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1 Introduction 
 
Carbonatites are mantle-derived igneous rocks 
dominated by carbonate minerals and have long been key 
research subjects for understanding deep carbon cycling 
and rare earth elements (REEs) mineralization (Woolley 
and Kjarsgaard, 2008; Dasgupta and Hirschmann, 2010). 
They are typically highly enriched in incompatible 
elements, such as REEs, Nb, Sr, Ba, Th, and Zr 
(Chakhmouradian, 2006; Kamenetsky et al., 2021), with 
strontium (Sr) usually occurring as a solid solution in 
calcite or barite, or forming minor discrete phases, such as 
celestite (SrSO4) or strontianite (SrCO3). There are only a 
few scattered records of carbonatites containing significant 
Sr minerals worldwide, e.g., the Dunkeldysky carbonatite 
complex in Tajikistan (Faiziev et al., 1998), the Khalyuta 
carbonatite complex in Russia (Bulnaev, 1996; 
Doroshkevich et al., 2010), the Sokli carbonatite complex 
in NE Finland (Thair and Olli, 2016), and the Muluozhai 
REE Deposit in China (Liu et al., 2024). However, these 
carbonatites generally contain Sr as a minor component (< 10 
wt%, Doroshkevich et al., 2010; Thair and Olli, 2016), 

with celestite or strontianite occurring as accessory 
minerals (Liu et al., 2024). Qu et al. (2021) first reported 
the existence of strontianite-rich carbonatite in the 
Baozishan REE deposit in Chinaôs MianningïDechang 
(MD) REE metallogenic belt, where strontianite acts as 
the dominant carbonate mineral. Nevertheless, the nature, 
petrogenesis, and relationship to carbonatite-related REEs 
mineralization of the strontianite-rich carbonatites remain 
poorly understood. 
The MD metallogenic belt in western Sichuan, China, is 

a significant source of REE resources (Hou et al., 2008; 
Xie et al., 2020). Carbonatite-alkaline complexes within 
this belt, such as the Maoniuping and Dalucao deposit, are 
renowned for their light REEs (LREE) enrichment 
associated with calcite-dominated carbonatite magmatism 
(Xu et al., 2002, 2010; Hou et al., 2008, 2009; Xie et al., 
2009, 2015; Liu and Hou, 2017). During our field 
investigation of the Zhengjialiangzi ore segment in the 
Muluozhai REE deposit, the unusual strontianite-rich 
carbonatite was identified, characterized by strontianite as 
the dominant carbonate mineral. While previous research 
has mainly focused on calcite-dominated carbonatites, in-
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Abstract: Strontianite-rich carbonatite, containing over 30 vol% carbonate minerals predominantly composed of 

strontianite (SrCO3), is identified in the Zhengjialiangzi ore segment of the Muluozhai rare earth element (REE) deposit, 

western Sichuan Province, China. It exhibits a unique mineral assemblage dominated by strontianite, fluorite, bastnªsite, 

barite, calcite and dolomite, distinguishing it from conventional calcio-, magnesio-, ferro-, or natro-carbonatites. The rock 

shows extreme enrichment in REEs (ɆREE = 47335ï64367 ppm), with strong LREE/HREE fractionation [(La/Yb)N = 1151ï

2119] and notably high concentrations of high-value critical REEs (e.g., Pr, Nd, Tb, Dy), 5ï10 times greater than those in 

local calcite-dominated carbonatites. Trace element patterns indicate significant enrichment in REEs, Sr, and Ba, along with 

depletion in high-field-strength elements (HFSEs; e.g., Nb, Ta, Zr, Hf). In-situ Sr isotopes of strontianite [(87Sr/86Sr)i = 

0.706190ï0.707305] indicate an enriched mantle source (EMIïEMII). Sr enrichment is attributed to initial mantle source 

enrichment and extensive fractional crystallization, possibly accompanied by minor wall-rock assimilation. We propose that 

the strontianite-rich carbonatite formed from a highly evolved, Sr- and REEs-rich carbonatitic magma that intruded into 

shallow structural breccias, followed by rapid cooling. Its formation is associated with a continuous melt-fluid evolutionary 

process that is characteristic of carbonatitic systems. 
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depth studies on strontianite-rich carbonatites are lacking. 
Here, we report a comprehensive investigation of detailed 
petrographic, mineralogical, geochemical, and in-situ Sr 
isotope analyses on the Zhengjialiangzi strontianite-rich 
carbonatite. Our results outline their specific geochemical 
characteristics and resource significance. We propose that 
the strontianite-rich carbonatites originated from an 
enriched mantle source and underwent extensive fractional 
crystallization, leading to extreme enrichment in both Sr 
and REEs. Their ultra-shallow emplacement into fault 
breccias resulted in rapid quenching and fine-grained 
texture, and hindered their further evolution. The study of 
strontianite-rich carbonatite is of important significance 
for understanding the evolution of carbonatite magma and 
carbonatite-related REEs mineralization.  

 
2 Geological Setting  

 
The MD REE metallogenic belt is situated along the 
western margin of the Yangtze Craton that partially 
merged with the extending Tibetan Plateau during the 
IndiaïAsian collision belt (Hou et al., 2015, 2023, 2025) 
(Fig. 1a). As the youngest (Himalayan period) carbonatite-
related REE belt in China and the second-largest REE 
resource base after the Bayan Obo deposit, the MD belt 

extends over 270 km in length and 15 km in width, 
hosting more than 10 economically significant REE 
deposits (Yuan et al., 1995; Hou et al., 2008). These 
deposits, including the giant Maoniuping and Dalucao, are 
genetically linked to a magmatic-hydrothermal process 
within calcite-dominated carbonatite-alkaline complexes 
(Yuan et al., 1995; Xu et al., 2002; Hou et al., 2006, 2009, 
2015; Xie et al., 2009, 2019; Liu et al., 2015, 2024; Weng, 
2022; Zheng et al., 2023). 
The Muluozhai REE deposit, located in the northern 

segment of the MD belt, ranks as the third-largest 
carbonatite-related REE deposit in the region, with 
estimated reserves of ~0.45 Mt REO at an average grade 
of 3.97 wt% (Hou et al., 2009). The deposit comprises 
three ore segmentsðDiaoloushan, Fangjiapu, and 
Zhengjialiangzi (Fig. 1b)ðwith the Zhengjialiangzi ore 
segment hosting the highest-grade mineralization. Unlike 
the Maoniuping (vein-type) and Dalucao (breccia-hosted) 
deposits, Muluozhai deposit lacks large-scale carbonatite 
intrusions and is characterized by unique calcite-dolomite-
strontianite assemblages, distinguishing it from the typical 
calcite-dominated carbonatites of the MD belt. The deposit 
occurs in Middle Permian Yangxin Formation (P3y) 
marine carbonates and Upper Permian Emeishan 
Formation (P3e) flood basalts, reflecting the regionôs 

    
 

Fig. 1. Tectonic setting and orebody distribution map of the Muluozhai REE deposit.  
(a) Regional geological map of MianningïDechang REE metallogenic belt, modified after Hou et al. (2008); (b) geological map of Zhengjialiangzi 

ore segment of Muluozhai deposit, modified after Liu et al. (2024). 
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protracted magmatic history (Tian et al., 2006). 
Magmatism at Zhengjialiangzi ore segment is marked by 
the emplacement of alkaline syenite, meta-diabase dikes, 
and minor monzogranite porphyry. Zhengjialiangzi 
orebody mainly occurs in the contact zone between meta-
diabase and marble and in the fracture zone within marble 
and interlayer fracture zone. REEs mineralization is 
dominated by bastnªsite. The main gangue minerals 
include fluorite, strontianite, calcite, dolomite, barite, 
feldspar, and quartz. Minor amounts of phlogopite, rutile, 
magnetite, and associated sulfides  are slso present. 
Phlogopite from these strontianite-bearing ores yields an 
Ar-Ar plateau age of 27.1 Ñ 0.53 Ma (Jiang, 2018). 

 
3 Field Observations and Sample Descriptions 

 
Strontianite-rich carbonatite samples were collected 
from the Zhengjialiangzi ore segment of the Muluozhai 
REE deposit (Fig. 1b). These carbonatites occur as 
irregular dikes, 0.1ï1 m in width, intruding structural 
breccias along fault zones. The dikes are mainly localized 
within the contact zones between Permian meta-diabase 

and marble, as well as within fractures and interlayer 
breccias of the marble. They exhibit sharp, cross-cutting 
contacts with the host rocks and contain abundant angular 
wall-rock fragments (meta-diabase or marble) ranging 
from 0.5 cm to 3 cm in size (Fig. 2a). Field observations 
reveal a weak fenitization of the wall-rocks. This alkalic 
metasomatism is expressed locally as a distinct 
fenitization halo, while in other places the altered wall-
rocks are fragmented and incorporated as angular 
xenoliths within the carbonatite (Fig. 2a, b). Petrographic 
analysis confirms that fenitization led to the widespread 
formation of aegirine-augite in these fragments. This is 
evidenced in hand specimen by a characteristic dark-color, 
rim surrounding meta-diabase xenoliths (Fig. 2d).  
In hand specimen, the strontianite-rich carbonatite 

shows a grayish-white to pale purple color, with color 
variations reflecting the relative proportions of fluorite and 
carbonate minerals. Two textural domains are recognized: 
(1) A microcrystalline matrix (Fig. 2c), accounting for 50ï
65 vol% of the rock, comprises strontianite with 
subordinate calcite. Strontianite and calcite are 
macroscopically indistinguishable with in the matrix. (2) 

    
 

Fig. 2. Field outcrops and hand specimens of strontianite-rich carbonatite.  
(a) Strontianite-rich carbonatite dike cross-cutting wall-rock and containing abundant xenoliths; (b) a weak fenitization hole developed in the strontianite-

rich carbonatite; (c, d) hand specimen photographs of the strontianite-rich carbonatite. Sr-Carb: strontianite-rich carbonatite; Br: breccia; Str: strontianite; 

Cal: calcite; Fl: fluorite; Bsn: bastnªsite; Brt: barite; Py: pyrite. 
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A porphyritic texture (Fig. 2d), developed in the central 
portions of thicker dikes, is characterized by euhedral to 
subhedral fluorite phenocrysts (0.2ï5 mm in size) 
embedded within the carbonate matrix. The fluorite 
crystals commonly display color zoning from deep purple 
(core) to pale violet (rim), suggesting physicochemical 
condition fluctuating during crystallization. 

 
4 Analytical Methods 
 
4.1 Micrographic and SEM/EDS 
Fresh, unweathered strontianite-rich carbonatite 
samples from the Zhengjialiangzi ore segment, Muluozhai 
REE deposit, were prepared as polished rock slices (30 ɛm 
thickness) for comprehensive micrographic analysis. 
Initial mineral identifications and textural observations 
were conducted using polarized light microscopy 
(Olympus BX53, University of Science and Technology 
Beijing, USTB). Back-scattered electron (BSE) imaging 
and energy-dispersive X-ray spectroscopy (EDS) were 
performed using a ZEISS SUPRA55 field-emission 
scanning electron microscope (FE-SEM) coupled with a 
Thermo Scientific Noran System 6 EDS detector in 
USTB. 

 
4.2 XRD 
X-ray polycrystalline diffraction (XRD) analysis was 
determined using a Bruker D8 Discovery at the MNR Key 
Laboratory of Metallogeny and Mineral Assessment, 
Institute of Mineral Resources, Chinese Academy of 
Geological Sciences (CAGS). Analytical conditions 
included: 40.0 kV voltage, 40 mA current, 2ɗ range of 2Áï
70Á, step size of 0.02Á, and counting time of 0.25 s/step. 
Data were processed using MDI JADE 8.6 software with 
the PDF-4+2022 database for phase identification and 
quantification. 

 
4.3 AMICS  
Automated mineralogical mapping was performed using 
Automated Mineral Identification and Characterization 
System (AMICS) at the Institute of Multipurpose 
Utilization of Mineral Resources, CAGS. The system 
integrates BSE imaging and EDS spectral data to quantify 
mineral abundances, mineral composition and distribution, 
particle size and distribution, and mineral symbiotic 
relationships. 

 
4.4 EPMA 
Mineral compositions were determined at the MNR Key 
Laboratory of Metallogeny and Mineral Assessment, 
Institute of Mineral Resources, CAGS, with a JEOL JXA-
8230/JXA-iHP200F Electron Probe Micro Analyzer 
(EPMA) equipped with four/five wavelength-dispersive 
spectrometers. The samples were firstly coated with a ca. 
20 nm thin conductive carbon film prior to analysis. 
During the analysis, an accelerating voltage of 15 kV, a 
beam current of 20 nA and a 5 Õm spot size were used to 
analyze minerals. Natural minerals and synthetic oxides 
were used as standards. Data were corrected on-line using 
a modified ZAF (atomic number, absorption, 
fluorescence) correction procedure.  

4.5 Whole-rock geochemistry 
Major elements compositions of whole-rock were 

analyzed by X-ray fluorescence (XRF) spectroscopy using 
a PANalytical Axios MAX spectrometer at the National 
Research Center for Geoanalysis, CAGS. Samples were 
fused with Li2B4O7 flux (1:10 ratio), then heated to 1150ÁC 
to produce homogeneous glass. The analytical precision is 
better than Ñ1% (relative) for oxides > 1 wt%. Trace 
elements, including REEs, were measured using an 
NexION 300Q ICP-MS following HNO3-HF digestion. 
Calibration is utilized using Chinese national (GSR-1, 
GSR-3) reference materials, with precision better than 
Ñ5% (RSD). 

 
4.6 In-situ Sr isotope 
In-situ Sr isotopic analysis of strontianite was 

conducted by LA-MC-ICP-MS at Nanjing FocuMS 
Technology Co. Ltd. Australian Scientific Instruments 
RESOlution LR S-155 laser-ablation system coupled to a  
Nu II MC-ICP-MS was combined for the experiments. A 
193 nm ArF excimer laser was used, with a spot size of 15 
ɛm, repetition rate of 2 Hz, and fluence of 4.5 J/cm2. Each 
analysis included 20 s of background acquisition, followed 
by 40 s of ablation signal. Helium (370 mL/min) was 
applied as carrier gas to efficiently transport aerosol out of 
the ablation cell, and was mixed with argon (ī1.02 L/min) 
via T-connector before entering ICP torch. First, the 
doubly charged ion isobaric interferences of heavy REE 
[Er2+, Yb2+, Lu2+] on [Sr+, Rb+] were evaluated and 
corrected by monitoring interference-free 167Er2+ (m/z = 
83.5) and 173Yb2+ (m/z = 86.5); Second, isobaric 
interference correction of 87Rb on 87Sr, was corrected 
using natural isotopic ratios 85Rb/87Rb = 2.59262; Finally, 
Sr isotopic ratios were internally corrected for mass 
fractionation by normalizing to 86Sr/88Sr = 0.1194 with 
exponential law. In-house strontianite (ī0.70806) was 
treated as quality control. 

 
5 Results 
 
5.1 Mineralogical composition and characteristics 
The mineral composition of the strontianite-rich 

carbonatite, as revealed by XRD (Table 1), is dominated by 
fluorite, strontianite, calcite, bastnªsite, and barite, with 

 
Table 1 The X-ray polycrystalline diffraction (XRD) 

results (wt%) of strontianite-rich carbonatite  

 Phase composition ZJLZ103-1 ZJLZ103-2 

1 Fluorite 36.9(0.4) 41.2(0.5) 

2 Strontianite 29.9(0.3) 20.6(0.4) 

3 Calcite 11.9(0.4) / 

4 Bastnäsite 9.0(0.2) 6.1(0.3) 

5 Barite 8.0(0.2) 13.6(0.3) 

6 Quartz 3.3(0.2) 3.2(0.2) 

7 Phlogopite 0.9(0.1) 2.3(0.3) 

8 Fluorapatite / 9.7(0.3) 

9 Dolomite / 2.5(0.6) 

10 Pyrite / 1.0(0.2) 

     Total 99.9 100.2 

Note: / indicated below detection limit; numbers in ( ) represent 

uncertainty ů. XRD provides a semi-quantitative analysis, therefore, the 

mass fraction data should be considered indicative. 
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subordinate dolomite, quartz, phlogopite, and pyrite. 
AMICS analysis (Fig. 3) corroborates this assemblage, 
identifying fluorite, strontianite, calcite, bastnªsite, barite, 
and parisite as the major phases, which together constitute 
97.39 wt% of the rock. Additionally, AMICS detected trace 
amounts of biotite, K-feldspar, apatite, galena, garnet, 
rutile, muscovite, plagioclase, magnetite, zircon, niobite, 
ilmenite, titanite, olivine, pyroxene and amphibole (Fig. 3).  
Fluorite (30ï50 vol%), as an early-crystallized phase, 
forms clusters of coarse-grained (up to 1 cm), euhedral to 
subhedral crystals (Figs. 3, 4a, f). These crystals are 
pervasively fractured. Later-stage, fine-grained fluorite 
(100ï200 ɛm) is intergrown with carbonate minerals and 
fills interstitial spaces between the earlier, larger fluorite 
grains (Figs. 3, 4e), suggesting multi-stage crystallization 
of fluorite. Apatite exhibits light-gray to dark-gray 
colors (Figs. 3, 4a). Anhedral grains containing mineral 
inclusions (Fig. 4a) indicate rapid crystallization. Grain 
sizes range from 100 ɛm to 400 ɛm, with diffuse grain 
boundaries and close association with fluorite and carbonate 
minerals. Euhedral hexagonal apatite (Fig. 4a) crystals (> 
200 ɛm) display stepped growth bands. Quartz occurs as 
euhedral crystals (Figs. 3, 4b, d), with particle sizes 
exceeding 200 ɛm. Local dissolution pits or mineral 
inclusions can be seen in quartz, indicating that its 
crystallization is relatively early. 
The matrix, composed mainly of strontianite and 
calcite, fills interstitial spaces between coarse-grained 
fluorite particles and crystallized after fluorite. It also 
contains fluorite, dolomite, REE-bearing minerals, barite, 
etc. The carbonate minerals are approximately 30ï60 
vol%. Both strontianite and calcite are observed in cracks 
and intercrystalline of fluorite (Fig. 3). Calcite 

microcrystals occur as veins within fluorite fractures and 
coated strontianite. Strontianite occurs as radial euhedral 
to semi-euhedral crystals with the long axis over 400 ɛm 
(Fig. 4bïd). Euhedral or angular dolomite grains are also 
identified (Fig. 4b, g). The EPMA results and chemical 
formula calculation of strontianite are shown in Table 2. 
The average molecular formula of strontianite is 
(Sr0.84Ca0.16)CO3. 
The dominant REE-bearing mineral is bastnªsite (<5 

vol%), which occurs as euhedral to subhedral crystals with 
particle sizes up to 200 ɛm (Figs. 3, 4e, f). Intra-crystalline 
fractures are commonly filled with calcite and strontianite 
(Fig. 4e). The contact boundary with fluorite is distinct, 
indicating that REE-bearing minerals crystallization 
occurred earlier than carbonate minerals but later than 
fluorite. Fine-grained parisite particles are disseminated in 
the carbonates matrix (Fig. 3). 
Barite (3ï5 vol%) occurs as skeletal aggregates. It is 

distributed along the edges of strontianite (Figs. 3, 4g, h), 
indicating that the formation of barite is later than that of 
strontianite. The main sulfides are pyrite, sphalerite and 
galena (<1 vol%), which occur in intergranular of 
strontianite or wrapped in strontianite (Fig. 3). They 
should be the product of final hydrothermal stage. Silicate 
minerals such as phlogopite, biotite, and K-feldspar are 
present in the rock (Fig. 3). These minerals are usually 
replaced by carbonate minerals. Some grains show K-
feldspar overgrowths on biotite.  

                 
5.2 Geochemical results  
The major, trace, and rare earth elements analysis 

results for the strontianite-rich carbonatite are presented in 
Table 3.  

    
 

Fig. 3. Automated mineral identification and characterization image of the strontianite-rich carbonatite. 


