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Marine phosphorites have shown extraordinary REE potential. Enrichment mechanisms have been investigated
as yet, however, the roles of Fe/Mn (oxyhydr)oxides in REE enrichment were poorly known. In this paper, we
report new data for early Cambrian phosphorites in South China with a particular focus on REE enrichment and
Fe-redox cycling. Phosphorites from the Cambrian Gezhongwu occur in the upper and lower units. The phos-
phorites contain a large number of of Fe (oxyhydr)oxides, especially those in the upper unit. SEM and laser
Raman show that Fe (oxyhydr)oxides have a gray rim and a bright core, attributed to transformation from he-
matite to goethite during the weathering. In-situ elemental analyses show Fe (oxyhydr)oxides have PAAS-
normalized REE patterns depleted in LREE and enriched in HREE with negative to positive Eu anomalies and
positive Y anomalies. However, two patterns are clearly distinguished according to Ce anomalies and these are
related to the origins of Fe-(oxyhydr)oxides: hydrothermal Fe (oxyhydr)oxides with negative Ce anomalies and
hydrogenic ones with positive Ce anomalies. The role of Fe (oxyhydr)oxides played in REE enrichment was
controlled by Fe-redox pumping. In this process, Fe (oxyhydr)oxides adsorbed REEs in oxic water columns; after
precipitating to suboxic/anoxic conditions, the absorbed REEs were released into porewater. Francolites sub-
sequently formed and captured REEs during early diagenesis. Even though additional evidence is required, our
investigations were significant in conforming the origins of Fe/Mn (oxyhydr)oxides and their role in REE
enrichment in marine phosphorites.

1. Introduction

Rare earth elements plus Y (REEs) are widely used in new technology
industries, which include national defense, military, aerospace, clean
energy, and unique materials (Balaram, 2019). REEs have been listed as
key mineral resources in most countries and are of great importance in
studying REE mineralization. Typical REE deposits come from carbo-
natite deposits and alkaline rocks/alkaline granites in areas such as
Bayan Obo, Yinachang, and Mianning-Dechang; these deposits provide
light REEs (LREEs, La-Nd) (Ye et al., 2013; Li and Zhou, 2015; Fan et al.,
2016b; Liu et al., 2019). In addition, supergene weathering type/ion
adsorption clay-type (Bao and Zhao, 2008; Li et al., 2017; Wang et al.,
2018; Li et al., 2019; Zhou et al., 2020) and placer type (Yuan et al.,
2012) REE deposits provide middle (MREEs) and heavy REEs (HREEs).
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Sedimentary deposits, such as deep-sea muds and phosphorites, have
recently been reported as sources of REEs and have unusually enriched
amounts of MREEs and HREEs (Kato et al., 2011; Emsbo et al., 2015).
Notably, sedimentary phosphorite deposits rich in REEs occur world-
wide in areas like Jordan, North America, South China, Australia, and
South Africa (Cook, 1992; Pufahl and Hiatt, 2012). Furthermore, REE-
enriched phosphorites formed in multiple geological periods, with the
Paleozoic Era serving as the most important REE-enriched phosphorite
formation stage (Emsbo et al., 2015). For example, the Upper Ordovi-
cian phosphorites from Love Hollow, Illinois contained REE concentra-
tions (3>_REE) of up to 5400 ppm; the } REE of the Upper Devonian
phosphorites from Kentucky, New York approached 18000 ppm (Kato
et al., 2011; Emsbo et al., 2015). Therefore, phosphorites could serve as
a new REE resource and probably meet global REE demands, especially
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Fig. 1. (a) Simplified paleogeographic map of South China during the early Cambrian, modified after Steiner et al. (2001). (b) Geological map of the Zhijin

phosphorite deposit.

for scarce HREEs (Kato et al., 2011; Emsbo et al., 2015).

The mineralization mechanisms of REE-enriched phosphorites have
attracted significant research attention recently. Paleogeographic loca-
tions, continental REE input, hydrothermal activity, redox conditions,
biological activity, and diagenetic process have been proposed as
possible controls (Emsbo et al., 2015; Pufahl and Groat, 2017; Fran-
covschi et al., 2020; Frei et al., 2021; Yang et al., 2021a; Yang et al.,
2021b; Zhang et al., 2022). However, there is no consensus on the REE
enrichment mechanism. For example, diagenetic uptake of REEs into
francolites was generally accepted for REE enrichment in phosphorites
(Kocsis et al., 2010; Lumiste et al., 2019; Francovschi et al., 2020);
however, the homogeneous distribution of REEs in Zhijin collophane
and francolites contradicted this (Yang et al., 2021b). Secondly, some
researchers suggested that REE biosorption caused MREE enrichment in
Zhijin phosphorite (Wright et al., 1987; Zhang et al., 2003; Frei et al.,
2021); whereas, Xia’An (early Cambrian) and Weng’An (Sinian) phos-
phorites with high productivity yielded very low REE concentrations.
This indicated that biosorption might not play critical role in REE
enrichment (Yang et al., 2021b; Zhang et al., 2022). Additionally, Fe-
pumping driven by fluctuating redox conditions in seawater and pore-
water was proposed to explain extraordinary REE enrichment in phos-
phorites (Jarvis et al., 1994; She et al.,, 2013; Zhang et al., 2022).

However, Kunyang phosphorites formed under the redox conditions
consistent with Zhijin showed low > REE (<250 ppm) (Wen et al., 2011;
Liu and Zhou, 2017). Therefore, in sedimentary REE-rich phosphorites,
the specific process of different controls in REE enrichment remain
unclear.

Based on a Fe-pumping mode, Fe/Mn (oxyhydr)oxides were thought
to play significant roles in francolite formation and REE enrichment both
in deep-sea muds and shallow phosphorite (Takahashi et al., 2015;
Kashiwabara et al., 2018; Yang et al., 2022a). Research suggested that
hydrothermal Fe/Mn (oxyhydr)oxides contributed as “the initial car-
riers” due to their high adsorptive abilities (Takahashi et al., 2015;
Kashiwabara et al., 2018). In an experimental model, Bau et al. (1996)
concluded that MnO; preferentially absorbed MREE, as well as FeOOH.
In addition, REE absorption experiments showed that REEs scavenged
by MnO; and Fe oxyhydroxide increased with solution pH (Ohta and
Kawabe, 2001). In natural sedimentary conditions, REEs absorbed by
Fe/Mn (oxyhydr)oxides eventually affixed to francolites via an adsorp-
tion—desorption equilibrium by oxidation transformation during early
diagenesis (Poulton and Canfield, 2006; Zhang et al., 2022). These
research efforts indicated that Fe/Mn (oxyhydr)oxides played an
important role in REE adsorption not only in experiments but also in
natural sediments. Nevertheless, several questions remained, such as the



H. Yang et al.

Journal of Asian Earth Sciences 259 (2024) 105910

Table 1
Major elemental compositions of early Cambrian phosphorite from the Zhijin deposit, Central Guizhou, South China (wt.%).
Samples lithology Al,03 CaO F TFe,03 K20 MgO MnO, P,0s SiO, SO3 LOI
ZK-130 quartz siltstone 8.41 2.56 - 2.34 212 217 0.04 0.20 75.42 0.06 5.89
ZK-142.8 siliceous dolomitic phosphorite 1.64 34.00 1.40 1.59 0.52 13.10 0.14 11.55 7.34 0.82 28.63
7ZK-146.8 siliceous phosphatic dolomite 0.45 29.20 0.40 1.02 0.14 17.85 0.26 2.78 9.64 0.14 39.07
ZK-147.4 siliceous phosphatic dolomite 1.71 32.10 1.00 1.44 0.56 14.35 0.23 8.16 7.69 0.75 32.58
ZK-149.2 siliceous dolomitic phosphorite 1.08 33.40 1.30 3.06 0.35 11.40 0.22 12.65 10.05 1.58 24.56
ZK-150.1 siliceous phosphatic dolomite 0.50 29.30 0.60 2.64 0.16 15.70 0.46 4.58 11.10 1.26 34.88
ZK-151.9 siliceous phosphatic dolomite 1.42 29.40 0.80 2.95 0.46 13.50 0.52 6.41 11.50 0.89 31.94
ZK-152.5 siliceous phosphatic dolomite 0.88 28.00 0.60 3.26 0.29 14.60 0.57 4.12 13.96 1.02 33.86
ZK-153.8 siliceous phosphatic dolomite 0.33 29.20 0.80 2.68 0.12 12.80 0.39 6.78 15.65 1.10 30.18
ZK-154.6 siliceous dolomitic phosphorite 1.30 29.00 1.00 2.39 0.41 11.35 0.29 9.02 15.80 0.77 28.03
ZK-155.8 siliceous phosphatic dolomite 0.96 28.40 0.60 217 0.31 15.50 0.30 4.00 12.90 0.51 35.11
ZK-156.5 siliceous dolomitic phosphorite 0.30 31.00 0.90 1.88 0.10 14.10 0.20 8.18 11.85 0.05 31.73
ZK-159.5 phosphorite 0.27 39.10 1.80 1.25 0.08 9.87 0.23 17.35 6.42 0.07 23.93
ZK-160.7 dolomitic phosphorite 0.45 39.60 1.70 0.98 0.15 12.25 0.13 15.35 2.32 0.26 28.24
ZK-161.5 phosphatic dolomite 0.21 33.70 0.80 0.77 0.07 16.00 0.13 7.09 3.58 0.08 37.29
ZK-163.1 dolomitic phosphorite 0.69 35.90 1.20 0.67 0.22 13.90 0.09 11.40 4.46 0.19 31.77
ZK-163.9 dolomitic phosphorite 0.33 35.30 1.10 0.55 0.11 15.05 0.10 9.79 4.39 0.05 34.05
ZK-164.5 dolomitic phosphorite 0.36 34.20 1.10 0.51 0.11 15.20 0.10 9.30 6.55 0.05 33.73
ZK-165.2 phosphorite 0.38 45.60 2.80 0.60 0.13 5.33 0.04 27.40 5.52 0.57 13.15
7ZK-166.8 phosphorite 0.78 43.50 2.70 0.88 0.26 5.53 0.05 26.00 5.80 0.59 14.22
ZK-168.5 phosphorite 0.95 34.50 1.50 0.87 0.38 10.00 0.05 14.70 13.85 1.00 22.50
ZK-168.9 dolomite 0.39 29.00 0.20 0.74 0.12 20.40 0.18 0.16 4.86 0.37 44.54
ZK-170 dolomite 0.52 29.60 - 0.35 0.19 20.20 0.08 0.71 4.15 0.39 43.81
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Fig. 2. Characteristics of phosphorite hand specimens (a)-(c) and francolites (d)-(f) from the Gezhongwu Formation, early Cambrian in Zhijin phosphorite, South
China. (a) massive phosphorite; (b), (c) banded phosphorite; (d) biodetritus;(e) abiogenic grains; and (f) francolite individuals. Abbreviation: AG: abiogenic grain;

BG: biogenic grain; Qz: quartz; Kfs: K-feldspar; Dol: dolomite; Ap: apatite.

involvement of Fe/Mn (oxyhydr)oxides in phosphorite formation and
the REE fractionation between Fe/Mn (oxyhydr)oxides and francolites.
These questions limited further understanding of REE transformations
and enrichments in marine phosphorite.

One of the earliest worldwide phosphogenesis occurred during the
early Cambrian (~541-529), Paleozoic Era (Cook and Shergold, 1984).
During this time, South China developed phosphorites at the shallow
carbonate platform, including large-scale phosphorite (such as Zhijin
and Kunyang) at the shelf and small-scale phosphate concretions at the
near-slope (Steiner et al., 2007; Zhu et al., 2007). Among them, the
Zhijin phosphorites contained higher > REE (>1000 ppm), attracting
abundant research interest focused on REE enrichment mechanisms.
Three kinds of phosphate minerals (authigenic, biogenetic, and

amorphous) were found in our previous research (Yang et al., 2021a;
Yang et al., 2021b). Correspondingly, Fe/Mn (oxyhydr)oxides, organ-
isms/organic matters, and diagenesis played important roles, particu-
larly in P and REE carriers. As for organisms/organic matter, Wu et al.,
(2022b) concluded their effects on REE enrichment according to heavier
813Ccarb, lighter 613C0rg, and higher TOC in Zhijin phosphorites as
compared to Kunyang phosphorites. REEs were released into the pore-
water due to anaerobic oxidation of organic matter at the seawater-
sediment interface, which finally resulted in REE enrichment of Zhijin
phosphorites (Wu et al., 2022b). Regarding Fe/Mn (oxyhydr)oxides,
Zhang et al. (2022) conducted an isotopic study of Zn and Fe in Zhijin,
Kunyang, and Xia’an phosphorites and suggested that frequent Fe redox
cycling as crucial factor for REE transportation, release, and



Table 2
Trace elemental compositions of early Cambrian phosphorite from the Zhijin deposit, Central Guizhou, South China (ppm).

Samples Li Be Sc v Cr Ni Cu Zn Ga Ge As Rb Sr Zr Sb Ba Pb Th U

ZK-91 36.50 3.86 16.00 198.00 114.00 62.80 48.50 111.00 24.60 1.96 4.49 132.00 170.00 179.00 1.58 730.00 37.20 13.30 5.84
ZK-108 30.70 2.76 12.40 140.00 80.20 50.20 45.50 96.60 18.80 1.75 2.09 106.00 176.00 141.00 0.83 666.00 23.20 11.30 3.63
ZK-118 32.30 3.64 15.30 221.00 94.50 76.50 51.50 106.00 23.00 1.99 3.92 127.00 115.00 153.00 1.40 689.00 38.40 13.00 7.04
ZK-130 27.90 3.39 15.60 181.00 96.60 56.70 61.00 100.00 23.20 1.98 3.88 129.00 112.00 158.00 1.19 734.00 46.00 12.70 6.11
7ZK-142.8 16.00 1.69 3.28 70.00 34.00 483.00 14.70 500.00 10.60 1.13 31.77 52.10 44.50 238.00 11.30 235.00 18.80 7.85 6.69
7ZK-146.3 19.00 2.82 0.76 16.90 19.10 19.10 8.16 36.40 5.32 0.68 10.25 11.80 469.00 52.50 18.80 253.00 76.40 5.78 4.72
ZK-146.8 4.56 0.60 - 2.87 2.32 15.20 1.93 127.00 1.34 0.25 3.88 3.26 180.00 6.53 2.50 75.90 496.00 0.85 1.09
7ZK-147.4 13.20 1.55 2.12 12.60 8.49 16.90 4.05 16.30 3.83 0.46 3.88 12.50 381.00 25.60 4.97 214.00 36.10 2.30 2.72
7ZK-148.3 8.54 0.32 0.93 5.73 4.90 15.80 3.37 10.10 1.98 0.25 4.03 7.01 229.00 11.60 6.14 370.00 330.00 1.11 1.55
ZK-149.2 24.60 2.10 0.78 8.45 9.74 19.50 9.02 215.00 4.11 0.53 10.12 9.00 558.00 21.30 12.10 263.00 244.00 2.34 3.94
ZK-150.1 7.47 1.03 - 291 3.79 13.80 4.37 11.90 1.76 0.29 7.26 3.58 232.00 6.39 6.92 105.00 61.50 0.81 1.49
ZK-150.7 12.60 1.35 - 4.17 3.11 15.90 5.72 4.34 2.21 0.31 3.94 5.84 248.00 9.13 4.81 121.00 30.20 1.00 1.48
ZK-151.2 5.51 0.33 - 3.32 4.90 13.40 3.90 5.70 1.64 0.39 1.76 3.46 210.00 6.34 1.67 91.10 12.70 0.87 1.35
ZK-151.9 19.90 2.27 0.91 12.10 13.00 13.50 8.70 6.28 3.31 0.43 6.03 11.10 275.00 21.10 7.55 199.00 15.30 2.24 3.12
7ZK-152.5 14.90 1.16 - 6.06 3.52 112.00 7.89 3.90 1.88 0.32 3.46 6.24 187.00 11.20 4.29 88.20 10.20 1.03 1.58
ZK-153 35.70 2.10 0.39 9.99 10.40 24.50 13.60 5.32 3.76 0.52 6.56 10.20 407.00 19.30 8.21 227.00 25.30 2.48 4.07
7ZK-153.8 18.30 2.15 - 2.32 3.75 80.40 6.79 1.45 1.96 0.35 6.25 2.72 327.00 6.35 9.76 153.00 13.60 1.08 2.21
7ZK-154.1 4.44 0.74 - 10.10 5.94 22.50 5.53 5.94 1.09 0.35 3.09 5.37 82.80 14.70 5.05 98.70 8.89 1.14 0.94
ZK-154.6 12.80 1.80 1.82 13.80 5.55 32.70 16.90 7.04 3.70 0.51 5.81 8.94 444.00 36.10 12.00 189.00 25.20 3.67 4.28
ZK-155.3 5.85 0.97 0.73 12.30 2.92 30.90 14.60 7.79 2.73 0.32 7.74 6.27 374.00 13.50 17.80 139.00 23.50 2.05 2.66
ZK-155.8 6.53 0.59 0.29 7.35 2.41 21.40 21.80 3.96 1.82 0.37 10.38 6.56 223.00 8.35 13.10 161.00 28.70 1.23 1.59
Mean 17.01 1.77 5.09 44.81 24.91 56.99 17.03 65.81 6.79 0.72 6.69 31.43 259.25 54.24 7.24 276.28 76.25 4.20 3.24
S 8.34 0.75 0.93 15.62 8.03 113.21 5.56 127.31 2.25 0.21 6.79 11.33 137.76 55.01 4.97 79.24 138.13 1.93 1.59
Samples Li Be Sc A Cr Ni Cu Zn Ga Ge As Rb Sr Zr Sb Ba Pb Th 0)

ZK-156.5 3.84 0.55 0.26 11.80 2.52 24.90 129.00 30.90 1.98 0.49 12.14 2.34 409.00 6.37 21.90 260.00 22.90 2.17 2.72
ZK-157.9 5.29 2.32 0.48 9.86 6.02 30.20 82.40 21.00 2.85 0.46 6.91 2.25 569.00 9.89 40.70 374.00 16.30 2.45 3.52
7ZK-158.7 7.71 1.94 1.48 8.25 3.16 26.20 121.00 17.00 3.56 0.67 7.17 2.76 764.00 11.30 15.30 578.00 22.30 3.01 4.45
ZK-159.5 6.85 0.75 0.77 11.30 1.94 16.80 11.50 4.31 3.52 0.54 6.20 1.92 742.00 11.90 17.10 776.00 17.50 2.44 4.42
ZK-160 4.50 1.49 0.88 12.50 4.30 29.00 9.61 3.98 2.28 0.36 6.12 2.46 478.00 10.30 10.20 297.00 15.90 1.87 3.02
7ZK-160.7 6.21 1.91 0.57 11.20 2.90 15.80 7.57 3.58 3.19 0.38 4.03 3.00 648.00 18.80 7.80 466.00 15.60 2.42 4.30
ZK-161.5 3.65 1.96 0.43 12.40 7.33 16.40 7.65 7.62 1.60 0.29 3.46 1.57 343.00 7.39 5.71 172.00 9.08 1.42 2.10
ZK-161.9 3.30 1.22 2.63 11.20 3.83 14.50 8.30 8.13 2.06 0.38 3.13 1.45 445.00 7.09 3.14 200.00 7.98 1.59 2.17
7ZK-163.1 5.54 2.12 2.10 15.40 3.81 14.50 7.63 4.36 3.04 0.41 3.68 4.98 523.00 18.00 5.14 256.00 11.40 2.85 3.04
ZK-163.9 4.75 1.83 2.48 13.40 4.90 13.50 8.35 6.88 2.32 0.37 3.53 2.36 459.00 8.85 19.20 217.00 9.91 2.01 2.40
ZK-164.5 3.56 1.94 1.94 13.60 3.85 12.10 11.80 8.14 1.99 0.34 3.60 2.47 423.00 8.08 12.90 214.00 8.52 1.75 1.87
ZK-165.2 9.53 3.27 3.26 12.30 5.23 15.90 11.20 1.76 4.94 0.77 4.58 3.06 950.00 22.50 8.41 582.00 17.20 3.80 5.29
7ZK-166.2 4.71 1.38 2.62 13.80 4.59 11.90 12.80 4.97 2.25 0.30 2.85 2.75 431.00 12.00 6.79 285.00 11.50 1.80 2.00
7ZK-166.8 11.50 2.21 3.87 26.20 9.53 18.30 22.30 8.20 5.37 0.74 6.69 5.91 882.00 38.40 17.20 629.00 68.20 4.65 5.32
ZK-168.5 8.25 1.17 2.94 10.10 8.32 14.10 15.70 5.10 3.72 0.58 6.64 6.40 569.00 27.10 9.47 287.00 22.30 291 291
Mean 5.95 1.74 1.78 12.89 4.82 18.27 31.12 9.06 2.98 0.47 5.38 3.05 575.67 14.53 13.40 372.87 18.44 2.48 3.30
3 2.41 0.68 1.17 4.09 2.17 6.15 42.47 7.92 1.10 0.16 2.43 1.50 183.53 8.99 9.42 187.01 14.67 0.87 1.18
ZK-168.9 1.86 0.54 0.46 29.10 6.62 14.00 3.88 7.70 0.73 0.17 4.05 3.66 43.80 5.50 5.45 22.10 6.73 0.39 0.66
7ZK-169.1 2.59 0.66 1.07 41.90 6.61 14.60 3.53 5.52 0.96 0.08 2.26 4.71 34.00 7.06 3.17 19.50 11.00 0.61 0.76
ZK-170 3.07 0.35 0.85 49.70 21.30 17.00 14.80 18.60 1.21 0.13 2.96 5.42 42.20 10.50 10.50 30.70 8.32 0.77 2.29
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Table 3
Rare earth element compositions of early Cambrian phosphorite from the Zhijin deposit, Central Guizhou, South China (ppm).
Samples La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y >"REE Y/Ho Ce/Ce* Eu/Eu*
ZK-91 42.50 82.00 9.68 34.00 6.00 1.20 4.90 0.82 5.17 1.19 3.27 0.52 3.06 0.57 31.00 194.89 26.05 0.93 1.04
ZK-108 35.20 69.20 8.34 30.10 6.55 1.43 5.00 0.87 4.93 1.11 2.87 0.47 2.74 0.47 29.10 169.29 26.22 0.93 1.17
ZK-118 38.20 72.90 8.71 31.30 5.61 1.26 4.74 0.85 4.52 1.16 2.99 0.48 2.82 0.49 29.50 176.02 25.43 0.92 1.14
ZK-130 39.70 77.30 9.25 32.20 5.79 1.28 4.79 0.78 4.94 1.11 3.18 0.47 2.97 0.49 30.20 184.25 27.21 0.93 1.13
ZK-142.8 26.50 43.90 4.46 15.60 2.87 0.52 2.59 0.43 2.83 0.64 1.92 0.35 2.00 0.38 18.20 104.98 28.57 0.92 0.89
ZK-146.3 136.00 126.00 32.40 138.00 26.40 5.85 28.01 4.34 27.10 6.43 16.10 1.96 8.33 1.28 197.00 558.19 30.64 0.44 1.00
ZK-146.8 39.10 35.00 7.33 30.00 5.46 1.02 5.22 0.91 5.41 1.35 3.47 0.55 2.73 0.41 56.00 137.95 41.48 0.47 0.89
ZK-147.4 91.30 78.50 19.00 75.40 14.40 3.18 15.04 2.47 15.30 3.71 9.21 1.15 5.36 0.73 127.00 334.76 34.23 0.43 1.00
ZK-148.3 48.40 39.40 7.88 33.10 5.61 2.18 5.97 0.99 6.41 1.65 4.53 0.66 3.38 0.55 69.30 160.71 42.00 0.46 1.74
ZK-149.2 124.00 100.00 25.00 98.80 17.50 3.98 19.37 3.15 19.20 4.71 12.00 1.49 6.84 1.03 170.00 437.06 36.09 0.41 1.00
ZK-150.1 57.00 44.10 9.55 37.10 6.41 1.36 7.06 1.10 7.13 1.76 4.67 0.65 2.98 0.46 80.90 181.33 45.97 0.43 0.93
ZK-150.7 61.00 49.20 10.10 41.40 7.04 1.46 7.86 1.25 7.97 2.09 5.17 0.73 3.57 0.52 85.40 199.36 40.86 0.45 0.91
ZK-151.2 51.30 41.70 8.41 33.20 5.66 1.20 6.34 1.07 6.44 1.66 4.17 0.56 291 0.42 72.80 165.03 43.86 0.45 0.93
ZK-151.9 81.60 69.60 15.30 65.10 11.20 2.43 12.25 1.95 11.60 3.02 7.30 0.92 4.19 0.60 119.00 287.06 39.40 0.45 0.96
ZK-152.5 48.90 37.70 8.39 33.80 5.84 1.31 6.10 1.00 6.40 1.59 3.99 0.54 2.59 0.39 71.10 158.53 44.72 0.42 1.02
ZK-153 102.00 84.10 20.40 90.10 16.30 3.75 19.19 2.89 18.80 4.53 11.30 1.40 6.82 0.85 133.00 382.42 29.36 0.42 0.97
ZK-153.8 75.60 59.40 14.70 56.70 10.80 2.46 12.34 1.94 12.10 2.88 7.11 0.89 4.41 0.57 98.50 261.90 34.20 0.41 0.98
ZK-154.1 18.70 14.70 3.16 12.90 2.52 0.54 2.65 0.41 2.83 0.75 2.03 0.31 2.06 0.28 26.40 63.83 35.44 0.43 0.97
ZK-154.6 111.00 89.90 24.50 102.00 20.10 4.61 21.35 3.28 20.10 4.63 11.70 1.49 7.19 1.02 138.00 422.86 29.81 0.40 1.03
ZK-155.3 89.60 70.30 19.10 80.40 15.50 3.91 16.66 2.74 15.30 3.65 9.35 1.08 5.44 0.71 113.00 333.74 30.96 0.39 1.13
ZK-155.8 52.20 40.30 10.20 43.80 8.21 2.06 8.44 1.26 7.65 1.78 4.40 0.56 2.67 0.37 63.50 183.90 35.67 0.40 1.15
Mean 65.23 63.10 13.14 53.10 9.80 2.24 10.28 1.64 10.10 2.45 6.23 0.82 4.05 0.60 83.76 242.77 36.66 0.46 1.03
d 33.78 28.42 8.16 34.68 6.70 1.53 7.32 1.13 6.94 1.63 4.04 0.46 1.99 0.28 47.67 182.72 5.75 0.12 0.20
Samples La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y >"REE Y/Ho Ce/Ce* Eu/Eu*
ZK-156.5 80.50 67.70 17.70 77.30 16.00 4.19 16.03 2.44 13.70 3.11 7.40 0.89 4.21 0.56 101.00 311.72 32.48 0.41 1.21
ZK-157.9 115.00 92.10 26.10 107.00 21.40 5.40 23.87 3.58 21.00 4.83 12.40 1.56 7.30 1.00 147.00 442.53 30.43 0.39 1.10
ZK-158.7 139.00 111.00 31.20 139.00 28.40 7.21 30.08 4.59 27.40 6.24 15.30 1.94 9.08 1.17 175.00 551.61 28.04 0.39 1.14
ZK-159.5 135.00 104.00 29.80 131.00 25.70 6.44 28.01 4.42 27.00 6.32 16.40 1.99 9.47 1.24 173.00 526.79 27.37 0.38 1.11
ZK-160 95.40 72.00 20.00 85.70 15.90 3.88 17.11 2.90 17.60 4.16 11.00 1.40 7.55 0.99 126.00 355.60 30.29 0.38 1.09
ZK-160.7 124.00 91.10 26.90 117.00 22.20 5.15 24.23 3.78 24.40 5.94 14.90 1.94 9.26 1.25 159.00 472.05 26.77 0.36 1.03
ZK-161.5 79.00 59.10 16.20 67.30 13.20 2.86 14.14 2.26 14.10 3.60 9.47 1.20 6.55 0.84 111.00 289.82 30.83 0.38 0.97
ZK-161.9 99.40 67.40 19.50 73.90 14.50 3.05 15.58 2.29 15.30 3.55 8.96 1.23 5.53 0.84 137.00 331.03 38.59 0.35 0.94
ZK-163.1 103.00 77.80 22.10 92.50 17.40 3.83 18.28 2.90 17.00 4.07 10.40 1.31 6.01 0.85 145.00 377.45 35.63 0.37 1.00
ZK-163.9 90.80 66.50 17.90 73.70 14.50 2.99 15.13 2.22 14.70 3.47 8.99 1.05 5.88 0.79 131.00 318.63 37.75 0.38 0.94
ZK-164.5 82.00 59.00 15.40 68.10 12.20 2.81 13.06 2.15 13.30 2.85 7.83 0.95 4.80 0.71 117.00 285.16 41.05 0.38 1.03
ZK-165.2 154.00 123.00 36.60 160.00 33.50 6.74 35.94 5.30 32.00 8.04 18.80 2.36 11.30 1.47 211.00 629.05 26.24 0.38 0.90
ZK-166.2 82.10 59.90 15.70 67.40 12.50 2.85 12.79 2.14 13.20 3.18 7.66 1.03 5.16 0.71 123.00 286.31 38.68 0.38 1.04
ZK-166.8 144.00 115.00 35.20 152.00 30.90 7.21 31.89 4.79 29.00 6.84 17.20 2.02 10.30 1.33 208.00 587.68 30.41 0.37 1.07
ZK-168.5 101.00 78.20 21.00 84.90 16.90 3.70 18.28 2.62 16.90 3.85 9.44 1.19 5.73 0.75 156.00 364.47 40.52 0.39 0.97
Mean 108.28 82.92 23.42 99.79 19.68 4.55 20.96 3.22 19.77 4.67 11.74 1.47 7.21 0.97 148.00 408.66 33.01 0.38 1.04
d 25.29 21.71 7.11 32.35 6.98 1.67 7.50 1.10 6.48 1.60 3.81 0.47 2.19 0.27 32.92 149.15 5.21 0.01 0.09
ZK-168.9 3.83 4.46 0.62 2.42 0.38 0.09 0.44 0.08 0.52 0.12 0.33 0.06 0.34 0.05 5.76 19.50 48.81 0.65 1.05
ZK-169.1 4.43 5.11 0.71 2.65 0.48 0.12 0.50 0.09 0.57 0.15 0.39 0.05 0.37 0.05 6.20 21.87 41.33 0.65 1.15
ZK-170 8.84 10.70 1.57 5.95 1.04 0.23 0.97 0.16 0.85 0.20 0.50 0.07 0.31 0.05 10.30 41.74 52.82 0.65 1.06

Note: Ce/Ce* = 2Cey/(Lay + Ndy), Eu/Eu* = 2Euy/(Smy + Gdy) (Bau and Dulski, 1996).
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Fig. 3. Relationships between total Fe (TFe) and MnO, (a), SiO; (b), and Eu/Eu* (c¢) and relationships between MnO; and P,0s (d), CaO (e), and ) REE (f) of bulk

phosphorite rocks from Zhijin deposit.

extraordinary REE enrichment in the Zhijin phosphorites. However,
previous geochemical investigations were focused on bulk rocks, which
is insufficient to understand the REE enrichment processes in francolites
relative to Fe/Mn (oxyhydr)oxides.

Therefore, the bulk-rock geochemistry, the mineralogy, and in-situ
geochemical features of Fe (oxyhydr)oxides from Zhijin phosphorite
were studied to assess the roles of Fe/Mn (oxyhydr)oxides played in REE
enrichment. Our findings implied that Fe (oxyhydr)oxides might origi-
nate from seawater, altered by late hydrothermal events. Fe (oxyhydr)
oxides participated in REE enrichment in francolites via Fe redox
cycling, in which Fe (oxyhydr)oxides adsorbed REEs in oxic water col-
umns and released them into suboxic/anoxic porewater. After that,
francolites formed and captured REEs during early diagenesis. This
study provides new insights into Fe/Mn (oxyhydr)oxide participation in
REE enrichment in marine phosphorites.

2. Geological setting
2.1. Paleogeography
During the Jinningian tectonics (900-820 Ma), the aggregation of

Yangtze and Cathaysia Blocks occurred, forming the South China Plate
and the Jiangnan Orogenic Belt (Shu, 2012; Zhang et al., 2013). After

that, the ancient South China Plate underwent rifting and glaciation
along with relatively stable tectonic movements (Shu, 2012). Until the
late Neoproterozoic, the Yangtze Block and the Cathaysia Block broke
up gradually along with the fragmentation of the Rodinia supercontin-
ent (Wang and Li, 2003). In the early Cambrian, the South China Plate
underwent steady supercontinent break-ups and maintained the same
paleographic framework as the late Neoproterozoic (Liu et al., 1993).
During the early Cambrian, South China was composed of shallow-water
platform facies (Fig. 1aI), transitional facies (Fig. 1a II), and deep-water
slope and basin facies (Fig. 1a III) from the northwest to southeast
(Steiner et al., 2001). Shallow-water carbonate deposits dominated the
platform facies and multiple phosphorite deposits formed such as
Kunyang in Yunnan, Zhijin in Guizhou, and Hanyuan in Sichuan (Ye
et al,, 1989). Among them, the Zhijin phosphorite deposit contains
enriched REEs and shows excellent potential as a REE resource.

2.2. Deposit geology

2.2.1. Ore bodies and sources

The Zhijin deposits are strata bound and spread northeast with cores
of the Guohua-Gezhongwu Fault/Anticline (F;/f;) and Guiguo-
Damachang Fault/Anticline (Fo/f;) (Fig. 1b). The Zhijin phosphorite
deposits are divided into the Xinhua Mining District on the northwestern
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Fig. 4. Positive relationships between Y REE and Ga (a), Sr (b), Th (c), Ge (d), Ba (e), and U (f) of bulk phosphorite rocks from the Zhijin deposit.

side and the Damachang Mining District on the southeastern side. The
Xinhua Mining District includes the Daga, Motianchong, Guohua, Gan-
jiayakou, Gezhongwu, and Gaoshan ore blocks, which provide the most
phosphate resources. The Zhijin deposit has phosphate mineral re-
sources of ~ 3.39 billion tons and potential REE resources (RE203) of
nearly 3.503 million tons, with P,O5 and RE»O3 grades of 17.20 % and
1036 g/t, respectively.

The P-bearing rock series was hosted in the Gezhongwu Formation,
overlain by Niutitang sandy shale and underlain by Dengying dolomite.
The thickness of the Gezhongwu Formation is ~ 20 m (Liu et al., 2020;
Yang et al., 2021b), usually divided into the Lower and Upper Gez-
hongwu members. The Lower Gezhongwu comprises mainly dolomitic
phosphorites and the Upper Gezhongwu comprises siliceous phospho-
rites. Biological fossils abound in the Zhijin deposit, including small
shell fossils (SSF), macroscopic bacterial colonies, arthropods, sponges,
and zooplankton (Wu et al., 1999; Mao and Yang, 2013).

2.2.2. Isochron ages

Early isotopic dating of early Cambrian phosphorites suggested the
early Cambrian in South China started around 587 + 17 Ma (Cowie and
Johnson, 1985), 562 + 5.7 Ma (Yang et al., 1996) using Rb-Sr and Sm-
Nd isotopic compositions, respectively. Shi (2005) tested Sm-Nd/Rb-Sr
isotope and suggested that Zhijin phosphorite formation started
around 541 + 12 Ma. Previous researchers suggested that the Niutitang
black shales represented the Precambrian-Cambrian boundary. The
isochron ages distract in ~ 560 + 50 Ma (Horan et al., 1994), ~542 +
11 Ma (Li et al., 2002), ~541 &+ 16 Ma (Mao et al., 2002), and ~ 537 &
10 Ma (Jiang et al., 2004). However, a subsequent Re-Os isotopic dating
of Niutitang black shales (~521 Ma) claimed the sulfide ore layer did not
mark the Precambrian-Cambrian transition but the upper limit of the
Gezhongwu Formation (Xu et al., 2011). Therefore, early Cambrian
Zhijin phosphorites likely formed earlier than 521 Ma, perhaps started
around 541 Ma (Shi, 2005).
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3. Sampling and methodologies

>
=3}
~ -
3.1. Samples
;l\
- 8 A total of 39 samples were sampled, which included 3 dolomite
-3 . . . .
samples from the Dengying Formation, 15 dolomitic phosphorite sam-
f s ples from the Lower Gezhongwu, 17 siliceous dolomitic phosphorite
- § § samples from the Upper Gezhongwu, and 4 quartz siltstone samples
E - oo from the Niutitang Formation. The near-pure phosphorites were defined
. by P05 levels > 15-18 % (Papineau, 2010), with P20Os levels between 8
Xt
© g w and 15 % defined as phosphatic rocks and < 8 % called P-bearing rocks.
3 - 2 2 2 All Gezhongwu samples were named according to their PyO5 levels,
which comprised mainly phosphorites and dolomitic phosphorites in the
% 2 ;?3 :g‘ Lower Gezhongwu and siliceous dolomitic phosphorites and siliceous
a o223 phosphatic dolomite in the Upper Gezhongwu (Table 1). Samples used
for major and trace elemental analyses were ground into 200-mesh
LRI N powders. For mineralogical and in-situ geochemical studies, phospho-
<+ <+ M AN T >
o 8% 3 5" rite samples were cut to polished pieces that were 50-um-thick and 100-
N meeee pm-thick, respectively.
— sk I
TN NS Y
NN ®MoNY
o MmN .
& ~ 1383838338 3.2. Methodologies
< & ~ Zg E” g X 3.2.1. Magjor and trace element analyses of bulk rocks
< INY P .
v ohaY e ® The major elemental components of powder samples were analyzed
o - OO0 000 oo . )
at the ALS Minerals (Guangzhou) Co. Ltd. using X-ray fluorescence (XRF;
g R VORI e S ME-XRF24 for phosphorites, ME-XRF26 for carbonate rocks). Samples
B N — . . . . .
Sl o« ERSE- R R were digested using a LiNOg solution and wall rocks were digested by
=|° meececcecees LisB40; and then melted at 1000 °C. Another sample powder was
§ s . . burned at 1000 °C and subsequently weighted to obtain the loss on
- N OO o~ NI O s . L. . . N
g hSTITIT S == 18 ignition (LOI). The detection limit for all major oxides was 0.01 wt%,
o < T w0 n O o
g & ~o3d5as8d8s with standard deviations < 1 % and errors < 3 %.
3 E Trace elements were analyzed at the State Key Laboratory of Ore
= 882 -wglay ﬁ Deposit Geochemistry of the Institute of Geochemistry, Chinese Acad-
g BRSRZFRBoN@| S emy of Sciences (SKLODG-IGCAS), using a quadrupole inductivel
3|5 5S35 383| 3 y > y
M L coupled plasma mass spectrometer (Q-ICP-MS), model ELAN-DRC-e ICP-
'é i} g MS (PerkinElmer, Inc., USA). Portions (50 mg) of the sample powders
8 o ﬁ 5 5 g § § % § § E % were digested using a solution of mixed HF and HNOs. The analytical
g S 5 a cls c‘s c‘s o“ c‘s o“ ol' c‘s c‘s o“ g procedure and guidelines was based on Qi et al. (2000) and the internal
=\ A - oo . . ..
g” © ° standard was a 40 ng/mL Rh solution. The detection limits were as
g S § follows: Tb, Ho, Lu, and Tm (0.01 ppm); Er, Eu, Sm, Pr, and Yb (0.03
< ox bt ot | & . . . .
gl . i 5 8 23‘9 ‘é 2ol :3 2|2 ppm); Ce, Gd, and Dy (0.05 ppm); Hf (0.2 ppm); Nd (0.1 ppm); Y and La
g % - s S S w3 E 2 E § Qunn® 2 (0.5 ppm); Zr and Mo (2 ppm). The relative standard deviations are
% £ generally better than 10 %.
]
< H x P « | 8
o 0 K V| & X i
é S 3'g E '@ § § % § § § R § R| & 3.2.2. Petrographic analyses of Fe/Mn (oxyhydr)oxides
o s 7833999999999 9| & The petrographic characteristics of Fe/Mn (oxyhydr)oxides were
B . analyzed using a JSM-7800F field emission scanning electron micro-
"E i o: B, N . A E‘ scope (SEM) (JOEL Ltd., Japan) at SKLODG-IGCAS. The sections and
< N S moJAZSdNTA| D . . .
Olo goadZgnsdeIFRNNNa |l targets were coated with carbon to make the sections conductive. Under
g’ g ns72952995999999°9°9 3 the SEM, backscattered electron (BSE) images were collected with a 10-
et 2 kV, 4.5-nA electron beam, while energy dispersive spectrometer (EDS)
° o : Qs tt P omNamo]| & analysis was conducted using a 10-kV, 4.5-nA electron beam. Fe/O ra-
=N ) b o TR o s arm| 8 . - - )
2|8 N8SRRoZ2Zs223322| 8 tios were calculated using EDS result based on the following equation:
S| B ~Ss 188 T T T T TTTTTT|®
£ 5 Fe/O = [Fe] / ([0] - n * [X])
o « 5% % i b=l
= QO N: O = ® ok xox =}
£ 288 *g g g g 45% Tg *S; *% s o 1‘2‘ %R ﬁy.% *ﬁ g [Fe] represents the Fe percentage, [O] repr‘esents the O percentage,
E 77299 sesazha) = [X] represents the percentages of other metallic elements, n represents
L= — Sl 1l Il ass| b X X K K
° @ the relative atomic ratio of X oxides.
2 TS T S £
= : AR 8T N : H tet | @ . .
Tlo| % BER3IRER NoebaosE388 % 3.2.3. In-situ element analyses of Fe (oxyhydr)oxides
g glo29992999&a3zcazzsas g The in-situ major elements of Fe (oxyhydr)oxides were analyzed at
= 2 the State Key Laboratory of Nuclear Resources and Environment, East
<« E S o0& w £ China University of Technology using a JXA-8530F Plus electronic
9 s o & S8 o= = g coh. ; i -
2 £ S.E2E2389088s8s5a88e03 8 probe. The high-pressure beam emitted by the electric gun was accel
oA z erated under a 15-kV voltage and 10-mA current and bombarded the
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quartz sandstone from Niutitang Formation
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Fig. 5. PAAS-normalized REE distributions of bulk rocks from early Cambrian Zhijin phosphorites. PAAS data are from Taylor and McLennan (1985).
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Fig. 6. Characteristics of Fe/Mn (oxyhydr)oxides from the Gezhongwu Formation, early Cambrian in Zhijin phosphorite, South China. (a) cubic Fe (oxyhydr)oxide
particles were dispersed among the dolostones; (b) pelletiod Fe (oxyhydr)oxide hosted in authigenic phosphate grains; (c) six-party Fe (oxyhydr)oxide particles

occurred in dolostones; (d) Fe (oxyhydr)oxides comprised a gray rim and a bright core; (e, f) flocculent Mn carbonates distributed dispersedly among the dolostones.
Each red scale bar shown insert represents 20 pm. Abbreviation: Fro: francolite; Dol: dolomite.

mineral surface, exciting characteristic X-rays. Subsequently, the X-ray
signals were collected for major element analyses. Magnetite and pyrite
were used as standards for Fe (oxyhydr)oxides and Fe sulphides,
respectively. The analytical error was less than 1 %, and the detection
limit was < 0.01 %. Elemental mapping of Fe (oxyhydr)oxides was
collected under a 15-kV voltage and 10-mA current.

The in-situ trace elements of Fe (oxyhydr)oxides were analyzed at

SKLODG-IGCAS. The samples were ablated using a 44-60 pm laser
mixed with an Hy/He carrier gas; the aerosol was sent into the ICP-MS
for elemental signal collection. Every cyclicality of the signal collec-
tion contained a 30-s blank and a 50-s sample ablated signal; several
standards (BIR-1G, BCR-2G, BC-28, GSE-1G) were examined before and
after every ten samples. Elemental abundances were calculated by
ICPMSDataCal (Liu et al.,, 2008) using multiple external standard
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Fig. 7. SEM-EDS analyses of Fe (oxyhydr)oxides. Fe/O ratios were calculated using SEM-EDS results and the equation: Fe/O = [Fe] / ([O] - n * [X]), in which [Fe]
represents the Fe percentage, [O] represents the O percentage, [X] represents the percentages of other metallic elements, and n represents the relative atomic ratios

of X oxides.

methods, with BC-28 serving as the Fe (oxyhydr)oxide external stan-
dard. The detection limit was ppb-level and relative analytical errors did
not exceed 10 %.

REE compositions were normalized to the Post Archean Australian
shales (PAAS) (Taylor and McLennan, 1985). Ce and Eu anomalies were
calculated using the following equations:

Ce/Ce* = 2Cep/(Lay + Ndy); Eu/Eu* = 2Eup/(Smy + Gdy) (Bau and Dulski,
1996)

10

Several in-situ elemental compositions of francolites in Zhijin phos-
phorites have been widely reported recently (Yang et al., 2021b; Zhang
et al., 2021; Wu et al., 2022a; Yang et al., 2022a; Zhang et al., 2022).
Here, the reported data were cited for comparison with the in-situ
geochemical characteristics of Fe (oxyhydr)oxides. Mn (oxyhydr)ox-
ides in Zhijin phosphorites were too small to investigate due to their
flocculent textures.
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Fig. 9. Partial elemental mapping in Fe (oxyhydr)oxides from the Gezhongwu Formation.

3.2.4. Laser Raman analyses of Fe (oxyhydr)oxides

Laser Raman spectroscopic analyses of Fe (oxyhydr)oxides were
conducted at SKLODG-IGCAS using a LabRAM HR Evolution Raman
spectrometer with an argon ion laser (at 532 nm and 25 mW). The laser
spot was ~ 2 pm in diameter. The energy of the argon ion laser was
adjusted within the range of 10-30 % to ensure that iron was not
oxidized. The Raman spectra were acquired from 100 to 2000 cm ! with
acquisition times between 30 and 60 s for each analysis.

4. Results and discussion

4.1. Mineralogical and geochemical characteristics of bulk phosphorite
and francolites: Diagenetic enrichment

The phosphorite hand specimens are mainly massive (Fig. 2a) and
banded (Fig. 2b, c¢). Mineral compositions primarily comprise phosphate
minerals and gangue minerals which include dolomite, calcite, quartz,
magnetite, K-feldspar, muscovite, and Fe/Mn oxides (detailed in Yang
et al. (2021b)). Our previous study identified three types of phosphate
minerals in Zhijin phosphorite: biodetritus (Fig. 2d), abiogenic grains
(Fig. 2e), and apatite individuals (Fig. 2f). Among them, apatite in-
dividuals were divided into authigenic/diagenetic francolites, terrige-
nous clastic apatites, and hydrothermally altered apatites (Yang et al.,
2022b). Detailed descriptions have been published previously (Yang
et al., 2021a; Yang et al., 2021b; Yang et al., 2022b). Tables 1-3 list the
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major and trace elements of bulk rocks from the Zhijin profile. The
Lower Gezhongwu had lower levels of AloO3 (mean of 0.47 %), total Fe
(TFe, 0.90 %), MgO (11.72 %), SiO3 (6.47 %), and LOI (27.06 %) and
higher CaO (37.24 %), F (1.56 %), P20s5 (14.66 %) than the Upper
Gezhongwu (mean levels of 1.03 %, 2.32 %, 14.02 %, 14.56 %, 31.88 %,
30.20 %, 0.85 %, and 7.01 %, respectively). Total Fe has correlated
positively with MnOs, SiOs, and SOg (Table 3, Fig. 3a-c) while relates
negatively to P20s, CaO, F, Sr, and Ba in bulk rocks (Table 3, Fig. 3d-f).
This might imply an isogenesis and symbiotic relationship of Fe and Mn
(oxyhydr)oxides (Prakash, 2012).

The > REE of bulk rocks from the Lower Gezhongwu (average =
556.66 ppm) is much higher than those of Upper Gezhongwu (average
= 326.52 ppm). Y REE relates closely to collophane concentrations as
REE elements congregate in francolites via isomorphous substitution
(Nie, 2018; Yang et al., 2021b). > REE correlated positively with Ga
(Fig. 4a), Sr (Fig. 4b), Th (Fig. 4c), Ge (Fig. 4d), Ba (Fig. 4e), and U
(Fig. 4f). Furthermore, more correlationships between major and trace
elements were listed in Table 4. Fig. 5 displays the post-Archean
Australian shale (PAAS)-normalized trace element distributions of
Dengying dolomites, Gezhongwu phosphorites, and Niutitang quartz
siltstones. Compared with PAAS, partial phosphorite rich in Sr, Pb, and
U, while the PAAS-normalized distributions of dolomites and quartz
siltstones showed flat REE plots. Gezhongwu phosphorite samples have
“hat-shaped” REE plots, characterized by enrichment of MREEs as
compared to LREEs and HREEs. Previously, MREE-enriched to bell-
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Table 5
In-situ major element compositions of Fe (oxyhydr)oxides from the Zhijin deposit, South China.
No. MgO Al,O3 SiOy P,0s PbO CaOo TiOy FeO MnO BaO SO3 Total
ZK-160.7-1' 1.24 1.17 4.51 0.38 0.08 0.37 0.03 68.41 0.08 - 0.04 76.30
ZK-160.7-2' 0.52 0.10 4.15 0.19 0.09 0.35 - 71.37 0.02 0.01 0.01 76.81
ZK-160.7-3' 0.53 0.10 3.64 0.12 0.02 0.42 - 72.31 - 0.01 0.04 77.19
ZK-160.7-4 0.48 0.05 3.21 0.06 0.03 0.25 - 71.93 - 0.00 0.03 76.04
ZK-160.7-5 0.52 0.07 3.33 0.08 0.04 0.59 - 72.07 0.03 0.00 0.02 76.75
ZK-160.7-6' 0.54 0.07 3.70 0.12 0.08 0.31 - 72.85 0.07 - 0.05 77.79
ZK-160.7-7 0.23 0.08 2.95 0.09 0.16 0.52 0.01 78.64 0.04 0.01 0.09 82.82
ZK-160.7-8' 0.49 0.10 3.39 0.18 0.13 0.55 - 72.64 0.04 - 0.05 77.55
ZK-160.7-9' 0.41 0.05 3.35 0.09 0.12 0.29 - 72.15 0.03 - 0.04 76.52
ZK-160.7-10 0.59 0.13 4.16 0.29 0.09 0.33 0.00 73.16 0.02 - 0.05 78.81
ZK-160.7-11 0.51 0.05 3.34 0.06 0.01 0.24 0.00 74.35 0.04 - 0.02 78.63
ZK-159.5-1 1.46 0.02 3.78 0.27 0.08 0.57 0.02 75.50 0.09 - 0.17 81.95
ZK-159.5-2' 0.22 0.01 2.88 0.21 0.54 0.49 - 82.84 0.03 0.01 0.14 87.37
ZK-159.5-3 1.20 0.03 3.54 0.60 0.08 0.44 - 73.34 0.07 0.02 0.12 79.43
ZK-159.5-4' 0.19 0.04 2.54 0.22 0.66 0.46 0.00 82.27 0.02 0.03 0.13 86.55
ZK-159.5-5' 1.19 0.34 2.67 0.91 0.09 1.49 0.03 70.72 0.03 - 0.09 77.56
ZK-159.5-6 0.89 0.16 3.41 0.52 0.15 0.74 0.06 66.14 0.09 0.02 0.12 72.30
ZK-159.5-7 1.16 0.09 3.07 0.91 0.12 0.99 - 69.54 0.05 0.01 0.07 76.01
ZK-159.5-8' 1.45 0.16 3.45 0.59 0.18 1.21 - 70.49 0.08 0.03 0.12 77.77
ZK-159.5-9 1.36 0.14 3.56 0.70 0.12 1.24 - 70.84 0.08 - 0.12 78.16
ZK-159.5-10 1.22 0.18 3.14 0.72 0.23 1.24 0.02 69.09 0.04 - 0.10 75.99
ZK-159.5-11 0.58 0.09 2.75 0.86 0.18 0.85 - 68.97 0.04 0.00 0.06 74.38
No. MgO Al,O3 Si0, P,0s PbO CaO TiO, FeO MnO BaO SO; Total
ZK-155.8-1 0.44 0.20 2.61 2.27 0.14 2.43 0.11 67.32 0.02 0.02 0.04 75.59
ZK-155.8-2' 0.47 0.05 3.11 0.15 0.04 0.76 - 78.94 0.06 - 0.07 83.66
ZK-155.8-3 0.30 0.05 3.08 0.11 0.13 0.86 - 81.25 0.13 0.04 0.06 86.01
ZK-155.8-4 0.82 0.29 5.07 0.11 0.04 0.99 - 72.85 0.08 0.02 0.07 80.34
ZK-155.8-5' 1.31 0.64 5.39 0.09 0.01 0.83 - 81.23 0.03 0.02 0.03 89.57
ZK-151.9-1' 0.61 0.27 3.08 1.01 0.17 1.65 0.03 74.33 0.02 0.02 0.13 81.32
ZK-151.9-2' 0.23 0.01 3.35 0.10 0.23 1.41 - 79.90 0.01 0.02 0.09 85.35
ZK-151.9-3 0.38 0.13 2.81 0.36 0.17 7.82 - 68.94 0.04 0.03 0.29 80.96
ZK-151.9-4 0.45 0.02 3.02 0.45 0.10 2.83 - 74.58 0.01 0.02 0.07 81.54
ZK-151.9-5 0.74 0.02 3.41 0.60 0.21 0.57 0.09 70.71 0.09 - 0.13 76.58
ZK-151.9-6' 1.34 0.03 3.64 0.29 0.12 0.53 0.01 72.77 0.11 0.02 0.19 79.04
ZK-151.9-7' 0.24 0.00 2.63 0.23 0.67 0.41 0.01 81.92 0.06 0.04 0.13 86.33
Mean 0.71 0.14 3.40 0.41 0.16 1.03 0.03 73.66 0.05 0.02 0.09 79.67
Max 1.46 1.17 5.39 2.27 0.67 7.82 0.11 82.84 0.13 0.04 0.29 89.57
Min 0.19 0.00 2.54 0.06 0.01 0.24 0.00 66.14 0.01 0.00 0.01 72.30
3 0.71 0.14 3.40 0.41 0.16 1.03 0.03 73.66 0.05 0.02 0.09 79.67
Mean in exterior 0.68 0.20 3.47 0.31 0.20 0.72 0.02 75.32 0.05 0.02 0.08 81.04
Mean in interior 0.74 0.10 3.35 0.50 0.12 1.30 0.04 72.18 0.06 0.02 0.09 78.46

Note: Unites for all elements are wt.%.

Numbers with superscript comma represent exterior of the Fe (oxyhydr)oxides, while others represent interior of the Fe (oxyhydr)oxides.

shaped patterns in phosphorite were deemed to represent secondary
signatures rather than primary information in seawater, attributed to
MREE were absorbed from pore water during diagenesis (Felitsyn and
Morad, 2002; Kidder et al., 2003; Emsbo et al., 2015; Yang et al., 2022a).
The REE geochemical indexes in Zhijin phosphorites, including positive
relationships between Ce anomalies and Y REE and negative relation-
ships with Dyy/Smy and Eu anomalies, supported diagenetic alteration
(Liu, 1989; Yang et al., 2021b).

In addition, recent/modern sedimentary francolites might serve as
the predecessors of old francolites during long-term burial and diage-
netic processes, during which REE compositions were modified (Yang
et al., 2022a). Therefore, we infer that francolites in Zhijin phosphorites
formed during early diagenesis (Yang et al., 2021a; Wu et al., 2022a). All
biodetritus, abiogenic grains, and authigenic/diagenetic francolite in-
dividuals formed in porewater related to early diagenesis. Whereas,
terrigenous apatite individuals and hydrothermally altered apatites
might be irrelevant with diagenesis (Yang et al., 2021a; Yang et al.,
2021b; Yang et al., 2022b). Recent research distinguished carbonate-
fluorapatite and carbon-free fluorapatite in Zhijin phosphorites ac-
cording to XRD analyses, which indicated that francolites endured
diagenesis and transformation (Yang et al., 2021b), in which carbonate-
fluorapatite readily recrystallized and expelled CO to form carbon-free
fluorapatite eventually (Liu, 1989; Yang et al., 2021b).

REE uptake of francolites took place during diagenesis involves two
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perspectives. On one hand, authigenic/diagenetic francolite individuals
have larger diameters. Previous research showed that both biodetritus
and abiogenic grains were composed of nano-pm-scale francolites (Liu
and Zhou, 2017; Xing et al., 2021). Whereas, authigenic/diagenetic
francolite individuals have diameters between 50 and 100 pm, which
implied their growth during diagenesis. On the other hand, authigenic/
diagenetic francolite individuals have higher > REE, Ce/Ce*, and Eu/
Eu* ratios than biodetritus and abiogenic grains (Yang et al., 2021a).
These also indicated stronger diagenesis of authigenic/diagenetic fran-
colite individuals than nano-scale apatite (Yang et al., 2021b; Yang
et al., 2022b). Mineralogical characteristics of francolites confirm that
francolites underwent diagenetic formation, which provided the op-
portunity for francolites to enrich REEs. During this process, francolites
grew up alongside stronger diagenesis and absorbed REEs from pore-
water, resulting in higher REE concentrations in authigenic/diagenetic
francolite individuals than nano-scale apatites in collophanites (Yang
et al., 2022b).

4.2. Mineralogical characteristics of the Fe/Mn (oxyhydr)oxide: Fe
(oxyhydr)oxide formation

The mineralogical characteristics of Fe/Mn oxides were investigated
using SEM (Fig. 6). Most Fe oxides have cubic (Fig. 6a), pelletiod
(Fig. 6b), and six-party (Fig. 6¢) textures with diameters between 10 and
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Table 6
In-situ trace elemental compositions of Fe (oxyhydr)oxides and mean values of francolites from Zhijin deposit, South China.
No. A% Ni Sr Y Ba Pb No. A% Ni Sr Y Ba Pb
Influenced by francolites 1 23.87 31.73 65.99 41.24 45.10 24089.10 Type 2 1 94.20 26.29 8.31 41.08 1602.15
2 66.99 79.03 262.08 162.05 147.00 16712.68 2 66.82 25.40 3.18 32.94 1923.97
3 32.28 40.32 326.64 216.98 168.54 14021.21 3 110.91 26.59 7.01 33.73 1068.22
4 30.45 52.48 208.02 131.68 84.04 18509.57 4 77.24 42.74 7.48 33.96 1202.92
5 48.36 51.66 137.33 83.93 65.06 20425.99 5 102.59 21.27 8.75 29.37 1347.11
6 32.33 48.67 36.58 22.56 46.84 24302.80 6 38.67 37.96 5.11 56.92 2138.46
7 24.84 28.43 376.93 253.21 178.56 15070.59 7 37.76 21.32 3.66 29.10 1741.61
8 55.77 49.63 168.21 102.68 120.12 16075.82 8 101.46 18.49 3.01 26.55 1240.79
9 38.25 41.52 19.54 10.85 30.30 26272.78 9 127.95 12.89 5.29 20.46 709.93
10 81.02 112.62 81.07 58.30 59.67 19464.71 10 78.29 40.29 9.38 79.15 2348.09
11 51.26 22.31 87.59 42.31 49.54 1463.63 Mean 83.59 27.32 6.12 38.33 1532.33
12 103.43 106.08 47.32 35.34 47.07 22266.88 francolites Max 46.08 7.42 1432.49 282.18 783.57 827.67
Mean 49.07 55.37 151.44 96.76 86.82 18222.98 Min 0.22 - 706.85 578.89 19.40 0.57
Type 1 1 74.68 111.42 16.07 14.05 28.65 22281.35 Mean 2.70 1.12 1061.13 839.59 352.55 77.68
2 39.29 26.76 15.52 7.63 23.09 28166.22 S 6.26 1.33 149.23 107.22 154.36 136.70
3 40.76 49.67 7.46 5.24 14.35 16857.44
4 87.09 96.98 11.66 9.82 25.86 22860.87
5 45.50 81.00 23.02 4.35 36.28 1404.97
6 39.12 80.96 20.60 3.89 23.69 1230.55
7 61.88 76.89 23.53 2.55 32.27 1556.49
8 58.47 53.67 32.41 2.27 49.97 1796.44
Mean 55.85 72.17 18.78 6.23 29.27 12019.29
Samples La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu >"REE Y/Ho Ce/Ce* Eu/Eu*
Influenced by francolites 1 24.51 15.59 3.52 14.98 2.53 0.61 3.62 0.45 3.15 0.69 2.01 0.24 1.29 0.16 114.60 59.39 0.35 0.91
2 100.29 68.60 15.31 67.70 11.84 2.77 15.13 1.92 12.56 2.90 8.38 0.98 5.74 0.75 476.91 55.89 0.36 0.94
3 139.66 95.52 20.96 89.02 16.01 3.74 19.47 2.42 17.03 3.69 10.75 1.16 6.04 0.74 643.20 58.74 0.37 0.97
4 81.52 56.20 12.55 54.14 9.54 2.31 12.02 1.57 10.29 2.31 6.50 0.73 4.10 0.46 385.91 57.11 0.37 0.99
5 52.26 36.21 8.23 35.92 6.46 1.53 7.78 1.00 6.97 1.44 4.17 0.47 2.59 0.30 249.27 58.08 0.36 0.99
6 11.67 9.17 2.16 9.02 1.65 0.39 2.05 0.26 1.85 0.39 1.08 0.13 0.72 0.10 63.18 57.22 0.39 0.97
7 158.17 104.57 23.63 100.05 17.59 4.13 21.48 2.81 19.96 4.39 12.71 1.34 7.33 0.88 732.27 57.63 0.36 0.97
8 63.45 43.08 9.49 39.87 7.09 1.67 8.82 1.12 7.69 1.73 5.39 0.63 3.76 0.50 296.98 59.50 0.37 0.96
9 5.87 3.80 0.82 3.66 0.63 0.17 0.82 0.12 0.81 0.20 0.57 0.07 0.44 0.06 28.90 55.25 0.35 1.08
10 29.83 22.98 5.19 21.78 4.05 0.99 7.75 0.67 4.55 1.01 2.99 0.39 2.35 0.31 163.15 57.96 0.39 0.76
11 24.63 19.55 3.80 17.69 3.44 0.71 3.63 0.49 3.36 0.73 1.97 0.25 1.40 0.20 124.14 58.33 0.41 0.93
12 15.69 10.61 213 9.38 1.68 0.48 2.32 0.31 2.54 0.63 211 0.30 2.59 0.27 86.38 56.10 0.38 1.09
Mean 58.96 40.49 8.98 38.60 6.88 1.63 8.74 1.09 7.56 1.68 4.89 0.56 3.19 0.39 270.87 57.60 0.36 0.92
type 1 1 3.52 2.35 0.48 2.07 0.41 0.11 0.56 0.09 0.78 0.25 1.02 0.17 1.59 0.21 27.68 55.23 0.37 1.02
2 3.62 2.33 0.50 2.29 0.42 0.09 0.60 0.07 0.55 0.13 0.43 0.07 0.39 0.05 19.18 57.05 0.35 0.82
3 1.47 0.94 0.18 0.76 0.12 0.03 0.29 0.03 0.34 0.09 0.38 0.07 0.52 0.08 10.54 58.07 0.38 0.76
4 1.60 0.91 0.18 0.68 0.21 0.06 0.35 0.04 0.52 0.17 0.67 0.12 0.92 0.15 16.41 56.56 0.36 0.94
5 2.08 3.02 0.19 0.80 0.14 0.05 0.22 0.04 0.38 0.10 0.46 0.08 0.89 0.14 12.94 43.68 0.95 1.26
6 1.88 211 0.23 1.10 0.16 0.04 0.29 0.03 0.29 0.08 0.32 0.05 0.64 0.10 11.21 49.04 0.63 0.81
7 1.01 0.46 0.08 0.38 0.06 0.02 0.14 0.02 0.15 0.04 0.21 0.04 0.60 0.09 5.84 71.19 0.30 0.72
8 0.56 0.24 0.05 0.30 0.03 0.01 0.11 0.01 0.07 0.04 0.17 0.03 0.31 0.06 4.27 63.17 0.25 0.76
Mean 1.97 1.54 0.24 1.05 0.19 0.05 0.32 0.04 0.39 0.11 0.46 0.08 0.73 0.11 13.51 56.75 0.45 0.88
samples La Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu >_REE Y/Ho Ce/Ce* Eu/Eu*
type 2 1 2.28 4.85 0.22 1.13 0.15 0.06 0.34 0.05 0.50 0.20 1.18 0.17 2.26 0.35 22.06 41.92 1.27 1.19
2 1.48 4.40 0.11 0.58 0.09 0.03 0.04 0.01 0.22 0.05 0.25 0.04 0.61 0.09 11.19 65.10 1.92 217
3 1.89 5.42 0.21 0.72 0.11 0.05 0.19 0.05 0.45 0.17 0.66 0.17 1.76 0.21 19.06 42.37 1.88 1.61
4 5.04 10.12 0.71 0.91 0.12 0.09 1.03 0.07 0.55 0.28 0.78 0.18 1.69 0.26 29.31 26.92 1.57 0.65
5 2.99 11.65 0.70 3.34 0.72 0.09 1.07 0.12 111 0.23 0.95 0.16 1.35 0.26 33.48 37.90 1.59 0.45
6 2.86 11.73 0.23 0.73 0.17 0.06 0.22 0.05 0.34 0.12 0.34 0.07 0.94 0.13 23.09 43.04 2.99 1.45

(continued on next page)
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Table 6 (continued)

Eu/Eu*

Ce/Ce*

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu >"REE Y/Ho

samples

1.72
0.98
1.49
0.69

03

1.

46.38

9.84
9.10
16.74
46.95
49.18
662.83
1202.77
1926.14

0.08
0.11
0.22
0.24
22.08

0.61
0.73
1.27
1.46
0.19
5.16
14.93

20.71

0.05
0.06
0.12
0.16
1.27

1.

0.30
0.28
0.45
0.96
0.12
13.41
27.03

0.08
0.05
0.07
0.18
0.61
6.32
10.91

0.22
0.12
0.23
0.85
0.14

30.53

0.02
0.02
0.02
0.11
0.46
4.76
8.14
14.17

0.12
0.08
0.19
0.70
0.05
35.04
60.04
104.89

0.04
0.02
0.04
0.08
0.40
6.12
11.34
19.97

2.

0.08
0.09
0.04
0.38
0.06

28.61

0.64
0.34
0.24
2.71
0.20

160.11

0.14
0.08
0.08
0.58
1.13

34.61

2.38
3.18
7.51
25.10

1.44
0.95
0.96

2.23
5.69

61.72
74.23
52.23

3.28
1.24
0.27
0.30
0.

4.05
8.63
137.84

10

2.35
47.20

0.31
109.92

2.39
Max

Mean

0.88
0.95
1.32
0.07

0.53
1.78
2.49
0.35

31

francolite

53.76
57.73

3.04
4.52
0.59

50.28

230.33 60.07 271.86 49.59
100.47 88.34

403.41

Min

35

17.89 42.82

2.23

86.00
10.41

461.90

573.10 404.08

Mean

89 0.03

1.

257.30

2.84

5.41

55.73 10.68 59 12.50 1.69

12.47

62.14

95.39

Note: Unites for Na,O, Al,03, SiO5, P20s, K50, CaO, and FeO are wt.%, whereas for other elements are ppm. The mean values of francolites are from our previous study (Yang et al., 2021).
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50 pm. The majority of Fe oxides had gray rim and a bright core
(Fig. 6d), while a small number of Fe oxides showed individual crystals
(Fig. 6¢). Mn oxides have flocculent textures, with diameters between 5
and 20 pm (Fig. 6e, f). Two symbiotic relationships were observed: (1)
Fe/Mn oxides occur in a dispersed fashion among francolites and
dolostones (Fig. 6a, c), even cemented by dolomite (Fig. 6e); (2) Fe/Mn
oxides occur within authigenic phosphate grains (Fig. 6b, d, f).

SEM-EDS analyses of Fe/Mn oxides are detailed in Supplement-A. We
calculated the Fe/O ratios based on Eq. 1 to distinguish Fe/Mn (oxy-
hydr)oxide types, with EDS providing elemental percentages. Four
groups of Fe/O ratios are distinguished: (1) ranging from 0.70 to 0.72;
(2) ranging from 0.62 to 0.68; (3) ranging from 0.42 to 0.59; and (4)
0.31-0.38 (Fig. 7) (Supplement-A-Table 1). There are generally three Fe
oxides, including FeO, Fe,0s3, and a mixture (Fe304), and two kinds of Fe
(oxyhydr)oxides, Fe(OH), and Fe(OH)s. In the nature, FeO readily oxi-
dizes into FepO3 or FesO4, forming hematite/limonite or magnetite,
respectively. In addition, Fe (oxyhydr)oxides are naturally unstable and
readily transform into goethite via oxidation and/or weathering. This
occurs in magnetite and/or hematite as well.

Fe (oxyhydr)oxide types were distinguished ignoring other negli-
gible elements under EDS. In our samples, Fe (oxyhydr)oxides with Fe/O
ratios of ~ 0.60-0.68 and 0.70-0.72 were identified as hematite/limo-
nite and magnetite. Furthermore, Fe (oxyhydr)oxides with Fe/O ratios
of ~ 0.5 and 0.33 (Supplement-A-Table 1) were identified as HyO-
bearing Fe oxides (such as goethite). Characteristics of the minerals
implied that Fe (oxyhydr)oxides changed during oxidation and/or
weathering processes. SEM and EDS analysis revealed that the individ-
ual crystals had Fe/O ratios between 0.74 and 0.53, with incompact
textures (Fig. 7a, b). Besides, numerous Fe (oxyhydr)oxides consisted of
a gray rim and a bright core (Fig. 2f, g) and showed a Fe/O ratio of ~
0.70 at the core and ~ 0.53 at the rim (Fig. 7c, d). This implied gradual
oxidization of Fe (oxyhydr)oxides rim.

As EDS could only yielded qualitative data, Fe (oxyhydr)oxide types
require additional evidence, such as laser Raman. In this study, laser
Raman showed different spectral characteristics in the core and rim of Fe
(oxyhydr)oxides. In the Fe (oxyhydr)oxide core, vibration bands (peak
values) were observed at 220, 290, and 400 em! (Fig. 8a), which cor-
responded with hematite (Frezzotti et al., 2012). Vibration bands of the
Fe (oxyhydr)oxide rim were 385, 300, 550, 220, and 1600 cm !
(Fig. 8b), consistent with goethite (Hurai et al., 2015). In contrast, vi-
bration bands of the Fe (oxyhydr)oxide individuals were observed at
220, 290, and 400 em! (Fig. 8c), consistent with Fe (oxyhydr)oxide
core (hematite) (Fig. 8a) (Frezzotti et al., 2012). This indicated that
hematite transforms into goethite from the surface to the core during
oxidation and/or weathering. Elemental mapping collected via EPMA
showed the relative O levels increased from the core to the rim (Fig. 9a),
while relative Fe levels showed an opposite trend (Fig. 9f). This supports
a gradual oxidation from hematite to goethite. Therefore, we inferred
that external goethite was the product of weathering/ oxidation, while
internal hematite and hematite individuals might record the information
of Fe (oxyhydr)oxide precipitation and diagenesis. This may provide
evidence for REE transformation and enrichment in phosphorite (dis-
cussed below).

Partial elemental mapping (full details in supplement-B) showed Fe
(oxyhydr)oxides are enriched in partial REEs, including Nd, Tb, Dy, Er,
and Tm, but not Y. Mn (oxyhydr)oxides appeared consistently with Fe
oxides, rich in S, Ce, Eu, Gd, Dy, and Tb, while collophane showed lower
REE levels than Fe/Mn (oxyhydr)oxides. This disagreed with later LA-
ICP-MS results (detailed in section 4.3). This might be attributed to
the false peaks of REEs due to their similar characteristic X-ray patterns
with Fe and/or Mn. The potentially inaccurate Fe and Mn signals might
enlarge REE concentrations in Fe/Mn (oxyhydr)oxides. Hence, we con-
ducted an in-situ elemental analysis using EPMA and LA-ICP-MS, which
yielded more accurate concentration.
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4.3. REE compositions of Fe (oxyhydr)oxides: Fe (oxyhydr)oxide origins

Tables 5 and 6 list the in-situ geochemical compositions of Fe (oxy-
hydr)oxides. In-situ major elements showed that Fe (oxyhydr)oxides
have FeO levels between 66.16 % and 82.84 % (mean of 73.66 %,
Table 5). The data showed that FeO levels in the Fe (oxyhydr)oxide rim
(mean of 75.32 %) were much higher than those in the core (mean of
72.18 %). This supports a gradual Fe mineral phases transformation
from the rim to the core.

The elemental concentrations, especially REE compositions, showed
three types of Fe (oxyhydr)oxides, however, one of them were influ-
enced by francolites because of higher amounts of P05 and CaO
(Table 6). This type Fe (oxyhydr)oxide had the mean ) REE of 367.63
ppm, negative Ce anomalies, positive Y anomalies, and a “hat-shaped”
REE plot (Fig. 10a). Therefore, it was excluded for Fe (oxyhydr)oxide
origin discussions. Whereas, other two types of Fe (oxyhydr)oxides
represent true values: (1) type 1 had Y REE ~ 19.74 ppm, weakly to
markedly negative Ce anomalies, positive Y anomalies, and a “seawater-
like” REE plot (Fig. 10b); (2) type 2 had > REE of ~ 28.29 ppm, positive
Ce and Y anomalies, negative to positive Eu, Nd, Sm, Gd, and Er
anomalies, and a “left-inclined” REE plot (Fig. 10c). Generally, Y/Ho
ratios negatively correlated with Ce/Ce* in type 1 Fe (oxyhydr)oxides,
while a positive correlation was observed in type 2 Fe (oxyhydr)oxides
(Fig. 10d). Diluting minerals in modern deep-sea water, including car-
bonates and quartz, contain scarce REEs (Kato et al., 2011; Kashiwabara
et al., 2018). Previous research reported that low levels of > REE (~50
ppm) in dolomite (Yang et al., 2021b). Our results showed that Fe
(oxyhydr)oxides contained > REE ~ 20 ppm, excluded from the host
minerals of REEs. Therefore, excluding these objects, francolites were
mainly REE-hosted minerals, containing > REE concentrations up to
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3000 ppm (Yang et al., 2022a).

Origins of Fe (oxyhydr)oxides are identified according to in-situ REE
compositions. Usually, Fe/Mn (oxyhydr)oxides are classified as hydro-
thermal, hydrogenic, diagenetic, and mixed origins (Mills et al., 2001;
Xiao et al., 2017). Due to different formation conditions, the geochem-
ical compositions differ significantly from each other, especially in REE
compositions (Prakash, 2012; Xiao et al., 2017). Previous research
showed that hydrothermal Fe/Mn (oxyhydr)oxides were characterized
by negative Ce, positive Eu, and positive Y anomalies and HREE
enrichment (Fig. 11a) (Olivarez and Owen, 1991; Prakash, 2012; Xiao
et al., 2017). In contrast, hydrogenic Fe (oxyhydr)oxides precipitated as
crust or nodules through normal seawater sedimentation. In hydrogenic
conditions, REEs were fractionated due to partition coefficients, in
which Fe (oxyhydr)oxides absorbed Ce and HREE preferentially and
discriminated against Y, which caused “left-inclined” REE plots with
positive Ce and negative Y anomalies (Fig. 11a) (Ohta and Kawabe,
2001; Haley et al., 2004; Bau and Koschinsky, 2009; Xiao et al., 2017).
Diagenetic Fe (oxyhydr)oxides, always related to hydrogenic nodules,
showed similar REE patterns with hydrogenic Fe (oxyhydr)oxides except
for negative Ce anomalies (Fig. 11a) (Bau et al., 2014; Xiao et al., 2017).
Compared to this, type 1 and 2 Fe (oxyhydr)oxides showed mixed hy-
drothermal and hydrogenic origins based on their negative to positive
Ce and Eu anomalies, positive Y anomalies, and “left-inclined” REE
patterns (Fig. 11). Furthermore, Ce/Ce* vs. (Y/Ho)gy and Ce/Ce* vs. Nd
graphs distinguished genetic types of Fe/Mn (oxyhydr)oxides (Bau et al.,
2014). In the discriminant figures, type 1 Fe/Mn (oxyhydr)oxides from
Zhijin phosphorite were located in hydrothermal areas. In contrast, type
2 was located outside these areas and showed mixed characteristics of
hydrothermal and hydrogenic origins (Fig. 11b, c).

We infer that weakly positive Eu anomalies might be resulted from
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seawater were from Alibo and Nozaki (1999). The binary discriminant graph was
based on data distributions from Bau et al. (2014).

later hydrothermal events rather than hydrothermal origins. The evi-
dence came from the irrelevance between Eu/Eu* and Fe/Mn concen-
trations in bulk rocks (Fig. 12). Relative stabilities of aqueous Eu?t and
Eu" are associated closely with temperature, redox, and diagenesis.
Even though the Eu valence changes based on the redox conditions, the
Eu fractionation from other REEs was extremely feeble (Holser, 1997).
Temperature is an essential factor for Eu fractionation. Under high
temperatures (>250 °C) and high pressures, Eu*>" ions predominate and
are scavenged by Fe/Mn (oxyhydr)oxides disproportionately relative to
its neighbors, which causes apparent positive anomalies in hydrother-
mal fluids and sediments (Olivarez and Owen, 1991; Bau and Dulski,
1995; Poulton and Canfield, 2006). At lower temperatures (closer to
surface temperatures), Eu?" predominates and positive Eu comes from
Eu?" entering into crystal lattices, such as carbonates, organic-rich
rocks, and diagenetic sediments (Martinez et al., 1999; Kidder et al.,
2003; Yang et al., 2021b). Therefore, on the condition that Fe/Mn

taken from Xiao et al. (2017), and boundaries of fields I, II, and III were demarcated

(oxyhydr)oxides come from hydrothermal fluids, Fe and Mn concen-
trations should correlate positively with Eu/Eu* in sediments. However,
in the Zhijin phosphorite deposit, Eu/Eu* did not correlate with TFe and
MnO, (Fig. 12), which implied that positive Eu/Eu* might be caused by
later hydrothermal events rather than Fe/Mn (oxyhydr)oxides coming
from hydrothermal fluids. Furthermore, Olivarez and Owen (1991)
examined hydrothermal sediments from the southwest Pacific Ocean
and those results showed Eu/Eu* became more seawater-like with
increasing distance to the ridge axis. It indicated that Fe (oxyhydr)oxides
were highly efficient scavengers of Eu in hydrothermal conditions,
whereas Eu scavenged from seawater precipitation does not exhibit
positive anomalies (Olivarez and Owen, 1991). Therefore, no to weakly
positive Eu anomalies in the Fe (oxyhydr)oxides from the Zhijin phos-
phorites could be driven by seawater scavenging Eu, and then altered
weakly by later hydrothermal events.

The difference between types 1 and 2 Fe (oxyhydr)oxides comes from

17
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Fig. 13. Diagram of REE enrichment controlled by Fe redox cycle in Zhijin phosphorites.

Ce anomalies and Y/Ho ratios (Fig. 10d), attributed to redox fluctuations
and later hydrothermal alteration, respectively.

On one hand, a positive correlation between Ce/Ce* and Y/Ho in
type 2 Fe (oxyhydr)oxides might be caused by seawater and diagenesis
redox fluctuations. Previous research suggested that Ce was oxidized to
insoluble CeO; and absorbing onto the Fe/Mn (oxyhydr)oxide surface,
depleting Ce in seawater (Holser, 1997; Pourret et al., 2008). However,
other work showed oxidation of dissolved Ce(III) did not occur prior to
Ce removal from seawater column, but after its sorption onto the Fe/Mn
(oxyhydr)oxide surface (Ohta and Kawabe, 2001; Bau and Koschinsky,
2009). Regardless, the Ce anomalies were most closely associated with
preferential scavenging by Fe and/or Mn (oxyhydr)oxides (Ohta and
Kawabe, 2001; Pourret et al., 2008; Bau and Koschinsky, 2009; Bau
etal., 2014; Xiao et al., 2017). Despite the distinct surface complexation
between Fe/Mn (oxyhydr)oxides, positive Ce anomalies were caused by
the same oxidation scavenging process (Ohta and Kawabe, 2001; Bau
and Koschinsky, 2009; Prakash, 2012). Furthermore, Fe (oxyhydr)ox-
ides preferentially adsorbed Ho relative to Y in oxic conditions due to the
significantly higher marine particle reactivity of Ho in comparison to Y
(Bau et al., 1997). This caused fractionation between Y and Ho and a
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lower Y/Ho ratio in Fe (oxyhydr)oxides (Bau, 1999; Bau and Koschin-
sky, 2009). However, under suboxic/anoxic diagenetic conditions,
insoluble Ce(IV) was reduced to soluble Ce(III) and released into pore-
water, decreasing positive Ce anomalies in Fe (oxyhydr)oxides (Bau
etal., 1997; Holser, 1997; Xiao et al., 2017). Under these suboxic/anoxic
diagenetic conditions, Y/Ho ratios also increased due to lower stabilities
of Y surface complexes relative to its REE neighbors (Bau et al., 1997).
Therefore, positive Ce anomalies in type 2 Fe (oxyhydr)oxides were
caused by seawater oxidation and a positive correlation between Ce/Ce*
and Y/Ho resulted from diagenetic redox variations.

On another hand, the negative correlation between Ce/Ce* and Y/Ho
in type 1 Fe (oxyhydr)oxides was caused by the mixing of hydrothermal
fluids and seawater. Fe/Mn (oxyhydr)oxides formed in hydrothermal
fluids had negative Ce and remarkable Y enrichment (Olivarez and
Owen, 1991; Prakash, 2012; Xiao et al., 2017). When hydrothermal Fe/
Mn (oxyhydr)oxides gradually mixed with seawater, negative Ce and
positive Y anomalies decreased (Bau et al., 2014), which were charac-
terized by a negative correlation between Ce/Ce* and Y/Ho, consistent
with type 1 Fe (oxyhydr)oxides (Fig. 10d). Therefore, we infer that type
1 Fe (oxyhydr)oxides showed mixed hydrothermal and hydrogenic
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characteristics, with negative Ce anomalies and high Y/Ho ratios over-
printed by hydrothermal events after precipitation. As a result, in Zhijin
phosphorites, two kinds of Fe (oxyhydr)oxides were observed: type 1 Fe
(oxyhydr)oxides were mainly hydrothermal in origins while type 2 was
mainly hydrogenic in origins.

4.4. Fe (oxyhydr)oxides participation in REE enrichment in francolites

A consensus on the influence of Fe/Mn (oxyhydr)oxides in francolite
formation and REE enrichment has been reached (Bau et al., 1996; Yang
et al., 2022a; Zhang et al., 2022). Highly-reactive Fe/Mn (oxyhydr)ox-
ides acted as REE carriers in the sediments, confirmed by the REEs and
Fe correlation in bulk rocks (Kato et al., 2011; Kashiwabara et al., 2018;
Ren et al., 2022). On one hand, hydrothermal fluids provided the Fe/Mn
(oxyhydr)oxides. Along with upwelling caused by transgressions or
storm events (Liu et al., 1987; Mi, 2010), hydrothermal Fe/Mn (oxy-
hydr)oxides were brought into shallower seawaters. In Zhijin phos-
phorites, our previous discussion eliminated this possibility. On the
other hand, Fe/Mn (oxyhydr)oxides participated in REE enrichment in
francolites via a Fe-redox cycle. The following discussion will explore
the REE-rich process associated with Fe/Mn (oxyhydr)oxides in Zhijin
phosphorite.

In Zhijin phosphorites, Fe (oxyhydr)oxides participation in REE
enrichment was controlled by redox variations, in which Fe (oxyhydr)
oxides adsorbed REEs in oxic water and released them under suboxic/
anoxic conditions (Fig. 13). Based on negative Ce anomalies in phos-
phorites and dolomites (Shi et al., 2004; Wu et al., 2022a; Yang et al.,
2022a) and Mo and Fe isotopes, the early Cambrian ocean in South
China was redox-stratified, comprising oxygenated shallow water and
anoxic deep water (Wen et al., 2011; Fan et al., 2016a; Liu, 2017).
Previous research indicated that the Zhijin phosphorite formed in oxic
conditions (Liu, 2017; Yang et al., 2021a). A different viewpoint was
proposed by Zhang et al. (2021), which suggested that Zhijin phos-
phorites recorded anoxic seawater conditions and oxic diagenetic con-
ditions. Lumiste et al. (2021) recently conducted in-situ REE
compositions on shelly phosphorites from the early Cambrian and
found: (1) heterogeneous distribution of REE + Y in apatite, (2) diage-
netic REE + Y compositions, and (3) variable pyrite levels. This implied
that redox conditions differed across short distances during early
diagenesis. Therefore, sedimentary and diagenetic redox conditions of
Cambrian phosphorite were inconsistent. In the Zhijin deposit, distinct
Ce anomalies and Y/Ho ratios in Fe(oxyhydr)oxides responded to oxic
seawater and variable redox diagenetic conditions. Under these condi-
tions, iron existed as Fe (III) (oxyhydr)oxides in the oxic water column
(Shaffer, 1986). As a result, REEs, especially Ce, were preferentially
adsorbed and produced positive Ce anomalies in Fe (oxyhydr)oxides
(Ohta and Kawabe, 2001; Pourret et al., 2008; Bau and Koschinsky,
2009). After precipitation under the suboxic-anoxic water-sediment
interface, Fe (III) was reduced as Fe(II), which released REEs into the
porewater (Haley et al., 2004). This process, called Fe-redox pumping,
significantly enriched REEs in porewater (Elderfield and Sholkovitz,
1987; Haley et al., 2004; Takahashi et al., 2015; Zhang et al., 2022).
Subsequently, francolites formed and captured REEs during early
diagenesis, which was recently confirmed by Fe isotopes and reported by
Zhang et al. (2022).

Yang et al., (2022a) compared recent phosphate sediments and
ancient phosphorites and suggested that recent francolites could serve as
predecessors of major ancient phosphorites. If true, the same processes
that Fe/Mn (oxyhydr)oxides participated in REE enrichment in franco-
lites were expected to occur in early Cambrian phosphorites (Haley
etal., 2004; Lumiste et al., 2019; Yang et al., 2022a). In modern deep-sea
hydrothermal sediment areas (Fe-Mn-enriched), > REE has prominent
positive relationships with sedimentary francolites (Kashiwabara et al.,
2018). Whereas, porewaters with dissolved Fe generally contain REE
concentrations much higher than porewater without dissolved Fe (Haley
et al., 2004). This indicated that modern Fe/Mn (oxyhydr)oxide
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particles adsorbed REEs and were released them into porewaters, which
caused REE enrichment (Elderfield and Sholkovitz, 1987; Haley et al.,
2004; Takahashi et al., 2015). As a result, we concluded that Fe (oxy-
hydr)oxides played a role in REE enrichment in francolites under fluc-
tuant redox conditions in not only recent francolites but also old
phosphorites.

A conclusion acquired according to the discussion above entered on
the roles Fe/Mn (oxyhydr)oxides played in REE enrichment in phos-
phorites. However, it might be magnified because there were lower REE
levels in Fe (oxyhydr)oxides. In this study, Y REE in Zhijin Fe(oxyhydr)
oxides reached only 28 ppm, even ) REE in Fe (oxyhydr)oxides influ-
enced by francolites was 270 ppm on average (Table 6). Zhang et al.
(2022) conducted in-situ elemental analyses of Fe oxides from the early
Cambrian that ranged from 10 to 20 ppm, consistent with our results.
Furthermore, REE compositions of Fe(oxyhydr)oxides might be altered
during oxidation and/or weathering, which led to the in-situ analysis
inaccuracies. Hence, even though our results support Fe/Mn (oxyhydr)
oxide participation REE enrichment in francolites, more research and in-
depth explanations are still needed to reveal the roles of Fe/Mn (oxy-
hydr)oxides.

5. Conclusions

To determine the role that Fe/Mn (oxyhydr)oxides played in REE
enrichment in marine phosphorites, the mineralogical properties of Fe/
Mn (oxyhydr)oxides in early Cambrian phosphorites from Zhijin, South
China were investigated. Only the geochemical analysis of Fe (oxyhydr)
oxides was conducted due to the flocculent textures of Mn (oxyhydr)
oxides, and this study drew the following conclusions:

(1) Findings confirmed that REEs were mainly hosted in francolites
rather than in dolostone and Fe/Mn (oxyhydr)oxides. Two kinds of Fe
(oxyhydr)oxides were observed: Fe (oxyhydr)oxide individuals and Fe
(oxyhydr)oxides composed of gray rim and bright core. SEM-EDS and
laser Raman showed that Fe (oxyhydr)oxides transformed from hematite
to goethite during the oxidation and/or weathering. The core of Fe
(oxyhydr)oxides and Fe (oxyhydr)oxide individuals might provide in-
formation about REE enrichment in phosphorites.

(2) Two types of REE patterns in Fe (oxyhydr)oxides were distin-
guished. Both had “left-inclined” plots, positive Y anomalies, and
negative to positive Eu anomalies, with the differences came from Ce
anomalies. Type 1 Fe (oxyhydr)oxides showed hydrothermal in origin
with diagenetic redox variations, while type 2 Fe (oxyhydr)oxides were
hydrogenic origin mixed hydrothermal alteration. According to the
irrelevance between Fe/Mn concentrations and Eu/Eu* in bulk rocks,
we inferred that Fe (oxyhydr)oxides were altered by later hydrothermal
events during diagenesis rather than deriving from hydrothermal fluids.

(3) The role Fe (oxyhydr)oxides played in REE enrichment in fran-
colites was controlled by fluctuant redox conditions around the redox
interface. During which, Fe (oxyhydr)oxides adsorbed REEs in an oxic
water column and then released REEs in suboxic/anoxic porewaters, this
process enriched the REE concentration in porewater. Subsequently,
francolites formed and captured REEs during early diagenesis. This
process might result in extraordinary REE resources in Zhijin early
Cambrian phosphorites.
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