Y/Y* showing increasing diagenetic alteration with lowering Y/Y* and LaN/NdN values, and
(h) LaN/SmN vs. LaN/YbN showing increasing LREE concentrations during post-depositional
porewater-rock interaction. Modified after Lumiste et al. (2019) [56] and Reynard et al. (1999) [57].
LFC-WR, GS-WR, LJZ-WR, and ZKX002-WR are whole rock samples from the four sections in Zhijin.
LFC-Francolite is francolite from the LFC section, Zhijin region.

5.3.2. Eu Anomaly

A positive Eu anomaly is normally interpreted as a tracer for a reducing and anoxic
depositional environment [50], or can represent a characteristic inherited from Eu-rich
feldspar [33]. An Eu anomaly can also be influenced by hydrothermal fluids [24], as well as
pH and temperature [72]. In this study, the Eu/Eu* of phosphorites and francolite ranges
from 0.88 to 1.82, showing negative to positive Eu anomalies. In the LFC section, although
the average Eu/Eu* of rocks from the lower layer (average = 1.21) is lower than that of
the upper layer (average = 1.31), there is no continuous increase in Eu/Eu* throughout the
section. In contrast, the values of the Eu/Eu* fluctuate around 1 (Tables S1 and S2). Fe
isotope data indicate fluctuating oxic–suboxic seawater conditions during the deposition
of Zhijin phosphorites, and suggest that these fluctuating conditions promoted Fe redox
cycling, which caused the enrichment of REY [27].

Previous studies have proposed that Eu3+ could transfer to Eu2+ only under extremely
reducing conditions [53,73,74]. However, in the Zhijin deposit, the Ce anomaly and Fe and
Mo isotopes indicate oxic or suboxic-oxic conditions [25,27]. Thus, the positive Eu anomaly
may indicate the effects of hydrothermal activity. Hydrothermal fluids can have a significant
effect on the distribution of REY and REY minerals in phosphorites [51]. In the Zhijin
deposit, the observation of hydrothermal veins, hydrothermal minerals and hydrothermally
transformed minerals proved the existence of later hydrothermal activity [30]. Research
also indicates that the Zhijin phosphorite formed in an anoxic hydrothermal sedimentary
environment [29], indicating the influence of hydrothermal fluids.

5.3.3. Redox Sensitive Elements (RSEs)

The solubility of RSEs changes correspondingly under different redox conditions,
resulting in their migration to water or sediment under different conditions. Thus, the
content and ratios of these elements can be used to measure the redox conditions of
sediments and rocks [75]. V/Ni, V/Cr, Th/U, and Co/Ni can be used as indicators to
determine the redox state of paleo-marine environments [75]. In this study, we chose V, Ni,
Cr, Co, Th, and U to determine the sedimentary conditions of the Zhijin deposits.

V is preferentially enriched in sediments in anoxic or near-anoxic water conditions
compared with Ni and Cr [76,77]. Jones and Manning (1994) suggested that V/Cr < 2
indicates an oxic condition, and 2 < V/Cr < 4.25 indicates an anoxic condition [77]. Further-
more, the depositional environment can be divided into four types based on V/Ni ratios:
an oxidation environment (V/Ni < 0.8), an oxygen-lean environment (0.8 < V/Ni < 1.5),
an anoxic environment (1.5 < V/Ni < 6), and a sulfidic environment (V/Ni > 6) [29,76,78].
The V/Cr ratios of the Zhijin phosphorites and francolite are 0.54–13.4 and 0.03–2.67, re-
spectively. The V/Ni ratios are 0.14–4.48 for phosphorites and 0.04–1.41 for francolite. In
the V/Cr–V/Ni discriminant figures (Figure 9d), phosphorite and francolite data scatter in
three regions, indicating fluctuating conditions.

U exists in the form of soluble U6+ under oxic conditions, and is reduced to insoluble
U4+ in the reduced condition. Th appears as insoluble Th4+ under oxic conditions [79].
Therefore, the Th/U ratio is higher under oxic conditions, because U is released from
sediment to seawater [79]. Jones and Manning (1994) suggested that Th/U > 1.33 indicates
an oxidizing environment, 0.8 < Th/U < 1.33 indicates an oxygen-poor environment, and
Th/U < 0.8 indicates an anoxic environment [77]. In a reducing environment, Ni moves to
the sediments from organic matter, and the Co/Ni ratio in the sediments decreases [77].
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Jones and Manning (1994) proposed that Co/Ni > 0.2 indicates an oxidized environment
and a ratio < 0.14 indicates an anoxic environment [77]. The Th/U ratios of the Zhijin
phosphorites range from 0.05 to 1.68, and the Co/Ni ratios are 0.06–1.58. In a Th/U–Co/Ni
diagram (Figure 9e), phosphorites fall into the anoxic, suboxic, and oxic region, again
indicating fluctuating redox conditions.

5.4. The Origin of the REY
5.4.1. The Sources of REY

Seawater, organic matter, terrigenous detrital minerals as well as hydrothermal fluids
are considered as potential sources for REE in sedimentary phosphatic rocks [5,18,24,28,31].
Modern seawater is distinguished by a distinct negative Ce anomaly and relative enrich-
ment of the HREE, especially Y enrichment, as well as positive La anomalies and high
Y/Ho ratios [46,48,69]. However, there is a debate about whether the REY composition
of seawater has changed over geological time. Though some researchers think the com-
position has changed, most researchers propose that seawater REY patterns have hardly
changed throughout time, and the deviations from the modern recordings for bioapatite
are considered the product of post-depositional REY exchange with pore water [33,43,48].
Carbonate has the potential for recording information of ambient seawater during depo-
sition [71,80]. As we have discussed in Section 5.2, in our study, dolomite, the cement
mineral of francolite, shows a similar REY pattern to modern seawater (Figure 8). The Ce
anomalies in our samples have not been affected by diagenetic processes, indicating that
the Ce anomaly represents the primary information regarding deposition. Though the REY
pattern of francolite shows a different pattern than the dolomite and modern seawater,
it preserves the characteristics of the negative Ce anomaly, which is the same as modern
seawater, indicating the contribution of seawater.

Y and Ho are considered as geochemical twin elements that share similar valence and
almost the same radii. Therefore, they behave similarly in most geological processes, and
so the Y/Ho ratio is usually a constant in stable sedimentary rocks and minerals [46,81,82].
However, it differs in different systems due to the influence of these sedimentary environ-
ments or sources [69]. Because of the higher affinity of Ho towards Fe-Mn oxyhydroxides,
the Y/Ho ratio in seawater is higher than that in chondritic materials and igneous rocks of
28 [44,56]. The Y/Ho ratio of modern seawater is 44~74 [82]. The Y/Ho ratio of terrigenous
materials is approximately 28 [31], and hydrogenetic marine ferromanganese crust displays
even lower Y/Ho, with a value of 17–25 [69]. In this study, the Y/Ho ratios of bulk rock and
francolite samples from the LFC section are relatively concentrated (50–60) and indicate
a seawater origin (Figure 9f). However, the values of the other three sections vary from
38.13 to 58.63 (mean of 44.92), which are lower than that of the LFC section (Figure 9f).
Therefore, the lower Y/Ho of these sections (especially the LJZ and ZKX002 sections)
indicate a possible origin of terrigenous materials, whereas the slight variation in the trend
of the terrigenous materials suggests that a terrigenous effect does not play an important
role in REY contribution. The detrital materials can also give rise to great enrichment of Nd,
resulting in a Er/Nd value less than 0.1 [67,83]. In modern seawater, the value of the Er/Nd
ratio is approximately 0.27 [84]. In this study, the value of the Er/Nd ratio in the studied
phosphatic rocks ranges from 0.08 to 0.13, with an average of 0.10, which is lower than the
value of seawater. Therefore, these ratio values may support a terrigenous origin of some
of the REY [31]. However, diagenetic processes have an effect on the Er/Nd ratio [83], and
a low Er/Nd can be a result of diagenetic processes.

The Y anomaly and LaN/NdN ratio are considered useful indicators for determin-
ing the post-depositional changes related to variations in the composition of circulating
fluids [85]. These two parameters have positive anomalies in modern seawater [44,86].
Although they are not affected by environmental redox changes, diagenetic processes can
have great influence on them [33]. In modern seawater, the Y anomaly varies between 1.5
and 2.3, and the LaN/NdN ratio is between 0.8 and 1.3 [33]. In our study, the Y anomaly in
Zhijin phosphorites and francolite ranges from 1.46 to 2.21, and the LaN/NdN is from 0.76
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to 1.47, both of which are similar to the seawater values (Figure 9g), indicating the samples
were not significantly chemically affected by diagenesis. According to Shields and Stille,
2001, the Y anomaly and LaN/NdN ratios are expected to decrease during diagenesis [33].
In all of the samples from the Zhijin region, samples from the GS section, the LJZ section,
and the ZKX002 section trend towards increasing diagenesis compared to those from the
LFC section. This indicates that these three sections may have undergone relatively more
intense diagenesis [33,85] (Figure 9g).

Reynard et al. (1999) suggested that the LaN/YbN ratio is affected by the substitution
mechanism, whereas the LaN/SmN ratio is affected by adsorption, which often occurs
in early diagenesis. As a result, the LaN/SmN ratio will increase if the REY uptake is
governed by the adsorption mechanism and the LaN/SmN ratio will increase if adsorption
dominates [57]. The LaN/SmN and LaN/YbN ratios of Zhijin phosphorites and francolite
are 0.64–1.47 and 1.14–2.21, respectively. Compared to the seawater ratios, 0.6–1.6 for
La/Sm and 0.2–0.5 for LaN/YbN [57], Zhijin phosphorites have a similar LaN/SmN ratio
and a higher LaN/YbN ratio (Figure 9h). This suggests that adsorption dominates the REY
uptake during early diagenesis near the water–sediment interface [56,57].

Furthermore, the seawater origin is demonstrated by the Ce/Ce* and Eu/Eu* (Figure 10).
In Figure 10, whole rock and francolite samples from this study have been compared with
different sources, including fossils, fish debris, iron oxide apatite (IOA)-type ore, hydrother-
mal, as well as seawater and deep-sea mud. In recent years, deep-sea muds were found
to be enriched in REY, which are considered to be derived from seawater, pore water,
Fe-Mn oxyhydroxides, and organic matter [39,56]. Research into the REE-rich deep-sea
mud from the Minami-Torishima area, southeastern Japan, proposed that the REY pattern
of bio-apatite in deep sea clay is influenced by the seawater [87]. In our case, we found the
data of our samples to be plotted in a similar area to the mud apatite, around the area of
seawater (Figure 10), implying the significant influence of seawater, consistent with the Y
anomaly and La/Nd ratio. However, hydrothermal activity may have an effect on the REY
data in Figure 10, deviating from the seawater region slightly towards the hydrothermal
region. Furthermore, in our case, most of the francolite grains and phosphorites show
Eu/Eu* values close to one (Figure 10, Tables S1 and S2), indicating the limited influence of
hydrothermal activities during francolite formation.
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of the samples from the Zhijin region, samples from the GS section, the LJZ section, and 
the ZKX002 section trend towards increasing diagenesis compared to those from the LFC 
section. This indicates that these three sections may have undergone relatively more in-
tense diagenesis [33,85] (Figure 9g). 

Reynard et al. (1999) suggested that the LaN/YbN ratio is affected by the substitution 
mechanism, whereas the LaN/SmN ratio is affected by adsorption, which often occurs in 
early diagenesis. As a result, the LaN/SmN ratio will increase if the REY uptake is governed 
by the adsorption mechanism and the LaN/SmN ratio will increase if adsorption dominates 
[57]. The LaN/SmN and LaN/YbN ratios of Zhijin phosphorites and francolite are 0.64–1.47 
and 1.14–2.21, respectively. Compared to the seawater ratios, 0.6–1.6 for La/Sm and 0.2–
0.5 for LaN/YbN [57], Zhijin phosphorites have a similar LaN/SmN ratio and a higher 
LaN/YbN ratio (Figure 9h). This suggests that adsorption dominates the REY uptake during 
early diagenesis near the water–sediment interface [56,57]. 

Furthermore, the seawater origin is demonstrated by the Ce/Ce* and Eu/Eu* (Figure 
10). In Figure 10, whole rock and francolite samples from this study have been compared 
with different sources, including fossils, fish debris, iron oxide apatite (IOA)-type ore, hy-
drothermal, as well as seawater and deep-sea mud. In recent years, deep-sea muds were 
found to be enriched in REY, which are considered to be derived from seawater, pore 
water, Fe-Mn oxyhydroxides, and organic matter [39,56]. Research into the REE-rich deep-
sea mud from the Minami-Torishima area, southeastern Japan, proposed that the REY 
pattern of bio-apatite in deep sea clay is influenced by the seawater [87]. In our case, we 
found the data of our samples to be plotted in a similar area to the mud apatite, around 
the area of seawater (Figure 10), implying the significant influence of seawater, consistent 
with the Y anomaly and La/Nd ratio. However, hydrothermal activity may have an effect 
on the REY data in Figure 10, deviating from the seawater region slightly towards the 
hydrothermal region. Furthermore, in our case, most of the francolite grains and phos-
phorites show Eu/Eu* values close to one (Figure 10, Tables S1 and S2), indicating the 
limited influence of hydrothermal activities during francolite formation. 

 
Figure 10. Ce and Eu anomalies of various sources of apatite. The involved REY were normal-
ized by PAAS and were calculated as follows: [Ce/Ce*]N = CeN/(LaN

1/2 × PrN
1/2), [Eu/Eu*]N =

EuN/(SmN
1/2 × GdN

1/2). For the data of Cenozoic fossils, REY were calculated as [Ce/Ce*]N =
CeN/(LaN

2/3 × NdN
1/3), [Eu/Eu*]N = EuN/(SmN

2/3 × TbN
1/3). The data are from reported REY,

including: Cenozoic fossils [54], apatite in deep-sea mud from the Pacific Ocean [8], seawater from
the Pacific and the Atlantic Oceans [72], fish debris [88], apatite from IOA (iron oxide apatite)-type
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ore deposit [89,90], and hydrothermal origin apatite [91,92]. LFC-WR, GS-WR, LJZ-WR, and ZKX002-
WR are whole rock samples from the four sections in the Zhijin region. Francolite is francolite from
the LFC section, Zhijin region.

5.4.2. The Enrichment Process of REY

During the early Cambrian, the breakup of the Rodinia supercontinent [93,94] and
higher temperature [25] increased terrigenous weathering input, along with upwelling,
providing P and REY in shallow seawater. At that time, the seawater became entirely
oxic [25,26,95] and primary francolite precipitated by absorbing P and REY in this oxic
seawater setting [53]. Fe-Mn oxyhydroxides adsorbed REY in seawater and then released
them in a suboxic to anoxic environment [22]. Driven by the influence of increasingly
intense ocean currents and sea waves, the primary francolite was abraded and transported
to a constrained basin [22,29], and in this transportation process, francolite took on different
shapes due to different transportation distances. In the constrained basin, the turbulent
water created a fluctuating redox condition, promoting Fe redox cycling, resulting in a great
enrichment of REY in porewater and then in francolite [27]. Additionally, the diagenesis
might have an effect on the enrichment of MREE [43,55]. The REY uptake occurred during
the primary sedimentary stage, transportation stage and early diagenesis [22,27,58,59].
Hydrothermal activity may have affected the REY content, but not to a large degree [29,30].

6. Conclusions

1. The REY in the Zhijin deposit are mainly contained in francolite. The phosphorites
and francolite show a hat-shaped pattern characterized by MREE enrichment and
HREE depletion, indicating the influence of diagenetic processes.

2. Ce anomalies indicate a primary oxic sedimentation condition. The Eu anomalies
and RSEs indicate fluctuating depositional conditions during diagenesis, which can
promote the enrichment of REY.

3. We propose that the main origin of REY in the Zhijin phosphorites is seawater, though
terrigenous materials may have a minor contribution. The REY were absorbed by
francolite during primary sedimentation, transportation, and early diagenesis. Hy-
drothermal fluids have a minor influence on REY concentrations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min12040408/s1, Table S1: REY ratios and selected trace element
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and selected trace element of francolite and dolomite grains (contents of elements are in ppm, “-”
means not detected). Table S3: Selected major elements of francolite from the LFC section (%, “-”
means not detected).
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