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Abstract

Rare earth elements and Yttrium (REYs) are critical to the emerging high-tech and green-energy industries, generating
tremendous REY demand in recent decades. Recently, many sedimentary phosphorites have been reported to have extraor-
dinary REY enrichment (> 1000 ppm) and may become new REY resources. However, the controls of REY enrichment in
phosphorites have not been well constrained. To better understand the discrepant REY enrichment in phosphorites, the early
Cambrian high-REY Zhijin (ZJ) phosphorites (~500-2000 ppm) and the relatively low-REY Meishucun (MSC, ~200—
400 ppm) and Xia’an (X’A, mostly < 200 ppm) phosphorites on the Yangtze Block of South China were investigated with
mineralogy, bulk-rock elements, total organic carbon, in-situ elements, and Zn-Fe isotopes. The mineral characteristics,
REY indexes, and in-situ REY mapping indicate that the X’A phosphorites may represent pristine phosphorites, whereas
the ZJ and MSC phosphorites may have experienced intensive diagenetic alteration. Diagenetic alteration can only explain
the REY enrichment in the MSC phosphorites compared to the pristine X’A phosphorites, but it does not sufficiently explain
the extraordinary REY enrichment in the ZJ phosphorites. Additionally, the lower 8°°Zn values of the ZJ and X’A phospho-
rites (566Znaverage = 0.16%0 and 0.14%o, respectively) than those of the MSC phosphorites (5662naverage = 0.75%0) indicate
higher productivity levels in the ZJ and X’A areas. However, the high-productivity X’A phosphorites yielded very low
REY concentrations, indicating that the extraordinary REY enrichment in the ZJ phosphorites cannot be ascribed to high
productivity levels. Notably, the ZJ phosphorites may have experienced more intensive Fe redox cycling under fluctuating
oxic—suboxic deposition conditions (~0.0%c—0.45%0 5°°Fe values in near-pure phosphorites) than the MSC and X’A phospho-
rites with completely oxic deposition conditions (~0.0%c 5°°Fe values). Frequent Fe redox cycling can greatly enrich REYs in
porewater, which can be subsequently transferred into francolites during its formation and early diagenesis. Therefore, fre-
quent Fe redox cycling driven by fluctuating oxic—suboxic seawater conditions may be responsible for the extraordinary
REY enrichment in the ZJ phosphorites. If this is the case, we propose that phosphorites deposited near the oxic—suboxic
redox chemocline are favorable for extraordinary REY enrichment, such as the coeval near-slope phosphate concretions
on the Yangtze Block and other phosphorites or phosphatic rocks formed in different basins at different geological times.
© 2022 Elsevier Ltd. All rights reserved.
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is quickly outstripping the known supply in recent decades
(Binnemans et al., 2018; Balaram, 2019). Currently, the
world’s REYs are supplied predominantly by carbonatite
deposits and ion-adsorption type deposits; the former
mainly output light REYs (LREYs; La-Nd), whereas the
latter are major sources of middle REYs (MREYs; Sm-
Dy) and heavy REYs (HREYs; Ho-Lu and Y) (Kynicky
et al., 2012; Hoshino et al., 2016). Relatively, MREYs
and HREYs are exposed to higher supply risks than
LREYs because ion-adsorption type deposits are typically
small and low grade (Kynicky et al., 2012; Hoshino et al.,
2016). Therefore, many researchers have attempted to
explore new MREY and HREY resources (Kato et al.,
2011; Emsbo et al., 2015; Hoshino et al., 2016). For exam-
ple, modern deep-sea muds have been found to be extre-
mely REY-enriched (~1000-2000 ppm) (particularly
MREYs and HREYs) (Kato et al. 2011; Yasukawa et al.,
2014).

Notably, many sedimentary phosphorites have
been found to have extraordinary REY enrichment
(> 1000 ppm) (particularly MREYs and HREYs).
Phosphorites with extraordinary REY enrichment have
been reported worldwide and throughout most of the geo-
logical history (Awadalla, 2010; Chen et al., 2013;
Gomez-Peral et al., 2014; Emsbo et al., 2015; Joosu et al.,
2015, 2016; Francovschi et al., 2020), indicating tremen-
dous REY resource potential. For example, Emsbo et al.
(2015) showed that the phosphorite-type REY resources
in the United States are comparable to China’s ion-
adsorption type REY resources. However, the origin of
extraordinary REY enrichment in phosphorites has not
been well constrained. In previous studies, continental
input, hydrothermal activity, weathering processes, early
diagenesis, biological activity, and seawater redox condi-
tions have all been proposed as possible controls, but many
controversies remain (Watkins et al., 1995; Gnandi and
Tobschall, 2003; Haley et al., 2004; Chen et al., 2015;
Emsbo et al., 2015; Xing et al., 2021). For example, diage-
netic uptake of REYs has been widely applied to explain
REY enrichment in bioapatite and phosphorites (Kocsis
et al., 2010; Chen et al., 2015; Francovschi et al., 2020),
but in-situ analyses showed that diagenetic alteration
mainly enriches REYs in apatite and phosphate nodule
rims (Lumiste et al., 2019; Ye et al., 2021).

During the early Cambrian, widespread phosphorites
occurred at shelf (mainly large-scale phosphorites) and
near-slope (mainly small-scale phosphate concretions) set-
tings on the Yangtze Block, South China (Steiner et al.,
2007). However, only the outer-shelf (large-scale) Zhijin
(ZJ) phosphorites and series near-slope (small-scale) phos-
phate concretions have been reported to have extraordinary
REY enrichment (Chen et al., 2013; Zhu et al., 2014; Gao
et al., 2018; Ye et al., 2021). Compared to the ZJ phospho-
rites, other coeval shelf (large-scale) phosphorites on the
Yangtze Block contain much lower REYs (Chen et al.,
2013; Ou, 2015; Xiao et al., 2018; Liu and Zhou, 2020).
To understand the discrepant REY enrichment in phospho-
rites, the high-REY ZJ phosphorites and two comparative
low-REY phosphorites (Meishucun-MSC and Xia’an-X’A
phosphorites) on the Yangtze Block were studied with

mineralogy, bulk-rock elements, total organic carbon
(TOC), in-situ elements, and Zn-Fe isotopes. The three
studied phosphorites were deposited almost simultaneously,
which can greatly preclude the effects of secular variations
in oceanic REY chemistry (Emsbo et al., 2015).

2. GEOLOGICAL SETTING
2.1. Paleogeography and lithostratigraphy

The South China Block comprises the Yangtze and
Cathaysia Blocks (Li et al., 2008). During the early Cam-
brian, the Yangtze Block developed shelf, slope, and basin
(called the Nanhua Basin) paleogeographic settings from
northwest to southeast (Fig. 1). The lower Cambrian sedi-
mentation was well-preserved on the Yangtze Block with
systematic changes in sedimentary facies (Zhu et al., 2003;
Steiner et al., 2007). The shelf setting mainly developed car-
bonates (e.g., Yanjiahe Formation), whereas the slope and
basin settings were dominated by black shales (e.g., Niuti-
tang Formation) and cherts (e.g., Liuchapo Formation)
(Zhu et al., 2003; Feng et al., 2014; Zhang et al., 2020).
In particular, widespread phosphorite deposition occurred
at shelf and near-slope locations during the earliest Cam-
brian (Figs. 1 and 2). The large-scale (thickly bedded) phos-
phorites occurred mainly in inner-shelf settings, such as the
Leibo (LB) and Mabian (MB) phosphorites in Sichuan and
the MSC phosphorites in Yunnan (Fig. 1), in which ZREY
concentrations are typically moderate (~200-400 ppm)
(Ou, 2015; Liu and Zhou, 2020). Additionally, thin-layer
and concretionary phosphorites are more common at
outer-shelf locations, but two large-scale phosphorites
developed, namely, the ZJ and X’A phosphorites in Guiz-
hou. Previous studies showed that the ZJ and X’A phos-
phorites yield extremely high ZREY (~500-1500 ppm;
Xing et al., 2021) and very low XREY concentrations
(<200 ppm; Xiao et al., 2018), respectively. In contrast,
the near-slope locations are dominated by small-scale con-
cretionary phosphorites, in which XREY concentrations
are comparable to those of the ZJ phosphorites (~500-15
00 ppm; Chen et al., 2013, Gao et al., 2018; Ye et al.,
2021). In this study, the large-scale MSC, ZJ, and X’A
phosphorites in shelf settings with systematic differences
in ZREY concentrations were studied.

2.2. The studied phosphorites

The MSC phosphorites, located in Jinning County of
Yunnan Province (Fig. 1), mainly occurred in the Zhongy-
icun Member of the Zhujiaqing Formation (Fig. 2). The
Zhujiaqing Formation contains the Xiaowaitoushan Mem-
ber at the bottom, the Zhongyicun Member in the middle,
and the Dahai Member at the top. The Xiaowaitoushan
Member and the Dahai Member are dominated by sandy
dolostones (Wen et al., 2011; Liu and Zhou, 2017). The
Zhujiaqing Formation was overlain by the Shiyantou For-
mation (mainly black shales) and underlain by the Denying
Formation (mainly dolostones). The thickness of the MSC
phosphorites is ~10 m; this phosphorite unit is separated by
a volcanic tuff layer in the middle position (Fig. 2).
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Fig. 1. Paleo-geographic map of South China during the early Cambrian, showing the locations of the studied and mentioned phosphorites or
phosphate concretions in the main text (modified from Steiner et al., 2007). MSC-Meishucun (here), ZJ-Zhijin (here), X’A-Xia’an (here), LB-

Leibo (Ou, 2015), MB-Mabian (Ou, 2015), DT-Daotuo (Ye et al.,
SC-Sancha (Zhu et al., 2
(Chen et al., 2013).

Phosphorites mainly occurred as massive, oolitic, and
banded structures. Ripple marks can be observed at the
boundaries between dolomitic layers and phosphatized lay-
ers, which may reflect that these phosphorites were depos-
ited in a nearshore setting above the fair-weather wave
base (Liu and Zhou, 2017, 2020). The first appearance of
small shelly fossils was recorded in the basal Zhujiaqing
Formation, which may approximate the Ediacaran-
Cambrian (E-C) boundary (Sato et al., 2014). In chronos-
tratigraphy, two tuff layers developed in the middle Zhongy-
icun Member and the basal Dahai Member, which yield
zircon U-Pb ages of 535.2 + 1.7 Ma and 523.9 + 6.7 Ma,
respectively (Fig. 2; Zhu et al., 2009; Okada et al., 2014).
The ZJ phosphorites, located in Zhijin County of
Guizhou Province, mainly occurred in the Gezhongwu
Formation (Figs. 1 and 2). The Gezhongwu Formation is
underlain by the carbonates of the Dengying Formation

2021), RX-Rongxi (Gao et al.,
014), TZ-Tianzhu (Chen et al., 2013), BH-Bahuang (Chen et al., 2013), SR-Shangrao (Chen et al., 2013), NJ-Nanjing

2018), LBZ-Longbizui (Zhu et al., 2014),

and overlain by the black shales of the Niutitang Forma-
tion. The thickness of the ZJ phosphorites is ~20 m (Liu
et al., 2020); the lower part is dominated by near-pure phos-
phorites (P,Os5 > 15% and MgO < 10%), whereas the upper
part is dominated by phosphatized dolostones (P,Os < 15%
and MgO > 10%). These phosphorites mainly occur as mas-
sive, lenticular, and banded structures (Liu and Zhou,
2020). Field observations found that oolitic textures and
ripple marks are rarely developed in the ZJ phosphorites,
indicating that these phosphorites were deposited in an off-
shore setting below the fair-weather wave base (Liu and
Zhou, 2020). Similarly, the ZJ phosphorites were reported
to have abundant small shelly fossils (Mao et al., 2013),
which may indicate simultaneous phosphogenesis with the
MSC phosphorites. Moreover, a Ni-Mo sulfide layer devel-
oped immediately above the phosphorites in the ZJ area,
which yields Re-Os isochron ages of 521 + 5 Ma
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Fig. 2. The stratigraphic columns of the three studied phosphorite deposits on the Yangtze Block, South China (marked with sampling
ranges). The chronostratigraphic information of the Meishucun and Zhijin phosphorite deposits was cited from Zhu et al. (2009), Xu et al.

(2011) and Okada et al. (2014).

(Xu et al., 2011), comparable to the ages of tuff in the basal
Dahai Member in the MSC section (523.9 + 6.7 Ma; Okada
et al., 2014).

The X’A phosphorites, located in Weng’an County of
Guizhou Province, mainly occurred in the uppermost
Dengying Formation (Fig. 2). The Dengying Formation is
uncomfortably overlain by the black shales of the Niutitang
Formation. Specifically, phosphorite beds developed ~4 m
below the boundary of the Dengying and Niutitang forma-
tions (Fig. 2). The X’A phosphorites are ~5 m thick and
interbedded with dolostones. Notably, the X’A phospho-
rites are characterized by phosphatized (columnar) stroma-
tolites with alternating occurrences of apatite lamina in a
lighter color and algal dolomite lamina in a darker color

(Zhang, 2016). The formation of stromatolite phosphorites
generally reflects authigenic phosphatization of microbial
mats (Krajewski et al., 2000; Caird et al., 2017). Modern
stromatolites mainly develop in subtidal environments
(Reid et al., 1995), indicating that the X’A phosphorites
may have been deposited in a similar subtidal environment
(Zhang, 2016). No biostratigraphic marks or isotope ages
are available in the X’A phosphorites. In lithostratigraphy,
the MSC and ZJ phosphorites immediately overlie the
Dengying Formation, whereas the X’A phosphorites occur
in the uppermost Dengying Formation. Therefore, the X’A
phosphorites appear to have been deposited slightly earlier
than the MSC and ZJ phosphorites if the Denying
Formation is synchronous. However, no other large-scale
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phosphorites have been found in the top Dengying Forma-
tion on the Yangtze Block except the X’A phosphorites
(Zhang, 2016). Therefore, the X’A phosphorites are likely
to be isochronous products with the MSC and ZJ phospho-
rites, although this hypothesis needs further confirmation.

3. SAMPLES AND ANALYTICAL METHODS
3.1. Samples

Twenty-one near-pure phosphorites and five phospha-
tized dolostones in MSC, eighteen phosphorites and eigh-
teen phosphatized dolostones in ZJ, and ten phosphorites
and three phosphatized dolostones in X’A were sampled.
The near-pure phosphorites were defined by P,Os content
of > 15% (Papineau, 2010), and the phosphatized dolo-
stones were classified by P,Os content of 1%-15% and
MgO content of > 10%. In later discussion, we distinguish
the phosphatized dolostones from near-pure phosphorites
only in Section 5.4.2 (collectively referred to as phospho-
rites in other Sections). The MSC and X’A phosphorites
were collected from fresh outcrops, whereas the ZJ samples
were collected from a drill core (ZK-2603). Our sampling
covers the entire phosphorite strata in the studied areas
with a sampling span of ~0.5-1.0 m (Fig. 2). Samples used
for geochemical analyses were firstly cut with a water-
cooled cutting machine to remove stale surfaces and visible
veins. Treated samples were then ground to 200-mesh pow-
ders, and all subsequent geochemical analyses were carried
out on these powders. More than half of the analyzed sam-
ples were cut to make 50-100 pm thick sections for petro-
graphic and mineralogical observation.

3.2. Methods

3.2.1. Petrography and mineralogy

All thin sections were carefully examined under light
microscopy and then coated with carbon and examined
under high vacuum conditions in a JSM-7800F scanning
electron microscope (SEM) at the Institute of Geochem-
istry, Chinese Academy of Sciences (IGCAS). The beam
current was 10nA with an accelerating voltage of 20 kV
to enhance chemical contrasts. The mineral composition
in phosphorites was determined with an equipped TEAM
Apollo XL energy-dispersive spectrometer (EDS).

3.2.2. Bulk-rock major and trace elements and TOC
Analyses of major and trace elements were conducted
using the ME-XRF26F and ME-MS61r methods, respec-
tively, at ALS Chemex (Guangzhou) Co., Ltd. Powder
samples of ~2 g were used for major element analysis.
The major elements were determined by X-ray fluorescence
(XRF) through lithium tetraborate powder pelleting. Pow-
der samples of ~50 mg were used for trace element analysis.
The powder samples were completely digested by a concen-
trated HNO3z and HF mixture and then dissolved in 2%
HNO; for ICP-MS measurement, before which a quantita-
tive Rh internal standard solution was added to correct
matrix effects and instrument drift. Five USGS standards
(BHVO-2, BCR-2, COQ-1, NOD-A-1, and NOD-P-1) were

analyzed together with our samples, which suggested that
the relative errors were better than 5% for major elements
and 3% for trace elements.

TOC analysis was accomplished at ALS Chemex
(Guangzhou) Co., Ltd, following the method of C-
IR17. Powder samples of ~3 g were treated several times
with 6 N HCI to remove carbonates (inorganic carbon).
The final solution was filtered, and solid residues were
dried. The residues were then sent into an infrared induc-
tion furnace and combusted with near-pure O,. The car-
bon dioxide produced by burning organic carbon was
finally determined by a Leco (CS844) C-S analyzer. The
relative errors for TOC analysis are better than 5%
according to the analyses of two graphite standards,
GGC-09 (2.80%) and GGC-08 (0.57%) (Geostats Pty.
Ltd., Australia).

3.2.3. In-situ elemental analyses

Apatite, Fe-oxide, and dolomite were analyzed with
trace element concentrations by LA-ICP-MS (Agilent
7900 ICP-MS equipped with a GeoLasPro 193-nm ArF
excimer laser) at the IGCAS. During spot analyses, the
beam size was 22 pum, and the laser pulse energy was
65 mJ with a pulse frequency of 10 Hz. Each analysis com-
prised a 20 s background measurement (laser-off) followed
by a 50 s data acquisition. To calibrate elemental content,
multiple standards were analyzed before and after every
ten samples (NIST610, NIST612, Durango, BC-28, GSE-
1G, BCR-2G, BHVO-2G, BIR-1G, and MACS-3). Data
calculation was performed by ICPMSDataCal software
(Liu et al., 2008). The results of quality-control standards
for apatite (Durango, USGS standard), Fe-oxide (BC-28,
laboratory standard), and dolomite (MACS-3, USGS stan-
dard) suggest that relative analytical errors are lower than
10%. During elemental mapping, a beam size of 36 pm
and a small line overlap (2 pm) were programmed to avoid
line gaps. Element maps were compiled and processed using
the program Iolite (Paton et al., 2011). The standard mate-
rials of NIST 610 and NIST 612 were analyzed immediately
before and after sample analyses, which allowed quantita-
tive elemental mapping.

3.2.4. Bulk-rock Zn and Fe isotope analyses

All chemical procedures for Zn and Fe isotope analyses
were conducted in an ultra-clean laboratory, during which
purified acids and ultrapure water were used for sample
digestion and elemental purification. Powder samples
of ~100 mg were dissolved in 4 ml aqua regia at 120 C
for two days to ensure adequate extraction of Zn and Fe
from phosphorites. The sample solution was evaporated
and treated twice with 0.5 mL concentrated HCI to convert
the cations to a chloride form. The final solution was evap-
orated to dryness and then dissolved in 1 mL 2 N HCI for
Zn chemical purification and 6 N HCI for Fe chemical
purification. Zn and Fe were purified through column chro-
matography using AGMP-1 anion exchange resin (100-200
mesh) according to the procedures reported by Tang et al.
(2006). Zn was separated from other matrix elements
through 2 N HCI wash, and then Zn was eluted with
0.5 N HNOs;. Fe was separated from other interfering
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elements through 6 N HCI wash, and then Fe was eluted
with 2 N HCL.

Zn and Fe isotopic ratios were measured using a Nep-
tune MC-ICP-MS at the IGCAS. A standard-sample
bracketing approach was applied to correct the instrumen-
tal mass discrimination. Zn isotopic compositions were
measured relative to the IRMM 3702 standard and then
reported relative to the JMC Lyon Zn standard based on
the published difference between IRMM3702 Zn and
JMC Lyon Zn (A*Znirmmsr020MC Lyon 7o = 0.29%o,
Moeller et al., 2012). The Fe isotopic compositions were
measured and reported relative to the IRMM-014 standard.
The accuracy and reproducibility of Zn and Fe isotope
analyses were evaluated by repeated analyses of standard
materials, NOD-P-1 (8%Zn = 0.79 + 0.08%0), NOD-A-1
(8%°Zn = 0.94 + 0.04%0), NIST SRM 683 (8°°Zn = 0.15 +
0.04%0), BHVO-2 (8°°Fe = 0.11 =+ 0.05%0), BCR-2
(8°°Fe = 0.07 + 0.06%0), and CAGS-Fe (8°°Fe = 0.82 + 0.
07%o0). The Zn and Fe isotopic compositions of the standard
materials are consistent with previous publications (Zhao
et al.,, 2012; Tang et al., 2016; Isson et al., 2018; Yang
et al., 2018a).

3.2.5. Elemental calculations

REY concentrations were normalized to the Post-
Archean Australian shales (Taylor and McLennan, 1985)
and normalized concentrations are indicated by the sub-
script “N”. The cerium anomaly (Ce/Ce*) was calculated
using the conventional calculation equations: Ce/Ce* =
2*Cen/(Lay + Pry). The MREY anomaly (MREY/
MREY*) was calculated as: MREY/MREY* = 2*(Smy +
EUN + GdN + TbN + DyN)ave,.age/[(LaN + CCN + PrN +
NdN)average + (HON + ErN + TmN + YbN + LuN)average]
(Zhang et al., 2016). The Pr/Pr* parameter was defined
as: Pr/Pr* = 2Pry/(Cen + Ndy) (Bau and Dulski, 1996).

4. RESULTS
4.1. Petrography and mineralogy

The major mineral components in the studied phospho-
rites are francolite (carbonate fluorapatite) and dolomite.
Francolite tends to occur as aggregates (composed of
numerous nano-scale francolites) in our phosphorites, gran-
ular or structureless. The apatite grains in the MSC phos-
phorites are mainly well-rounded or sub-rounded (Fig. 3A
and B), in which francolites are tightly stacked and well-
crystallized (Fig. 3C). Notably, small apatite grains coated
with secondary phosphate growth (secondary phosphate
deposition after reworking) are common in the MSC phos-
phorites (Fig. 3A; Wen et al., 2011). The apatite grains in the
ZJ phosphorites are present either as sub-rounded or fossil-
shaped and lack secondary phosphate growth (Fig. 3D and
E), in which francolites are tightly stacked and well-
crystallized, similar to the MSC francolites (Fig. 3F). Nota-
bly, abundant phosphatized small shelly fossils occurred in
the ZJ phosphorites (Mao et al., 2013), especially in the ZJ
near-pure phosphorites (Fig. 3D). The X’A phosphorites
are characterized by phosphatized (columnar) stromatolites
(Zhang, 2016), in which francolites are poorly crystallized

with structureless aggregates (Fig. 3G-I and Supplementary
Fig. S1). In addition, Fe-oxide is common in the studied
phosphorites (Fig. 3B, E, and H), whereas Fe-sulfide (pyrite)
was only observed in a few ZJ and X’A phosphorites in
minor amounts (not shown).

4.2. Bulk-rock major and trace elements and TOC

The results of major and trace elements and TOC of
bulk-rock are shown in Table 1 and Supplementary
Table S1. The XREY content in the studied phosphorites
changes widely. Extraordinary XREY enrichment occurs
in the ZJ phosphorites (141-2041 ppm and 834 ppm on
average), which is much higher than the ZREY content of
the MSC (104-441 ppm and 280 ppm on average) and
X’A phosphorites (19-343 ppm and 92 ppm on average).
Interestingly, ZJ near-pure phosphorites (P,O5 > 15%) gen-
erally contain XREY at > 1000 ppm, whereas ZJ phospha-
tized dolostones (P,Os < 15% and MgO > 10%) generally
produce ZREY at < 500 ppm (Table 1), indicating that
bulk-rock REYs are predominantly carried by phosphate
mineral. Notably, REY-enriched ZJ phosphorites yield
lower Y/Ho ratios (54 + 2.5) and higher Fe,O3 content
(0.99% =+ 0.68) than low-REY MSC (Y/Ho ratios = 60 &
5.0; Fe,O3 = 0.45% + 0.26) and X A phosphorites (Y/Ho
ratios = 64 & 4.5; Fe;03 = 0.21% 4= 0.14). The Ce/Ce* val-
ues are similar in the ZJ and MSC phosphorites
(0.39 £+ 0.03 and 0.33 + 0.07, respectively), which are
slightly lower than the Ce/Ce* values in the X’A
phosphorites (0.54 4+ 0.06). The ZJ and MSC phosphorites
also yielded similar TOC content (0.22% =+ 0.09 and
0.29% =+ 0.26, respectively) (Liu and Zhou, 2020), which
is slightly higher than that of the X’A phosphorites (0.08
% =4 0.04).

4.3. In-situ elemental analyses

The results of in-situ trace elements of apatite grains, Fe-
oxide, and dolomite are shown in Supplementary Table S2.
Similar to the bulk-rock chemistry composition, the aver-
age ZREY content is highest in the ZJ apatite grains
(1547 ppm), followed by the MSC apatite grains
(327 ppm) and then by the X’A apatite grains (107 ppm).
Our new in-situ results are consistent with previous studies,
in which the average in-situ XREY content was 384 ppm in
the MSC apatite grains (Liu and Zhou, 2020) and 1382 ppm
(Liu et al., 2020), 1654 ppm (Lou et al., 2020), and
2471 ppm (Liu and Zhou, 2020) in the ZJ apatite grains.
Relative to apatite grains, the XREY content in the
Fe-oxide and dolomite of the studied phosphorites are
much lower. The XREY are < 1-15 ppm in MSC, 10-
20 ppm in ZJ, 13-48 ppm in X’A for Fe-oxide and 3—
5 ppm in MSC, 56-139 ppm in ZJ, and < 1 ppm in X’A
for dolomite. Notably, the ZJ dolomite also contains the
highest XREY content compared to the MSC and X’A
dolomite, similar to the XREY gradients in apatite grains.
Additionally, REY mapping shows that the REY content
of apatite grains is much higher than that of dolomite
(Fig. 4), consistent with in-situ chemical analyses. More-
over, REY-enriched rims were observed in the MSC apatite
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Fig. 3. Thin section photomicrographs and SEM images of the Meishucun (A, B, and C), Zhijin (D, E, and F), and Xia’an (G, H, and I)
phosphorites, showing major mineral components and apatite textures. A, D and G are optical photomicrographs; B, E, and H are
backscattered scanning electron microscope images; C, F, and I are secondary electron images. Abbreviations: Ap = apatite aggregates,
Dol = dolomite, Fro = francolite, Qz = quartz, SSF = Small Shelly Fossils.

grains, whereas the REY distributions in the ZJ apatite
grains and X A structureless aggregates were homogeneous
(Fig. 4). The homogeneous REY distributions in
the ZJ apatite grains have also been confirmed through
electron probe microanalysis (EPMA) mapping by Liu
et al. (2020).

4.4. Bulk-rock Zn and Fe isotopes

The Zn and Fe isotope results of the studied phospho-
rites are shown in Table 1. The ZJ and X’A phosphorites
yield similarly low 8°Zn values, which are 0.16%0
and 0.14%0 on average, respectively. In contrast, the
MSC phosphorites yield much higher §%Zn values
(866Znavmge = 0.75%o), similar to those of Ediacaran phos-
phorites in South China (Fan et al., 2018). The 3°°Fe values
in the X’A phosphorites are relatively homogeneous
(~0.0%o), similar to the 3°°Fe values of the MSC phospho-
rites (Fan et al., 2016). In contrast, the ZJ phosphorites give
widely changing 8°°Fe values from —0.54%o to 0.45%.. Gen-
erally, near-pure phosphorites produce positive 8>°Fe val-
ues (~0.0-0.45%0), whereas phosphatized dolostones yield
negative 5°°Fe values.

5. DISCUSSION
5.1. REY sources and post-depositional alteration

Sedimentary phosphorites have two potential REY
sources, lithogenous and hydrogenous (Zhang et al., 2016;
Francovschi et al., 2020). If marine sediments contain sub-
stantial terrigenous detritus, REY signals are likely to be
dominated by lithogenous REYs. The admixture of terrige-
nous detritus can be detected by the correlations between
bulk-rock XREY and Al,O; content. In the studied phos-
phorites, Al,O3 content is commonly low (mostly < 1%)
and shows no obvious correlations with ZREY (Fig. 5A),
indicating negligible detrital admixture. In addition, litho-
genous REYs are generally characterized by chondritic
Y/Ho ratios (~25-30; Pack et al., 2007). However, all of
the studied phosphorites show seawater-like Y/Ho ratios
(~50-70; Fig. 5B), indicating that phosphorite REYs were
mainly sourced from seawater rather than continental
detritus.

Also, REY chemistry in seawater is likely to be altered
during paleo-climate changes, which can result in different
REY enrichment in phosphorites deposited at different



Table 1

Major elements (%), trace element Zn (ppm), REY parameters, TOC, and Zn and Fe isotopes in the studied phosphorites.

Sample Lithology P,0Os CaO MgO AlLO; Fe,O; SiO, SO; Zn SREY Y/Ho Ce/Ce* Lan/Smy Lan/Yby M/M* TOC §%Zn 2SD §°Fe 2SD Fe/Al
Meishucun phosphorites

ZYC-27 Phosphatized Dol. 4.60 23.84 12.28 296 1.31 2495 0.08 27.3 104 48 0.68 0.86 0.57 1.02 - - - 0.11 0.15 0.58
ZYC-26 Near-pure Phos.  21.05 42.28 9.27 042 0.55 438 028 153 257 67 0.45 1.17 1.20 1.21 - 0.72 0.02 -0.16 0.04 1.73
ZYC-25 Phosphatized Dol. 10.28 35.11 14.69 0.35  0.60 493 025 6.5 166 62 0.34 1.13 0.87 1.10 - - - - - 2.26
ZYC-24 Phosphatized Dol. 12.28 36.70 13.86 0.31  0.56 379 0.16 6.9 205 66 0.32 1.22 1.01 1.14 - - - -0.21 0.02 2.39
ZYC-23 Phosphatized Dol.  8.75 34.19 1548 0.60 1.19 410 0.09 102 146 61 0.34 1.12 0.75 1.08 - - - - - 2.62
ZYC-22 Near-pure Phos.  27.76 4597 583 034 043 4.11 033 54 343 70 0.41 1.32 1.36 1.17 - - - 0.07 0.10 1.67
ZYC-21 Near-pure Phos. ~ 32.54 48.55 3.79 0.19 0.29 3.19 040 5.3 441 66 0.35 1.32 1.42 1.17 - 0.75 0.08 —0.03 0.06 2.02
ZYC-20 Near-pure Phos.  16.02 38.54 11.60 0.33  0.66 401 020 42 258 66 0.32 1.27 1.08 1.17 - - - - - 2.64
ZYC-19 Near-pure Phos.  17.25 3883 9.81 121 0.50 6.46 0.21 7.0 304 61 0.35 1.26 0.89 1.09 - - - 0.03 0.06 0.55
ZYC-18 Phosphatized Dol. 10.13 34.70 1539 044 0.72 227 0.15 52 156 58 0.32 1.15 0.78 1.11 - 1.36 0.10 - - 2.16
ZYC-17 Near-pure Phos.  30.02 46.37 348 043 0.39 821 030 3.1 259 62 0.35 1.39 1.14 1.10 - - - —0.06 0.20 1.20
ZYC-15 Near-pure Phos. 1871 27.26 0.11 0.11 029 4996 0.03 21.2 271 48 0.66 0.77 1.65 1.46 - 0.50 0.06 043 0.16 3.48
ZYC-14 Near-pure Phos.  35.44 50.81 1.88 0.15 0.32 329  0.17 159 256 59 0.46 1.29 1.53 1.23 - - - -0.02 0.13 2.82
ZYC-13 Near-pure Phos.  36.26 51.67 1.68 0.16 0.20 204 022 157 297 61 0.41 1.58 1.73 1.18 - - - 0.02 0.09 1.65
ZYC-12 Near-pure Phos.  36.12 51.35 1.65 0.14 0.25 235 0.07 19.6 287 63 0.38 1.55 1.72 1.21 - 0.61 0.07 - - 2.36
ZYC-11 Near-pure Phos. 3548 5094 192 0.15 0.38 245 0.09 9.3 308 64 0.36 1.43 1.65 1.23 - - - —0.05 0.11 3.35
ZYC-10 Near-pure Phos. ~ 33.85 4998 2.79 0.13 0.38 250  0.02 10.0 339 60 0.35 1.26 1.50 1.32 - - - - - 3.86
ZYC-09 Near-pure Phos. 3622 50.99 141 0.18 0.28 4.08 0.68 16.8 400 59 0.34 1.19 1.49 1.35 - 0.70 0.05 - - 2.05
ZYC-08 Near-pure Phos.  23.80 41.31 6.11 042 031 11.32 038 234 278 55 0.37 0.92 1.41 1.48 - - - —0.05 0.11 0.97
ZYC-07 Near-pure Phos.  23.23 41.28 6.63 035 032 10.11 043 4.7 317 55 0.37 0.95 1.40 1.43 - - - —-0.06 0.09 1.21
ZYC-06 Near-pure Phos.  29.23 4448 346 0.36 032 11.31 048 4.8 438 52 0.38 0.88 1.45 1.46 - - - - - 1.17
ZYC-05 Near-pure Phos.  31.62 47.00 2.60 0.29 0.43 9.04 055 34 423 55 0.35 0.95 1.52 1.48 - - - - - 1.96
ZYC-04 Near-pure Phos.  32.38 48.02 294 0.26 0.33 562 0.58 9.0 326 58 0.36 1.03 1.55 1.45 - 0.77 0.08 0.03 0.01 1.68
ZYC-03 Near-pure Phos.  21.38 41.94 8.89 0.27 0.33 477 033 8.1 184 58 0.36 1.10 1.54 1.34 - - - - - 1.61
ZYC-02 Near-pure Phos.  33.51 49.49 285 0.16 0.16 456 028 150 218 60 0.38 1.33 1.79 1.27 - - - -0.16 0.07 1.32
ZYC-01 Near-pure Phos. 3622 52.08 1.88 0.21 0.20 2.18 048 382 295 56 0.44 1.20 1.88 1.37 - 0.71 0.02 0.03 0.10 1.26
Zhijin phosphorites

2603-173  Phosphatized Dol. 3.94 28.10 1545 0.33 129 1490 <0.01 18.0 280 53 0.38 0.99 1.11 1.31 0.17 - - —0.49 0.03 5.16
2603-173.5 Phosphatized Dol.  2.57 2690 15.00 0.61 0.65 1741 0.06 36.0 205 52 0.39 0.97 1.11 1.31 0.38 - - —0.11 0.01 141
2603-174  Phosphatized Dol. 1.75 2590 16.15 0.81 1.09 16.86 <0.01 40.0 180 51 0.39 0.96 0.83 1.17 0.19 0.23 0.02 -0.27 0.03 1.78
2603-174.5 Phosphatized Dol. 7.46 31.30 14.70 1.85 091 920 1.28 36.0 381 50 0.43 0.98 1.32 1.36 0.29 - - 0.10 0.03 0.65
2603-175  Phosphatized Dol.  2.68 27.10 16.15 0.56 099 15.70 <0.01 21.0 220 52 0.39 0.95 0.89 1.23 0.14 - - -0.23 0.03 233
2603-175.5 Phosphatized Dol.  6.77 29.10 13.55 0.46 090 1742 0.01 153.0 504 51 0.38 0.88 1.41 1.46 0.30 0.19 0.05 -0.14 0.01 2.58
2603-176  Phosphatized Dol. 2.03 27.10 16.05 0.40 046 1592 0.08 54.0 141 54 0.38 1.15 0.98 1.13 0.19 0.36 0.02 -0.04 0.04 1.52
2603-177  Phosphatized Dol. 4.06 26.40 14.50 0.69 0.61  20.31 <0.01 77.0 250 53 0.38 1.09 1.22 1.28 0.17 0.35 0.06 0.08 0.00 1.17
2603-178  Phosphatized Dol.  2.75 26.10 15.10 1.23 197 16.92 <0.01 8.0 193 54 0.39 1.06 1.07 124 0.20 - - -0.30 0.05 2.12
2603-178.5 Phosphatized Dol. 4.10 26.80 14.25 0.40 2.10 17.79 <0.01 8.0 237 56 0.39 1.07 1.22 1.28 0.23 - - —0.37 0.02 6.93
2603-179  Phosphatized Dol. 292 2590 14.70 1.36 2.05 18.20 <0.01 8.0 201 55 0.38 1.04 1.10 1.23 0.18 0.19 0.01 -0.32 0.00 1.99
2603-179.5 Phosphatized Dol.  3.51 26.00 14.50 1.17 397 16.78 <0.01 7.0 215 56 0.38 1.09 1.16 1.21 0.39 - - —0.39 0.05 448
2603-180  Phosphatized Dol. 4.16 28.60 15.05 0.50 1.21  14.88 <0.01 31.0 293 58 0.37 1.16 1.46 1.29 0.16 0.05 0.01 —0.09 0.02 3.20
2603-180.5 Phosphatized Dol. 5.05 28.80 14.35 046 1.20 15.80 <0.01 32.0 310 60 0.37 1.18 1.47 1.31 0.17 0.10 0.00 —0.07 0.07 3.45
2603-180.7 Near-pure Phos.  30.10 48.00 4.20 0.34 0.62 251 0.13 150.0 1364 53 0.34 0.95 1.70 1.46 0.22 - - 0.20 0.04 241
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2603-181.5 Phosphatized Dol. 11.30 36.30 14.35 0.19  0.55 3.60 0.03 102.0 535 56 0.32 1.00 1.52 1.38 0.22 - - —0.33 0.07 3.82

2603-182  Near-pure Phos. 18.05 40.90 1090 0.33 0.64 1.59  0.06 91.0 832 54 0.33 0.98 1.47 1.43 0.18 - - 0.01 0.06 2.56
2603-182.5 Near-pure Phos.  36.70 51.70 0.39 0.81  0.90 3.18  0.23 280.0 2041 52 0.35 0.93 1.76 144  0.28 - - 0.35 0.03 1.47
2603-183  Near-pure Phos. 16.35 39.70 11.90 0.20  0.88 243 0.06 128.0 765 54 0.33 0.97 1.55 1.50 0.19 - - 0.02 0.01 5.81
2603-183.5 Near-pure Phos.  32.40 49.70 3.09 0.33  0.80 1.51 0.15 146.0 1465 53 0.33 1.01 1.61 143 0.20 - - 0.31 0.06 3.20
2603-184  Near-pure Phos. 35.70 52.00 1.56 0.27 0.79 146 0.17 90.0 1812 53 0.33 1.01 1.73 1.47 0.19 - - 0.27 0.06 3.86
2603-184.5 Near-pure Phos.  35.00 51.70 2.01 0.20 0.80 1.24 0.18 720 1721 56 0.34 1.06 1.80 1.44  0.19 - - 0.30 0.02 528
2603-185  Near-pure Phos. 33.80 50.70 2.10 0.39 0.81 1.63 0.28 183.0 1405 57 0.34 1.09 1.69 1.40 0.18 - - 0.31 0.02 2.74
2603-185.5 Near-pure Phos.  36.60 52.30 0.87 0.22 0.70 145 018 56.0 1730 58 0.34 1.09 1.77 143 022 - - 0.31 0.01 4.20
2603-186  Near-pure Phos. 20.70 37.10 6.12 2.11 2.01 13.94 348 57.0 990 49 0.44 0.96 1.52 1.43 0.64 - - 0.12 0.04 1.26
2603-186.5 Phosphatized Dol. 11.40 36.40 14.35 0.20  0.56 3.70  0.03 84.0 515 55 0.34 1.03 1.57 1.38  0.25 - - —0.46 0.06 3.70
2603-187  Near-pure Phos.  37.70 54.00 0.39 0.16 0.53 0.78 024 197.0 1818 58 0.34 1.05 1.80 1.41 0.21 - - 0.24 0.04 4.38
2603-187.5 Near-pure Phos.  36.40 5290 0.69 0.20  0.68 1.21 019 151.0 1752 56 0.36 1.00 1.69 145 021 - - 0.24 0.05 4.49
2603-188  Phosphatized Dol.  9.24 3540 15.70 0.16 0.50 2.58 0.04 70.0 445 52 0.34 1.05 1.44 1.38 0.22 - - —0.54 0.00 4.13
2603-189  Phosphatized Dol.  9.32 35.10 1540 0.14 0.52 3.68 0.05 68.0 445 54 0.34 1.06 1.45 1.36 020 -0.05 0.01 -0.54 0.06 4.91
2603-189.5 Near-pure Phos. 3570 51.90 1.38 0.28  0.62 224 024 160.0 1367 57 0.33 1.08 1.63 1.38  0.18 - - 0.30 0.06 2.92
2603-190  Near-pure Phos.  17.95 40.30 10.85 0.53 0.72 277 012 102.0 780 55 0.34 1.01 1.51 142 021 -0.01 0.01 -0.06 0.02 1.79
2603-191  Near-pure Phos. 20.50 41.90 9.24 0.29 0.67 3.78 0.12 122.0 857 56 0.34 1.01 1.66 1.43 0.15 0.33 0.03 —-0.01 0.03 3.05
2603-192  Near-pure Phos.  33.10 50.30 2.77 046 0.74 1.93 023 540 1260 57 0.33 1.08 1.63 1.38  0.19 0.23 0.04 043 0.02 2.12
2603-193  Near-pure Phos.  33.40 50.30 2.57 033  0.68 235 023 78.0 1261 56 0.33 1.08 1.63 138 0.17 0.13 0.00 045 0.06 2.72
2603-193.9 Near-pure Phos. 3430 51.20 2.31 025 0.66 1.86 023 132.0 1260 55 0.33 1.09 1.58 1.37  0.21 0.02 0.02 0.36 0.02 349
Xia’an phosphorites

1132-12 Near-pure Phos. 29.72 47.52 458 1.19  0.56 228 0.80 401.0 343 54 0.50 1.01 0.70 1.11 - 0.37 0.11 -0.08 0.09 0.62
1132-11 Near-pure Phos. 23.41 4475 8.56 0.40 0.33 0.84 030 169.0 199 58 0.51 0.78 0.53 1.27 - 0.17 0.01 —-0.09 0.10 1.09
1132-10 Near-pure Phos.  22.35 4499 882 0.03 0.22 0.09 0.53 182.0 8l 59 0.49 0.79 0.39 1.04 - 0.19 0.05 0.02 0.10 9.69
1132-09 Near-pure Phos.  26.01 46.78 7.58 0.03  0.32 0.16 030 210.0 52 64 0.48 0.98 0.53 1.04 - 0.05 0.00 - - 14.09
1132-08 Near-pure Phos. 2441 45.66 8.46 0.02 0.07 0.08 0.28 101.0 52 67 0.46 1.08 0.55 1.00 - 0.07 0.03 0.00 0.09 4.62
1132-7.5  Near-pure Phos. ~ 31.27 49.81 5.05 0.02 0.13 0.14 035 99.0 38 70 0.49 1.02 0.42 0.95 - 0.09 0.05 0.11 0.09 8.58
1132-07 Phosphatized Dol.  8.30 36.33 16.85 0.03 0.15 0.15 0.10 29.0 21 63 0.53 0.75 0.29 0.97 - -0.05 0.05 - - 6.60
1132-6.5  Phosphatized Dol. 12.13 38.61 14.71 0.03 0.15 0.09 0.15 30.0 27 67 0.54 0.73 0.33 1.06 - 0.16 0.02 - - 6.60
1132-06 Phosphatized Dol. 14.42 40.04 13.68 0.03  0.15 0.11 0.18 33.0 19 68 0.57 0.73 0.26 0.91 - 0.15 0.01 - - 6.60
1132-5.5  Near-pure Phos.  26.87 47.21 7.34 0.03 0.09 0.11 033 46.0 35 65 0.58 0.64 0.29 1.03 - 0.15 0.03 - - 3.96
1132-05 Near-pure Phos. 33.87 50.87 3.74 0.02 0.08 0.10 0.38 166.0 74 60 0.58 0.66 0.26 0.97 - 0.21 0.04 - - 5.28
1132-04 Near-pure Phos.  22.13 44.38 9.59 0.02 0.25 0.05 0.28 220.0 108 64 0.63 0.62 0.26 0.98 - 0.05 0.01 - - 16.51
1132-03 Near-pure Phos.  23.55 4493 8.75 0.03 0.19 0.09 0.28 289.0 142 68 0.64 0.68 0.28 0.99 - 0.18 0.01 - - 8.36

Partial major elements and all Fe isotopes of the Meishucun phosphorites (Fe-oxide fraction) were cited from Fan et al. (2016). Partial major elements and REY's and all Fe isotopes of the Xia’an
phosphorites were cited from Xiao et al. (2018). “-” mean not measured, M/M* = MREY/MREY*, Phos. = Phosphorites, Dol. = Dolostone.
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Fig. 4. Thin section photomicrograph and corresponding LA-ICP-MS mapping of REYs (represented by La and Y) in the Meishucun (A),
Zhijin (B), and Xia’an (C) phosphorites. Scales of LA-ICP-MS images are expressed in ppm. Note that the Meishucun apatite grains
developed REY-enriched rims. Abbreviations: Ap = apatite aggregates, Dol = dolomite.
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Fig. 5. ZREY plotted against Al,O; contents (A) and Y/Ho ratios (B) of the studied phosphorites. The poor correlations reflect insignificant
detrital REY contributions. The slightly lower Y/Ho ratios in the ZJ phosphorites may suggest a suboxic deposition environment rather than
detrital effects. The solid symbol represents bulk-rock data and the open symbol represents in-situ apatite data.

geological times (Banerjee et al., 2020; Buccione et al.,
2021). As mentioned earlier, the MSC and ZJ phosphorites
are isochronous products, but the X’A phosphorites are
likely to be deposited slightly earlier than the MSC and

ZJ phosphorites (Fig. 2). Notably, the MSC and ZJ phos-
phorites show similar MREY-enriched patterns, whereas
the REY pattern in the X’A phosphorites is modern
seawater-like (Fig. 6), indicating possible changes in seawa-
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Fig. 6. The PAAS-normalized REY patterns of the Meishucun (A), Zhijin (B), and Xia’an (C) phosphorites, marked with average in-situ
apatite data (red line). D. In-situ REY patterns of dolomite and Fe-oxide in the studied phosphorites compared with modern seawater (Alibo

and Nozaki, 1999).

ter REY chemistry. However, in-situ dolomite in the MSC
and ZJ phosphorites also show modern seawater-like REY
patterns (Fig. 6), which indicates no obvious changes in sea-
water REY chemistry. The MREY-enriched REY patterns
in the MSC and ZJ phosphorites can be ascribed to diage-
netic alteration (discussed in Section 5.2.2). In addition,
although the MSC and ZJ phosphorites are isochronous
products, their REY abundances are fundamentally differ-
ent. Therefore, different REY enrichment in the studied
phosphorites cannot be attributed to changes in seawater
REY chemistry.

In addition, post-depositional alteration, such as later
hydrothermal activity and weathering processes, may
change the REY abundance of the studied phosphorites.
In the ZJ phosphorites, Xing et al. (2021) identified a group
of hydrothermally transformed apatite grains through
detailed mineral and geochemical work. However, the
results showed that REY content in primary apatite grains
and hydrothermally transformed apatite grains are identi-
cal, indicating that later hydrothermal activity made negli-
gible contributions to the ZJ REY enrichment. On the
other hand, REY migration during weathering remains
controversial, both REY depletion and enrichment in
weathered phosphorites have been reported in previous

studies, possibly depending on specific weathering condi-
tions and degrees (McArthur and Walsh 1984; Ismael,
2002; Gnandi and Tobschall, 2003). Nevertheless, weather-
ing of phosphorites is commonly characterized by the
appearance of abundant crandallites (Al-Ca-phosphate)
(Bonnoit-Courtois and Flicoteaux, 1989; Gnandi and
Tobschall, 2003). However, crandallites were not observed
in any groups of our phosphorites during SEM-EDS anal-
ysis, which denies strong weathering. Therefore, REY
abundance and distribution in the studied phosphorites
are dominated by initial chemical deposition rather than
post-depositional alteration.

5.2. Diagenetic contributions to phosphorite REY enrichment

Phosphatized skeletons of modern organisms generally
contain XREY concentrations at sub-ppm levels (Lécuyer
et al., 1998; Kohn et al., 1999), whereas XREY concentra-
tions in fossil bioapatite can reach thousands of ppm
(Lécuyer et al., 1998; Liao et al., 2019). Additionally, the
long-term open behavior of apatite grains with respect to
REYs has been proposed in previous studies (Kocsis
et al., 2010; Herwartz et al., 2011; Lumiste et al., 2019).
Therefore, diagenetic REY uptake has been widely
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employed to explain REY enrichment in bioapatite or
phosphorites (Kocsis et al., 2010; Chen et al., 2015;
Lumiste et al., 2019; Francovschi et al., 2020).

5.2.1. Indications from mineralogy and elemental mapping

Francolite represents the initial products of phosphate
deposition despite that an amorphous precursor may be
possible, which generally occurs as aggregates (apatite
grains or structureless aggregates) in phosphorites, the min-
eralogical characteristics of which can provide broad infor-
mation of diagenetic alteration (Follmi, 1996; Ilyin, 1998).
Generally, initially deposited francolites are poorly crystal-
lized and stack as structureless aggregates (Gulbrandsen
et al., 1984; Ilyin, 1998; Gunnars et al., 2004). During dia-
genetic alteration, francolite crystallizes better and may
develop hexagonal-prism crystallites and tend to develop
granular aggregates (Gulbrandsen et al., 1984; Ilyin,
1998). The francolites in the X’A phosphorites are charac-
terized by obscure outlines and loosely stacked as amor-
phous aggregates (Fig. 3G-I and Supplementary Fig. S1),
which may represent initially deposited phosphorites
(Ilyin, 1998). In the MSC and ZJ phosphorites, however,
francolites were well-crystallized with clear outlines
(Fig. 3C and F) and tightly stacked as granular aggregates,
mainly sub-rounded or fossil-shaped (Fig. 3A, B, D, and
E). Collectively, these observations indicate that the XA
phosphorites may represent pristine phosphorites, whereas
the MSC and ZJ phosphorites experienced intensive diage-
netic alteration. In this case, the higher XREY concentra-
tions in the MSC and ZJ phosphorites, relative to the
X’ A phosphorites, seemingly can be attributed to diagenetic
REY enrichment. For example, in the Khubsugul Basin,
pristine phosphorites deposited at the E-C boundary
contain XREY at only 15-60 ppm, whereas granular and
pelletal varieties contain much higher XREY at
578-650 ppm (Ilyin, 1998).

In addition, diagenetic REY uptake in apatite grains will
be intensified by reworking owing to repeated exposure to
surface REY-enriched porewater (Haley et al., 2004;
Himmler et al., 2013; Abbott et al., 2015). The MSC phos-
phorites developed well-rounded apatite grains, in which
smaller and sub-rounded grains are generally present,
which may indicate strong reworking processes (Fig. 3A;
Wen et al., 2011). In contrast, apatite grains in the ZJ phos-
phorites are either sub-rounded or fossil-shaped, without
prominent mineralogical signs of reworking (Fig. 3D and
E). On the other hand, apatite grains with frequent rework-
ing generally tend to develop REY-enriched rims (within
10-20 pm) owing to long-term exposure to REY-enriched
shallow porewater horizon (Lumiste et al., 2019). REY-
enriched rims were indeed observed in the MSC phospho-
rites (Fig. 4A), indicating enhanced diagenetic uptake of
REYs during reworking. The ZJ apatite grains, however,
show a homogeneous REY distribution (Fig. 4B and Liu
et al., 2020), similarly to the pristine X’A apatite aggregates
(Fig. 4C), which demonstrates that diagenetic REY uptake
in the ZJ phosphorites has not been enhanced by
reworking. Nevertheless, although the MSC phosphorites
may have experienced more intensive diagenetic REY
uptake, the REYs in these phosphorites, even in the

REY-enriched rims, are much lower than the REYs in
the ZJ phosphorites (Fig. 4). Therefore, diagenetic alter-
ation can explain the XREY enrichment in the MSC phos-
phorites (~200-400 ppm) relative to the pristine XA
phosphorites (mostly < 200 ppm), but it is not sufficient
to explain the extraordinary ZREY enrichment in the ZJ
phosphorites (~500-2000 ppm).

5.2.2. Indications from REY indexes

Adsorption and substitution are the two main mecha-
nisms for REY uptake in francolite during diagenesis.
The adsorption mechanism is mainly associated with crystal
surface control, which generally occurs during early diage-
netic stage, whereas the substitution mechanism is mainly
related to crystal structure control (REY*" substitution
for Ca®"), which generally occurs during late diagenetic
stage with francolite recrystallization (Reynard et al.,
1999; Liao et al., 2019). The adsorption mechanism prefer-
entially assimilates LREYs and produces increasing Lay/
Yby ratios, whereas the substitution process preferentially
utilizes MREYs and produces decreasing Lay/Smy ratios
(Koeppenkastrop and De Carlo, 1992; Reynard et al.,
1999). The Lan/Yby and Lan/Smy values of the X’A phos-
phorites are mostly located within the modern seawater
range (Fig. 7A), indicating the absence of diagenetic alter-
ation, compatible with the mineralogical observations illus-
trated above. In contrast, although the Lan/Smy values
clustered within the seawater range, obviously enhanced
Lan/Yby values were observed in the MSC and ZJ phos-
phorites (Fig. 7A), indicating strong diagenetic adsorption
of REYs. A positive correlation of the Layn/Yby values
and XREY concentrations in the studied phosphorites
was observed (Fig. 7B), which validates diagenetic REY
enrichment. However, the increase of XREY in the ZJ
phosphorites is much sharper than the coupling trends of
the X’A and MSC phosphorites (Fig. 7B), which may indi-
cate additional control (redox control as discussed in Sec-
tion 5.4) on the REY enrichment in the ZJ phosphorites.

The MREY-enriched REY pattern (PAAS-normalized)
is prominent in the MSC and ZJ phosphorites (Fig. 6). Pre-
vious studies proposed that the MREY-enriched REY pat-
tern was possibly inherited from contemporaneous
seawater without net REY fractionation (Lécuyer et al.,
2004; Emsbo et al., 2015). However, the pristine X’A phos-
phorites and in-situ dolomite in the MSC and ZJ phospho-
rites showed modern seawater-like REY patterns (Fig. 6),
which denies that contemporaneous seawater is MREY-
enriched. Another hypothesis is that the MREY-enriched
REY pattern of phosphorites may be generated from diage-
netic processes in porewater. Notably, modern-ocean sedi-
ments can develop both seawater-like porewater REYs
and MREY-enriched porewater REY's (Haley et al., 2004;
Kim et al., 2012). The seawater-normalized REY patterns
in the MSC and ZJ phosphorites are obviously LREY-
enriched (Fig. 7C), indicating that these phosphorites pref-
erentially uptake LREYSs if porewater REYs were seawater-
like, which reconciles REY fractionation during diagenetic
adsorption as discussed above (Fig. 7A). Therefore, the
MREY-enriched REY pattern may result from REY frac-
tionation during diagenetic adsorption (Haley et al., 2004;
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Kim et al., 2012). In addition, porewater can directly
develop abnormal MREY enrichment through REY des-
orption from Fe-oxide (Haley et al., 2004) and possibly
from organic matter (Felitsyn and Morad, 2002; Pi et al.,
2013), which may alternatively result in MREY-enriched
REY patterns in phosphorites if REY fractionation during
diagenetic uptake was small. For example, Paul et al. (2019)
found that modern apatite-bearing deep-sea sediments from
central equatorial Pacific and porewater therein show simi-
lar MREY-enriched REY patterns. Regardless of the speci-
fic mechanism, the prominent MREY enrichment in the
MSC and ZJ phosphorites may be ascribed to diagenetic
REY enrichment. Notably, the MREY anomalies
(MREY/MREY*) positively correlate with the XREY con-
tent in the studied phosphorites (Fig. 7D), validating diage-
netic REY enrichment. However, the ZJ phosphorites are
located out of the coupling trends of the MSC and X’A

phosphorites (Fig. 7D), which again demonstrates addi-
tional control (redox control as discussed in Section 5.4)
on the REY enrichment in the ZJ phosphorites.

Note that the ZJ phosphorites generally yield a much
sharper increase in ZREY than the MSC and X’A phos-
phorites during diagenetic REY uptake (Fig. 7 B and D),
which generally occurs in porewater at the seawater-
sediment interface (Lumiste et al., 2019). Previous studies
have shown that the REY concentrations in modern ocean
porewater can change by two orders of magnitude (Haley
et al.,, 2004; Kim et al., 2012; Himmler et al., 2013;
Abbott et al., 2015). Therefore, REY concentrations in
porewater may significantly affect REY enrichment in phos-
phorites during diagenetic REY uptake. For example, Paul
et al. (2019) proposed that diagenetic REY uptake into apa-
tite grains in modern deep-sea muds can be obviously
affected by REY availability in porewater. Porewater REY's
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are mainly contributed by the decomposition of organic
matter and reductive dissolution of Fe-oxide, but Fe-
oxide reduction will dominate porewater REYs if it occurs
(Haley et al., 2004). Also, organic matter and Fe-oxide con-
trol the phosphate concentrations in porewater (Follmi,
1996), providing coupled cycling of REYs and phosphate
near the seawater-sediment interface. The organic matter
flux mainly depends on productivity levels, whereas Fe-
oxide reduction is largely regulated by seawater redox con-
ditions (Algeo et al., 2013; Johnson et al., 2020). Therefore,
productivity levels and Fe redox cycling are discussed in the
following two Sections.

5.3. Organic role in phosphorite REY enrichment

5.3.1. Indications from petrography and TOC

Biological activity can be tracked by fossil records in
sediments. The early Cambrian small shelly fossils occurred
in both the MSC and ZJ phosphorites, but the fossil abun-
dance in the MSC phosphorites is rather limited (Fig. 3A).
In the ZJ phosphorites, however, phosphatized small shelly
fossils are much more abundant and even dominate the
bulk-rock phosphate minerals in some samples (Fig. 3D;
Mao et al., 2013). The relative fossil abundances may indi-
cate that the biological activity is more intensive in the ZJ
area than in the MSC location. Additionally, the X’A phos-
phorites are characterized by phosphatized (columnar) stro-
matolites (Fig. 3G; Zhang, 2016), which are generally
formed by microbial phosphate accumulation (Krajewski
et al., 2000; Caird et al., 2017). Collectively, the petro-
graphic observations indicate that the ZJ and X’A phos-
phorites may have been formed under higher productivity
levels than the MSC phosphorites. However, the X’A phos-
phorites were not mirrored by similarly high REY concen-
trations to the ZJ phosphorites, indicating that biological
activity cannot explain the extraordinary REY enrichment
in the ZJ phosphorites.
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Generally, TOC in sediments is an important index for
productivity levels (Algeo et al., 2013). However, the
TOC in sediments is dictated not only by productivity levels
but also by preservation in the water column and sediments
(Schoepfer et al., 2015). In our phosphorites, the TOC is
commonly low, mostly lower than 0.5%, particularly in
the X’A phosphorites (Fig. 8A). The commonly low TOC
in the studied phosphorites may reflect poor preservation
under oxic-suboxic deposition conditions (see below) and
thus cannot track different productivity levels. Neverthe-
less, positive correlations (R? = 0.68) between SREY and
TOC have been observed in the early Cambrian phosphatic
rocks from the Gorgan-Rasht Zone in northern Iran
(Abedini and Calagari, 2017). However, although positive
correlations can be observed, the TOC (0.5%-4.8%) and
ZREY (~100-300 ppm) in these phosphatic rocks are clus-
tered within a narrow range (Fig. 8A). In contrast, although
the ZREY (231-1579 ppm) and TOC (1.0%—-10.9%) change
widely in the Permian Enoch Valley phosphorites (USA),
no fair correlations have been observed (Piper, 1999)
(Fig. 8A). Therefore, the role of biological productivity in
REY enrichment in phosphorites remains controversial.

5.3.2. Indications from Zn isotopes

Zn involves several key physiological processes within
phytoplankton cells (Sinoir et al., 2012); in particular, it
functions as a cofactor in carbonic anhydrase, which is
essential for carbon fixation (Morel et al., 1994). Conse-
quently, Zn plays an important role in regulating marine
productivity levels, which in turn affect oceanic Zn cycling
(Weber et al., 2018; Sieber et al., 2020). However, the ocea-
nic Zn cycling also involves other inorganic processes,
mainly including Zn-sulfide precipitation and oxide partic-
ulate scavenging (Little et al., 2014; Vance et al., 2016). We
did not find obvious Zn-sulfide in the studied phosphorites
during SEM-EDS analysis, consistent with the lack of an
Fe-sulfide phase (Fig. 3). If this is the case, Zn bonded with
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organic matter and Fe-oxide may be the major pathways
for Zn precipitation (Little et al., 2014; Weber et al.,
2018). In-situ data show that Zn abundance in apatite
grains is ~6-10 times (average value) higher than that in
dolomite (another major mineral phase in our phospho-
rites) (Table S2), indicating that apatite grains may be the
major Zn carrier in phosphorites. The incorporation mech-
anisms of Zn into francolite are not well-understood, but an
experimental study showed that Zn®" tends to enter the
francolite lattice by replacing Ca>" during or immediately
after francolite formation (Mayer et al., 1994).

Both experimental and natural observations found that
Zn adsorbed onto Fe-Mn oxides is isotopically heavier than
the initial solution (A®®Zngsorbed-sotution = 0.16%0—0.61%o;
Pokrovsky et al., 2005; Bryan et al., 2015). Additionally,
theoretical calculations and modeling experiments indicated
that phosphate preferentially complexes with isotopically
heavy Zn (A66znphospha[e-solution = 0.2%0-1.0%0; Fujii and
Albarede, 2012; Veeramani et al., 2015). Together, if Zn
in our phosphorites was predominantly transferred from
the water column by Fe-Mn oxides, higher §%Zn values
than those of bulk seawater can be expected. However, only
the MSC phosphorites yield higher 8°Zn values
(566Znavera1ge = 0.75%0) than those of bulk seawater
(~0.50%0; Vance et al., 2016), whereas the ZJ and X’A
phosphorites produce similarly low §%Zn values
(566Znalverage = 0.16%0 and 0.14%o, respectively; Fig. §B).
The &%Zn values in the MSC phosphorites
(8%Zn4yerage = 0.75%0) are similar to those in the Ediacaran
Weng’an phosphorites (866Znaverage = 0.80%0), which were
interpreted as Zn isotope fractionation during Zn complex-
ation with phosphate and Zn adsorption onto Fe-Mn
oxides and organism surfaces (Fan et al., 2018). If this is
the case, the Zn isotope signals in the MSC phosphorites
may be dominated by inorganic (Fe-oxide) scavenging,
potentially indicating relatively low productivity levels.

The low 8°°Zn values in the ZJ and X’A phosphorites
possibly result from the Zn biogeochemical cycling. Previ-
ous studies indicated that the biogeochemical cycling of
Zn prevailing today may have been established since at least
the Neoproterozoic (Pons et al., 2013; Fan et al., 2018;
Isson et al., 2018). Generally, phytoplankton preferentially
assimilates light Zn isotopes, although preferential uptake
of heavy Zn isotopes is possible for specific conditions
and species (Samanta et al., 2018; Kdbberich and Vance,
2019). Isotope fractionation during biological uptake
changes widely but mostly clusters within a narrow range
(A(’(’ZnsolmiOn_phymplankmn = 0.2%0-0.6%0; Samanta et al.,
2018; Kébberich and Vance, 2019). The average 5°°Zn val-
ues in the ZJ and X’A phosphorites are similar to the mod-
ern organic-enriched shelf sediments (~0.0%0—0.2%o; Little
et al., 2016). Given positive isotope fractionation during
Zn uptake into francolite, the Zn isotope composition of
the initial deposition flux in the ZJ and X’A areas may be
negative, which indicates extremely high productivity levels.
Therefore, the ZJ and X’A phosphorites may have experi-
enced higher productivity than the MSC phosphorites, con-
sistent with the petrographic observations illustrated above.
However, the high-productivity X’A phosphorites yielded
the lowest REY content among the studied phosphorites,

indicating that the extraordinary REY enrichment in the
ZJ phosphorites cannot be attributed to productivity
control.

5.4. Redox controls on phosphorite REY enrichment

5.4.1. Indications from REY indexes

Y and Ho generally act as geochemical twins because
they have very similar ionic radii and identical valences
(Zhang et al., 1994; Pack et al., 2007). Therefore, Y and
Ho are tightly coupled in many geological processes such
as magmatic and hydrothermal activity, which generally
maintains chondritic Y/Ho ratios (~25-30; Pack et al.,
2007). However, marine behavior can significantly fraction-
ate Y from Ho associated with preferential scavenging of
Ho by suspended Fe-Mn oxides (Bau et al., 1997). Modern
oxic seawater generally gives super-chondritic Y/Ho ratios,
which mainly change from 50 to 70 (62 on average; Nozaki
et al., 1997). However, the fractionation between Y and Ho
will be discounted under anoxic conditions owing to the
reductive dissolution of Fe-Mn oxides. For example, in
the Tyro sub-basin, the Y/Ho ratio decreases from 55 in
overlying oxic seawater to 36 in underlying anoxic brine
(Bau et al., 1997). The Y/Ho ratios of the MSC and X’A
phosphorites are 60 + 5.0 and 64 + 4.5, respectively, which
correspond with well-oxygenated seawater (Nozaki et al.,
1997). In contrast, the ZJ phosphorites yield slightly lower
Y/Ho ratios (54 £ 2.5; Fig. 5B), which may indicate sub-
oxic seawater conditions. Recently, based on redox-
sensitive elements, Zhang et al. (2021) also proposed that
the ZJ phosphorites were deposited in an oxygen-poor sea-
water environment. Under suboxic seawater conditions,
high dissolved Fe levels in seawater and favorable reductive
dissolution of Fe-oxide in anoxic sediments can be
expected. For example, in modern marine sediments, pore-
water with the occurrence of dissolved Fe generally con-
tains REY content several times higher than that in
porewater without dissolved Fe present (Haley et al.,
2004). If true, the ZJ porewater may have maintained
higher REY levels than the MSC and X’A porewater. This
hypothesis can be supported by the XREY gradients of in-
situ dolomite in the studied phosphorites, in which the ZJ
dolomite yields much higher XREY content (56-139 ppm)
than the MSC (3-5 ppm) and X’A dolomite (<1 ppm)
(Table S2). Therefore, higher porewater REYs driven by
frequent Fe redox cycling may be the major reason for
the extraordinary REY enrichment in the ZJ phosphorites,
which can be further validated by the following Fe isotope
discussion.

A recent study found that, within single phosphorite
deposits in eastern Algeria, phosphorites with less negative
Ce anomalies generally contain higher REY content, indi-
cating more favorable REY enrichment in phosphorites
under suboxic conditions (Kechiched et al., 2020). In our
phosphorites, however, XREY content is poorly correlated
with Ce anomalies (Fig. 9A). Pr/Pr* parameter can distin-
guish real Ce anomalies from fake ones because of the over-
abundances of La (Bau and Dulski, 1996). However,
Fig. 9B showed that the Ce anomalies in the studied phos-
phorites are real. The average Ce/Ce* values are 0.39, 0.33,
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studied phosphorites. The lack of negative correlations between the
Y/Ho values and Ce/Ce* values may indicate that phosphorite Ce/
Ce* values were not determined by seawater redox conditions. The
solid symbol represents bulk-rock data and the open symbol
represents in-situ apatite data.

and 0.54 in the MSC, ZJ, and X’A phosphorites, respec-
tively, which appears to reflect overall oxic deposition envi-
ronments (particularly for the MSC and ZJ phosphorites)
(German et al., 1991; Alibo and Nozaki, 1999). However,
many studies have questioned the use of phosphorite Ce

anomalies as a redox proxy because Ce anomalies in fran-
colite may also involve REY fractionation during diage-
netic uptake and relate to porewater REY chemistry
(Shields and Stille, 2001; Herwartz et al., 2011; Liao
et al., 2019). This discipline may be effective for our phos-
phorites, as indicated by the poor correlations between
the Ce/Ce* values and Y/Ho ratios (Fig. 9C). For example,
an experimental study showed that Ce has a lower distribu-
tion coefficient than its neighboring La and Pr during REY
adsorption onto phosphate mineral phases
(Koeppenkastrop and De Carlo, 1992). As discussed above
(Section 5.2.2), diagenetic adsorption may dominate the
REY enrichment in the MSC and ZJ phosphorites. There-
fore, the similarly low Ce/Ce* values in the MSC and ZJ
phosphorites may result from REY fractionation during
diagenetic uptake and not necessarily reflect more oxic
deposition conditions than the X’A phosphorites. Alterna-
tively, the similarly low Ce/Ce* values in the MSC and ZJ
phosphorites may be generated from Ce-depleted porewater
induced by REY cycling in porewater, such as in modern
apatite-bearing deep-sea sediments (Paul et al., 2019).
Therefore, Ce anomalies in our phosphorites may not only
be controlled by seawater redox conditions and thus could
not be employed to constrain the redox history of the stud-
ied phosphorites.

5.4.2. Indications from Fe isotopes

The isotopic composition of Fe in marine sediments pro-
vides the most direct indication of the Fe redox cycling (Li
et al., 2013; Fan et al.,, 2014; Kunzmann et al., 2017;
Johnson et al., 2020). However, mixing of different Fe min-
erals in bulk-rock sediments may obscure redox-dependent
Fe isotope signals owing to different Fe minerals yielding
different Fe isotope compositions (Fan et al., 2014;
Johnson et al., 2020). Generally, Fe-oxide, Fe-sulfide, Fe-
carbonate, and Fe-silicate are together responsible for the
bulk-rock §°°Fe values. Firstly, we did not digest the silicate
fraction during Fe-isotope chemical purification; thus, Fe-
silicate makes no contributions to the bulk-rock §°°Fe val-
ues. In addition, SEM examination validates that Fe-oxide
dominates the Fe-mineral phase in our phosphorites
(Fig. 3), pyrite (Fe-sulfide) was only observed in a few ZJ
and X’A phosphorites in minor amounts, indicating that
Fe-oxide may dominate the bulk-rock 83°Fe values. How-
ever, Fan et al. (2016) found that Fe-carbonate is another
important Fe fraction in phosphorites, which can
reach ~30% despite being in near-pure phosphorites
(P,Os > 15%). Therefore, it is possible that the bulk-rock
8Fe wvalues in some phosphatized dolostones
(P,Os < 15% and MgO > 10%) are dominated by
Fe-carbonate instead of Fe-oxide, although isolated
Fe-carbonate mineral cannot be observed during SEM
observations.

In the studied phosphorites, Fe-oxide mainly occurs in
the interior of apatite or dolomite grains (Fig. 3), indicating
that Fe-oxide was deposited simultaneously with phospho-
rites rather than from later hydrothermal activity. In this
situation, the 8°°Fe values of sedimentary Fe-oxide are lar-
gely determined by Fe isotope fractionation during redox
transformation from Fe®*-solution to Fe®*-oxide. Experi-
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mental studies demonstrated that Fe®' precipitates
preferentially utilize heavier Fe isotopes than the initial
Fe*"-solution by biotic and abiotic oxidation processes
(A%°Fere-oxidesolution = 0.9%0-3.0%0; Welch et al., 2003;
Swanner et al., 2015; Wu et al., 2017). Under well-
oxygenated environments, however, quantitative Fe oxida-
tion masks Fe isotope fractionation and produces Fe-oxide
with similar 8°°Fe values to ambient seawater (~0.0%o;
Johnson et al., 2008). However, partial Fe?" oxidation
under ferruginous or suboxic conditions generally produces
positive 8°°Fe values in deposited Fe-oxide (Li et al., 2013).
The MSC and X’A bulk-rocks (dominated by near-pure
phosphorites) are characterized by ~0% &°Fe values
(Fan et al., 2016), indicating that these phosphorites were
deposited under well-oxygenated environments (Fig. 10A).
The 8°°Fe values in the ZJ phosphorites show a bimodal
distribution, which may depend on the relative fractions
of Fe-carbonate and Fe-oxide. Phosphatized dolostones
commonly produce negative 5°°Fe values (—0.54%0 to
—0.10%0; Fig. 10A), which may reflect a significant Fe-
carbonate fraction (Fe*"), generally enriched in light Fe iso-
topes (8°°Fe = ~—0.6%0; Fan et al., 2016; Yang et al.,
2018b). However, the near-pure phosphorites are character-
ized by positive 5°°Fe values (~0.0%0 to 0.45%o; Fig. 10A),
which may be attributed to partial Fe*" oxidation and
deposition under ferruginous or suboxic seawater condi-
tions. Partial Fe’' oxidation has also been applied to
explain the positive 8°°Fe values of the E-C boundary
shales and cherts (Fan et al., 2014; Kunzmann et al., 2017).

The varied 8°°Fe values of ~0.0%0—0.45%o in the near-
pure ZJ phosphorites may indicate fluctuating oxic—suboxic
seawater conditions. In this situation, high dissolved Fe?t
levels can be expected in a suboxic seawater column but
the dissolved Fe?' can be rapidly oxidized to Fe-oxide
when an oxic seawater column dynamically occurred
(Scholz et al., 2014; Yang et al., 2018b). Meanwhile, the
reductive dissolution of Fe-oxide is favorable in anoxic
porewater, particularly when the sediments were overlain
by a suboxic seawater column (Severmann et al., 2008;
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Scholz et al., 2014). Therefore, the fluctuating oxic—suboxic
conditions may have promoted extensive Fe redox cycling
near the seawater-sediment interface. Notably, reductive
dissolution of Fe-oxide may induce partial loss of isotopi-
cally light Fe*" (Fe shuttle), leaving sediments with higher
5°°Fe values (Severmann et al., 2008; Scholz et al., 2014).
Therefore, the positive 8°°Fe values in the near-pure ZJ
phosphorites can be alternatively ascribed to intensive Fe
redox cycling, although this process generally elevates
bulk-rock §°°Fe values by < 0.2%0 (Severmann et al.,
2008; Scholz et al., 2014). The Fe shuttle process can be
determined by the correlation between §°°Fe values and
Fe/Al ratios (Severmann et al., 2008). No correlations were
observed in the MSC and X’A phosphorites, indicating a
weak Fe shuttle, whereas the ZJ phosphorites showed two
major coupling trends (Group I and Group II; Fig. 10B).
Group I is dominated by phosphatized dolostones and
characterized by negative 8°°Fe values, and the coupling
trend may predominately reflect varied proportions
between Fe-carbonate and Fe-oxide. Group I is dominated
by near-pure phosphorites, and the negative correlation of
the 8°°Fe value with the Fe/Al ratio indicates that these
phosphorites may have experienced intensive Fe redox
cycling.

Importantly, Fe redox cycling can significantly enrich
porewater with REYs (Haley et al., 2004), which can be
subsequently captured into francolite during its formation
and early diagenesis (Kashiwabara et al., 2018). The extre-
mely low XREY content of in-situ Fe-oxide in our phos-
phorites may support this scenario (<1-48 ppm;
Table S2). For example, modern Fe-Mn crusts generally
contain XREY at hundreds of ppm (Yasukawa et al.,
2020), whereas Fe-oxide in modern deep-sea sediments with
the occurrence of REY-enriched apatite contains XREY at
similar levels to the Fe-oxide in our phosphorites (Paul
et al., 2019). These observations possibly indicate that pore-
water REYs released by Fe-oxide can be largely assimilated
by francolite during its formation and subsequent diagene-
sis, leaving the remained Fe-oxide with low REY content.
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As discussed above, the ZJ phosphorites may have experi-
enced more extensive Fe redox cycling than the MSC and
X’A phosphorites. It can be expected that, therefore, the
REY content in ZJ porewater was much higher than that
in the MSC and X’A porewater, which can be validated
by the XREY gradients in in-situ dolomite (56-139 ppm
in ZJ, 3-5 ppm in MSC, and < 1 ppm in X’A). If this is
the case, frequent Fe redox cycling near the seawater-
sediment interface driven by dynamic oxic—suboxic condi-
tions may be the major reason for the extraordinary REY
enrichment in the ZJ phosphorites.

5.5. Implication for the formation of phosphorite-type REY
resources

During the early Cambrian, the Nanhua Basin was char-
acterized by stratified redox conditions, in which oxic sea-
water dominated shallow shelf locations, below which
seawater was mainly suboxic or ferruginous (Feng et al.,
2014; Wen et al., 2015; Xiang et al., 2020; Zhang et al.,
2020). Meanwhile, widespread phosphorites were deposited
on the Yangtze Block; these phosphorites show systematic
spatial changes in phosphorite scale and REY abundance
(Fig. 11). Large-scale phosphorites mainly developed in
inner-shelf environments, which generally yielded moderate
YREY enrichment of ~200-400 ppm; examples are the
MSC, LB, and MB phosphorites (Ou, 2015). The relative
REY enrichment in the inner-shelf phosphorites can be lar-
gely ascribed to diagenetic REY uptake that may have been
enhanced by reworking under dynamic seawater condi-
tions, such as the studied MSC phosphorites. However,
because well-oxygenated seawater may have limited the

Fe redox cycling near the seawater-sediment interface in
inner-shelf locations, the inner-shelf phosphorites generally
cannot develop extraordinary REY enrichment although
they are typically large-scale (Figs. 1 and 11).

A few large-scale phosphorites occurred in outer-shelf
settings; examples are the ZJ and X’A phosphorites. The
X’A  phosphorites contain extremely low ZXREY
(mostly < 200 ppm), which may be ascribed to the lack of
both diagenetic REY uptake because of limited diagenetic
alteration and Fe redox cycling because of well-
oxygenated deposition conditions. Notably, the ZJ phos-
phorites yielded extraordinary XREY enrichment (~500-2
000 ppm). In particular, fluctuating oxic-suboxic seawater
conditions locally developed at the outer-shelf ZJ location,
which may reflect spatially heterogeneous redox conditions
at this time (Wen et al., 2015; Zhang et al., 2020). Alterna-
tively, the fluctuating oxic-suboxic deposition environ-
ments in the ZJ area were controlled by a local shelf
basin, which can be supported by the fact that nearby phos-
phorite sediments in Guizhou are generally much thinner
with small scales (Chen et al., 2013). Importantly, extensive
Fe redox cycling near the seawater-sediment interface can
be expected under fluctuating oxic-suboxic deposition con-
ditions, which may have dominated the extraordinary REY
enrichment in the ZJ phosphorites. This is because frequent
Fe-redox cycling can significantly enrich REYs in porewa-
ter, which can be subsequently assimilated by francolite
during its formation and early diagenesis.

In addition, small-scale concretionary phosphorites are
widespread along or close to the slope belt (Fig. 11); exam-
ples are the phosphate concretions in the Daotuo, Rongxi,
Longbizui, Sancha, Tianzhu, Bahuang, Shangrao, and
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Nanjing areas (Chen et al., 2013; Zhu et al., 2014; Gao
et al., 2018; Ye et al., 2021). Interestingly, these near-
slope phosphate concretions generally contain high ZREY
content (~500-1500 ppm), comparable to that of the ZJ
phosphorites (Fig. 11; Chen et al., 2013; Zhu et al., 2014;
Gao et al., 2018; Ye et al., 2021), although local low-
REY phosphate nodules have also been observed (Jiang
et al., 2007; Ye et al., 2020). During the early Cambrian,
suboxic or ferruginous seawater conditions may have dom-
inated the slope-basin locations (Feng et al., 2014; Wen
et al., 2015; Xiang et al., 2020; Zhang et al., 2020). In this
situation, the REY enrichment in the slope phosphate con-
cretions may result from intensive Fe redox cycling driven
by fluctuating oxic-suboxic deposition conditions, similarly
to the ZJ phosphorites, although the isochronous deposi-
tion of these phosphate concretions and the ZJ phospho-
rites may not be strict. Collectively, the extensive Fe
redox cycling driven by fluctuating oxic-suboxic deposition
conditions may have dominated the extraordinary REY
enrichment in the early Cambrian ZJ phosphorites and
slope phosphate concretions on the Yangtze Block.

Similarly, apatite grains in the ~2-1.9 Ga phosphatic
sediments in Russia yielded extremely high XREY (can
reach several thousand ppm), for which fluctuating suboxic
to anoxic deposition conditions were recognized by Ce/Ce*
values and Y/Ho ratios (Joosu et al., 2015, 2016). In addi-
tion, ZREY content is rather high in the Cretaceous—Pale-
ogene boundary Abu Tartur phosphorites in Egypt (~500—
1100 ppm), in which frequent Fe redox cycling was sup-
ported by the occurrence of abundant diagenetic pyrite
(Ismael, 2002; Awadalla, 2010; Baioumy, 2011). Moreover,
Algabri et al. (2020) demonstrated that the formation of
glauconite may be associated with intensive Fe redox
cycling under suboxic deposition conditions near the
seawater-sediment interface. Notably, they found that apa-
tite grains in glauconite-enriching phosphorites contained
much higher XREY (~500-1000 ppm) than those in phos-
phorites with less or no glauconite composition (~100-30
0 ppm). In summary, the Fe redox pumping model estab-
lished by our Fe isotopes may have universal indications
for the extraordinary REY enrichment in phosphorites or
phosphatic rocks.

6. CONCLUSIONS

In this study, three early Cambrian phosphorite deposits
from South China with systematically varied REY content
were investigated with mineralogy, bulk-rock elements,
TOC, in-situ elements, and Zn-Fe isotopes to understand
the origin of REY-enriched phosphorites. Diagenetic pro-
cesses, biological activity, and seawater redox conditions
were particularly focused. Our results indicate that diage-
netic alteration promoted XREY enrichment in the MSC
phosphorites (~200-400 ppm) relative to the pristine X’A
phosphorites (mostly < 200 ppm), but it is not sufficient
to explain the extraordinary XREY enrichment in the ZJ
phosphorites (~500-2000 ppm). Productivity levels also
cannot explain the extraordinary ZJ REY enrichment,
although ZJ productivity levels are high, because the
high-productivity X’A phosphorites yielded extremely low

REY content. Notably, compared to the MSC and X’A
phosphorites, the ZJ phosphorites may have experienced
more intensive Fe redox cycling near the seawater-
sediment interface driven by fluctuating oxic-suboxic redox
conditions. Extensive Fe redox cycling can significantly
enrich porewater with REYs, which can be subsequently
captured by francolite during its formation and early diage-
nesis. Therefore, intensive Fe redox cycling driven by fluc-
tuating oxic-suboxic redox conditions may be the
dominant reason for the extraordinary REY enrichment
in the ZJ phosphorites. Combined with previous studies,
the Fe-redox pumping model could also have significantly
stimulated extraordinary REY enrichment in other phos-
phorites or phosphatic rocks formed in different basins at
different geological times.
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