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A B S T R A C T   

Rare earth elements (REE including Y—REY) in phosphorites have been used widely as a proxy for seawater 
chemistry at the time of their formation. However, it is unclear whether metamorphism can lead to REE 
remobilization and alteration of primary seawater signatures recorded in phosphorites. In this study, we examine 
similarly aged metamorphosed phosphorite ore deposits from the northeastern margin of the Yangtze Block 
(Jinping and Xinpu ore sections), with contemporaneously deposited unmetamorphosed equivalents in the 
southwestern margin of the Yangtze Block (Weng’an ore section). New insights have been provided into the 
migration of rare earth elements and the redistribution of Zn and O isotopes in metamorphosed phosphorite, 
which suggests that the varying degrees of metamorphic fluid–rock reaction during the metamorphism process 
significantly reduced the δ18O value of phosphate (13.7‰ ± 2.2‰ of Jinping phosphate and 7.3‰ ± 1.8‰ of 
Xinpu phosphate) and added light Zn isotope. These metamorphic fluids were likely generated by the meta
morphic dehydration of upper slab uplift during the plate subduction in the Triassic. The negative correlation 
between the O (and Zn) isotope compositions and REY contents in P-rich rocks suggests that REY were likely re- 
enriched during the recrystallization process of apatite. Preferential migration of LREE led to significant LREE 
and MREE enrichment in Haizhou metamorphosed P-rich rocks compared to Weng’an unmetamorphosed 
phosphorites.   

1. Introduction 

Ancient and modern phosphorites are rich in associated rare earth 
elements (REE, including Yttrium), which play critical roles in devel
oping renewable energy supplies (Emsbo et al., 2015; Valetich et al., 
2022). Previous studies have largely focused on REE endowment in 
sedimentary type phosphorite ore deposits (Cook and Shergold, 1984; 
Emsbo et al., 2015; Yang et al., 2021), with little research conducted on 
the effect of metamorphism on REY mobilization in phosphorites and 
the resulting implications on their economic viability. When normalized 
to the post-Archean Australian Shales (PAAS) (Taylor and McLennan, 
1985), there are two main REY patterns in sedimentary apatite: (1) 
seawater-like patterns, which are characterized by HREE enrichment 

types and negative Ce anomalies (Emsbo et al., 2015; Shields and Stille, 
2001; Valetich et al., 2022); (2) “Bell-shaped” like patterns, which are 
characterized by pronounced MREE enrichment and depletion of LREE 
and HREE (Reynard et al., 1999; Zhang et al., 2022). Previous research 
proposed that the enrichment of REY in phosphorites is mainly 
controlled by ancient seawater composition (Emsbo et al., 2015; Kim 
and Kim, 2014), redox-controlled processes during early diagenesis and 
burial (Elderfield and Sholkovitz, 1987; Valetich et al., 2022), and that 
the REY compositions are not easily altered during later diagenesis and 
post-depositional processes such as weathering and transportation 
(Joosu et al., 2015; Martin and Scher, 2004). Therefore, the REY in 
phosphorite is often used as a good proxy for tracing initial seawater 
composition and reconstructing the environment of the paleo-ocean. 
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However, it is unknown if the REY in phosphorite retain the original 
composition after undergoing the metamorphism. 

In South China, abundant phosphate rock resources were distributed 
along the Yangtze block (YZB) during the Ediacaran (ca. 635 Ma - 551 
Ma) (Cook and Shergold, 1984; Graham and Lawrence, 2011). Among 
them, phosphorites distributed along the northeast margin of the YZB 
underwent metamorphism during the Triassic, while their equivalents in 
the central and southwest margins of the YZB did not. Metamorphosed 
phosphorites are mainly distributed in Haizhou County of northern 
Jiangsu Province, Feidong County in central Anhui Province, Susong 
County in southwestern Anhui Province, and Dawu in eastern Hubei 

Province (Sang, 1991; Yao and Xiong, 1994). The Jinping and Xinpu 
phosphorite ore sections in Haizhou Country, now as a part of the high- 
pressure, low-temperature Sulu Orogenic Belt (SOB), host the exposed 
sections of the metamorphosed phosphorites (Fig. 1) (Prave et al., 2018; 
Xiong and Yao, 1996). Doushantuo Formation in the central and western 
YZB is an unmetamorphosed equivalent to the metamorphosed phos
phorites in the Haizhou County (Jinping and Xinpu ore sections). 
Numerous geochemical and isotopic studies have been performed on the 
phosphorites in the Doushantuo Formation (Weng’an phosphorites are 
typical representative) (Cui et al., 2015; Ling et al., 2007; Ohno et al., 
2008), thus allowing for direct comparison of metamorphosed and 

Fig. 1. Ore section location (A), tectonic sketch map of Sulu belt and distribution of phosphorites (B), after Zheng et al. (2008a) and Prave et al. (2018).  
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unmetamorphosed phosphorite sections and the ensuing remobilization 
and enrichment/depletion of REY during the metamorphic process. 

Oxygen isotope compositions vary between different rock types 
depending on their origin. Generally, terrigenous sediments yield high 
δ18O values (~15–25‰), igneous rocks typically yield lower δ18O values 
(~6–10‰), while metamorphic rocks have highly variable δ18O values 
due to nature and origin of the metamorphic fluids they have interacted 
with (Valley, 2019). A single study on the oxygen isotope composition of 
phosphate showed Ediacaran phosphorites has high δ18O values 
(15–17.9‰) (Yang et al., 2021). These values provide a starting oxygen 
isotopic composition for the evaluation of the effect of metamorphism 
and metamorphic fluids on REY mobilization in phosphorites. 

The zinc isotopic composition (δ66Zn) of geological reservoirs can 
reflect the mechanism of different geological processes and geological 
events, as well as the geochemical cycle of zinc in nature (Little et al., 
2014; Liu et al., 2022; Wang et al., 2017b; Yan et al., 2019). Generally, 
mantle materials (δ66Zn = ~0.20‰) (Wang et al., 2017b), terrestrial 
sediments (δ66Zn = ~0.27‰) (Little et al., 2014), and rivers (δ66Zn =
~0.33‰) have lighter Zn isotope compositions (Sossi et al., 2018), but 
marine phosphorites in the Weng’an section are typically enriched in 

heavier Zn isotopes (~0.8) (Fan et al., 2018b). However, involvement of 
metamorphic fluids may shift the Zn isotopic compositions to change 
towards a lighter or heavier isotopic signatures depending on the 
characteristics of the metamorphic fluids. Hence, a combination of ox
ygen and Zn isotopic compositions in phosphorite can provide infor
mation on the degree of interaction of primary phosphorites and 
exogeneous metamorphic fluids. 

This study aims to determine the impact of metamorphism on 
mobility of REY in sedimentary phosphorites by integrating whole rock 
Zn and phosphate O isotopic compositions, along with major and trace 
element geochemistry of metamorphosed (Haizhou sections) and 
unmetamorphosed (Weng’an sections) phosphorites in the Yangtze 
Block, south China.,. 

2. Geological setting 

The South China Craton, as a part of the Rodinia supercontinent, was 
formed by the amalgamation of the Yangtze and Cathasia Blocks (Fig. 1. 
A) during the Tonian Jiangnan orogeny (Cawood et al., 2018; Wang 
et al., 2014; Zhao and Cawood, 2012). During the late Neoproterozoic, 

Fig. 2. Profile of Jinping, Xinpu, and Weng’an ore section (Yang et al., 2021).  
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the Yangtze block developed into an extensive shallow-marine carbon
ate platform-slope-basin, accompanied by a large number of phosphorite 
deposits, such as the Weng’an phosphorite deposit in central Guizhou 
and Yichang phosphorite deposit in Hubei (Algabri et al., 2020; Cui 
et al., 2016; Prave et al., 2018; Tahata et al., 2013; Wang et al., 2014). 
The northern margin of the Yangtze Block experienced subduction under 
the North China Block and subsequent high-P, low-T metamorphism 
during the continental collision in the Triassic that resulted in meta
morphism of the Neoproterozoic marine sedimentary rocks, including 
carbonates and phosphorites that form part of the Haizhou Group sed
iments. Recent studies have shown that the strata of the Jinping For
mation of the Haizhou Groupe are likely equivalent to the Doushantuo 
Formation (635–551 Ma, Fig. 2) based on the results of the carbon 
isotope analysis of carbonate, U–Pb isotope, and Lu–Hf isotope of 
zircon (Li et al., 2011; Ling et al., 2007; Liu et al., 2004; Sato et al., 2016; 
Zhou et al., 2012). 

Previous studies reported that UHP metamorphic rocks, such as 
eclogites in the Sulu orogenic belt, recorded the subduction of the YZB 
under the North China block (NCB), and subsequent exhumation at 
250–202 Ma (Xu et al., 2003). In the exhumation process, some eclogites 
underwent retrograde metamorphism to varying degrees (Zong et al., 
2010), which resulted in, the fluid remobilization of elements that have 
affected the rocks within the collision zone (Xu et al., 2003). 

The Haizhou Group can be divided into two formations (the Jinping 
and Yuntai Formations). The underlying bedrock is the Qushan For
mation of the Donghai Group (Fig. 2). The metamorphic rocks in the 
Jinping and Xinpu ore sections are mica schist, gneiss, marble, and 
metamorphosed phosphorite. Previous studies suggested that meta
morphic rocks in this area underwent blueschist to greenschist facies in 
regional metamorphism, which contrasts the primary overall subduction 
zone HP metamorphism at 350–450 ◦C and 0.6–0.85 GPa, equivalent to 
subduction to a depth of 30 km (Prave et al., 2018; Wang et al., 2017a; 
Zhou et al., 2012). 

3. Materials and methodologies 

In this study, two type sections currently in production (Xinpu and 
Jinping) were selected for sample collection in the fieldwork. The 
Jinping and Xinpu phosphorite ore deposits of the Haizhou Group, 
including 27 samples in the Xinpu deposit and 45 samples in the Jinping 
Deposit, were investigated. The samples were fresh and sequential, 
including the overlying strata, ore-bearing formation, and the underly
ing strata. The specific rock types and serial numbers are listed in 
Table S1. All samples were made into thin sections and observed under 
the polarizing microscope. Seventy-two samples were analyzed to 
determine their major and trace element compositions (Table S1). 
Thirteen samples were analyzed to determine the in-situ trace element 
compositions (Table S2-S4). Sixteen samples and twenty-three samples 
were selected to determine the phosphorate oxygen and whole-rock zinc 
isotopes, respectively (Table S5). Detailed analytical methods are 
described below. 

3.1. Major and trace element analyses of whole rocks 

The major elemental components of phosphorites and host rocks 
were analyzed at the Institute of Geochemistry, Chinese Academy of 
Sciences (IGCAS) by X-ray fluorescence (XRF, ME-XRF06). Phosphorite 
samples were digested using a LiNO3 solution, and the host rocks were 
digested with Li2B4O7 and then melted at 1000 ◦C for 2 h. The sum of 
XRF analyses and loss on ignitions (LOIs) was considered the “sum total” 
with a standard deviation of <1%. The detection limits of trace elements 
are as follows: Ce, Ho, Lu, Tb, and Tm (~0.01 ppm); Er, Eu, Pr, Sm, and 
Yb (~0.03 ppm); Dy and Gd (~0.05 ppm); Yand Nd (~0.1 ppm); Sr and 
Th (~0.2 ppm); La and Zr (~0.5 ppm). The relative error and relative 
deviation were < 10%. Trace element analyses were conducted at IGCAS 
using a quadrupole inductively coupled plasma mass spectrometer 

(QICP-MS), model ELAN-DRC-e ICP-MS, with a relative standard devi
ation generally better than 10%. Portions (50 mg) of the samples were 
digested completely using a mixed HF and HNO3 solution for 72 h. The 
analytical method was performed using the methodology reported by 
(Liang et al., 2000). The detection limits were as follows: Tb, Ho, Lu, and 
Tm (0.01 ppm); Er, Eu, Sm, Pr, and Yb (0.03 ppm); Ce, Gd, and Dy (0.05 
ppm); Hf (0.2 ppm); Nd (0.1 ppm); Y and La (0.5 ppm); and Zr and Mo 
(2 ppm). 

3.2. In situ trace element analyses 

The in-situ trace elements of apatite were analyzed at IGCAS using 
the GeoLasPro laser ablation system (193 nm, premixed gas, IIIb safety 
level, 95% confidence level). Operating conditions included a 44-μm 
spot size at 5 J/cm2 and 10 Hz with an 18 s baseline and 50 s ablation. 
Using NIST610, NIST612, NIST614, and Durango apatite as the standard 
samples, the apatite trace element compositions were quantified using a 
standard sample bracketing method. The internal corrections were 
applied using the element abundances of Ca determined by EMPA an
alyses to correct matrix effects between the standards and the analyzed 
minerals (Liu et al., 2008). The signal was processed with LA-ICP–MS 
Data Reduction Software (ICPMCDataCal) developed by Liu et al. (2008) 
using sample bracketing method (Chew et al., 2016). The reference 
element contents of the external standards are available online at https 
://georem.mpch-mainz.gwdg.de/. 

3.3. Phosphate O isotopes 

In this study, the phosphate separation and purification method 
established by Blake et al. (2010) was used to measure the oxygen 
isotope composition of phosphate in the sample. This method is effective 
for the separation and purification of phosphate in a complex matrix. 
Samples were extracted with 50 mL of 1 M HCl. The ratio of sample mass 
to solution volume was 1 g: 50 mL. Shaking extraction was performed on 
a shaking table for 16 h. The supernatant was collected after centrifu
gation. Phosphate was further separated and purified by the ammonium 
phosphomolybdate‑magnesium ammonium phosphate (APM-MAP) 
precipitation method. The MAP solute passes through a cation exchange 
resin (H+ type) and anion exchange resin column (HCO3

− type) to 
remove cations (such as Mg2+) and residual dissolved organic matter 
(Colman, 2002). The NaHCO3 eluate was sonicated under acidic con
ditions (pH < 1), and N2 was introduced to remove HCO3

− . Finally, PO4
3−

was converted into Ag3PO4 precipitation by the ammonia volatilization 
method (Firsching, 1961). The Ag3PO4 precipitate was centrifugally 
washed with ethanol and Milli-Q water several times. After no Ag+

residue was detected in the washing solution, the precipitate was dried 
at 60 ◦C and stored in the dark. The formed Ag3PO4 was measured by a 
pyrolysis-isotope ratio mass spectrometer to measure δ18OP. The 
(Vienna) Standard Mean Ocean Water (SMOW) was used as the δ18O 
standards (Coplen et al., 1983) and the isotope ratio mass spectrometer 
with a precision (2σ) of 0.1‰. 

3.4. Zn isotopes of phosphorite 

The Zn isotopes of phosphorite were analyzed at the IGCAS. The 
method established by Tang et al. (2006) is mainly used for chemical 
purification and instrument testing of Zn isotopes. The powder geolog
ical sample was weighed quantitatively (depending on the content of Zn 
in the sample) and digested in aqua regia at 120 ◦C. The dissolved 
sample was converted to 7 N HCl + 0.001% H2O2 medium. Using an AG- 
MP-1 ion exchange column, Zn was eluted with 10 mL of 2 N HCl +
0.001% H2O2 medium to separate Zn from other interfering elements. 
The eluent was collected, and then the medium was converted to a 1% 
HNO3 medium after dryness. MC-ICP–MS is used to measure zinc iso
topes. In the test process, the standard sample crossover method was 
used to correct the instrument quality discrimination effect, and GSB Zn 
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was used as the zinc isotope standard. A standard-sample bracketing 
approach was applied to correct the instrumental mass discrimination 
when an IRMM3702 Zn solution was used as the working standard (Fan 
et al., 2018a), where δ66Zn = [(66Zn/64Zn) sample/(66Zn/64Zn) Lyon JMC 
− 1] × 103. All δ66Zn values are reported compared to the JMC Lyon Zn 
standard based on the published difference between IRMM3702 Zn and 
JMC Lyon Zn (Δ66Zn IRMM3702-JMC Lyon Zn = + 0.30‰, (Vance et al., 
2016)). The δ66Zn values of BHVO-2 (0.30 ± 0.03‰), COQ-1 (0.28 ±
0.06‰), and NIST 683 (0.16 ± 0.05‰) are consistent with previous 
publications (Fan et al. (2018b) and Liu et al. (2023) and reference 
therein). 

4. Results 

4.1. Petrological characteristics 

Samples in the Xinpu and Jinping ore sections mainly contain quartz 
schist, mica schist, phosphorite (P2O5 > 18 wt%), apatite-bearing 
marble (10 wt% > P2O5 > 18 wt%), marble and schist. The P-rich 
rocks are mainly phosphorite and apatite-bearing marble (in this text, 
we collectively refer to it as P-rich rocks). The marble and phosphorite 
were collected in the middle part of both two ore sections. Among them, 
marble is composed of ~80% dolomite, with minor amount of musco
vite, apatite, quartz and pyrite; phosphorite is composed of 50–90% 
apatite, 5–40% dolomite and calcite, with minor amount of biotite and 
muscovite, apatite and pyrite (Fig. 3.A, C, E); apatite-bearing marble is 
composed of 50–80% dolomite, and ~ 10–48% apatite, with minor 
amount of quartz, biotite and pyrite. Both the hand specimens and 
microscopic photos of phosphorites show clear calcite veins (bedding 
parallel, Fig. 3.A, C, E) penetrating through the rock mass, indicating the 
widespread presence of metamorphic hydrothermal fluids. 

The quartz schist was collected in the lower and upper part of the 
Jinping Formation. It is composed of quartz (55–65%), plagioclase 
(10–15%), feldspar (15–25%), muscovite (5–10%) with minor amounts 
of apatite, pyrite, zircon and rutile (Fig. 3.B, D, F). The mica schists were 
collected in the lower and upper part of the Jinping Formation, which is 
strongly foliated with completely recrystallized structures, mainly 
composed of schistose and columnar minerals: quartz (35–50%) 
plagioclase (15–25%), muscovite (15–20%), biotite (5–10%) calcite 
(5–10%), with minor amounts of apatite, pyrite. Mica schists that are 
interbedded with the metamorphosed dolomite and phosphorite rock 
packages comprise muscovite, quartz, plagioclase and calcite rich min
eral assemblages suggesting they likely underwent lower grade 
(greenschist facies) metamorphism. This is consistent with previous 
estimations of metamorphic grades which yielded temperature and 
pressure values of at 350–450 ◦C and 0.6–0.85 GPa respectively (Prave 
et al., 2018; Wang et al., 2017a; Zhou et al., 2012). Compared to Wen
g’an cemented quartz, the edge of quartz in the metamorphosed phos
phorites shows a sickle shape, indicating it has undergone 
recrystallization (Fig. 3.G). Apatite displays redundant colloidal, crys
talline granular, idiomorphic, and allomorphic crystals. Apatite has 
common cracks, and the apatite boundary is replaced by quartz into a 
harbor shape (Fig. 3.G). Under the scanning electron microscope, apatite 
is mostly a hexagonal short column, arranged in clusters, and most of the 
collophanite has been recrystallized into apatite. Cracks are developed 
on the surface of apatite, and intact collophanite spherical structure can 
be seen in the cracks (Fig. 3.H). 

4.2. Major and trace elements of phosphorite and host rocks 

Table S1 lists the whole rock major and trace element contents of the 
Xinpu and Jinping phosphate ore samples. The 

∑
REY (sum of lantha

nides, including Y) of phosphorites varied from 3.14 to 576.59 ppm. P- 
rich rocks with high REY contents (>100 ppm) are mostly developed at 
the bottom and top of both two sections in contact with mica schist. 
There are two types of REY patterns of phosphorites when normalized to 

Post Archean Australian Shale (PAAS) (Taylor and McLennan, 1985): 1) 
MREE enrichment patterns with high REY content (>100 ppm) and high 
GdN/YbN ratios (1.5–2.1, mean 1.8, Fig. 4.A), which is similar to Wen
g’an P-rich rocks (Fig. 4.B); 2) Flat patterns with low REY content (<100 
ppm) and marginally lower GdN/YbN ratios (0.9–1.7, mean 1.2, Fig. 4.C). 
Some marbles in ore bodies show HREE enrichment patterns with low 
REY contents and GdN/YbN ratios (0.2–0.6, mean 0.5, Fig. 4.D), while 
the other marbles and most of the mica schists show flat REY patterns 
(Fig. 4.E). The REY patterns of basal and overlying rocks show obvious 
different patterns compared to the P-rich rocks and marbles from within 
the ore body (Fig. 4.F). 

4.3. In situ trace elements of apatite 

The in-situ REY of the Xinpu and Jinping minerals are listed in 
Tables S3. There are three types REY patterns of apatite when normal
ized to PAAS: 1) MREE enrichment patterns with high REY content 
(>100 ppm) and GdN/YbN ratios (mean 2.2, Fig. 5.A); 2) HREE depletion 
patterns with low REY content (<50 ppm) and high LaN/YbN values 
(mean 4.75, Fig. 5.B), with one sample displaying medium REY (mean 
65 ppm) and LaN/YbN values (mean 2.23); 3) flat REY patterns with no 
obvious anomaly (Fig. 5.C). The carbonate in host rocks shows HREE 
enrichment patterns and flat REY patterns marginally enriched in HREE 
(Fig. 5.D). Notably, the REY content of gangue minerals and some 
apatite is very low (some contents are below the detection limit), thus a 
rough trend is provided here. 

4.4. Phosphate O isotopes and phosphorite Zn isotopes 

Table S5 lists the phosphate O isotopic compositions, with SMOW as 
the standard. The δ18OP of seven samples in the Xinpu ore section and 
nine samples in the Jinping ore section varied from 4.0‰ to 8.9‰ (δ =
1.6576, n = 7) and 10.0‰ to 16.2‰ (δ = 2.054, n = 9), respectively. The 
δ66Zn values of 10 samples in the Xinpu ore section and 13 samples in 
the Jinping ore section were 0.29–0.42‰ (δ = 0.036, n = 10) and 
0.49–0.68‰ (δ = 0.054, n = 13), respectively. 

5. Discussion 

5.1. The age and REY source of Haizhou metamorphosed P-rich rocks 

The youngest detrital zircons in quartz–mica schist from the lower 
part of the Jinping Formation give concordant ages of 635 ± 9 to 654 ±
16 Ma (Zhou et al., 2012), indicating that the rocks are not older than 
~635 Ma, equivalent to the bottom boundary of the Doushantuo For
mation. Neoproterozoic magmatism is widely distributed across South 
China and is commonly linked to the breakup of Rodinia (Zheng et al., 
2008a). Two major phases of bimodal magmatism occurred during the 
Neoproterozoic in South China; at 740–780 Ma and 800–830 Ma (Zheng 
et al., 2008b). Zircons from the siliciclastic Haizhou Group have U–Pb 
ages showing two prominent peaks at 758 and 828 Ma, indicating that 
the sources of the Haizhou Group were most likely Neoproterozoic 
granitoids and possibly contemporaneous volcanic rocks (Zhou et al., 
2012). 

There are two types of REY patterns recorded by Weng’an phos
phorites of the Doushantuo Formation, in which the Lower phosphorites 
show seawater-like patterns, and the Upper phosphorites show MREE 
enrichment patterns (Yang et al., 2021). Except for the samples of Upper 
of Weng’an phosphorites, the Haizhou P-rich rocks and the samples from 
the lower part of Weng’an did not show a correlation between P and REY 
(Fig. 6.A), suggesting that besides apatite, there are other minerals 
carrying REY. In situ data of apatite indicate that high REY content 
apatite shows good correlations between P and REY in both the Xinpu 
and Jinping section (Fig. 6.B, C), which indicate that apatite is the main 
carrier of REY in Haizhou metamorphosed P-rich rocks. However, some 
metamorphosed phosphorites with low REY contents (<100 ppm, flat or 
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Fig. 3. Textural and petrological characteristics of the samples of the Xinpu and Jinping ore section. Image A, C and E are from phosphorites in the lower part of 
profile (XP-21+); B, D and F are from quartz schist of upper part of P-rich ore body (XP-1), G and H from phosphorites in the lower part of profile (JPD-219). A and B: 
hand specimen photos; C and D: orthogonal polarized photos; E, F, G and H: SEM images. Cal = calcite; FAp = fluorapatite; Ms. = muscovite, Py = pyrite, Qtz =
quartz, Pl = plagioclase, Kfs = K feldspar, Zrn = Zircon, Rt = Rutile. 
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Fig. 4. PAAS-normalized patterns of whole rocks. A and C: REY patterns of Haizhou P-rich rocks; B: REY pattern of Weng’an phosphorites (Yang et al., 2021); D and 
F: REY patterns of Marbles surrounding the Haizhou P-rich rocks; F: REY patterns of the upper and lower samples of whole profiles. 
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HREE depleted patterns) display the obvious different REY patterns from 
the Weng’an ore section. 

Previous studies inferred that the REY contents in the Doushantuo 
phosphorites were mainly affected by hydrothermal fluids and paleo- 
oceanographical environment (Chen et al., 2003; Yang et al., 2021; Yu 
et al., 2023). Hydrothermal fluids may also be an important source of 
REY in seawater. Yu et al. (2023) found the positive Eu anomalies (Eu/ 
Eu* >1) recorded by the Doushantuo phosphorites, indicating the 
contribution of hydrothermal fluids to the REY content of seawater. 
However, most of the P-rich rocks in Weng’an and Haizhou did not 
display Eu anomalies (Fig. 6.D), indicating that the REY recorded by our 
samples are not related to hydrothermal activity. 

In the early Ediacaran, the seawater environment was characterized 
by reduction, which was recorded by high Ce/Ce*(~0.90, Fig. 6.E) in 
phosphorites (Yang et al., 2021). However, in the late Ediacaran, the 
seawater became an oxidizing environment, and the Ce/Ce* (~0.58, 
Fig. 6.E) recorded in phosphate rocks decreased (Yang et al., 2021). It 
was not until the early Cambrian that Ce/Ce* (~0.32) reached a new 
low value, and ocean had completely oxidized by this time (Wen et al., 
2015; Yang et al., 2021) The Ce/Ce* (~0.76, Fig. 6.E) recorded in our 
samples are within the range of Ediacaran phosphorites. In addition, 
unlike the high Y/Ho value of seawater (44–83) (Bau et al., 1997), the 
Y/Ho values (Fig. 6.F) recorded by Weng’an (~40) and Haizhou P-rich 
rocks (~37) are significantly lower. Yang et al. (2021) indicated that the 
lower Y/Ho values may represent the increase of terrestrial inputs. The 

Ce/Ce * and Y/Ho values recorded by the Haizhou metamorphosed P- 
rich rocks are similar to those of the Weng’an unmetamorphosed 
phosphorites. Overall, Haizhou Group metamorphosed phosphorites are 
lower than the Weng’an unmetamorphosed section (Fig. 6F) further 
supporting metamorphic recrystallisation of the Haizhou Group phos
phorites (and in particular Jinping section). 

However, Y/Ho and Ce/Ce* can be altered during later diagenesis or 
recrystallizition (Shields and Stille, 2001), especially after undergoing 
metamorphism, while Ce anomalies remain largely unchanged. In 
addition, Y/Ho and Ce/Ce* cannot explain why the samples show more 
enrichment in LREE and MREE, nor explain the different types of REY 
patterns in low REY content samples. Reynard et al. (1999) proposed 
that the LaN/SmN vs. LaN/YbN diagram can be used to decipher different 
mechanisms of REE incorporation into apatite. The LaN/YbN ratios are 
not affected during substitution but show an increase if the adsorption 
mechanism dominates. Meanwhile, the LaN/SmN ratios usually remain 
invariant during absorption but decrease during substitution (Zhu and 
Jiang, 2017). The higher LaN/YbN and lower LaN/SmN ratios in apatite 
relative to seawater may indicate that early and late diagenesis 
occurred, respectively. LaN/SmN - LaN/YbN characteristics (Fig. 7.A, B) 
recorded by P-rich rocks and apatite show the high REY samples fall into 
(or close to) the range of seawater, indicating the majority of the REY 
comes from the apatite, and high REY samples with lower LaN/SmN and 
LaN/YbN may be affected by partly recrystallization. 

Fig. 5. PAAS-normalized patterns of apatite and ganged minerals. A-C: REY patterns of Haizhou apatite; D: the REY pattern of carbonate surrounding the apatite.  

X. Liu et al.                                                                                                                                                                                                                                      



Chemical Geology 641 (2023) 121781

9

5.2. Influence of metamorphism on Haizhou phosphorite 

5.2.1. The 18O-depleted fluid recorded in metamorphosed phosphorites 
The metamorphic recrystallization of minerals can cause the frac

tionation of trace elements. This process can proceed via the mineral
ogical mechanism of solid-state transformation, replacement alteration, 
and/or dissolution reprecipitation (Xia et al., 2010). Mineral oxygen 

isotopes may maintain the properties of the original rock in an anhy
drous environment, while partial or complete resetting may occur with 
the participation of metamorphic water (Chen et al., 2011). The O iso
topic redistribution between different minerals may occur during the 
metamorphic process. 

In the subducting oceanic plate, metasediments will interact with 
fluids from both the dehydrating crust and mantle (Zack and John, 

Fig. 6. A: The correlation diagrams of P2O5 vs. REY in whole rocks of Haizhou and Weng’an P-rich rocks; B and C:The correlation diagrams of P2O5 vs. REY in 
Haizhou apatite. D-F: Eu/Eu*, Ce/Ce* and Y/Ho vs. REY in whole rocks of Haizhou and Weng’an P-rich rocks (Yang et al., 2021). R2 is the judgment coefficient, and 
P is P-values. 
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2007). The oxygen isotope value of the mantle is limited to ~0.57 
(Bindeman, 2008). Permeabilities in the subducting slab appear to be 
too low and dihedral angles between fluid and relevant minerals too 
high to allow for porous flow (Manning and Ingebritsen, 1999), hence 
fluid channelization is critical for the understanding of subduction zone 
fluid fluxes. Most devolatilization reactions are strongly occur as the 
temperature rises during ongoing subduction (Schmidt and Poli, 1998), 
while in the upper of the slab, the sediments release water first, followed 
by the crust and then the mantle (Hacker et al., 2003). Since a decrease 
of solid volume, associated with dehydration reactions, increases 
porosity and hence permeability (Wang and Wong, 2003), if sufficiently 
high volumes of fluid are reached, the elevated fluid pressure can open 
fractures, thus allowing long-distance fluid transport (Jung et al., 2004). 
In addition, selvages and shear zones can provide a place for interaction 
between long-distance fluids and their enclosing host rocks, facilitating 
ion exchange and modifying the composition of fluids substantially 
along flow paths (Breeding et al., 2004). Aqueous fluid produced by 
dehydration reactions will not percolate through large rock volumes, but 
rather will be carried away from the dehydration sites by a veining 
network. In our samples, obvious calcite veins (Fig. 3.A) were found to 
penetrate the phosphorites and apatite-bearing marbles, which confirm 
the existence of fluid channelization and the involvement of meta
morphic fluids. 

Previous studies indicated large lithophile elements (LILE’s) gener
ally show the highest mobilities, followed by LREE and then HREE 
during the plate subduction (Zack and John, 2007). In addition, among 
the high field strength elements (HFSE), even Th and Nb shows higher 
mobilities. Therefore, the upward migration of metamorphosed fluids 
will significantly enrich in LILE’s such as K, Rb and B. Interestingly, the 
O isotopic compositions of phosphorites and apatite-bearing marbles 
showed varying degrees of negative correlation with K Rb, Ba Nb and Th 
(Fig. 8A-E), which indicate that the samples with lighter oxygen isotopic 
compositions (compared to the Weng’an phosphorites) were likely 
caused by the additions of lower δ18O water-bearing metamorphic 
fluids. Negative correlation between the O isotope values and the 
insoluble HFSE elements (Th and Nb), in particular, indicates the 
widespread activity of this fluid. Notably, the lighter O isotopic com
positions occur in the upper and lower part of phosphate ore body in 
both of the Jinping and Xinpu section, inferring that the fluid reaction is 
strongest in the contact zone between the P-rich rocks and mica schists. 
In addition, the Xinpu P-rich rocks with a greater percentage of calcite 
veining and higher content of mica (H2O-bearing minerals) are signifi
cantly lighter than that in the Jinping P-rich rocks, suggesting greater 

volumes of fluid interaction leads to the lower δ18O values. Therefore, 
oxygen isotopes can be used as a very good proxy for tracing the 
involvement of metamorphic fluids. 

5.2.2. The 66Zn-depleted fluid recorded in metamorphosed phosphorites 
The Zn isotopic fractionation is relatively common in low- 

temperature geochemical processes, such as adsorption, carbonate and 
phosphorite precipitation, and biological processes (John and Conway, 
2014; Kunzmann et al., 2013; Vasileios et al., 2018). The Zn isotopic 
composition of marine sedimentary rocks is affected by continental 
weathering, submarine hydrothermal activity, marine productivity, and 
the redox state of water with detectable changes observed during major 
environmental biological events in geological history (Fan et al., 2018b; 
John et al., 2018; Kunzmann et al., 2013; Liu et al., 2017). Previous data 
indicate that there is a high degree of consistency in the variation of Zn 
isotopic compositions in different continental cap dolomites, indicating 
that the variation of Zn isotopic compositions in the early Ediacaran 
seawater is controlled by global factors, confirming that Zn isotope is a 
global paleoceanographic indicator (Kunzmann et al., 2013; Lv et al., 
2018). Based on these observations, Zn isotopes in phosphorites 
deposited at the same time (i.e. Haizhou Group and Weng’an phos
phorites) should yield similar values. 

The Zn isotope compositions in the Weng’an phosphorites (δ66Zn =
~0.8) have been well defined (Fan et al., 2018b). Compared to the high 
δ66Zn values from the Weng’an phosphorites, the Xinpu and Jinping 
phosphorites have lighter Zn isotopic compositions (~0.36 in the Xinpu 
ore section, and ~ 0.58‰ in Jinping ore section). Interestingly, the 
metamorphosed phosphorites have higher Zn concentrations with ligh
ter Zn isotopic compositions than those of the Weng’an phosphorite ore 
deposit, which suggests the light Zn isotopic compositions were trapped 
in the later subduction processes. The isotopic composition of zinc in 
Weng’an carbonate (~0.5‰) is close to that in seawater (Fan et al., 
2018b). 

The negative correlation between δ66Zn and K, Rb, Ba, REY and Zn 
content (Fig. 9.A-E) confirms that this metamorphic fluid is exogenous. 
The clear correlation between δ66Zn and δ18O values (Fig. 9F) also 
suggests that the addition of the metamorphic fluids with lower δ18O 
values also contain lighter Zn isotopic compositions. Modification of Zn 
values as evidenced by higher concentrations of Zn in Xinpu and Jinping 
sections with lighter Zn isotopic signatures, strongly support interaction 
of exogeneous metamorphic (subduction-zone) fluids with the Haizhou 
Group metasediments, particularly in contact with the overlying and 
underlying mica schists and basement rocks. Therefore, Zn isotopic 

Fig. 7. A: The correlation diagrams of LaN/SmN vs. LaN/YbN of Haizhou P-rich rocks; B: The correlation diagrams of LaN/SmN vs. LaN/YbN Haizhou apatite.  

X. Liu et al.                                                                                                                                                                                                                                      



Chemical Geology 641 (2023) 121781

11

composition can be also used as a good proxy to trace the metamorphic 
process and degree of phosphate rocks. 

5.3. The remobilization mechanism of REY during metamorphism 

There is a good negative correlation between the O isotope compo
sition and REY content (Fig. 8F) of the Haizhou metamorphosed P-rich 
rocks, indicating that the participation of metamorphic fluids affects the 
secondary enrichment of REY, that is, the lighter the oxygen isotopic 
composition, the higher the REY content. Notably, this metamorphic 

fluid does not seem to be rich in high REY content, as high REY samples 
have not undergone significant changes. Therefore, during plate sub
duction, carbonaceous apatite reacts with metamorphic fluids, leading 
to REY activity. Later, REY re enriched during the recrystallization of 
carbonaceous apatite into fluorapatite, which may be the main mecha
nism of REY migration in Haizhou phosphate rocks. During this process, 
LREE is preferentially mobilised compared to HREE (Ishikawa et al., 
2005; Zack and John, 2007), thus providing likely explanation for the 
greater enrichment of LREE and MREE in metamorphosed P-rich rocks. 

Equilibrium between aqueous fluid and surrounding rock will only 

Fig. 8. A-E: The correlation diagrams of δ18O vs. the content of K, Rb, Ba, Nb and Th of Haizhou P-rich rocks; F: The correlation diagrams of δ18O vs. REY contents of 
Haizhou and Weng’an P-rich rocks (Yang et al., 2021). 
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be approached at sites of fluid production and mineral reaction (Zack 
and John, 2007). The highest REY contents, and lowest Zn and O isotope 
values were observed near the contacts of P-rich rocks with the mica- 
schists in the observed sections. The middle part of the sections yields 
overall lower values of REY and marginally higher O and Zn isotopes 
along with lower percentage of mica-rich rocks. During the process of 
converting clay minerals into mica, a decrease in solid volume, associ
ated with dehydration reactions, increases porosity, and if sufficiently 
high volumes of fluid are reached, the elevated fluid pressure can open 
fractures to allow long-distance fluid transport(Jung et al., 2004; Zack 
and John, 2007). This suggests that fluid mediated REY enrichment and 
mobility is linked to zones with a high-production of metamorphic fluids 
during dehydration reactions involving mica-rich rocks. Furthermore, 

marbles at both sections display LREE-depleted values suggesting that 
some LREE in P-rich rocks (particularly low-REY apatite) may have been 
sourced by the recrystallisation of primary dolomites and limestones. 
Therefore, we propose that the metamorphosed phosphorites with high 
REY content still maintain the characteristics of the REY patterns of the 
original rocks in the upper and lower part of ore section, but the 
participation of δ18O and δ66Zn depleted fluids leads to the secondary 
enrichment of LREE and MREE (Fig. 10). 

6. Conclusions 

Both O and Zn isotopic compositions of metamorphosed phospho
rites are lighter than those in unmetamorphosed phosphorites, which 

Fig. 9. A-D, F: The correlation diagrams of δ66Zn vs. the content of K, Rb, Ba REY, and δ18O of Haizhou P-rich rocks; E: The correlation diagrams of δ66Zn vs. Zn 
contents of Haizhou and Weng’an P-rich rocks (Fan et al., 2018b). 
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could be controlled by varying degrees of water–rock reaction during 
metamorphism. These metamorphic fluids may be generated by the 
metamorphic dehydration of the metasedimentary rock pile during the 
plate subduction progress in the Triassic. 

The good negative correlation between the O (and Zn) isotope 
compositions and REY contents in P-rich rocks, suggest that REY are re- 
enriched during the recrystallization process of apatite, and the stronger 
migration ability of LREE leads to significant LREE and MREE enrich
ment in Haizhou metamorphosed P-rich rocks compared to Weng’an 
unmetamorphosed phosphorites. 
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