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Abstract With the global vigorous development of high-tech industries, the market demand for rare earth elements and Yttrium
(REY) have experienced explosive growth. In recent years, phosphate associated REY resources (up to 18,000 ppm) found in
modern deep-sea muds have attracted significant attentions. It is believed that their REY originated directly from porewater in
deep-sea sediments, with a process of detrital dissolution releasing REY into the porewater. However, it remains unclear whether
this model could be applied to REY-rich phosphorites from geological history, which contrasts sharply with the widely accepted
Fe-oxide redox pump model at the seawater-sediment interface. Here, we present the mineralogy and REY geochemistry of clay
minerals, and whole-rock Si-Fe isotopic compositions (53OSi and 556Fe) from early Cambrian REY-rich Zhijin phosphorite
(3REY, ~2000 ppm) and REY-poor Meishucun phosphorite (3REY, <400 ppm) in South China. In the Zhijin samples, illite
formed around the edges of muscovite, exhibiting seawater-like REY patterns. In contrast, muscovite and orthoclase in the
Meishucun samples show no contact relationship and display REY patterns typical of granite-forming minerals. The REY
contents (reach 310 ppm) of muscovites from Zhijin samples are much higher than that of detrital muscovite (REY,
0.09-5.86 ppm) and orthoclase (REY, 2.69-6.45 ppm) from Meishucun samples. Furthermore, the data can be classified into two
categories based on the correlation between 5°Si values and phosphate-hosted REY enrichment in Zhijin and Meishucun
samples. One is characterized by higher 5°Si values (average 0.6%0) and Y/Ho ratios (average 56), and lower SiO, and REY
contents (average 8.10% and 1076 ppm, respectively). The other group exhibits lower 5°°Si values (average 0.2%0) and Y/Ho
ratios (average 52), and higher SiO, and REY contents (average 17.45% and 2085 ppm, respectively). In addition, compared to
the Meishucun phosphorites formed in well oxidized marine environment (556Fe, ~0%o), the Zhijin phosphorites developed under
fluctuating oxic-suboxic marine condition exhibit a significant negative correlation between Fe and Si isotopic compositions.
These findings indicate Zhijin muscovite underwent REY exchange with seawater under fluctuating redox marine conditions,
leading to REY release into the porewater and the formation of authigenic illite. This process did not occur in the Meishucun
samples. It’s well known that continental weathering transformed feldspar into REY-rich muscovite or illite. These REY-rich
clays, transported to the seawater-sediment interface, were dissolved and released REY into the porewater within a fluctuating
oxic-suboxic marine environment. We proposed for the first time that fluctuating marine redox conditions acted as a trigger for
REY enrichment in ancient phosphorites, with the primary REY source being terrigenous REY-rich clay. This perspective not
only provides an insight into the mechanism of REY enrichment in phosphorites, but could also account for the lack of
anomalous REY enrichment in phosphorites exhibiting the precipitation of extensive pyrites if only Fe-oxide redox processes are
considered.
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1. Introduction

Modern marine phosphates are known for their abundant rare
earth elements and Yttrium (REY) concentrations, which
primarily originated from porewater, with Fe-oxides facil-
itating REY release through anoxic reduction (Haley et al.,
2004). However, clay minerals such as smectite, illite, and
kaolinite in oceanic sediments, also significantly contribute
to porewater REY enrichment for several seasons: (1) Higher
REY content in Red clay: Red clays from the North Atlantic
(257 ppm, 1 ppm=1 mg/L) and Eastern South Pacific
(1180 ppm) (Menendez et al., 2017), have much higher REY
content than Fe-oxides (2.76—-15.6 ppm) (Paul et al., 2019).
(2) The Sr-Nd isotopic compositions (87Sr/86Sr, 0.7083—
0.7092 and 0.7091-0.7121; exg, —6.41 to —5.14 and —7.38 to
—5.82) in phosphate fractions and non-phosphate compo-
nents (e.g., phillipsite and clay) indicated a strong terrige-
nous contribution from the Western Pacific sediments (Ren
et al., 2022). The dissolution of these terrigenous particles
(e.g., Sr, Nd release of 0.5%—10%) occurred over a relatively
short timescale of weeks to months (Jeandel and Oelkers,
2015). (3) The REY signature of World River Average Clay
mirrors the REY-rich porewater pattern (Abbott et al., 2019).
Additionally, closed-system experiment demonstrated that
seawater reacting with detrital materials lead to light REY
enrichment (Adebayo et al., 2022). (4) The detrital dissolu-
tion model has been successfully applied to explain REY
enrichment in Western Pacific sediments (Deng et al., 2022;
Wang et al., 2024). Hence, the dissolution of continental
particulate matter played a crucial role in delivering REY to
modern seawater (Jeandel and Oelkers, 2015).

Similarly, phosphorites have consistently shown sig-
nificant REY enrichment throughout geological history
(Emsbo et al., 2015). Historically, the reduction of Fe-oxides
has been considered the primary mechanism for REY en-
richment, evidenced by mineralogic, element geochemical,
and heavy Fe isotopic signatures (Zhang et al., 2022; Xing et
al., 2024). However, this Fe-oxide reduction dissolution
model is now being questioned. We observed that the pre-
sence of diagenetic pyrite does not always correlate with
REY enrichment in phosphorites. For example, lower Cam-
brian phosphorites from northern Iran (3;REY=~200 ppm),
challenge this model (Abedini and Calagari, 2017). How-
ever, in Permian-Triassic strata from South China, clay
contents exhibit a strong positive correlation with REY
contents of conodonts (Zhao et al., 2013). REY-rich phos-
phorites (3REY, >1000 ppm) typically display distinct ter-
restrial REY signatures. For instance, Late Ediacaran-

Cambrian phosphorites show terrigenous Y/Ho ratios (25—
30) and were linked to felsic to mafic source rocks from the
East European Platform and the Georgina Basin in Australia
(Francovschi et al., 2020; Valetich et al., 2022). These stu-
dies suggested that the terrigenous supply of REY cannot be
ignored, though it remains uncertain whether the dissolution
of terrigenous clay significantly contributed to REY enrich-
ment in historical phosphorites.

To better understand the mechanism behind REY enrich-
ment in phosphorites, we investigated early Cambrian REY-
rich Zhijin and REY-poor Meishucun phosphorites from the
Yangtze Block, using mineralogy, elemental geochemistry,
and Si-Fe isotopic compositions (53OSi and 556Fe). This re-
search not only provides new insight into the REY enrich-
ment process in marine phosphorites, but also offers a fresh
perspective on the REY geochemical cycle between the
continents and marine sediments throughout geological time.

2. Geological setting

During the Early Cambrian, Yangtze plate mainly developed
carbonate deposit (shelf), carbonate and black shale inter-
bedding (slope), and black shale and chert deposit (basin),
wherein shelf facies preserved thickly bedded phosphorites
(Gao et al., 2018) (Figure 1). Zhijin phosphorite deposit with
REY contents of ~2000 ppm, locates in Zhijin County,
Guizhou province, was found in the Gezhongwu Formation
(~20 m thickness), underlain by the Dengying Formation
(dolostones) and overlain by the Niutitang Formation (black
shales) (Zhang et al., 2022). Meishucun phosphorite deposit
with REY contents of <400 ppm, approximately 10 m
thickness, is situated in Jinning County, Yunnan province,
within the Zhongyicun Member, underlain by the Xiaowai-
toushan Member (dolostones) and overlain by the Dahai
Member (dolostones) (Liu and Zhou, 2017). A volcanic tuff
layer in the middle Zhongyicun Member has a zircon U-Pb
age of 535.2+1.7 Ma (Zhu et al., 2009). The zircon U-Pb age
of bentonites at the top of Dahai Member is 526.5+1.1 Ma
(Compston et al., 2008), similar to the Re-Os age (521+
5 Ma) of the Ni-Mo sulfide layer at the top of the Gez-
hongwu Formation (Xu et al., 2011).

3. Sampling and analytical methods

3.1 Samples

Samples were collected from the Zhijin and Meishucun
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Figure 1

phosphorite deposits in Guizhou and Yunnan provinces,
China, respectively, wherein the samples from Zhijin phos-
phorite deposit include Motianchong, Gaoshan, and Maop-
ing ore blocks (Appendix Figures S1-S2). Vein material was
removed to ensure sample uniformity, and the remaining
samples were ground to a fine powder (200 mesh) for ele-
mental and isotopic geochemical analysis. Some samples
were also prepared as thin sections for mineralogical ex-
amination and in-situ REY analysis.

3.2 Methods

3.2.1 TESCAN Intergrated Mineral Analyzer (TIMA)

The analysis was conducted on thin sections using a MIRA3
scanning electron microscope. The parameters were set as
follows: acceleration voltage of 25 kV, current of 8.24 nA,
working distance of 15 mm, pixel spacing of 2 um, and dot
spacing of 6 pum. The current and BSE signal strength were
calibrated on a platinum Faraday cup using an automatic
program, while the EDS signal was calibrated with a Mn
standard sample.

3.2.2  Whole-rock major elements and REY analysis

For major element analysis, samples in a platinum crucible
were melted using a mixed flux (Li,B,0;-LiBO,-LiNO;) at
1050°C and analyzed by X-ray fluorescence spectrometer.
Standard materials (GBW07211, GBW07237, and
GBWO07241) ensured data reliability, with accuracy and
precision controlled within 7.5%.

Early Cambrian sedimentary paleogeography from South China (modified from Gao et al. (2018) and Zhang et al. (2022)).

For REY analysis, samples were dissolved in nitric, hy-
drochloric, and hydrofluoric acids and analyzed by ICP-MS.
Standard materials (OREAS-100a, OREAS-120, and STSD-
1) ensured data reliability, with accuracy and precision
within 10%.

3.2.3 In-situ REY analysis

REY concentrations in muscovite, illite, and orthoclase were
analyzed using laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS). The analytical system
consisted of a New Wave Research 193 nm ArF Excimer
laser ablation unit coupled with a Thermo Scientific iCAP
RQ quadrupole ICP-MS. Helium served as the carrier gas.
The laser parameters employed in this study included a spot
size of 30 um, energy density of 3.5 J/em® and frequence of
6 Hz, respectively. Glass NIST610, NIST612, and BHVO-
2G were used as external standards for trace element cali-
bration. Each analysis involved approximately 40s of
background acquisition, followed by 45 s of signal acquisi-
tion from the sample. Data processing was conducted using
ICPMSDataCal software. Detailed analytical procedures
have been described by Liu et al. (2008).

3.2.4  Whole-rock Si and Fe isotopic compositions analysis
Silicon isotopic compositions (53OSi) were conducted using
the SiF, method described by Ding (2004). Following pre-
cise weighing, samples were digested with 6 mol/L HCl for >
8 hours to eliminate carbonate and phosphate contaminants.
After centrifugation, the residue underwent repeated rinsing
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cycles with deionized water, followed by centrifugation,
until a neutral pH was achieved. The sample was then
transferred to a muffle furnace and ashed for 4 hours to re-
move organic matter, resulting in silicon enrichment. The
silicon-enriched product was reacted with BrFs; under va-
cuum conditions to quantitatively convert silicates into SiF,
gas. The generated SiF, was purified and analyzed using a
MAT-253 gas-source isotope ratio mass spectrometer. The
5°Si was determined relative to NBS-28 (5°°Si=0%o). In-
strument stability was monitored using a standard reference
material (GBW04421, 53OSi=—0.02%o), ensuring a precision
of better than +0.1% for 6°°Si,

For Fe isotopic compositions (556Fe) analysis, the pre-
treatment procedures for phosphorite samples and the in-
strumentation used for isotopic measurements (MC-ICP-
MS) strictly followed the methodology detailed in Zhang et
al. (2022). The 5°°Fe values of the samples were reported as
relative to the reference material IRMM-524A. The standard
sample (BCR-2, 556F6:O.13%o:|:0.06%0) was used to monitor
instrument stability during sample testing.

4. Results

4.1 Mineralogic characteristics

Zhijin quartz and pyrite grew within the illite matrix, with
illite forming around muscovite edges and residual musco-
vite along pyrite margins (Figure 2a, 2b). In contrast,
Meishucun orthoclase and muscovite were randomly dis-
tributed without clear contact between them (Figure 2c¢),
wherein trace amounts of illites were occasionally observed
along muscovite margin (Figures S3a, S3b).

4.2 Whole-rock compositions and in-situ REY from
phosphorites

Zhijin muscovites and illites have REY contents ranging
from 37.9 to 310 ppm and 0.44 to 3.49 ppm, respectively,
while Meishucun orthoclases and muscovites have REY
contents of 2.69—6.45 ppm and 0.09-5.86 ppm, respectively.
PAAS-normalized REY patterns of Zhijin muscovites and
illites align with those of modern seawater, Zhijin dolo-
mites, and Fe-oxides, showing heavy REY enrichment
(Figure 2d, 2e). In contrast, Meishucun orthoclases and
muscovites have flat REY patterns similar to rock-forming
minerals in granites (Figure 2f). Zhijin phosphorites show
Al,O; contents and Al/Si ratios of 0.18%—12.34% and 0.01—
0.49, respectively. Meishucun phosphorites exhibit REY
contents, Al,O; contents, and Al/Si ratios of 87462 ppm,
0.10%-3.90%, and 0.04-0.26, respectively. Overall, Zhijin
samples generally have higher Al contents and Al/Si ratios,
compared to Meishucun samples (Figure S4a and Appendix
Tables).
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4.3 Whole-rock 6°°Si and 6Fe of the Zhijin and
Meishucun samples

The 6’Si values of Zhijin samples range from —0.2%o to
0.9%o (average 0.4%o), while those of the Meishucun samples
range from 0.2%o to 0.9%o (average 0.6%o). Zhijin samples
fall between the seawater and clay endmembers, while
Meishucun samples are closer to the seawater endmember
(Figure S4a). Both sample sets can be divided into two
groups: one with higher 6"°Si values (0.2%o0 to 0.9%o, average
0.6%0) and Y/Ho ratios (48-68, average 56), lower REY
(244-2066 ppm, average 1076 ppm) and SiO, contents
(2.36%—25.61%, average 8.10%); and another with lower
5°°Si values (—0.2%o to 0.5%o, average 0.2%o) and Y/Ho ra-
tios (4655, average 52), but higher REY (1499-2928 ppm,
average 2085 ppm) and SiO, contents (8.23%42.43%,
average 17.45%) (Figure 3a—3c).

The 6°°Fe values of Zhijin phosphorites range from 0.08%o
to 0.52%o (average 0.27%o), which exhibit a positive corre-
lation with their REY contents (Figure S5a). Moreover, the
9*°Fe values of Zhijin phosphorites show a negative corre-
lation with their 6°°Si values (Figure 3d).

5. Discussion
5.1 Genesis of clay minerals in Zhijin phosphorite

In the epigenetic weathering systems, potassium feldspar
undergoes alteration to form muscovite and illite, with
muscovite further transforming into illite (Berner and Hol-
dren, 1977; Yuan et al., 2019). In marine environment, sili-
cate alteration can also produce authigenic clay minerals
through seawater-particle interactions (Geilert et al., 2023),
resulting in element and isotope exchanges between seawater
and silicate minerals. Therefore, it is essential to determine
whether the clay minerals in the samples are of clastic or
authigenic origin. Several key indicators can help distinguish
between the two. Firstly, scanning electron microscope
(SEM) or electron microprobe images (EPMA) reveal spe-
cific contact relationships between authigenic and clastic
minerals. For instance, clastic quartz and feldspar grains
have been observed embedded within authigenic clays (e.g.,
illite and smectite) in sediments from the Eastern North
Pacific and the Peruvian margin (Abbott et al., 2019; Geilert
et al., 2023). Secondly, distinct REY concentrations and
patterns can be observed in clastic versus authigenic clays.
Continental weathering-derived clastics possess REY pat-
terns identical to those of historically REY-rich phosphorites,
characterized by light REY-rich signatures compared to
heavy REY, typically contain higher REY content reaching
several hundreds of ppm (Chen et al., 2013; Fu et al., 2019).
In contrast, owing to the REY released into porewater during
the alteration of terrigenous clastics are predominantly cap-
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Figure 2 Mineral distributions and REY patterns in Zhijin and Meishucun phosphorites. (a) Illite formed around muscovite edges in Zhijin phosphorites. (b)
Pyrite developed on residual muscovite substrates in Zhijin phosphorites. (¢) Orthoclase and muscovite were randomly distributed in Meishucun phos-
phorites. (d) Zhijin clays and other authigenic illites exhibit heavy REY-rich distribution patterns, wherein the REY data of other authigenic illites cited from
Uysal and Golding (2003). (e) Both the Zhijin dolomites and Fe-oxides exhibit heavy REY distribution patterns consistent with modern seawater. (f) Both the
Meishucun orthoclases and muscovites exhibit flat REY distribution patterns consistent with rock-forming minerals. Abbreviation, Ap, Apatite; Qz, Quartz;

Py, Pyrite; Ms, Muscovite; Ilt, illite; Or, Orthoclase; Dol, Dolomite.

tured by apatite, marine authigenic clay generally exhibits
lower REY concentration with a heavy REY enriched pattern
(Uysal and Golding, 2003) (Figure 2d). Thirdly, marine si-
licate alteration can modify both the elemental geochemical
signatures and Si isotopic compositions of sediments. This
alteration process not only tends to increase the Al con-
centration in sediments but also fractionantes the Si isotopic
composition in silicate minerals, resulting in preferential
enrichment of light Si isotopes (Geilert et al., 2023). For
example, the 5°°Si values of terrestrial feldspars and kaoli-
nites range from —0.63%o to —0.29%o0 and from —2.5%o to

—1.9%o, respectively, while marine silicate alteration-derived
clay can exhibit &°°Si value as low as —3.17%o (Ziegler et al.,
2005; Geilert et al., 2024). Thus, sediments affected by
marine silicate alteration are expected to show lower 5°si
values than unaltered ones (Figure S4a). Moreover, marine
silicate alteration can produce a negative correlation between
Al/Si ratios and Si isotopic compositions (Geilert et al.,
2023). These mineralogical and geochemical differences
serve as important criteria for distinguishing authigenic clay
from clastic clay.

As described above, the mineralogical and geochemical
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contents (average 1076 ppm). Another set of REY reflects the detrital endmember influence with lower Y/Ho ratios (average 52) and higher REY contents
(average 2085 ppm). (d) The 5°Fe values of Zhijin phosphorites exhibit a negative correlation with their 5°si values, indicating a fluctuating oxic-suboxic

marine environment promoted the decompostion of silicate minerals.

evidences support a distinction between the clay minerals in
the Zhijin and Meishucun phosphorites. Firstly, muscovite in
the Zhijin phosphorites shows irregular metasomatism by
illite, with host-structured muscovite enclosing pyrite (Fig-
ure 2a, 2b). In contrast, Meishucun orthoclase and muscovite
were randomly distributed, showing no evidence of such
alteration (Figure 2c). Secondly, REY concentrations in
Zhijin muscovite and illite range from 37.9 to 310 ppm and
0.44 to 3.49 ppm, respectively, with REY patterns similar to
modern oxic seawater, authigenic illites, Zhijin dolomites,
and Fe-oxides, but clearly distinct from those of Zhijin
apatites and suspended sediment in World Rivers (SSWR,
fine-grained clay) (Figure 2d, 2e, and Figure S6a). Notably,
REY content of Zhijin illite (0.44-3.49 ppm) is much lower
than that of SSWR and Zhijin apatites (~200 ppm and
~1500-2000 ppm) (Appendix Tables). This may be closely
linked to the decomposition of Zhijin muscovite, which re-
leased REY into porewater that was subsequently captured
by Zhijin apatite, suggesting an authigenic marine origin for
Zhijin illite. However, Meishucun orthoclase and muscovite
show REY patterns typical of continental rock-forming mi-
nerals, supporting their clastic origin (Figure 2f). These
findings suggest significant REY exchange with seawater in
Zhijin muscovite and illite, but not in Meishucun orthoclase
and muscovite (REY, 2.69-6.45 ppm and 0.09-5.86 ppm,
respectively). Thirdly, Zhijin samples generally exhibit

higher Al contents (0.10%—6.53%) than Meishucun samples
(0.05%—2.06%) (Appendix Tables). They also display lower
5°°Si values (—0.2%0 to 0.9%o, average 0.4%o0) compared to
Meishucun samples (0.2%o to 0.9%o, average 0.6%o). Fur-
thermore, both the Al/Si ratios and Si isotopic compositions
of the Zhijin samples trend toward the authigenic clay end-
member (Figure S4a). Besides, we noticed that two anom-
alous Meishucun phosphorites show high Al contents
(1.57% and 2.06%), they exhibit elevated REY concentra-
tions (303 ppm and 319 ppm) relative to the median REY
concentrations in other Meishucun phosphorites (215 ppm)
(Appendix Tables). This phenomenon may suggest inter-
mediate processes between the Zhijin samples and other
Meishucun samples, as supported by the sporadically ob-
served minor illite growth along muscovite edges in
Meishucun samples (Figures S3a, S3b).

In summary, the spatial distribution of minerals, REY
concentrations and patterns in clay minerals, Al contents, Al/
Si ratios, and 9°Si data all evidenced that the Zhijin illites
were formed through the marine silicate alteration of mus-
covites during early diagenesis.

5.2 How do clay minerals govern REY cycle

The 6°°Si values of authigenic clay formed through marine
silicate alteration (—3.17%o to —0.16%o) differ significantly
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from those of dissolved oceanic silica (0.6%0—3.1%o) (Basile-
Doelsch, 2006; Geilert et al., 2023, 2024). Using these as
endmembers representing detrital mineral decomposition
and seawater, respectively, Zhijin samples fall within an in-
termediate range of the 5°°Si values, indicating a mixture of
seawater and detrital sources. In contrast, the Meishucun
samples show higher 9”Si values, suggesting a predominant
seawater source (Figure S4a). By combining phosphate with
higher Y/Ho ratios in seawater (~60) versus terrestrial
sources (~28) (Abedini and Calagari, 2017), we identified
two distinct groups in the dataset (Figure 3a—3c). The first
group shows higher 5°°Si values (average 0.6%o0) and Y/Ho
ratios (average ~56), and lower SiO, (average 8.10%) and
REY contents (average 1076 ppm), indicating a dominant
seawater source for both Si and REY. The second group
exhibits a negative correlation between &°Si values and SiO,
contents, along with lower Y/Ho ratios (average ~52), and
higher SiO, (average 17.45%) and REY contents (average
2085 ppm), suggesting a significant terrestrial contribution
of both Si and REY in the Zhijin samples. Therefore, the
5°Si data strongly suggested that marine silicate alteration
transformed muscovite into illite, releasing REY into the
porewater.

The supply of Si and Al is critical for the formation of
authigenic clay minerals. Simulation experiments have
shown that Fe-oxides can enhance the dissolution of silic-
eous materials through two primary mechanisms. First, Fe-
oxides can adsorb dissolved Si from the ambient water,
creating a larger concentration gradient between the sur-
rounding water and Si saturation, promoting the continued
dissolution of siliceous substances (Mayer et al., 1991).
Second, experimental data indicated a Fe'/Si surface layer
forms on silicate minerals. During oxidation, this layer was
disrupted, causing Fe-oxide precipitation and the release of
dissolved Si (as H,Si0,) into the porewater (F e >Fe’ +e,
Fe3++3HZO—>Fe(OH)3+3H+) (Morris and Fletcher, 1987).
While experimental geochemical data supports the role of
Fe-oxides in silicate mineral decomposition, natural fluc-
tuations in redox environment may also facilitate this pro-
cess. For instance, mineralogical studies have demonstrated
the importance of Fe-oxides in the formation of authigenic
nontronite in the Bauer Deep (Cole and Shaw, 1983). The
oxic-suboxic phosphate nodules from the early Cambrian
Niutitang Formation in South China show a strong positive
correlation between REY concentrations (577-1470 ppm)
and Al,O; contents (0.32%—1.43%), and they recorded the
conversion of potassium feldspar to hyalophane-quartz as-
sociation (Gao et al., 2018). The aluminum likely originated
from unstable Al-bearing minerals, such as muscovite, po-
tentially sourced from the continent (Michalopoulos and
Aller, 1995). These observations emphasize that fluctuating
oxic-suboxic conditions not only facilitated Fe-oxide pre-
cipitation and dissolution but also initiated marine silicate
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alteration. Experimental evidence further supported a me-
chanistic link between the clay mineral dissolution, Fe redox
cycle, and REY enrichment. For example, FeOOH-coated
quartz substrates placed in anoxic Amazon shelf sediments
(pH 7.2-7.4) rapidly precipitated K-Fe-Mg-enriched clay
minerals, highlighting the role of redox driven clay forma-
tion in trace element cycling (Michalopoulos and Aller,
1995). Similarly, repeated weakly reducing conditions dur-
ing continuous leaching of North Atlantic sediments have
been shown to promote the migration of Al and Fe from
silicate materials (Blaser et al., 2016). In the Zhijin phos-
phorites, Fe isotopic compositions exhibit a clear positive
correlation with REY contents as well as a negative corre-
lation with Si isotopic compositions (Figure 3d, Figure S5a).
These patterns indicate that the Zhijin phosphorites not only
formed in fluctuating oxic-suboxic marine environments
(Zhang et al., 2022), but also such marine condition pro-
moted the transformation of REY-rich muscovite into illite.
This alteration released REY into the porewater, where they
were subsequently captured by apatite. In contrast, the
Meishucun phosphorites formed in fully oxidizing condi-
tions (6°°Fe~0%o) (Zhang et al., 2022) (Figure S5a), and did
not experience the geochemical processes and mineralogical
transformations observed in the Zhijin phosphorites.
Previous studies on REY sources in the Zhijin phosphor-
ites have identified contributions from both seawater and
detrital sources, but have not quantified their respective
proportions (Wu et al., 2022). Obviously, the PAAS-nor-
malized REY pattern of Zhijin apatites closely resembles that
of SSWR with heavy REY depletion (Figure S6a). This
pattern is distinctly different from that of the Zhijin Fe-oxi-
des with heavy REY enrichment (Figure 2e). Additionally,
results from close-system experiment show a preferential
release of light REY during the dissolution of detrital ma-
terials into porewater (Figure S6b). In this study, a negative
correlation between the Y/Ho and Ery/Luy ratios in Zhijin
apatites (Figure S5b), also further indicates that REY en-
richment in Zhijin apatites was co-controlled by seawater
and terrigenous sources endmembers. However, the absence
of these REY geochemical signatures and the elevated Y/Ho
ratios in the Meishucun apatites suggest that their REY were
predominantly sourced from seawater (Figure S5b). There-
fore, to quantitatively assess the dual contribution of marine
and terrestrial sources, we determined two-endmember
mixing model using the REY composition of Zhijin’s Fe-
oxides (representing the marine endmember) and SSWR
(serving as the terrestrial proxy). The model demonstrated
that a critical threshold at 85% terrigenous-derived REY and
15% seawater-sourced REY, beyond which the characteristic
heavy REY depletion pattern emerges in composite sig-
natures (Figure S6¢). This geochemical transition suggests
that the marine-terrestrial REY cycling system—particularly
the submarine dissolution of REY-rich detritus—dominated
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the REY enrichment processes in phosphorites at the sea-
water/sediment interface. Terrigenous inputs are estimated to
account for more than 80% of the REY inventory in the
porewater, highlighting their major contribution to phos-
phorite REY enrichment.

5.3 Implication

REY enrichment mechanism in phosphorites, as identified in
this study, can be summarized in three main stages: (1) REY,
along with terrestrial minerals, were transported into ocean;
(2) REY were released from these terrestrial minerals into
the porewater during Fe redox cycling; and (3) REY were
finally captured by apatite (Figure 4). This mechanism easily
explains the REY enrichment in Cambrian phosphorites from
the Nanhua Basin. Shelf-facies phosphorites generally have
REY contents of ~200—400 ppm, examples as observed in
the Meishucun and Bailongtan phosphorites from Yunnan
Province, and the Jinsha and Xishui phosphorites from
Guizhou Province (Chen et al., 2013). These phosphorites
were deposited under fully oxidized shallow marine condi-
tions and show limited evidence of terrigenous material al-
ternation, which easily account for their low REY contents.
However, REY enrichment in the shelf-facies Zhijin phos-
phorites was supported by both fluctuating redox conditions
and the abundant supply of REY-rich terrigenous clastic.
This difference in terrigenous input is further supported by
the distinct °'Sr/*°Sr(i) ratios between Zhijin (0.7074—
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0.7092, average 0.7086) and Meishucun phosphorites
(0.7103-0.7123, average 0.7113) (Liu and Zhou, 2020; Wu
et al., 2022). The seawater ¥7S1/*°Sr ratio was estimated to be
~0.7080 during the Early Cambrian (~540 Ma) (Derry et al.,
1994). Assuming the highest 87Sr/%Sr(i) value (0.7123) in
the Meishucun phosphorites represents the terrigenous end-
member, the estimated terrigenous Sr contributions are
~13% for Zhijin phosphorites and ~73% for Meishucun,
respectively. The relatively lower contribution of terrigenous
Sr in the REY-rich Zhijin phosphorites may be attributed to
the following factors: (1) Compared with REY (e.g., Y,
5100 years), Sr exhibits a longer marine residence time (~3—
5%10° years) (Nozaki et al., 1997; Halverson et al., 2007); (2)
Although the Zhijin phosphorites exhibit a relatively low
proportion of terrigenous Sr contribution, the Zhijin mus-
covites contain significantly higher REY concentrations
compared to those in the Meishucun. This implied that the
source region of the Zhijin phosphorite was REY-rich, while
the source region of the Meishucun phosphorite lacked sig-
nificant REY enrichment; (3) With the increase in weathering
intensity of continental granites, the Sr isotopic compositions
of weathering profiles show a decreasing trend (Ma and Liu,
2001), implying that REY-rich source region may exhibit
lower Sr isotopic characteristics. Additionally, compared to
suspended particulate matters in the middle-lower Yangtze
River, the suspended particulate matters from the upper
Yangtze River near the source area display lower Sr isotopic
compositions (Yang et al., 2007). Consequently, terrigenous
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clastic materials with lower Sr isotopic compositions re-
leasing REY during decomposition might lead to a reduction
in the Sr isotopic composition of local seawater. Ad-
ditionally, phosphorus nodules from slope facies generally
show much higher REY contents (~500—1500 ppm) (Chen et
al., 2013; Gao et al., 2018). These slope facies were domi-
nated by suboxic or ferruginous seawater conditions during
the early Cambrian (Wen et al., 2015). The REY contents of
these nodules exhibit a negative correlation with Y/Ho ratios
(31-54), indicating a significant terrestrial REY contribu-
tion. In these settings, as in the Zhijin phosphorites, the de-
composition of terrestrial minerals was driven by fluctuating
redox conditions, releasing REY into the porewater.

The new mechanism proposed in our study could be a
universal process that helps explain the variability of REY
contents in global phosphorites throughout geological his-
tory. For instance, Upper Cretaceous-Eocene phosphorites,
which were deposited a under highly oxic sedimentary
conditions and display seawater-like REY patterns, generally
show low REY contents (averaging 27.4 ppm) (Sefik Im-
amoglu et al., 2009). It’s noted that ancient phosphorites with
REY patterns similar to Zhijin phosphorites, often show re-
latively low REY contents. For example, Paleoproterozoic
and early Cambrian phosphorites from India and northern
Iran contain REY contents in the ranges of 2.89-38.6 ppm
and 96.3-226 ppm, respectively, although they experienced
an active Fe redox cycle at the seawater-sediment interface
(Khan et al., 2012b; Abedini and Calagari, 2017). These
relatively low REY contents were ascribed to a limited
supply of terrigenous sediments (Khan et al., 2012a, 2012b;
Abedini and Calagari, 2017). Finally, the high total REY
contents of up to 800 ppm and 1500 ppm in those Early and
Middle Cambrian phosphorites from Montagne Noire
(France) and Scania (Sweden), respectively, can be attributed
to the input of felsic clastic materials from a magmatic
source and associated marine silicate alternation (e.g., Quartz
and K-feldspar deposited within apatite, pyrite developed on
ferrous silicate substrates) (Alvaro et al., 2016). Similarly,
the clastic rocks and phosphorite deposits from the late
Ediacaran Kalyus Beds (East European Platform) were de-
rived from felsic or mafic source rocks, indicating a pre-
dominantly terrestrial REY source (Francovschi et al., 2020).
In the Georgina Basin, Australia, Cambrian phosphorite
REY enrichment has been linked to interactions between
surface and groundwater with granitic or schistose metase-
dimentary basement rocks (Valetich et al., 2022). Further
examples include middle Permian and upper Devonian
phosphate grains from Montana and Kentucky, USA, which
exhibit extremely high REY contents up to ~2000 ppm and
~10000 ppm, respectively (Emsbo et al., 2015). Although the
REY enrichment mechanism in USA phosphorites has not
been fully investigated, Y/Ho ratios provide insight into
source contributions. The Kentucky phosphates exhibit ter-
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rigenous-like Y/Ho ratios (34-39), whereas the Montana
phosphates display marine-like ratios (~60), suggesting
varying degrees of seawater versus terrestrial influence on
REY enrichment.

Notably, modern deep-sea muds from the Pacific Ocean
also contain high REY concentrations, ranging from 1000 to
2000 ppm, with the REY primarily hosted in apatite and
exhibiting terrestrial-like Y/Ho ratios (22-28) (Kato et al.,
2011). Furthermore, these apatites show negative Nd isotope
signatures (eyg, —6 to —10) and REY patterns similar to those
of phillipsites (REY, 19.0-140 ppm) (Bi et al., 2021; Zhang
et al., 2023). Additionally, in carbonate ooze sediments and
porewater at the seafloor, a significant positive correlation
between Al and REY contents further suggested that REY
were primarily originated from aluminosilicate minerals (Bi
etal., 2021; Deng et al., 2022). Therefore, despite the lack of
direct evidence of Si isotopic compositions, previous studies
based on mineralogical and elemental geochemical in-
vestigations have preliminarily proposed that REY enrich-
ment in modern Pacific Ocean sediments was associated
with the oxidation of seafloor hydrothermal Fe*" and the
early diagenetic silicate dissolution (Hu et al., 2024; Wang et
al., 2024). In any case, the decomposition of detrital minerals
and subsequent REY release warrant significant attention, as
it provided a new perspective for understanding REY en-
richment mechanisms in marine sedimentary environment.

6. Conclusions

Our study elucidates the critical role of clay minerals in the
REY enrichment of marine phosphorites, particularly high-
lighting the significance of authigenic illite formed through
marine silicate alteration. The contrasting REY patterns ob-
served in Zhijin and Meishucun clays underscored the in-
fluence of fluctuating redox condition and terrigenous input
on REY geochemistry. In the Zhijin phosphorites, significant
REY enrichment is linked to the transformation of muscovite
into illite, which facilitated REY release into porewater. In
contrast, the Meishucun phosphorites exhibit limited REY
enrichment, attributed to persistently oxidizing conditions
and a lower supply of REY-rich terrigenous material. These
findings challenge the traditional view that REY enrichment
in phosphorites is primarily driven by the Fe redox pump.
Instead, our results underscore the importance of marine si-
licate alteration of terrigenous REY-rich minerals at the
seawater-sediment interface, offering a more nuanced un-
derstanding of REY enrichment mechanisms throughout
geological history. This framework also provides a valuable
basis exploring REY-rich marine sediments on a global scale.
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