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A B S T R A C T   

Heavy rare earth elements (HREE) are currently in high demand for use in high technology, renewable energy 
and low-carbon transport, but they are the least abundant in nature. Carbonatites are the primary source of REE; 
however, they are dominated by light REE (LREE). It remains unknown whether carbonatites have the potential 
to form economic HREE mineralization. Here we report a xenotime-bearing carbonatite in the Bachu REE de-
posit, northwestern Tarim Large Igneous Province (TLIP), China, and infer the origin of HREE in carbonatites. 
The rocks evolved from dolomite to calcite carbonatites, and their HREE content correspondingly increased. Both 
types of rocks have similar monazite U-Pb ages (ca. 300 Ma), and are older than the major eruption of flood 
basalt of the TLIP, and associated alkaline complexes. They contain higher εNd(t) (2.4–4.1) and lower initial Sr 
isotopic ratios [(87Sr/86Sr)i = 0.7036–0.7041] than the basalts but similar values to those of younger alkaline 
rocks. The carbonatites are inferred to be directly derived from low-degree melting of lithospheric mantle sources 
induced by a deep-seated mantle plume. Calcite carbonatites contain characteristic xenotime, which is associated 
with burbankite, sulfates, and minor quartz. The rock-forming calcite shows high HREE abundance and flat REE 
patterns (La/Ybcn = 0.3–2.1). Apatite and LREE minerals in calcite carbonatites also have a higher HREE content 
(e.g., Y2O3 up to 2 wt%) than those in dolomite rocks. This finding indicates that the early dolomite carbonatite 
underwent strong fractionation of dolomite and LREE minerals, resulting in HREE and alkali enrichment in the 
evolved calcite rocks. High amounts of alkalis further enhance the solubility of REE, particularly HREE, in the 
residual melts. Silica assimilation from the country rocks facilitates the HREE mineralization by sequestering 
alkalis. Therefore, HREE enrichment in carbonatites may require substantial fractional crystallization of initial 
melts as well as alkali conservation during ascent.   

1. Introduction 

Rare earth elements (REE) are critical materials that have received 
strong attention worldwide in recent years due to their increased 
importance in new “low-carbon” and “zero-emission” energy technolo-
gies and national security applications. For example, the high-strength 
permanent magnets of emerging electric vehicles and wind turbines 
heavily rely on REE (Wall et al., 2017). Heavy REE (HREE: Gd-Lu + Y) 
are notably more valuable than light REE (LREE: La-Sm) in terms of 
economic significance and predicted high risk of supply shortages (Wall 

et al., 2017; Goodenough et al., 2017). Currently, HREE are dominantly 
exploited from granite-related HREE-enriched residual clays in South 
China (Xu et al., 2017). Carbonatite is a carbonate-rich (usually > 50% 
in volume) rock, and represents the crystallization products of melts 
which ultimately derive from the mantle. It contains incredibly high 
concentrations of LREE resources (typically hosted by monazite and 
LREE fluorcarbonates). The rock is characterized by high negative-slope 
chondrite-normalized REE patterns. The enrichment of HREE in carbo-
natites is uncommon, and only three cases have been reported to contain 
minor xenotime (e.g., Lofdal, Namibia; Huanglongpu-Huayangchuan, 

* Corresponding author at: Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences, Peking University, Beijing 100871, China. 
E-mail address: xucheng1999@pku.edu.cn (C. Xu).  

Contents lists available at ScienceDirect 

Geochimica et Cosmochimica Acta 

journal homepage: www.elsevier.com/locate/gca 

https://doi.org/10.1016/j.gca.2023.08.025 
Received 14 April 2023; Accepted 28 August 2023   

mailto:xucheng1999@pku.edu.cn
www.sciencedirect.com/science/journal/00167037
https://www.elsevier.com/locate/gca
https://doi.org/10.1016/j.gca.2023.08.025
https://doi.org/10.1016/j.gca.2023.08.025
https://doi.org/10.1016/j.gca.2023.08.025
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Geochimica et Cosmochimica Acta xxx (xxxx) xxx

2

China; Songwe, Malawi) (Wall et al., 2008; Song et al., 2016; Broom- 
Fendley et al., 2017; Smith et al., 2018). The high value of HREE 
makes the HREE-bearing carbonatites particularly attractive for poten-
tial HREE exploitation in the future (Goodenough et al., 2017). 

Much previous work has considered that hydrothermal fluids can 
mobilize REE and concentrate them into economic concentrations (e.g., 
Migdisov et al., 2016). Most REE mineralization in reported carbo-
natites, such as the world’s largest REE deposit at Bayan Obo, China, is 
inferred to be of hydrothermal origins (Song et al., 2018; Wei et al., 
2022). The HREE in reported carbonatites are also present in late hy-
drothermal xenotime or fluorapatite (Wall et al., 2008; Broom-Fendley 
et al., 2017; Bodeving et al., 2017), occurring inside or away from the 
rocks. Thermodynamic experiments and simulations show that hydro-
thermal fractionation of HREE from LREE is due to differences in their 
mobility with transporting ligands (i.e., chloride, hydroxyl-carbonate, 
and sulfate) at different temperatures (Williams-Jones et al., 2000; 
Migdisov et al., 2016; Louvel et al., 2022), i.e., hydrothermal mobili-
zation of LREE at T > 400 ◦C and HREE at T < 200 ◦C. However, the 
generation of economic HREE levels at low-temperature hydrothermal 
systems remains scarce, and significant hydrothermal HREE minerali-
zation may require a magmatic source that is already HREE-enriched. 
Heavy REE mineral formation in carbonatites has been inferred to be 
related to post-magmatic hydrothermal fluid-induced dissolution-rep-
recipitation of preexisting HREE-bearing minerals (e.g., carbonates, 
apatite, and zircon) (Wall et al., 2008; Bodeving et al., 2017; Smith et al., 
2018). This condition indicates that the initial concentration of HREE 
during the magmatic stage is pivotal for REE redistribution. The 
importance of magmatic processes in the concentration and fraction-
ation of REE has been experimentally constrained in recent years 
(Anenburg et al., 2020; Nabyl et al., 2020; Mollé et al., 2021; Nikolenko 
et al., 2022). However, many experiments focus on forming LREE and 
Nb minerals, such as britholite, pyrochlore, and burbankite. The origin 
of HREE minerals (i.e., xenotime) in the carbonatitic magmas is still 
poorly constrained. Here, we report a xenotime-bearing carbonatite in 
the Bachu area, China. The rocks consist of dolomite and calcite car-
bonatites and show different levels of LREE and HREE enrichment. They 
retain primary LREE and HREE mineral assemblages and are valuable 
natural laboratories for understanding HREE origin, fractionation, and 
deposition during carbonatite magma evolution. 

2. Geological settings 

The Bachu carbonatite REE deposit is located in the northwestern 
part of Tarim Large Igneous Province (TLIP; Supplementary Fig. S1A, 
Tian et al., 2010; Zhang et al., 2013; Xu et al., 2014). The Tarim Block is 
surrounded by the Tianshan Mountains in the north and west and the 
western Kunlun and Altyn orogenic belts in the south. Based on 
geophysical and oil exploration deep-drilling, the TLIP covers an area of 
>300,000 km2, with a thickness of igneous package ranging from 
several hundred meters to three kilometers (Tian et al., 2010; Xu et al., 
2014). Magmatism related to plume activities at different timings is 
present within the region (Zhang et al., 2008, 2013; Xu et al., 2014): (1) 
~300 Ma small-volume kimberlite, representing the onset of a plume- 
induced event; (2) ~290 Ma flood basalt and rhyolite, which pro-
duced the bulk of igneous rocks at Tarim; and (3) emplacement of small- 
volume ~270 Ma mafic–ultramafic dikes, syenites, and A-type granites 
at ~280 Ma contemporaneous with another episode of rhyolitic volca-
nism (282–277 Ma). 

The REE deposit is located ~40 km southeast of Bachu town and 
occurs within the Wajilitage layered mafic–ultramafic complex 
(Fig. S1B). The complex is 5 km in length and 1.5–3 km in width, 
occupying an area of ~12 km2, and is dominantly composed of pyrox-
enite, clinopyroxenite, and gabbro (Zhang et al., 2008; Cheng et al., 
2017). The REE carbonatites occur as a swarm of NWW-SEE trending 
dikes over ca. 5 km2 (Fig. S1B) and are distributed in the northern part of 
the complex. They intrude pyroxenite, gabbro, and Devonian clastic 

sequences and have an enormous output scale with lengths ranging from 
200 m to >1000 m and thicknesses up to 15 m (Cheng et al., 2017). In 
addition, some of the wall rocks are fenitized due to alkali meta-
somatism. These dikes dip at 70–80◦ and can be tracked to depths of at 
least 1000 m (Cheng et al., 2018). They are composed of dolomite and 
calcite carbonatites, and both developed REE mineralization. The car-
bonatites usually show inhomogeneous and remarkably variable min-
eral abundances and associations from the scale of hand specimen to the 
whole rock body. Monazites separated from a calcite-dominant rock 
gave a Th-Pb age of 266 ± 5 Ma (Song et al., 2017). Some LREE-rich 
(total REE2O3 up to 20 wt%), red veins consisting of barite, celestine, 
apatite, and monazite occur within the dolomite carbonatites (Cheng 
et al., 2018). According to the report by the Geological Team No. 11 of 
the Xinjiang Geological Bureau, 24 carbonatite orebodies have been 
recognized in outcrops and drill cores. The estimated REE2O3 grade of 
the deposit is between 0.54 and 1.92 wt%, with total REE2O3 resources 
of beyond 300 kilotons. 

3. Analytical methods 

Measurements of the mineral composition and texture in the carbo-
natites were carried out using a high-resolution Zeiss scanning electron 
microscope (SEM) with an attached Oxford INCA-ENERGY 300 X-ray 
spectrometer (EDS) at Peking University, China. The samples were 
coated with a conductive carbon layer and analyzed in High Vacuum 
Mode at typical working conditions of accelerating voltage 15 or 25 kV 
and a working distance of 15 mm. 

Major-element compositions of representative minerals were deter-
mined by wavelength-dispersive X-ray spectrometry using a Cameca 
SX100 electron microprobe at Masaryk University, Czech Republic. The 
microprobe was operated at an accelerating voltage of 15 kV and a beam 
current of 20 nA, with an electron beam defocused to a 5–10 μm spot to 
limit devolatilization ionic diffusion and other forms of beam damage in 
the samples. The following major standards and X-ray emission lines 
were used in the analysis: albite (Na, Kα), sanidine (Si, Kα), celestine (Sr 
and S with Lα and Kα, respectively), fluorapatite (P and Ca both with 
Kα), baryte (S and Ba with Kα and Lα, respectively), topaz (F, Kα), 
synthetic ThO2 (Th, Mα) and U (U, Mb). For REE, synthetic REE glasses 
and orthophosphates (La, Ce, Sm, and Y with Lα lines; Pr, Nd, Gd, and Dy 
with Lβ lines) were used. The data were reduced and corrected using the 
PAP routine (Pouchou and Pichoir, 1984). 

Major and trace element analyses of the whole-rock powders were 
conducted by inductively coupled plasma optical emission spectrometry 
(ICP-OES, PE 8300V) and mass spectrometry (ICP-MS, Agilent 7700E) at 
the Xi’an Zhaonian Mineral Testing Technology Co., Ltd., China. The 
fresh whole-rock samples were crushed using a tungsten carbide ball 
mill and then 200 mesh sieved. Before analyses, sieved samples were 
decomposed and dissolved using a three-acid mixture of 10 ml HF, 
HClO4, and HNO3 (2:1:1) in high-pressure Teflon containers at 190 ◦C at 
least 48 h. This was followed by two cycles of dilution and evaporation 
to dryness. Next, the dry residue was re-dissolved in 5 ml of aqua regia to 
exact and cool. The final solution was diluted to 50 ml by adding 
distilled de-ionized water for analysis. Major and trace element analyses 
were carried out using the ICP-OES and ICP-MS, respectively. 103Rh and 
185Re (10 ppb mixing) were used as the internal standard for trace ele-
ments. The analytical precision is generally better than 5% and 10% for 
most major and trace elements, respectively. 

In-situ laser-ablation (LA)-ICP-MS trace element analyses of the 
calcites, dolomites, and apatites were performed at Peking University, 
China. The instrument consists of COMPexPro102 Excimer Laser and 
Agilent7500ce/cs type ICP-MS. The diameter of the ablation spot used 
was 32 μm. NIST 610 glass was used as a calibration standard for all 
samples. The element used for the internal standard was P2O5 for apatite 
and CaO for carbonates, respectively, which were independently 
measured by the electron microprobe mentioned above. In-run signal 
intensity for indicative trace elements (e.g., Sr, La, Ce, et al.) was 
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monitored during analysis to ensure that the ablation spot was confined 
to the area of interest and did not sample other mineral phases or in-
clusions. The analytical precision of the measurements is better than 5% 
at the ppm level. 

The U-Th-Pb isotopic monazite dating was obtained by LA-ICP-MS at 
Xi’an Geological Survey Center, China Geological Survey. Spot analyses 
were conducted on thin sections using a laser beam with a 36 μm spot 
size, an energy density of 6 J/cm2, and an ablation rate of 6 Hz. Helium 
was chosen as the carrier gas, and the gas flow rate was sustained at 550 
ml/min. The acquisition times for background and samples were 40 s 
and 30 s, respectively. Monazite standard 44069 and glass NIST610 
were used as external standards for U-Th-Pb dating and trace element 
calibration, respectively. These standards were analyzed at the initiation 
and end of a series of measurements. In addition, the Excel-based soft-
ware ICPMSDataCal was used to perform offline selection and integra-
tion of background and analyzed signals, time-drift correction, and 
quantitative calibration for trace element analysis and U-Th-Pb dating. 

The in-situ Sr isotopic compositions of the Sr-bearing minerals 
(apatite, calcite, dolomite, baryte, celestine, and strontianite) were 
analyzed by LA-MC-ICP-MS (GeoLas 2005 + Neptune Plus) at China 
University of Geosciences (Wuhan). Isotopes were acquired in static 
multi-collector mode with low resolution using seven Faraday collectors 
and the mass configuration array from 82Kr to 88Sr to monitor Kr, Rb, 

and Sr. More detailed analytical procedures and data reduction strate-
gies were described by Tong et al. (2015). 

In-situ Nd isotopic analysis of monazite grains was done by LA-MC- 
ICPMS using a Thermo-Finnigan Neptune instrument coupled to a 
193 nm ArF Excimer laser-ablation system at the Institute of Geology 
and Geophysics, Chinese Academy of Sciences. The laser was focused at 
24 μm above the sample surface and fired using a 6 Hz repetition rate 
and an energy density of 10 J/cm2. An in-house apatite standard (AP1) 
and Jefferson monazite 44069 were used for external calibration. 
Normalized 143Nd/144Nd and 147Sm/144Nd isotopic ratios were calcu-
lated using the exponential law. During the analytical sessions, the 
147Sm/144Nd ratio was externally calibrated against the 147Sm/144Nd 
ratio of standard reference materials. Detailed analytical procedures 
have been described by Yang et al. (2008). 

4. Results 

4.1. LREE and HREE mineralogy 

Field observations show that calcite carbonatite crystallization fol-
lowed that of dolomite carbonatites (Cheng et al., 2018). The latter 
consists of large euhedral coarse-grained dolomite with crystals (>90 
vol%) measuring up to 2 mm in diameter and showed triple-junction 

Fig. 1. Representative backscattered electron microscopic images of LREE mineralization in dolomite (A–C) and calcite (D–I) carbonatites. (A–C) Monazite, 
bastnäsite, and apatite associated with baryte, celestine, and strontianite form relatively large crystals and filled the voids of the coarse-grained dolomite matrix; 
(D–E) LREE minerals occur as ferrodolomite-dominated veinlets penetrating the calcites; (F–G) LREE mineral intergrowth with ferrodolomite, sulfates, strontianite, 
and quartz occur within the calcite matrix; (H) monazite is present as tiny polycrystalline aggregates along the rim of apatite; (I) hydrothermal calcite-sulfate veinlet 
cross-cutting calcite carbonatites. Aeg, aegirine; Ap, apatite; Aug, augite; Bas, bastnäsite; Brt, baryte; Cel, celestine; Cal, calcite; C-Dol, coarse-grained dolomite; Fe- 
Dol, ferrodolomite; Mag, magnetite; Mnz, monazite; Par, parisite; Qz, quartz; Str, strontianite; Syn, synchysite. 
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grain boundaries (Fig. S2A). Fine- to medium-grained calcite (>85 vol 
%) makes up calcite carbonatites (Fig. S2B–D), which contain >10 vol% 
dolomite and ankerite, different to the reported calcite-dominant car-
bonatites in Song et al. (2017). Dolomite carbonatite experienced sub-
solidus hydrothermal superposition and formed a patched LREE 
mineralization overprinting on the dolomite grains (Fig. 1A–C). The 
REE-rich minerals of monazite, bastnäsite, and apatite occur as dis-
seminations and veinlets associated with strontianite, baryte, and cel-
estine. In calcite carbonatite, the LREE-rich minerals are composed of 
monazite, bastnäsite, parisite, synchysite, and apatite. They mainly 
occur as veinlets (Figs. 1D, E, G, and S2C) and patched (Figs. 1F and 
S2D) assemblages intergrown with ferrodolomite, baryte, and stron-
tianite. Minor aegirine and quartz are associated with the REE minerals. 
Monazite is also present as tiny polycrystalline aggregates along the rim 
of apatite (Fig. 1H). The calcite-sulfate veinlets cross-cut the apatite and 
ferrodolomite assemblages in calcite carbonatites (Fig. 1I), representing 
a late hydrothermal event. However, no REE mineralization is associ-
ated with late veinlets. Fluorite, which is present in many carbonatite- 
hosted REE deposits (e.g., Mountain Pass, USA, Watts et al., 2022; 
Bayan Obo and Mianning-Dechang belt, China; Xu et al., 2012), was not 
observed in the samples. 

In addition to LREE minerals, many xenotime grains have been found 
in calcite carbonatite (Fig. 2). They generally intergrow with monazite 
and sulfates. There are four types of occurrences observed: (1) patched 
association with burbankite and baryte (Fig. 2A–D); (2) occasional 
veinlets and patched clustering with sulfates (Fig. 2E, F); (3) intergrowth 

with quartz, aegirine, and/or albite and replacement and overgrowth 
along with apatite (Fig. 2G); and (4) dissemination in ferrodolomite- 
dominated veinlets that infiltrated calcite (Fig. 2H, I). The HREE min-
erals were not found in the late calcite-dominant carbonatites (Song 
et al., 2017). 

4.2. Mineral chemistry 

Supplementary Tables S1 and S2 list the major and trace element 
compositions of carbonate, apatite, rare earth and silicate minerals from 
the carbonatites, respectively. 

4.2.1. Carbonates 
In this study, five types of carbonate minerals can be distinguished in 

the carbonatites based on their textures and compositions (Fig. 3): (1) 
Rock-forming, coarse-grained magmatic dolomite in dolomite carbo-
natites (C-Dol; Figs. 1A–C and S3A). The mineral contains high amounts 
of SrO (1–1.5 wt%) and MnO (0.8–1 wt%) with relatively constant MgO 
(~20 wt%), CaO (~30 wt%), and FeO (~2 wt%) contents. (2) Hydro-
thermal dolomite (Fe-Dol; Figs. 1 and 2). It occurs as a veinlet associated 
with LREE and HREE minerals within calcite carbonatites. The mineral 
is ferrodolomite in composition with variable FeO contents (4–10 wt%). 
Its MgO and FeO compositions display a negative linear relationship. 
The hydrothermal dolomite shows a relatively lower SrO (mostly < 1 wt 
%) but higher MnO (1–1.5 wt%) than the above rock-forming dolomite. 
(3) Rock-forming, coarse-grained magmatic calcite in calcite 

Fig. 2. Representative backscattered electron images of xenotime in calcite carbonatite. (A–D) Xenotime intergrowth with monazite, burbankite, and sulfates occurs 
as patched, or veinlet clusters; (E–F) xenotime intergrowth with monazite and sulfates forms disseminated euhedral small aggregates; (G) xenotime associated with 
monazite, quartz, and aegirine partially replaces apatite, forming a thick overgrowth along apatite; (H–I) xenotime occurs within ferrodolomite-dominated veinlet. 
Aeg, aegirine; Ap, apatite; Brt, baryte; Bur, burbankite; Cal, calcite; Cel, celestine; Fe-Dol, ferrodolomite; Mag, magnetite; Mnz, monazite; Qz, quartz; Str, stron-
tianite; Xnt, xenotime. 
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carbonatites (Figs. 1, 2, and S3B). This mineral has the near end-member 
composition of carbonate mineral with minor concentrations of SrO 
(0.2–0.6 wt%), FeO (0.2–0.7 wt%), and MgO (0.1–0.2 wt%). (4) Late 
hydrothermal REE-barren calcite-sulfate veinlets cross-cutting calcite 
carbonatites (Fig. 1I). They probably represent the final stage and re-
sidual fluids of carbonatite evolution. Calcite shows higher MgO (1–1.3 
wt%) and SrO (0.7–1 wt%) abundances than the primary phase. (5) 
Sparse ankerite. They contain high amounts of FeO (22–25 wt%) and are 
present in the hydrothermal REE mineralization assemblage within the 
calcite carbonatites. 

All the carbonate minerals show positive Ba, Th, and Sr and negative 
Nb, Ta, Zr, and Hf anomalies relative to the primary mantle values 
(Fig. 4A), similar to most carbonates from carbonatites worldwide 
(Woolley and Kempe, 1989; Hornig-Kjarsgaard, 1998). The primary 
dolomite is characterized by markedly lower U, Nb, and Ta concentra-
tions than the magmatic calcite. Hydrothermal calcite and dolomite in 
the calcite carbonatites show variable Pb compositions from negative to 
positive anomalies. The former generally has the highest Ba, Th, Sr, and 
LREE abundances among the carbonates. In chondrite-normalized REE 
diagrams (Fig. 5A), the primary dolomite and calcite exhibit different 
distribution patterns. The former has a low REE content and shows LREE 
enrichment relative to HREE (La/Ybcn = 27–73). Magmatic calcite is 
characterized by a relatively flat REE pattern with La/Ybcn = 0.33–2.1, 
different from the previously identified characteristic LREE-enriched 
feature of carbonatitic calcite (Hornig-Kjarsgaard, 1998). Moreover, it 
presents a high HREE composition. In contrast, hydrothermal calcite in 
the veinlets shows a strong LREE enrichment (La/Ybcn = 7–136). Low 
REE abundance and a relatively flat pattern (La/Ybcn = 0.35–3.69) were 
observed in the hydrothermal dolomite. Calcite and dolomite have no Ce 
(Ce/Ce* ~ 1.1) and Eu (Eu/Eu* ~ 1) anomalies. 

4.2.2. Apatite 
Based on mineral association and textures, we recognized one type 

(D) and three types (C1, C2, and C3) of apatites in the dolomite and 
calcite carbonatites, respectively (Figs. 1 and 2). Type D, C1, and C2 
apatites usually form large euhedral to subhedral crystals within the 
rock-forming carbonate matrix, indicating a magmatic origin. The C1- 
apatite is rare and occurs as disseminated grains overgrown by small 
monazite aggregates (Fig. 1H), implying fluid-induced metasomatism. 
The C2-apatite is much larger and more abundant and generally present 
as clustered assemblages. The C3-apatite is of hydrothermal origin and 
occurs within ferrodolomite-dominated veinlets, intruding into the 
calcite carbonatites (Fig. 2H, I). All apatites belong to fluorapatite (F =

1.8–5.9 wt%) and have variable REE compositions (total REO: 0.3–7.8 
wt%). Their P2O5 contents (~39 wt%) are relatively constant, and the 
CaO contents negatively correlate with the total REO compositions 
(Fig. S4). The observed D apatite generally has a lower F (1.8–2.8 wt%) 
and higher SrO (3.2–4.8 wt%) than the three types of apatites (F: 
1.8–5.9 wt% and SrO: 0.7–1.7 wt%) in the calcite carbonatite. The 
former has low Y2O3 contents below the detection limit of the EPMA. In 
contrast, apatite in the calcite carbonatite has detectable Y2O3 abun-
dances ranging from 0.2 wt% to 1.4 wt%. 

The different types of apatites show variable trace element compo-
sitions. Type D apatite exhibits negative Pb, Sr, Zr, and Hf anomalies. It 
has higher amounts of Sr and LREEs, but lower U, Nb, Ta, Zr, Hf, and 
HREE contents relative to the minerals in calcite carbonatites (Fig. 4B). 
Type C1 and C3 apatites are characterized by negative Pb and Sr 
anomalies, different from Type C2. Higher trace element (except Sr) 
concentrations were determined in Type C1. The chondrite-normalized 
REE patterns (Fig. 5B) for Type D apatite are characterized by the most 
significant LREE enrichment and LREE/HREE fractionation with a 
higher La/Ybcn ratio (953–4383) compared with the C1–C3 apatites. 
The former contains the lowest HREE concentrations. In contrast, Type 
C1 has the highest HREE contents and shows LREE enrichment with a 
La/Ybcn ratio of 11–52; Type C2 contains the lowest total REE abun-
dance, and an intermediate total REE content was determined in Type 
C3. Types C2 and C3 display slight LREE enrichment (La/Ybcn = 2.2–9.4 
and 1.7–4.4, respectively) and convex REE patterns with a La/Ndcn<1. 
The four types of apatites show a positive relationship between total REE 
and Si contents (Fig. 6). This finding is consistent with the experimental 
results, which suggest that high Si activity in carbonatitic melts favor 
REE incorporation into apatite (Hammouda et al., 2010; Anenburg et al., 
2020). A similar linear correlation between Y (HREE) and Si was 
observed in Types C1–C3. Although the apatite in dolomite carbonatite 
contains high Si abundance, it has relatively low HREE content. This 
result indicates that the primary dolomitic melt may be depleted in 
HREE. 

4.2.3. Rare earth minerals 
In the carbonatites, all LREE minerals are Ce-dominated varieties. 

The compositions of different types of monazites from the dolomite and 
calcite carbonatites systematically vary according to (La + Ce + Pr)/ 
total REO versus La/Ndcn diagram, showing a relatively low LREE ratio 
(<0.83) and fractionation (La/Ndcn < 5) in the calcite carbonatites 
(Fig. 7A). Similar to the apatite, monazite in the dolomite carbonatite 
contains low Y2O3 contents (most below the EPMA detection limit) and 
high LREE fractionation (La/Ndcn > 15). In contrast, monazite Y2O3 
contents in the calcite carbonatite were determinable (0.3–2 wt%). 
Bastnäsite in the dolomite carbonatite also shows relatively lower HREE 
concentrations (Y2O3 = 0.04–0.29 vs. 0.31–1.16 wt%) and higher La/ 
Ndcn ratios than that in the calcite carbonatite. Synchysite and parisite 
are only present in the calcite carbonatites. Both contain detectable 
Y2O3 (0.31–1.11 wt%) and show similar low La/Ndcn values to mona-
zite (Fig. 7B). The major element concentrations of burbankites and 
xenotimes are relatively constant and independent of their different 
textures and the minerals they are associated with. The burbankite is Na- 
, Ca-, Sr-, and LREE dominated and have compositions with an REO of 
28.3–32.3 wt%. Xenotime is dominated by Y2O3 (41.3–46 wt%) and 
contains minor Gd, Dy, and Er (averge 2.97, 7.33, 2.95 wt% oxides, 
respectively). 

4.2.4. Silicate minerals 
Silicate minerals, such as aegirine, albite, and quartz, were observed 

in the calcite carbonatites and mostly associated with xenotime (Fig. 2). 
Aegirine shows no evident variations in the major element contents 
(Ae95–96). It is dominated by Na2O (~14 wt%), SiO2 (~54 wt%), and 
total iron oxide (~28 wt%), with minor proportions of Al2O3, MgO, and 
CaO (<2 wt%). Albite is homogeneous in composition (Ab99An0.8Or0.2) 
and contains minor amounts of CaO (~0.2 wt%) and FeO (~0.1 wt%). 

Fig. 3. CaO–MgO–FeO ternary plots for carbonates from Bachu carbonatite.  
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Fig. 4. Primitive mantle-normalized trace element diagrams of carbonates (A), apatites (B), and whole rock (C) of Bachu carbonatites.  
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4.3. Whole-rock compositions 

Table S3 provides the major and trace element compositions of the 
carbonatite samples. According to the CaO–MgO–FeOt + MnO compo-
sition classification of Woolley and Kempe (1989), the carbonatites 
mainly correspond to magnesiocarbonatite and calciocarbonatite 
(Fig. S4). Dolomite carbonatite shows homogeneous compositions with 
low SiO2 (≤1.0 wt%) and alkalis (K2O + Na2O ≤ 0.2 wt%) and relatively 
constant FeOt (2.5–4.6 wt%) and MgO (17–18.6 wt%) contents. In 
contrast, the calcite carbonatite exhibits variable SiO2 (0.2–6.8 wt%), 
FeOt (1.5–4.1 wt%), MgO (2.4–6.5 wt%), and P2O5 (0.1–8.5 wt%) 
contents due to the heterogeneous distribution of carbonates (i.e., 

ferrodolomite), silicates, and apatites with the above mineral composi-
tions (Figs. 1, 2). 

Fig. 4C presents the primitive mantle-normalized plots for the whole- 
rock trace element compositions. Both rock types show overall enrich-
ment in trace elements. The calcite carbonatite exhibits higher trace 
element concentrations (except U, Nb, and Pb) than the dolomite rocks. 
The former has more negative Pb and Sr anomalies than dolomite car-
bonatite. They show consistent LREE enrichment patterns with La/Ybcn 
= 33–69 and 57–108 for the dolomite and calcite carbonatites, respec-
tively (Fig. 5C). Ce and Eu anomalies were not determined in the rocks. 
The calcite carbonatite has higher REE concentrations, especially HREE, 
than the dolomite carbonatites and reported calcite-dominant (MgO < 1 
wt%) carbonatite dikes in the deposit (Song et al., 2017), and average 
carbonatites worldwide (Woolley and Kempe, 1989). This feature is 
consistent with our mineralogy observations showing the prevalence of 
HREE-bearing minerals in the calcite carbonatite. 

4.4. U–Th–Pb geochronology and Sr–Nd isotopes 

Monazite is a typical REE mineral in the two types of carbonatites. 
This mineral in the dolomite carbonatite has high Th and U concentra-
tions and low Th/U ratios (130–165; Table S4). It yields a low intercept 
age of 300 ± 8.7 Ma in the Tera–Wasserburg plot (Fig. 8A). The U 
content of monazite in the calcite carbonatite is extremely low to derive 
a reliable U–Pb age, whereas the Th content is relatively high. The 
analyzed grains give a weighted mean Th–Pb age of 301 ± 5.9 Ma 
(Fig. 8B). Both rocks are older than the HREE mineral absent, calcite- 
dominant carbonatite dikes (monazite Th-Pb age of 266 ± 5 Ma; Song 
et al., 2017). 

In-situ analyses of Sr isotopic compositions of calcite, dolomite, 
apatite, strontianite, baryte, and celestine associated with LREE and 
HREE mineralization show that all these Sr-bearing minerals have 
limited and nearly identical radiogenic Sr isotopic ratios [(87Sr/86Sr)i =

0.7036–0.7041] (Fig. 9; Table S5). In-situ Nd isotope compositions of 
monazites from the dolomite carbonatites reveal slight variations, with 
143Nd/144Nd ratios ranging from 0.512450 to 0.512566 and corre-
sponding positive εNd(t) values (2.4–4.1). Their Nd isotopic model ages 
(TDM) range from 0.50 to 0.58 Ga (Table S6). These initial Sr-Nd isotope 
compositions are similar to those of the dolomite and calcite carbo-
natites (Cheng et al., 2017), which indicates that HREE originate from 
the carbonatite without any external material contribution. 

5. Discussion 

5.1. Origin of carbonatites 

Carbonatites worldwide are mostly confined to the continental lith-
osphere (e.g., rift or orogenic belt) and two localities (Cape Verde and 
Canary) in the oceanic lithosphere (Woolley and Bailey, 2012; 
Humphreys-Williams and Zahirovic, 2021). Some carbonatites that have 
been spatially and temporally associated with large igneous provinces 
are considered to originate from a deep-mantle plume source (Ernst and 
Bell, 2010). Similar Sr-Nd-Pb-Hf isotopic compositions between young 
carbonatites and ocean island basalts demonstrate the involvement of 
plumes in carbonatite petrogenesis (Simonetti et al., 1998; Bell and 
Tilton, 2001). However, whether terrestrial carbonatite rocks are 
derived from lithospheric or asthenospheric mantle sources has been 
debated in recent decades. The carbonatite lavas in Oldoinyo Lengai, 
Tanzania, show similar 3He/4He ratios and overlap with those of sam-
ples of mid-ocean ridge basalts (MORB) and lithospheric mantle (Fischer 
et al., 2009). The repetition of carbonatite magmatic activities within 
the same area over a long time (e.g., 1 billion years) led Woolley and 
Bailey (2012) to propose that the lithospheric mantle is the carbonatite 
source, precluding any direct role of plumes. Our work provides direct 
geochemical evidence to support that the carbonatite origin is unrelated 
to plume compositions. 

Fig. 5. Chondrite-normalized REE patterns of carbonates (A), apatite (B), and 
whole rock (C) of Bachu carbonatites. Carbonatites worldwide were from 
Woolley and Kempe (1989). 
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The Bachu carbonatite is located in the northwestern part of TLIP 
(Fig. S1A). Both dolomite and calcite carbonatites (ca. 300 Ma; Fig. 8) 
were emplaced ~10 Ma earlier than the main eruption age of flood 
basalt (~290 Ma; Zhang et al., 2008; Xu et al., 2014). A few ~266 Ma 
carbonatite dikes were also observed in the deposit, forming 

significantly later than the flood basalt (Song et al., 2017). All the car-
bonatites are characterized by consistently high εNd and low 87Sr/86Sr, 
different from TLIP (Fig. 9). Moreover, late alkali magma activities 
(~270 Ma) of nephelinite, lamprophyre, and syenite show similar 
depleted Sr–Nd isotope compositions (Fig. 9). This finding indicates that 

Fig. 6. Plots of total REE, Y vs. Si (ppm) of apatite from Bachu carbonatite.  

Fig. 7. (La + Ce + Pr)/total REE vs. La/Nd(cn) diagrams of monazite (A) and REE–fluorocarbonates (B) from Bachu carbonatites.  

Fig. 8. U–Th–Pb data of monazite from Bachu carbonatites. (A) Tera–Wasserburg concordia plot for U–Pb ages of monazite in dolomite carbonatite; (B) weighted 
average plot of the 208Pb/232U ages of monazite from calcite carbonatites. 
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the carbonatites and alkaline rocks may derive from the same litho-
spheric mantle source, different from the deep-seated plume. A mantle 
plume may provide sufficient thermal energy to produce a low-degree 
partial melting of carbonated peridotites. Therefore, the wide 
emplacement of carbonatites and alkaline complexes before and at the 
end of flood basalt eruption is unrelated to the plume compositions but 
may be to the thermal energy contribution. 

The petrogenesis of carbonatitic parental magmas remains unclear. 
Three models have been used to demonstrate experimental and 
geochemical data in the past several decades (e.g., Yaxley et al., 2022): 
(1) formed directly by low-degree partial melting of a carbonated mantle 
(e.g., Dalton and Presnall, 1998; Yaxley and Brey, 2004), (2) residual 
melts of extreme fractional crystallization of a carbonated silica- 
undersaturated silicate magma (e.g., Lee and Wyllie, 1997; Veksler 
et al., 1998), and (3) liquid immiscibility from carbonated silicate 
magmas (e.g., Brooker and Kjarsgaard, 2011; Berndt and Klemme, 
2022). Based on the field relationship, the dolomite carbonatite crys-
tallized earlier than calcite carbonatite (Cheng et al., 2018). The frac-
tional crystallization and liquid immiscibility of carbonated silicate 
melts cannot explain the carbonatite origins. Both Bachu dolomite and 
calcite carbonatites formed at ca. 300 Ma (Fig. 8) and are older than the 
associated alkalic rocks of nephelinite, lamprophyre, and syenite (ca. 
270–275 Ma; Wang, 2014; Cheng et al., 2015; Zou et al., 2015). 
Experimental and melt inclusion data suggest that carbonatite melts 
formed by liquid immiscibility from a silica-undersaturated alkaline 
silicate magma are moderately alkaline, with Ca-rich carbonatite 
composition with significant amounts of SiO2 + Al2O3 (~10 wt%; 
Brooker and Kjarsgaard, 2011; Berndt and Klemme, 2022), in contrast to 
the early silicate-poor, dolomite carbonatites. Moreover, carbonatite 
melt origin via fractional crystallization of alkaline silicate magmas is 
characterized by high-alkali and Ca-rich compositions and strong HFSE 
enrichment with the occurrence of pyrochlore and baddeleyite (Veksler 
et al., 1998). This result is not observed in the carbonatite samples. 
Therefore, the Bachu carbonatites may be formed by direct low-degree 
partial melting of the lithospheric mantle source. 

5.2. HREE enrichment during magma evolution 

Late magmatic-hydrothermal fluids can extract REE from magmatic 
REE-rich phases and re-distribute them to form new hydrothermal REE 
minerals. The magmatic process is a prerequisite to developing eco-
nomic REE concentration in peralkaline granites and carbonatites (Gysi 
and Williams-Jones, 2013; Wei et al., 2022). Therefore, a fundamental 

understanding of the initial enrichment of HREE during magma evolu-
tion is crucial to understanding HREE mineralization. Magmatic pro-
cesses related to REE enrichment in carbonatites include direct low- 
degree partial melting, immiscibility from silicate magmas, and frac-
tional crystallization. Experimental data suggested that low-degree 
partial melting of carbonated peridotite or eclogite will produce LREE- 
rich carbonatitic melts with HREE depletion (e.g., Sweeney, 1994; 
Foley et al., 2009), consistent with melt inclusion observations (Guzmics 
et al. 2008; Walter et al., 2008). The REE distribution coefficients be-
tween immiscible carbonate–silicate melt have been experimentally 
demonstrated previously but show controversial behavior from different 
studies. In Veksler et al.’s (1998, 2012) work, REE, particularly HREE, 
has enriched in silicate melt rather than coexisting carbonate melt with a 
minor presence of P, F, and Cl. Subsequent experiments by Martin et al. 
(2013) and Nabyl et al. (2020) have shown that REE becomes compat-
ible with carbonate melt in an H2O-alkalis-bearing system, and the de-
gree of REE enrichment in carbonate melt depends on the degree of 
differentiation of the associated alkaline rocks. These experiments have 
suggested that LREE has higher partition coefficients than HREE, and 
immiscibility may not be crucial for HREE enrichment in carbonatites. 
Many carbonatites formed by immiscible processes do not contain eco-
nomic REE resources (e.g., Halama et al., 2004; Guzmics et al. 2011). 
The low viscosity of carbonatitic melts facilitates crystal fractionation 
during melt evolution (Kono et al., 2014). Crystal fractionation of dense 
silicates (i.e., pyroxene and mica) and sulfides from magmas cannot 
significantly affect the REE composition due to their minor modal 
abundance and relatively low REE concentrations (Reguir et al., 2012). 
The oxides such as pyrochlore and perovskite in carbonatites are usually 
LREE-dominated (Hornig-Kjarsgaard, 1998), and their early fraction-
ation will reduce the LREE contents of the residual melt. However, 
fractional crystallization of carbonate minerals may lead to REE 
enrichment in the evolved carbonatite magmas (Cheng et al., 2018). 

Our geochemical data reveal that the HREE contents increase 
remarkably from the dolomite to calcite carbonatites. Variable HREE 
composition was determined in their mineral phases. In calcite carbo-
natites, the rock-forming calcite contains higher HREE concentrations 
and is characterized by lower La/Ybcn (~0.3) ratios than the magmatic 
dolomite with a strong LREE enrichment. Their apatite exhibits different 
LREE patterns, but Types C1, C2, and C3 have a consistently higher 
amounts of HREE (Y2O3 up to 2 wt%) than those in the dolomite rocks 
(most Y2O3 below the EPMA detection limit) (Fig. 4B, 5B). Differences in 
REE concentrations of apatites are probably due to the compositions of 
carbonatitic melts or fluids from which they precipitate (Nathwani et al., 
2020). A similar difference in HREE content was observed in the LREE 
minerals of monazite, bastnäsite, and parisite from the dolomite and 
calcite carbonatites. The latter contains significantly higher HREE 
(Figs. 5C, 7). Xenotime is only present in the calcite carbonatite. 

The corresponding change in LREE to HREE enrichment in the 
transition from the dolomite to calcite carbonatites suggests that REE 
fractionation may be related to the extensive fractionation of rock- 
forming carbonate minerals. The REE patterns of primary mineral 
phases (i.e., dolomite and apatite) in the dolomite carbonatite show a 
steep negative slope with a strong LREE enrichment (Fig. 5A, B). This 
finding indicates that during the crystallization of dolomite carbonatite, 
HREE are incompatible with the early-crystallization dolomite and 
apatite and are therefore retained in the residual melt. Dolomites are 
principal constituents of the rocks (volume up to 90%). Moreover, field 
observation shows that the exposed scale of dolomite carbonatites is 
larger than that of calcite carbonatite, which indicates that dolomite 
imposes significant control on REE fractionation at the early stages of 
crystallization of carbonatitic magmas. The REE patterns of calcite from 
calcite carbonatites are nearly flat with HREE enrichment (Fig. 5A). 
Qualitative assessments of mineral and whole-rock geochemistry reveal 
that the partition coefficients of REE between calcite and carbonatite 
melts are low and gradually increase from La to Lu, indicating that HREE 
are more compatible with this mineral than LREE (Bühn, 2001; Dawson 

Fig. 9. Variations in (87Sr/86Sr)i of Sr-bearing minerals and εNd of monazite 
from Bachu carbonatites compared with the published whole rock and associ-
ated igneous rocks. Carbonatite: Cheng et al., 2017; Song et al., 2017; nephe-
linite: Cheng et al., 2015; lamprophyres: Wang, 2014; syenite: Zou et al., 2015; 
basalts: Tian et al., 2010; Xu et al., 2014; picrite: Tian et al., 2010; Tarim 
basements: Zhang et al., 2008. 
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and Hinton, 2003; Xu et al., 2010). Experiments conducted at high 
temperature and pressure conditions by Chebotarev et al. (2019) also 
support the results. Therefore, we infer that HREE have been incorpo-
rated into calcites with their progressive crystallization during the 
magmatic stage, forming nearly flat REE patterns. 

5.3. HREE transportation and precipitation 

Most REE deposits contain abundant fluorite, which is widely used as 
REE exploration indicator (Williams-Jones et al., 2000; Xu et al., 2012). 
Strzelecki et al. (2022) suggested that fluoride minerals (i.e., fluocerite) 
can serve as a precursor phase that fractionates LREE and HREE because 
the solubility of LREE fluorides is several orders of magnitude lower 
than that of HREE fluorides; thus, HREE are more mobile in hydro-
thermal systems. However, fluorite has not been observed in the Bachu 
deposit. Many xenotimes are closely associated with burbankite 
(Fig. 2A–D). The latter is considered a magmatic REE mineral and 
crystallizes directly from a carbonatite melt with highly concentrated 
alkalis (Chakhmouradian and Dahlgren, 2021; Nikolenko et al., 2022). 
However, it is rarely preserved in carbonatites and prone to alteration by 
post-magmatic hydrothermal fluids, resulting in the formation of 
hexagonal-like pseudomorphs consisting of insoluble residues of 
Ba–Sr–sulfates, strontianite, monazite, and REE–fluorocarbonate (Zait-
sev et al., 2002; Chakhmouradian and Dahlgren, 2021). In the calcite 
carbonatites, most REE–Na-rich burbankites are preserved well in the 
structure and less affected by late fluid-induced alteration. It is well 
accepted that the carbonatitic magmas are initially alkali-rich, but they 
lost Na and K by exsolving the alkalis-bearing fluids to react with the 
wall rocks, forming fenite (Elliott et al., 2018). In Bachu, the well- 
preserved burbankite and limited fenitization indicate that the rocks 
retain sufficient alkalis during emplacement. Melt inclusion (Guzmics 
et al., 2011; Chayka et al., 2021), and experimental (Weidendorfer et al., 
2017) studies demonstrated the alkalis would be enriched by fractional 
crystallization of a carbonatite magma, similar to the Bachu 
carbonatites. 

Xenotime was observed to intergrow with alkali-rich aegirine, albite, 
and sulfate minerals (i.e., baryte, celestine), and quartz in many cases 
(Fig. 2). The REE are generally considered to be transported as chloride 
and sulfate complexes in hydrothermal systems, and the latter may be 
the main HREE transport ligand due to the non-selective mobilization of 
REE (Migdisov et al., 2016). Anenburg et al. (2020) experimentally 
demonstrated that the alkalis may substantially enhance REE solubility 
and produce high HREE/LREE ratios in a carbonatitic magmatic- 
hydrothermal system. This conclusion is further supported by natural 
evidence showing that alkali-rich fenites display higher HREE concen-
trations than the associated carbonatite intrusions (Elliott et al., 2018; 
Broom-Fendley et al., 2021). In addition, experimental studies and 
simulated calculations have shown that the solubility of Si in carbonatite 
magmas is low, and many silicates, especially quartz in carbonatites, 
may be scavenged from the wall-rocks via melt-rock reaction (Wei-
dendorfer and Asimow, 2022; Anenburg and Guzmics, 2023). The input 
of silicates facilitates precipitation of the HREE minerals from the REE- 
alkali complexes due to the formation of alkali-rich silicate minerals 
such as aegirine and albite (Anenburg et al., 2020). In addition, silicon 
promotes the incorporation of REE into apatite in carbonatite systems, 
particularly HREE (e.g., DLa

apatite/melt = 1.36–1.43, DYb
apatite/melt =

2.96–3.06; Hammouda et al., 2010). In contrast, all REE are incompat-
ible with apatite in silica-poor systems (DREE

apatite/melt < 1, Klemme and 
Dalpé, 2003). This condition is consistent with our result (Fig. 6), 
showing that Y positively correlates with Si concentrations in the apa-
tites. Therefore, alkalis may enhance REE, particularly HREE migration 
in evolved carbonatite melts, and Si assimilation may lead to Na-K 
deposition and HREE mineralization in the carbonatites. 

6. Conclusions 

The Bachu REE deposit is hosted by dolomite and calcite carbo-
natites, which were formed before the major eruption epoch of the 
Tarim flood basalts and show entirely different Sr-Nd isotopic compo-
sitions to the basalts. The carbonatites were derived directly from the 
low-degree melting of lithospheric mantle sources induced by thermal 
perturbation from a deep-seated mantle plume. The calcite carbonatites 
crystallized later than the dolomite rocks. They show remarkably 
enriched evolution of HREE from the dolomite to calcite carbonatites, as 
evidenced by HREE-bearing carbonates, apatite, monazite, REE- 
fluorcarbonates, and characteristic xenotime in the calcite carbonatite. 
Based on the magma evolution sequence and detailed mineralogy and 
geochemistry, we infer that the crystallization of LREE- and Mg-rich 
dolomite carbonatites caused the residual carbonate melts to become 
relatively enriched in Ca, alkalis, and REE. Moreover, alkalis promoted 
REE, particularly HREE transportation and enrichment, and input of the 
Si from the wall rocks destabilised the REE-alkali complex to form LREE 
and HREE minerals. Therefore, strong fractional crystallization and al-
kali preservation may potentially contribute to HREE mineralization in 
carbonatites. 
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