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A B S T R A C T   

The Weishan REE deposit, hosting more than one million tons of light REE oxides (LREE2O3), is one of the largest 
LREE deposits in China. It has been considered to be a carbonatite-related REE deposit, but whether carbonatites 
occurred or not is still controversial, leading to the confusions of how the LREE originated and mineralized. Here, 
we conducted in-situ elemental and Sr-Nd isotopic analyses on different stages of calcite from the Weishan REE 
deposit, combined with petrographic and bulk C-O isotopic studies, with the aim to unravel the origin and 
mineralization processes of REE. Four stages of calcite (Cal-1, Cal-2, Cal-3 and Cal-4) were identified, of which 
the Cal-1 typically coexists with K-feldspar and quartz while the Cal-2 and Cal-3 coexist with sulfates and REE 
minerals (e.g., bastnäsite and parisite), respectively. The Cal-4 occurs in the post-ore veinlets and coexists with 
sulfides. The Cal-1 is characterized by exsolution of carbocernaite along its cleavage planes with highest Na, K, 
Sr, Ba and LREE contents. The other stages of calcite show continuous decrease of the above elements. Combined 
with petrographic features and elemental discrimination diagrams, it is concluded that the Cal-1 is magmatic 
while the others are hydrothermal. These calcites thus indicate a continuous magmatic-hydrothermal evolution. 
The four stages of calcite show similar isotopic compositions, which are consistent with those of the alkaline 
silicate rocks in the ore district, suggesting an uniform source or magma chamber for their derivation. Consid
ering the magmatic features of Cal-1, it is inferred that carbonate melts coupled with abundant alkaline fluids 
were exsolved from the alkaline magmas. Alkalis (e. g., K and Na) were enriched in the magmatic-hydrothermal 
system with potassic metasomatism being more prevalent, which might play an important role in REE exsolution 
and transportation. Focused REE deposition occurred shortly after massive deposition of sulfates, indicating that 
REE-sulfate complexes might be the dominant transporting ligands of REE. The deposition of REE was mainly 
induced by fluid boiling, as indicated by the boiling/unmixing features of fluid inclusions. The Sr-Nd isotopic 
compositions of ores and associated alkaline rocks show affinities to the enriched lithospheric mantle (EM) 
beneath the study region, but are more depleted. Because subduction of the Paleo-Pacific oceanic plate beneath 
the eastern Asian occurred since the Jurassic, it is inferred that CO2- and REE-rich melts/fluids released from the 
subducted oceanic slab metasomatized the EM, leading to a REE-rich carbonated mantle. Rollback of the sub
ducted slab occurred during the early Cretaceous, resulting in partial melting of the EM and thus generating the 
CO2- and REE-rich alkaline magmas. This deposit shows significant hydrothermal features with poorly-developed 
carbonatites, distinct from the typical carbonatite-related REE deposits in the other places. The REE minerali
zation is thus considered to be basically controlled by the alkaline magmas rather than the carbonatites.   
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1. Introduction 

Carbonatite-related REE deposits are one of the most important types 
of REE deposits, which account for >50% of the global REE resources 
(total rare earth oxides plus yttrium oxide, REY) (Weng et al., 2015). It is 
also the dominant type of REE deposits in China, hosting about 97% of 
the China’s REE resources (Xie et al., 2019). The Weishan REE deposit, 
accounting for about 1 million tons of light REE (LREE) oxides (Zhang 
et al., 2022), has been considered to be one of the largest carbonatite- 
related LREE deposit in China (Xie et al., 2019). However, this deposit 
is typically hosted by alkaline rocks and Precambrian metamorphic 
rocks, showing REE-bearing quartz-sulfate-carbonate veins with signif
icant hydrothermal features (Yu et al., 2010; Lan et al., 2011b; Wang 
et al., 2016). Although calcite is common, whether magmatic calcite 
occurred or not is still controversial. Different views have been proposed 
for the genesis of the calcite: (1) crystallization from carbonate melts 
immiscible with alkaline silicate melts (e.g., Li et al., 2009; Wang et al., 
2019); (2) deposition from alkaline magma-derived magmatic-hydro
thermal fluids (e.g., Yu et al., 2010; Lan et al., 2011b). Because the REE 
minerals are closely associated with the calcite, the above controversies 
lead to the confusions of how the REE originated and precipitated. Some 
researchers considered that the REE was derived from the carbonate 
melts and thus precipitated at the magmatic or magmatic-hydrothermal 
transition stages (Li et al., 2009; Wang et al., 2019), whereas the others 
believed that the REE was derived from the alkaline magmas and 
precipitated in the hydrothermal fluids (Lan et al., 2011b; Wang et al., 
2016; Jia and Liu, 2020). In summary, the genesis of the calcite and the 

mineralization mechanisms of the REE remain unclear, hindering 
further exploration and exploitation. 

Multiple generations of calcite have been identified in the Weishan 
REE deposit (Wang et al., 2019), which show coexistence with different 
minerals such as K-feldspar, quartz, sulfates, carbonates, fluorides and 
sulfides. Fluid inclusions in the coexistent quartz have homogenization 
temperatures varying widely from ~ 550℃ to ~ 150℃ (Li et al., 2009; 
Lan et al., 2011b), indicating that the calcite might record the magmatic- 
hydrothermal processes. In addition, it has been shown that the 
elemental and isotopic compositions of carbonates can effectively trace 
the genesis of REE mineralization (e.g., Xu et al., 2010; Chakhmouradian 
et al., 2016; Yang et al., 2019a, Chen et al., 2020b; Gao et al., 2021). In 
this contribution, in-situ elemental and Sr-Nd isotopic analyses on 
different stages of calcite from the Weishan REE deposit were conduct
ed, combined with detailed petrographic and bulk C-O isotopic studies, 
with the aim to unravel the origin and mineralization processes of REE. 

2. Geological setting 

2.1. Regional geology 

The Weishan REE deposit is located at the southern Luxi Block, 
eastern North China Craton (NCC; Fig. 1a). The NCC is the largest and 
oldest craton in China (Zhai and Santosh, 2011), which is mainly 
constituted by a basement with Archean to Paleoproterozoic tonalitic- 
trondhjemitic-granodioritic (TTG) gneisses and greenschist to granu
lite facies volcano-sedimentary rocks and a cover with Mesoproterozoic 

Fig. 1. Tectonic subdivision of the North China Craton with the location of Luxi Block (a) and simplified geological map of the Luxi Block (b). (a) and (b) are 
modified after Zhang et al. (2005) and Zhang et al. (2007), respectively. 
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to Neoproterozoic volcano-sedimentary rocks, Cambrian to Ordovician 
epicontinental carbonate rocks, Carboniferous to Permian alternating 
marine and terrestrial sequences and Mesozoic-Cenozoic basin sedi
ments (Lu et al., 2008). The craton was suffered remarkable destruction 
at its central-eastern domains since the Mesozoic (Zhu et al., 2012), 
where >120 km Archean lithosphere was lost (Fan et al., 2000), 
inducing large-scale magmatic activities and various mineralizations (e. 
g., Au, Fe and Cu deposits) (Li and Santosh, 2014). The Luxi Block is 
located at the eastern domain of the NCC, which is bounded by the Tanlu 
fault in the east, the Qihe-Guangrao fault in the north, the Liaocheng- 
Lankao fault in the west and the Fengpei fault in the south (Fig. 1b). 
The Tanlu fault extended deeply into the mantle, not only acting as a 
conduit for asthenospheric upwelling (Chen et al., 2006), but also con
trolling the emplacement of widespread Mesozoic igneous rocks in the 
Luxi Block (Qiu et al., 2000; Ren et al., 2002). All kinds of igneous rocks, 
such as gabbros, high-Mg diorites, high-K calc-alkaline to alkaline rocks, 
granites, basaltic to rhyolitic volcanic rocks, carbonatites and mafic 
dykes occurred in this region during the Mesozoic (Lan et al., 2019). The 
alkaline rocks are represented by the early Jurassic Tongshi intrusive 
complex in the Pingyi county, the early Cretaceous Longbaoshan com
plex in the Cangshan county and the Chishan complex in the Weishan 
county (Lan et al., 2011a, 2011b, 2012; Ding et al., 2022), which were 
prone to generate Au and REE deposits. 

2.2. Deposit geology 

The Weishan REE deposit is located at the southeast of the Weishan 
county, southern Luxi Block, which is closely associated with the 
Weishan alkaline complex (Fig. 1b). The Weishan alkaline complex 
contains quartz syenite, alkaline granite and aegirine quartz syenite 
porphyry, of which the quartz syenite is dominant (Fig. 2). These rocks 

intruded into the late Archean gneisses with the ages of 119–130 Ma 
(Liang et al., 2017; Wei et al., 2019; Ding et al., 2022). Orebodies mainly 
occur as NW-NE trending veins in the quartz syenite and gneisses (Figs. 2 
and 3a, b). Available geochronological studies using Rb-Sr, Re-Os and U- 
Th-Pb dating show that the REE mineralization formed at 119–122 Ma 
(Lan et al., 2011b; Yang et al., 2019b; Zhang et al., 2023), generally 
consistent with those of the host alkaline rocks. The REE oxide (RE2O3) 
grades commonly vary from 1.5 wt% to 7.5 wt% (Zhang et al., 2022), 
with some high-grades up to 10–18 wt% (Wang et al., 2016). 

The orebodies are mainly composed of carbonates (mainly calcite), 
sulfates (e.g., barite and celestite), LREE minerals (mainly bastnäsite and 
parisite), quartz, fluorite and sulfides (e.g., pyrite, sphalerite and 
galena). Based on crosscutting relationships of veins and mineral as
semblages, four major paragenetic sequences can be identified in this 
deposit from the early to the late stages: (1) K-feldspar + quartz +
calcite, (2) sulfate + quartz + calcite, (3) REE mineral + quartz + calcite 
+ sulfate + fluorite and (4) post-ore calcite + quartz + fluorite + sulfide 
stages. The stage 1 is characterized by coarse-grained calcite (Cal-1) and 
quartz with minor K-feldspar (Fig. 3c). The stage 2 is composed of 
coarse-grained calcite (Cal-2), massive barite, celestite and quartz 
(Fig. 3d). The stage 3 is characterized by abundant bastnäsite and par
isite coexisting with fine-grained calcite (Cal-3) and sulfates (Fig. 3d–f). 
Other minerals such as fluorite and muscovite are also common in this 
stage. The stage 4 shows veinlets composed of calcite (Cal-4), quartz, 
fluorite and sulfides such as pyrite, chalcopyrite, sphalerite and galena 
(Fig. 3e, f). The paragenetic sequences and mineral assemblages are 
summarized in Fig. 4. 

3. Sampling and methods 

Sixty-three samples were collected from the ore veins of No.12 (N =

Fig. 2. Geological map of the Weishan REE deposit (modified after Zeng et al., 2022).  
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Fig. 3. Ore veins and hand specimens of different stages of calcite from the Weishan REE deposit. (a) Ore veins cutting the altered alkaline rock. (b) Ore veins cutting 
the late Archean metamorphic rock. (c) Coarse-grained stage 1 calcite (Cal-1, light green) showing coexistence with coarse quartz. (d) Coarse-grained stage 2 calcite 
(Cal-2, white) coexisting with celestite, cut/metasomaztized by stage 3 calcite (Cal-3, brown) and bastnäsite. (e) Fine-grained stage 3 calcite coexisting with 
bastnäsite, cut by stage 4 calcite (Cal-4, white) vein. (f) Stage 4 calcite + fluorite (purple to light green) veinlet cutting stage 3 calcite + bastnäsite. Abbreviations: Cal 
= calcite; Qtz = quartz; Bsn = bastnäsite; Brt = barite; Cls = celestite; Fl = fluorite; Py = pyrite. 

Fig. 4. Summary of paragenetic sequences and mineral assemblages of different stages from the Weishan REE deposit.  
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19), No.14 (N = 29) and No.21 (N = 15) at the mining tunnels of the 
Weishan REE deposit (Fig. 2). Two Paleozoic limestone samples (sedi
mentary calcite) were collected from the Laiwu area of the Luxi Block for 
comparative study. The samples were prepared into polished thin sec
tions (~100 μm) for mineralogical and geochemical analyses by scan
ning electron microscope (SEM), electron probe microanalyzer (EPMA), 
laser ablation-inductively coupled plasma mass spectrometer (LA-ICP- 
MS) and laser ablation-multiple collector inductively coupled plasma 
mass spectrometer (LA-MC-ICP-MS). Some powder samples of calcite 
were also prepared for isotope ratio mass spectrometer (IRMS) analysis. 
All the analyses were conducted at the State Key Laboratory of Ore 
Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of 
Sciences. 

3.1. BSE and CL imaging 

Back-scattered electron (BSE) and cathodoluminescence (CL) images 
of minerals were acquired to check the microtextures and mineral as
semblages. The BSE imaging was conducted by a JEOL JSM–7800F field 
emission SEM. The working conditions were 20 kV accelerating voltage 
and 10nA beam current. The CL imaging of calcite was conducted by a 
Reliotron luminoscope (type HC1–LM) attached to a polarization mi
croscope and digital camera. The CL images were captured at 5–10 kV 
acceleration voltage and 0.5 mA beam current. 

3.2. EPMA analysis 

The major element compositions of calcite were determined by a 
JEOL JXA8530F-plus EPMA. The working conditions were 15 kV 
accelerating voltage, 10nA beam current and 5 μm beam spot. The peak 
counting time was 10 s for Ca, Ba, Fe, Mn, Na, Sr and Mg. Data was 
corrected on-line using a ZAF procedure. The standards used for cali
bration processes include calcite (Ca), benitoite (Ba), pyrope (Fe, Mg 
and Mn), plagioclase (Na) and anhydride (Sr). 

3.3. LA-ICP-MS trace element analysis and mapping 

The in-situ trace element compositions of calcite were analyzed using 
a GeolasPro 193 nm laser ablation system attached to an Agilent 7900 
ICP-MS. The contents of Ca determined by EMPA were used as internal 
standard, and the glass NIST 612 was used as external standard for 
calibration. The carbonate standard MACS-3 was analyzed to monitor 
the accuracy, which shows that most of the analyzed elements have the 
accuracies better than 10%. Each analysis consists of approximately 30 s 
background acquisition, followed by 60 s sample data acquisition. Laser 
spot size of 44 μm, repetition rate of 5 Hz and fluence of 4 J/cm2 were 
used during the analyses. 

The LA-ICP-MS elemental mapping was performed using a RESOlu
tion 193 nm laser ablation system attached to an Agilent 7700X ICP-MS. 
Pre-selected areas were ablated by defining a number of equally spaced 
lines. In this study, lines were ablated using the laser spot size of 10 μm, 
repetition rate of 10 Hz, fluence of 3 J/cm2 and scanning speed of 7 μm/ 
s. The glass NIST 610 was used for calibration. Processing and imaging 
of the data were done using the Iolite software (Paton et al., 2011). 

3.4. LA-MC-ICP-MS Sr-Nd isotopic analyses 

The in-situ Sr-Nd isotopic analyses of calcite were conducted using a 
RESOlution-155 ArF 193 nm laser ablation system attached to a Nu 
Plasma III MC-ICP-MS. Helium was used as the carrier gas, with a flow of 
200 ml/min. Each analysis incorporated a background acquisition of 
approximately 30 s followed by 40 s data acquisition from the sample. 
Uniformed repetition rate of 6 Hz and fluence of 5 J/cm2 were used 
during the analyses, but different spot sizes were used for the Sr (26–60 
μm) and Nd (60–228 μm) isotopes, depending on the Sr and Nd contents 
of the samples. The analyses followed the standard-sample bracketing 

procedure, in which an external standard was repeatedly measured 
every five unknown samples for mass bias correction while one or two 
monitor standards were measured every fifteen samples for quality 
control. The isotopic ratios were corrected for mass fractionation by 
normalizing to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respec
tively. The correction protocols can be seen in Yang et al. (2014) and 
references therein. For the Sr isotopic analysis, the modern-day coral 
(Chen et al., 2018) was analyzed for mass bias correction, while the 
apatite standard MAD (Yang et al., 2014) was analyzed to monitor the 
analytical precision. The repeated analyses of the MAD in this study 
yielded an average 87Sr/86Sr ratio of 0.711710 ± 64 (2σ), which is 
consistent with the recommended value of 0.711798 ± 26 within errors 
(Yang et al., 2014). For the Nd isotopic analysis, the MAD was analyzed 
for mass bias correction, while the AP2 was analyzed to monitor the 
analytical precision. The repeated analyses of AP2 yielded an average 
143Nd/144Nd ratio of 0.511019 ± 24 (2σ), which is also consistent with 
the recommended value of 0.511007 ± 30 within errors (Yang et al., 
2014). 

3.5. IRMS C-O isotopic analyses 

A total of 19 calcite powders were selected for C-O isotopic analyses. 
Calcite powders were in-situ collected on hand specimens using a micro- 
drilling system (RELION MSS VI). The powders reacted with phosphoric 
acid at 72 ◦C for at least 4 h to generate CO2, which were then analyzed 
by MAT-253 IRMS for C-O isotopic compositions. The δ13C and δ18O 
values were expressed against V-PDB. The δ18OPDB was converted to 
δ18OSMOW using the formula of δ18OSMOW = 1.03091 × δ18OPDB + 30.91 
(Coplen et al., 1983). The reference standards of GBW04405, 
GBW04416, IAEA-603 and IAEA-CO-8 were used as external standards, 
which show the analytical precisions for the C-O isotopic compositions 
better than ± 0.2‰. 

4. Results 

4.1. Petrography and microtexture of calcite 

The four stages of calcite (Cal-1, Cal-2, Cal-3 and Cal-4) show 
different petrographical and microtextural features. The Cal-1 grains 
coexist with K-feldspar and quartz, which are commonly coarse and 
euhedral to subhedral (Fig. 3c and 5a). Under the BSE imaging, they 
show well-developed cleavage fractures, along which large amounts of 
carbocernaite lamellas are distributed (Fig. 5b). The Cal-2 grains coexist 
with quartz and sulfates such as barite and celestite (Fig. 3d). They are 
also coarse-grained with well-developed cleavages (Fig. 5c). The Cal-3 
grains are fine-grained and anhedral without clear cleavages (Fig. 5c), 
cutting the Cal-2 with different color and distinct boundaries under the 
CL and BSE imaging (Fig. 5d, e). They typically coexist with REE min
erals such as bastnäsite and parisite (Fig. 5f, g). Notably, the bastnäsite 
and parisite are commonly coarse-grained and euhedral (Fig. 5f, g), 
which are intergrown with each other (Fig. 5h, i). The Cal-4 grains occur 
in the post-ore veinlets and are fine-grained with anhedral shape 
(Fig. 5j). They are commonly clean under the BSE imaging (Fig. 5k). 

4.2. Major and trace elements of calcite 

The elemental contents of different stages of calcite vary widely, 
especially the Cal-1 shows distinct features from the others. Major ele
ments analyzed by EPMA show that the CaO contents are the lowest in 
the Cal-1 (38.5–50.6 wt%), while those of the Cal-2 (50.2–55.5 wt%), 
Cal-3 (50.2–55.8 wt%) and Cal-4 (51.6–56.6 wt%) are generally com
parable (Supplementary Table S1). The Cal-1 also has the lowest MnO 
(<0.7 wt%) and highest SrO contents (up to ~ 11 wt%), while the others 
commonly have the MnO and SrO contents of 1–4 wt% (Fig. 6a). Other 
elemental contents are generally lower than 1 wt%. The LA-ICP-MS 
analytical results show that Na, Mn, Fe, Mg, Sr, Ba and 

∑
REE are the 
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most abundant trace elements in all the calcite, showing contents up to 
hundreds to tens of thousands of ppm (Supplementary Table S2). Po
tassium, Y and Pb are less abundant, showing tens to hundreds of ppm. 
Other elements such as Cu, Zn and Ga show several to tens of ppm. 
Specifically, the Cal-1 has the lowest Mg (128–1770 ppm), Fe (191–613 

ppm) and Mn (2130–4870 ppm) but the highest Na (687–12300 ppm), K 
(36.5–665 ppm), Zn (4.71–32.3 ppm), Ga (10.7–129 ppm), Pb 
(63.5–529 ppm), Sr (66200–175000 ppm) and Ba (7410–127000 ppm) 
contents among the studied calcites. Most of the trace elements in Cal-4, 
especially the Sr (479–17700 ppm) and Ba (0.22–2110 ppm), show the 

Fig. 5. Micrographs showing mineral assemblages and microtextures of different stages of calcite from the Weishan REE deposit. (a) Coarse-grained Cal-1 coexisting 
with K-feldspar. (b) Carbocernaite distributing along cleavage planes of Cal-1. (c) Coarse-grained Cal-2 (with obvious cleavages) residing in fine-grained Cal-3. (d) 
Cal-3 cutting Cal-2 with clear boundary. (e) Cal-3 containing numerous mineral inclusions and cutting Cal-2. (f) Cal-3 coexisting with coarse-grained euhedral REE 
minerals (bastnäsite and parisite) and cutting Cal-2. (g, h) Cal-3 coexisting with intergrown bastnäsite and parisite. (i) Cal-3 coexisting with acicular bastnäsite and 
minor barite. (j, k) Fine-grained Cal-4 cutting parisite and barite. (a), (c), (f), (g) and (j) are under transmitted light. (b), (e), (h), (i) and (k) are BSE images. (d) is CL 
image. Abbreviations: Kfs = K-feldspar; Cal = calcite; Qtz = quartz; Ms = muscovite; Cb = carbocernaite; Brt = barite; Cls = celestite; Bsn = bastnäsite; Par = parisite; 
Gn = galena; Py = pyrite. 
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lowest contents. The trace elemental contents of Cal-2 and Cal-3 
commonly vary between those of the Cal-1 and Cal-4. The LREE as 
well as the 

∑
REE contents show a continuous decrease from the Cal-1 to 

Cal-4, but the HREE contents do not change too much, leading to the 

decreasing fractionation between the LREE and HREE (Fig. 6b and 7). 
For example, the (La/Yb)N ratios in Cal-1, Cal-2, Cal-3 and Cal-4 are 
88–2440 (mean of 996), 4.85–44.9 (mean of 16.2), 1.04–7.72 (mean of 
3.36) and 0.08–0.81 (mean of 0.43), respectively. The (La/Yb)N ratios 

Fig. 6. Summary and comparison of major element (a) and REE (b) concentrations for different stages of calcite from the Weishan REE deposit. The detailed data are 
listed in Supplementary Table S1 and Table S2, respectively. 

Fig. 7. Chondrite-normalized REE distribution patterns for Cal-1 (a), Cal-2 (b), Cal-3 (c) and Cal-4 (d) from the Weishan REE deposit. Chondrite values are from Sun 
and McDonough (1989). 
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are generally positively correlated with the Na, K, Sr, Ba, Ga and Pb 
contents (Fig. 8). 

LA-ICP-MS mapping shows that the distributions of Ca, Sr and Ba in 
Cal-1 are well consistent with the rhythmic zoning of the calcite, while 
the Na, K and LREE (e.g., Ce) show consistent behaviors along fractures 
or latter modification (Fig. 9). The HREE (e.g., Y) shows distinct dis
tribution from the above elements, which seems to be neither correlated 

with the rhythmic zoning nor with the latter fractures (Fig. 9). 

4.3. Sr-Nd isotopic compositions of calcite 

The 87Sr/86Sr and 143Nd/144Nd ratios of the studied calcites vary 
from 0.707330 to 0.708974 and 0.511725 to 0.512352, respectively 
(Supplementary Table S3). Based on the mineralization age of 122 Ma 

Fig. 8. Covariant plots for different elements vs. (La/Yb)N ratio in calcite. The (La/Yb)N is chondrite-normalized and the arrows indicate the trends from the early to 
the late stages. 
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(Yang et al., 2019b), the calculated (87Sr/86Sr)i and εNd(t) values are 
0.707330–0.707854 and − 15.8–− 5.8 for Cal-1, 0.707771–0.708276 
and − 13.5–− 8.0 for Cal-2, 0.707514–0.708275 and − 12.4–− 6.2 for 
Cal-3, and 0.707525–0.708974 and − 16.1–− 13.0 for Cal-4, respec
tively. Generally, the Cal-4 has the highest (87Sr/86Sr)i and lowest εNd(t) 
values (Fig. 10a). 

4.4. C–O isotopic compositions of calcite 

The δ13CPDB and δ18OSMOW values of the studied calcites range from 
− 7.8‰ to − 5.7‰ and 6.8‰ to 8.5‰, respectively. Specifically, the 
δ13CPDB and δ18OSMOW values are − 7.4–− 7.2‰ and 7.1–8.5‰ for Cal-1, 
− 7.8–− 5.6‰ and 6.8–7.9‰ for Cal-2, − 7.6–− 6.4‰ and 7.2–8.2‰ for 
Cal-3, and − 7.6–− 7.2‰ and 7.1–7.5‰ for Cal-4, respectively (Supple
mentary Table S4). There are no significant differences in δ13CPDB and 
δ18OSMOW values among the different stages of calcite, although minor 

scattered values occur (Fig. 10b). 

5. Discussion 

5.1. Calcite records of magmatic-hydrothermal evolution 

Calcite occurs constantly from the early to the late stages in the 
Weishan REE deposit (Fig. 3). Both magmatic and hydrothermal origins 
have been proposed for the calcite (e.g., Lan et al., 2011b; Liang et al., 
2017; Wang et al., 2019; Jia and Liu, 2020), of which the former is al
ways controversial due to the lack of typical carbonatite veins. Four 
stages of calcite were identified in this study (Fig. 4), which show some 
differences in geochemistry, especially between the Cal-1 and the others 
(Fig. 8). However, the four stages of calcite have largely overlapped Sr- 
Nd and C-O isotopic compositions (Fig. 10), implying that they might be 
derived from the same source. The scattered Sr-Nd isotopic compositions 

Fig. 9. LA-ICP-MS elemental mapping for a selected area in Cal-1 from the Weishan REE deposit.  
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show trend to the late Archean basement rocks (Fig. 10a), indicating the 
contamination from wallrocks or fluid-rock interaction. The uncon
taminated Sr-Nd isotopic compositions resemble or even overlap with 
those of the alkaline rocks in the ore district (Fig. 10a). This suggests that 
the calcites or their related fluids were genetically associated with the 
alkaline rocks, which might be derived from the alkaline magmas. 

The Cal-1 is characterized by exsolution of carbocernaite along its 
cleavage fractures with highest Na, K, Sr, Ba and REE contents (Fig. 5b, 6 
and 8). Exsolution of carbocernaite has been identified in the calcite of 
carbonatite dyke from the Rajasthan, India, which was considered to be 
crystallized at the late stage of carbonatite magma (Wall et al., 1993). 
Actually, exsolution of minerals (e.g., carbocernaite, fluorite or fluo
rapatite) widely occurs in magmatic carbonates (e.g., Dawson et al., 
1996; Potter et al., 2017; Anenburg and Mavrogenes, 2018). This im
plies that the Cal-1 might also form at the magmatic condition. The 
elemental compositions of Cal-1 support its affinity to the magmatic 
calcite. The remarkably high Sr (>60000 ppm), Ba (>7000 ppm) and 
LREE (>5000 ppm) contents of the Cal-1 are consistent with many 
igneous carbonatites worldwide (Yang and Le Bas, 2004; Xu et al., 2010; 
Chakhmouradian et al., 2016; Chen et al., 2020b). In the discrimination 
diagram of Yb/Ca vs. Yb/La (atom ratio) for magmatic and hydrother
mal calcite, the spots of the Cal-1 are mainly plotted into the field of 
magmatic calcite (Fig. 11). In the other discrimination diagrams for 
selected magmatic, hydrothermal and sedimentary calcites, the spots of 
the Cal-1 are also plotted closely to the magmatic endmember (Fig. 12). 
Therefore, both the microtextural and elemental features of the Cal-1 
indicate its magmatic origin. For the Cal-2, Cal-3 and Cal-4, they show 
evolutional features from the magmatic calcite (Fig. 11), but are plotted 
closely to the hydrothermal calcite (Figs. 11 and 12). Combined with 
their petrographic features and mineral assemblages, they should be 
classified as hydrothermal calcite. 

Based on the above results, it is concluded that the calcites in the 
Weishan REE deposit transformed from magmatic to hydrothermal 
features with a continuous change. Because they show close spatio- 
temporal relationships with those of the alkaline silicate rocks in the 
ore district (Fig. 2), combined with their consistent isotopic composi
tions (Fig. 10a), it is inferred that the calcites were originally derived 
from the alkaline magmas. Carbonatitic melts coupled with abundant 

fluids can be exsolved from alkaline magmas (Nabyl et al., 2020; Walter 
et al., 2021), of which the carbonatitic melts crystallizing at the early 
stage resulted in the formation of Cal-1 while the fluids evolved to 
precipitate the Cal-2, Cal-3 and Cal-4 subsequently. 

5.2. Exsolution and transportation of REE 

Immiscibility between carbonate and silicate melts has been pro
posed for the generation of carbonatites and REE deposits in the 
carbonatite-alkaline silicate rock associations (Nabyl et al., 2020 and 
references therein). However, when and how the immiscibility processes 
occur were not well understood. Recent studies found that the enrich
ment of REE in the immiscible carbonate melts is highly associated with 
the degree of fractionation of the parental alkaline magma, showing that 
phonolitic/phono-trachytic melt compositions (e.g., SiO2 contents of 
58–64 wt% and Na2O + K2O contents of 12–16 wt%) are the most 
favorable (Nabyl et al., 2020). In the Weishan REE deposit, the associ
ated alkaline silicate rocks are mainly the quartz syenite, which has the 
SiO2, Al2O3, Na2O, K2O and CaO contents of 62.0–71.7 wt%, 13.5–16.1 
wt%, 5.53–7.13 wt%, 3.34–5.35 wt% and 0.37–1.59 wt%, respectively 
(Wei et al., 2019; Ding et al., 2022). These compositions are generally 
consistent with the compositions favorably generating the immiscible 
REE-rich carbonate melts, but are more acidic. This indicates that the 
separation of carbonate melts from the silicate melts probably occurred 
lately or shallowly during the magmatic evolution. The above inference 
can be supported by the widespread potassic (e.g., K-feldspar and 
muscovite) rather than sodic metasomatism in the Weishan REE deposit 
(Fig. 3a and 5a). Sodic metasomatism is commonly considered to form 
earlier, at higher temperatures and deeper levels than potassic meta
somatism due to the higher mobility of K than Na at lower temperatures 
(Le Bas, 2008; Elliott et al., 2018). In addition, it has been found that 
fluid boiling widely occurred in the Weishan REE deposit (Li et al., 2009; 
Lan et al., 2011b), further supporting the exsolution of carbonate melts 
at shallow levels. The shallow exsolution could be more favorable for 
hydrothermal activity, as indicated by the widespread hydrothermal 
veins but less magmatic calcite (the scale of Cal-1 is small) in the ore 
district. 

It has been revealed that LREE prefers to enter into the carbonate 

Fig. 10. Sr-Nd (a) and C-O (b) isotopic compositions for different stages of calcite from the Weishan REE deposit. In (a), the Sr-Nd isotopic compositions of bastnäsite 
(Lan et al., 2011b; Yang et al., 2019b), quartz syenite (Ding et al., 2022) and apatite in quartz syenite (Zeng et al., 2022) are shown for comparison. The areas of 
carbonatites from Bayan Obo and Mianning-Dechang (MD), depleted mantle (DM), East African Carbonatite Line (EACL) and global marine sediments are modified 
after Hou et al. (2015) and references therein. The late Archean rocks of Luxi Block (John et al., 1988) and enriched lithospheric mantle (EM) beneath the study 
region (Lan et al., 2019) are used to represent the crust and mantle endmembers in the study region. In (b), the C-O isotopic compositions of different endmembers 
and trends are modified after Demény et al. (1998). The area of Paleozoic limestones in Luxi Block (Liu et al., 2004) is shown for comparison. 
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melts relative to the silicate melts during immiscibility, especially under 
the H2O– and alkalis-rich conditions (Martin et al., 2013; Nabyl et al., 
2020). The Cal-1 in this study has the highest LREE contents (Fig. 6), 
corroborating the above conclusion. However, it is noted that the LREE 
minerals (e.g., bastnäsite and parisite) dominantly precipitated at the 
Cal-3 rather than the Cal-1 and Cal-2 stages. This means that the LREE 
was mainly kept in the fluids during the Cal-1 and Cal-2 stages, and thus 
should be complexed or aided by other ligands to retain in the fluids 
until the Cal-3 stage. Experimental studies show that alkalis (e.g., Na and 
K) can enhance the mobility of REE in carbonatitic systems, leading to 
the REE being efficiently transported from the melts into the fluids or 
being transported farther (Anenburg et al., 2020). The Cal-1 has the 
highest Na and K contents (Fig. 8a, b), indicating that alkalis were 
enriched in the early stage and thus might promote the LREE trans
portation. This can be supported by the consistent distributions between 
the alkalis and the LREE in the Cal-1 (Fig. 9). In addition, recent studies 
show that hydroxyl-carbonate complexes of REE such as 
[REE3(CO3)2(OH)4(H2O)12]+ and [REE3(CO3)3(H2O)12]3+ can be 
formed in the alkaline fluids and enhance the mobility of REE, especially 
for the LREE at T > 400 ◦C (Louvel et al., 2022). In summary, the alkalis 
might have played an important role in LREE exsolution from the melts. 
This is meaningful because it can well explain why the LREE minerali
zation strongly occurred in the Weishan carbonatite-alkaline complexes 

while the contemporaneous (118–122 Ma) alkali-depleted carbonatite 
dykes in the Laiwu-Zibo area of the Luxi Block are ore-barren (Ying 
et al., 2004). 

All kinds of ligands, such as Cl-, F-, CO3
2– and SO4

2-, have been pro
posed for the transportation of REE in hydrothermal fluids (Haas et al., 
1995; Migdisov et al., 2016; Cui et al., 2020; Wan et al., 2021, 2023). In 
the Weishan REE deposit, carbonates, sulfates, fluorides and chlorides 
(e.g., halite and sylvite) occur either as ore-forming minerals or as 
daughter minerals in fluid inclusions (Li et al., 2009; Lan et al., 2011b), 
implying that the ore-forming fluids were enriched in the above ligands. 
However, fluoride has been proved to be the dominant REE depositional 
ligand in hydrothermal fluids (Migdisov et al., 2016), as also supported 
by the fluorite co-precipitating with REE minerals in the Cal-3 stage. 
Carbonate might promote the exsolution of REE at the early stage when 
coupled with alkalis (Louvel et al., 2022), but the strong deposition of 
calcite at the Cal-2 stage did not lead to the significant precipitation of 
REE, indicating that the carbonate complexes were not the critical 
transporting ligands of REE in the fluids. Based on comprehensive 
experimental and thermodynamic studies, Migdisov et al. (2016) 
concluded that chloride and sulfate complexes are the dominant REE 
transporting ligands in hydrothermal fluids. Recent studies corroborate 
that sulfate has enhanced solubility in hydrothermal fluids and elevated 
capability of transporting REE at the presence of quartz or alkalis (Cui 

Fig. 11. Discrimination diagram for magmatic, hydrothermal and sedimentary calcite using Yb/Ca vs. Yb/La (atom ratio) (modified after Möller and Mor
teani, 1983). 
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Fig. 12. Covariant plots of Sr/Mn vs. (La/Yb)N (a), Sr/Y vs. (La/Yb)N (b), Sr/La vs. (La/Yb)N (c), Na/La vs. (La/Yb)N (d), Sr/La vs. Na/Mn (e) and Na/La vs. K/Mn (f) 
for discriminating the genetic types of the studied calcites. Representative calcites from magmatic (Ionov and Harmer, 2002; Dawson and Hinton, 2003; Xu et al., 
2008; Chen et al., 2011; Chakhmouradian et al., 2016; Song et al., 2017; Milani et al., 2017; Yang et al., 2019a; Castillo-Oliver et al., 2020; Ying et al., 2020; 
Baioumy, 2021), hydrothermal (Liu et al., 2019; Wellnitz et al., 2019; Zhuo et al., 2019; Castillo-Oliver et al., 2020; Ying et al., 2020; Gao et al., 2021; He et al., 2021; 
Jin et al., 2021) and sedimentary (Bolhar et al., 2015; Mirza et al., 2021; This study, Supplementary Table S2) origins are shown for comparison. 
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et al., 2020; Chen et al., 2020a, 2021; Wan et al., 2021, 2023). In the 
Weishan REE deposit, quartz and sulfates are abundant, of which the 
sulfates massively deposited at the Cal-2 stage and co-precipitated with 
REE minerals at the Cal-3 stage. This indicates decomposition of REE- 
sulfate complexes contributing to the precipitation of REE. Therefore, 
sulfate might be the dominant transporting ligand of REE. 

5.3. Deposition and fractionation of REE 

Decrease of temperature and pressure, fluid-rock interaction and 
change in redox condition can result in the REE precipitation (Williams- 
Jones et al., 2012; Migdisov et al., 2016; Wan et al., 2023). In the 
Weishan REE deposit, the REE minerals mainly precipitated at the Cal-3 

stage, which were co-precipitated with all kinds of minerals such as 
fluorite, calcite, monazite, barite and so on (Figs. 3 and 4). This means 
that most of the anionic ligands (e.g., F-, CO3

2–, PO4
3- and SO4

2-) were 
destabilized at this stage. Because the Sr-Nd and C-O isotopic composi
tions from the Cal-1 to the Cal-3 stage do not change significantly 
(Fig. 10), fluid-rock interaction or external involvement might 
contribute little to the REE precipitation. This conclusion is also sup
ported by the distinct boundaries between the ore veins and the wall
rocks (Fig. 3a, b). The S-bearing minerals occurred as sulfates in the Cal- 
2 and Cal-3 stages, but changed to sulfides in the Cal-4 stage, indicating 
that redox condition might keep stable from the Cal-2 to the Cal-3 stage 
but become more reduced in the Cal-4 stage. The change of oxygen 
fugacity thus could not play a significant role in REE precipitation. 

Fig. 13. Cartoons illustrating the formation of different stages of calcite and associated minerals in the Weishan REE deposit. (a) Crystallization of Cal-1 in fluid-rich 
carbonate melts with exsolution of carbocernaite. (b) Precipitation of Cal-2 from alkalis-rich fluids, co-precipitating with abundant sulfates (e.g., barite and celestite). 
(c) Co-precipitation of Cal-3 and REE minerals (e.g., bastnäsite and parisite) with abundant other minerals. (d) Precipitation of Cal-4 and sulfides, occurring 
as veinlets. 
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Actually, previous studies on fluid inclusions show that fluid boiling 
strongly occurred in the Weishan REE deposit, especially during the 
deposition of the REE minerals (Li et al., 2009; Lan et al., 2011b). Under 
this condition, the coupled decrease of temperature and pressure can 
significantly reduce the stability of the REE-sulfate complexes (Migdisov 
et al., 2016; Cui et al., 2020; Wan et al., 2021), resulting in the focused 
REE precipitation. 

It is noted that from the Cal-1 to the Cal-4 stage the LREE contents of 
calcite decrease continuously while the HREE contents change slightly, 
leading to the decreasing fractionation between the LREE and the HREE 
(Fig. 7). Fractionation between LREE and HREE has been numerously 
studied, which can be attributed to their different mobilities and solu
bilities in melts, fluids and minerals (Migdisov et al., 2016 and refer
ences therein). It has been proven that LREE is more partitioned into 
carbonate melts than HREE during the carbonate–silicate melt immis
cibility (Martin et al., 2013; Nabyl et al., 2020). The high LREE contents 
and (La/Yb)N ratios in the Cal-1 thus can be resulted from the above 
process. Actually, the associated alkaline silicate rocks in the Weishan 
REE deposit are also enriched in LREE with high (La/Yb)N ratio (Wei 
et al., 2019; Ding et al., 2022), which might further enhance the 
enrichment of LREE in the Cal-1 due to the inherence from the parental 
magmas. During subsequent hydrothermal evolution, LREE minerals 
such as bastnäsite and parisite precipitated, which strongly scavenged 
the LREE from the fluids, leading to the decrease of LREE in the co- 
precipitating calcite. By contrast, the HREE was more soluble than 
LREE in the alkalis-rich hydrothermal fluids (Anenburg et al., 2020), 
keeping in the fluids until the late hydrothermal stage. The different 
behaviors of the LREE and HREE thus balanced their contents in the 
fluids, resulting in the decreasing fractionation in calcite from the early 
to the late stages. 

5.4. Genetic model of the REE mineralization 

The elemental and isotopic compositions of calcite suggest that the 
ore-forming materials of the Weishan REE deposit were originally 
derived from the alkaline magmas. LREE-rich carbonate melts coupled 
with abundant alkaline fluids were exsolved from the alkaline magmas 
at shallow depth, leading to the formation of magmatic calcite at the 
early stage and hydrothermal calcite at the subsequent hydrothermal 
evolution (Fig. 13). The REE minerals mainly precipitated at the Cal-3 
stage, at which time the REE-sulfate complexes were destabilized due 
to fluid boiling. This deposit shows significant hydrothermal features 

with poorly-developed carbonatites, distinct from the typical 
carbonatite-related REE deposits in the other places. The REE mineral
ization is thus considered to be basically controlled by the alkaline 
magmas rather than the carbonatites. 

The isotopic compositions of ores and associated alkaline rocks in the 
Weishan REE deposit show affinities to the enriched lithospheric mantle 
(EM) beneath the study region, but are characterized by higher Nd and 
lower Sr isotopic values (Fig. 10a). This means that more depleted ma
terials or deeper mantle materials were involved into the magma source 
(Zeng et al., 2022). The genesis of the EM beneath the study region has 
been numerously studied, which suggests that the mantle was strongly 
metasomatized by the subducted Yangtze continental crust during the 
early Mesozoic, leading to the enriched features with crust-like isotopic 
compositions (Zheng et al., 2018). Since the Jurassic, the EM was sub
ducted by the Paleo-Pacific oceanic plate (Zhu and Xu, 2019; Wu et al., 
2019), and was metasomatized by the carbonatic melts/fluids released 
from the slab (Zong and Liu, 2018), leading to the formation of REE-rich 
carbonated EM. During the early Cretaceous (~145–125 Ma), rollback 
of the subducted Paleo-Pacific plate occurred, resulting in the remark
able upwelling of the asthenospheric mantle and thus partial melting of 
the enriched lithospheric mantle (Zheng et al., 2018; Zhu and Xu, 2019). 
This generated the CO2- and REE-rich alkaline magmas (Fig. 14). 
Notably, the Weishan REE deposit is the only economic REE deposit in 
the Luxi Block, which might be attributed to the favorable location 
controlled by the deeply-seated Tanlu fault (Fig. 2). 

6. Conclusions 

In-situ textural, elemental and isotopic analyses of calcite from the 
Weishan REE deposit were conducted to decipher the magmatic- 
hydrothermal evolution and the mineralization mechanisms of REE, 
leading to the following major conclusions:  

(1) Four stages of calcite (Cal-1, Cal-2, Cal-3 and Cal-4) occurred in 
the Weishan REE deposit, of which the Cal-1 was magmatic while 
the others were hydrothermal, indicating the continuous 
magmatic-hydrothermal evolution.  

(2) The LREE was dominantly transported as REE-sulfate complexes 
in the fluids, deposition of which was mainly induced by fluid 
boiling.  

(3) From the early to the late stages, the LREE and HREE in calcite 
show a decreasing fractionation, which was resulted from the 

Fig. 14. A schematic model for the generation of the Weishan REE deposit. The lithospheric mantle beneath the study region was metasomatized by the subducted 
Paleo-Pacific oceanic slab since the Jurassic, becoming a REE-rich carbonated mantle. During the early Cretaceous, rollback of the subducted Pacific Plate occurred, 
leading to the remarkable asthenospheric upwelling and thus partial melting of the metasomatized mantle. The CO2- and REE-rich alkaline magmas were generated 
through the above processes, exsolution of carbonate melts and abundant alkaline fluids from which occurred at relatively shallow depth. Continuous evolution of the 
exsolved materials led to the sequential crystallization/precipitation of magmatic and hydrothermal calcite and REE minerals. See details in the context. 
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deposition of LREE minerals, indicating the significant effects of 
hydrothermal processes on REE fractionation.  

(4) The ore-forming materials were exsolved from alkaline magmas 
at relatively shallow depth, which had been originally derived 
from an enriched lithospheric mantle metasomatized by sub
ducted oceanic slab. 
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