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A B S T R A C T   

Carbonatites are the most important sources of global niobium (Nb) and rare earth element (REE) resources, 
particularly the light REEs. The Huanglongpu carbonatite in central China is unique for the enrichment of 
molybdenum (Mo) and heavy REEs. Till now, the source nature of the Huanglongpu carbonatites is still poorly 
understood. In this contribution, we present elemental and C-O-Sr-Nd-Pb isotopic data of calcite to constrain the 
source signatures of the Huanglongpu carbonatite. Elemental geochemistry and C-O isotopes of the calcite vein- 
networks in the carbonatite reveal that the Huanglongpu carbonatites is of igneous genesis and originated from 
mantle-derived carbonatitic melts. The negative εNd(t) values (− 8.03–− 5.05) and elevated initial 87Sr/86Sr 
ratios (0.7049–0.7056) indicate considerable contribution of recycled crustal components in the mantle source. 
Combination of O-Sr-Nd-Pb isotopes suggests that over 10 wt% of recycled sediments might have been involved 
into the depleted mantle, accounting for the source of the Huanglongpu carbonatite. Considering the enrichment 
of heavy REE, REE distribution simulation indicates that the Huanglongpu carbonatite might be from the 30% 
partial melting of eclogite facies sediments. Accordingly, we infer that the Huanglongpu carbonatite might have 
been derived from the partial melting of a hybridized mantle source modified by recycled sediments of eclogite 
facies. The enrichment of Mo and heavy REEs plausibly resulted from the contribution of garnet/pyroxene from 
the eclogitic sediments within the subducted slab.   

1. Introduction 

Carbonatites have long been the important targets for critical metal 
explorations (e.g., Xu et al., 2008; Chen et al., 2018; Zhang et al., 2019a, 
b) as well as good lithoprobes to look into the crust-mantle interaction 
processes (e.g., Çimen et al., 2019). Carbonatites are usually charac
terized by light REEs (LREEs) enrichment and provide over 51.4% global 
LREE resources (e.g., Veksler et al., 1998; Song et al., 2015b), such as 
giant Bayan Obo REE-Fe-Nb deposit and the Maoniuping REE deposit in 
China, and the Mountain Pass REE deposit in USA (e.g., Lai and Yang, 
2013; Ling et al., 2013; Liu et al., 2019). Besides, carbonatites are 
important mantle-derived igneous rocks that developed in the intraplate 

rifting settings (i.e., the East African carbonatites, Kalt et al., 1997; 
Benkóet al., 2021), anorogenic margins of craton (i.e., Bayan Obo and 
Maoniuping carbonatites, Fan et al., 2006; Hou et al., 2015; Liu et al., 
2019; Weng et al., 2021), or mantle plumes (e.g., the Cape Verde islands, 
Gerlach et al., 1988). Even so, the origin of carbonatites has been long 
fascinated and subjected to several arguments. The Phanerozoic carbo
natites (<200 Ma) in the East Africa were thought to originate from the 
mixture of the HIMU and EMI mantle components (e.g., Bell and Tilton, 
2001). In some cases, carbonatites were considered to be generated due 
to partial melting of lithospheric mantle modified by recycled crustal 
components (e.g., Bell et al., 1982). The involvement of sediments into 
mantle source would not only lead to geochemical heterogeneity in the 
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mantle source, but also provides the precursor carbon and REEs for 
carbonatites (e.g., Hou et al., 2015; Weng et al., 2021). 

The Huanglongpu deposit in Lesser Qinling, central China, is an Early 
Mesozoic carbonatite-type Mo-REE deposit (Bai et al., 2019; Smith et al., 
2018; Xu et al., 2010), with molybdenite Re-Os age of 225.0 ± 7.6 Ma 
(Song et al., 2015a,b). Previous studies mostly focused on the REE (-Mo) 
mineralization mechanisms (i.e., Xu et al., 2010; Smith et al., 2018; 
Cangelosi et al., 2019) and the evolution process of the Huanglongpu 
carbonatites (Xu et al., 2007; Bai et al., 2019). Till now, the source na
ture of the unique Mo-HREE-bearing carbonatites is still not well con
strained. In this paper, we conduct elemental and isotopic geochemistry 
of calcite from the carbonatites to decipher the source nature of the 
Huanglongpu carbonatites and origin of the Mo and HREE enrichments. 

2. Geological background 

The Qinling orogenic belt in central China, stretching 1500 km from 
east to west, lies between the North China Craton to the north and the 
Yangtze Craton to the south (Fig. 1a, Ratschbacher et al., 2003; Dong 
and Santosh, 2016). From south to north, the Qinling orogenic belt can 
be further subdivided into four parts, i.e., the northern margin of the 
Yangtze Craton, the South Qinling Belt, the North Qinling Belt and the 
southern margin of the North China Craton (the Lesser Qinling), sepa
rated by the Mianlue fault, Shangdan fault and Luanchuan fault, 
respectively (Fig. 1b, Chen and Santosh, 2014; Zhang et al., 2019a,b). 
The Qinling orogenic belt had experienced multi-stage tectonic evolu
tion associated with the expansion and consumption of the Shangdan 
Ocean basin during the Cambrian to the Late Silurian and the Mianlue 
Ocean basin from the Devonian to the Middle Triassic (Lu et al., 1997; 
Chen and Santosh, 2014; Zhang et al., 2019a,b). During the Late 

Triassic, the closed Mianlue Ocean basin experienced extensional and 
collapsed after the orogenic period, forming numerous deep and large 
faults (Dong and Santosh, 2016; Zhang et al., 2019a,b). 

The Huanglongpu Mo-HREE deposit is located in the Lesser Qinling 
(Fig. 1). The basement in the Lesser Qinling consists of the amphibolite- 
to granulite- facies metamorphic rocks of the Archean Taihua Group, 
which unconformably contacts with the metamorphic rocks and volca
nic rocks of the Paleoproterozoic Xiong’er Group and is covered by the 
Proterozoic to Neoproterozoic sedimentary rocks (Huang et al., 2009). 
Faults in this region are mostly in northwest direction with 1–3 km in 
length. Mo-HREE mineralized carbonatites occur as veins and mesh- 
veins along the direction of the faults. The Huanglongpu ore field con
sists of several carbonatite-associated ore districts, including the 
Dashigou, Wengongling, Shijiawan, and Yuantou (Fig. 1c). They have 
similar mineral assemblages and compositional affinities with Mo-HREE 
mineralization. Over 200 kilotons of Mo with grades of 0.034 – 0.136 wt 
% and over 2 kilotons of rare earth elements reserves have been esti
mated in the Huanglongpu ore field (Xu et al., 2009). 

Carbonatite samples in this study were collected from the Dashigou 
and Wengongling ore districts. Carbonatites are mostly present as vein- 
networks, 100–1000 m long and 0.1–20 m wide (Fig. 2a). Fresh and least 
altered carbonatite samples are mainly composed of calcite (>80 vol%), 
quartz, molybdenite, xenotime and monazite, with lesser pyrite, galena, 
sphalerite and REE-fluorocarbonate (Fig. 2b–f). Xenotime is the major 
HREE mineral in the Huanglongpu carbonatite. Molybdenite appears as 
thin films and is mainly distributed within carbonatites (Fig. 2b and e). 
Monazite U–Pb dating and molybdenite Re–Os dating of the Huan
glongpu carbonatite indicated that the carbonatite and associated Mo- 
HREE mineralization took place at the Late Triassic (225 – 209 Ma), 
when the lesser Qinling was being in a post-collision extensional setting 

Fig. 1. (a) Tectonic subdivision of the Qingling Belt; and (b) Geological map of the Huanglongpu REE-Mo ore field. Modified after Xu et al. (2010).  
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(Stein et al., 1997; Song et al., 2015a; Song et al., 2016; Zhang et al., 
2019a,b). 

3. Analytical methods 

3.1. Calcite compositional analyses 

Calcite separates were hand-picked from the Huanglongpu carbo
natites. Major and trace element analyses of calcite separates from the 
Huanglongpu carbonatites were carried out at the State Key Laboratory 
of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese 
Academy of Sciences (GIGCAS). Fresh calcite separates were handpicked 
and then grounded to 200 mesh. Sample powder of Ca. 50 mg was fluxed 
with LiBO2 to make homogeneous glass disks for ZSX 100e X-Ray 
Fluorescence (XRF) analyses. Loss on ignition (LOI) was obtained by 
determining the weight loss of samples ignited in a furnace at 900 ◦C for 
2 h and allowed to cool in a desiccator to minimize moisture absorption, 
which can be a major error source in carbonate LOI determination. The 
trace elements were measured by the Thermo Scientific iCAP RQ ICP-MS 
with the rock standard of W-2a. Prior to the analysis, 50 mg of rock 
powder were dissolved in a Teflon bomb using 1 ml of HF (38%) and 0.5 
ml of HNO3 (68%). The sealed bomb was placed in an electric oven and 

heated to 190 ◦C for 24 h. The cooling solution was spiked with 1 ml of 1 
μg ml− 1 Rh, used as an internal standard, and evaporated on a hot plate. 
This was followed by 2 cycles of dilution with 1 ml of HNO3 and 
evaporation to dryness. The final residue was re-dissolved in 8 ml of 
HNO3. The bomb was re-sealed, returned to the oven and heated to 
110 ◦C for 3 h. The final solution was diluted to 100 ml by addition of 
distilled de-ionized water for ICP-MS analysis. Duplicate analyses of 
samples and rock standards suggest the analytical accuracy is better than 
95%. 

3.2. Calcite C-O-Sr-Nd-Pb isotopic analyses 

About 20 mg calcite powders were firstly treated with 100% phos
phoric acid in a vacuum. The liberated CO2 gas was collected for C–O 
isotopes analyses. C–O stable isotopic analyses were carried out on a VG 
IsoPrime II mass spectrometer at the State Key Laboratory of Isotope 
Geochemistry, GIGCAS. Analytical uncertainties are better than 0.08% 
for δ18O (reported relative to SMOW) and 0.05% for δ13C (relative to 
PDB). 

Isotopic measurement was performed on the Neptune Plus multiple 
collector inductively coupled plasma mass spectrometry at the State Key 
Laboratory of Isotope Geochemistry, GIGCAS. For Sr–Nd–Pb isotope 

Fig. 2. (a) Field photo showing the stockwork carbonatite is about 10–50 m long with a width of about 0.1–1.5 m. (b) Photo of hand specimen showing molybdenite 
is closely associated with pink calcite carbonatites. (c) Cathodoluminescence image of calcite. (d–f) Micro-photos of minerals. Mol–molybdenite; Cal–calcite; 
Bast–bastnaesite; Mnz–monazite; Qtz–quartz. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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determination, sample powders were firstly dissolved in Teflon capsules 
with HF + HNO3 acid. Strontium and REE were separated using cation 
columns, and then the Nd fractions were further separated using 
HDEHP-coated columns. For Pb isotope, the total procedural blank was 
less than 0.4 ng. Samples were doped with Tl, and mass discrimination 

was corrected using a certified 203Tl/205Tl ratio of 0.418922. During the 
period of analysis, repeated analyses of National Institute of Standards 
and Technology Standard Reference Material 981 yielded 206Pb/204Pb 
= 16.9325 ± 5 (2σ), 207Pb/204Pb = 15.4859 ± 6 (2σ), and 208Pb/204Pb 
= 36.6825 ± 18 (2σ). Measured 87Sr/86Sr and 143Nd/144Nd ratios were 

Table 1 
Major and trace elements composition of calcite from the Huanglongpu (HL) carbonatite.  

Sample no. 18HL- 
2a 

18HL- 
3 

18HL- 
5a 

18HL- 
5b 

18HL- 
7 

18HL- 
9a 

18HL- 
11 

19HL- 
2 

19HL- 
4 

19HL- 
6 

19HL- 
7 

19HL- 
15 

19HL- 
24 

19HL- 
28 

Major element 
(wt %)               

CaO  51.67 52.32 52.34 53.25 51.87 53.34 52.89 53.10 52.74 51.33 52.56 53.25 53.24 
MnO  2.76 3.25 3.10 2.52 2.70 2.50 2.79 1.89 2.49 2.49 2.37 2.45 2.43 
SrO  0.58 0.56 0.56 0.59 0.71 1.01 0.81 0.95 0.69 0.63 0.74 0.79 0.78 
Al2O3  0.61 0.13 0.43 0.30 0.80 0.28 0.08 0.06 0.06 0.62 0.06 0.06 0.06 
MgO  0.39 0.49 0.41 0.36 0.37 0.40 0.58 0.44 0.59 0.64 0.61 0.59 0.59 
Na2O  0.21 0.38 0.18 0.23 0.21 0.20 0.03 0.03 0.02 0.03 0.03 0.03 0.03 
BaO  0.07 0.03 0.05 0.05 0.13 0.51        
Fe2O3T  0.16 0.10 0.10 0.19 0.18 0.17 0.30 0.37 0.46 0.55 0.54 0.47 0.49 
TiO2  0.02 0.02 0.02 0.03 0.02 0.03 BDa BDa BDa BDa BDa BDa BDa 

SiO2  0.91 BDa BDa BDa 0.61 0.28 0.31 1.01 0.11 2.15 0.48 BDa 0.05 
P2O5  0.02 BDa 0.03 0.01 0.03 0.03 0.01 0.02 0.01 0.01 BDa BDa 0.01 
K2O  BDa BDa BDa BDa BDa BDa 0.02 0.02 0.02 0.54 0.02 0.02 0.02 
LOI  42.05 42.25 42.29 42.24 41.86 41.39 42.06 41.75 42.33 40.86 42.10 42.26 42.23 
Total  99.44 99.53 99.50 99.78 99.49 100.13 99.89 99.64 99.51 99.85 99.50 99.88 99.92  

Trace element 
(ppm)               

Li 0.27 0.16 0.09 0.29 0.08 0.14 0.11 0.16 0.14 0.23 0.24 0.30 0.11 0.10 
Be 0.36 0.03 0.02 0.15 0.02 0.02 0.09 0.89 0.20 0.03 0.27 0.17 0.04 0.05 
Mg 2900 2810 3130 2840 2650 2760 2720 2980 2070 3070 3340 3160 2970 3010 
P 104.0 130.0 68.6 182.0 87.0 138.0 112.0 62.4 116 41.2 76.2 45.7 42.3 65.9 
Sc 4.78 3.15 2.73 3.06 2.40 2.84 3.13 4.96 1.52 3.46 4.87 2.71 2.27 2.13  

Trace element 
(ppm)               

Ti 3.66 3.64 1.24 1.56 5.81 4.00 2.42 1.93 2.45 1.38 2.69 1.98 2.15 1.21 
V 1.36 0.41 0.26 0.48 0.36 0.39 0.45 0.34 0.36 0.22 0.39 0.14 0.22 0.20 
Cr 95.50 12.40 3.06 7.65 15.10 6.83 10.50 9.05 9.36 7.00 6.11 0.08 8.42 0.11 
Mn 21,900 18,800 22,200 21,000 17,000 18,400 16,700 21,000 14,600 19,400 19,800 18,900 18,600 18,700 
Fe 5710 4260 3890 3900 4570 4360 4000 3150 3320 4520 5190 5040 4480 4540 
Co 1.13 0.19 0.10 0.14 0.22 0.13 0.17 0.16 0.14 0.12 0.13 0.07 0.15 0.06 
Ni 41.90 5.22 1.39 3.29 6.64 3.02 4.56 4.16 4.35 3.13 2.77 0.11 3.84 0.12 
Cu 2.11 0.30 0.10 0.21 0.37 0.19 0.24 0.20 0.36 0.17 0.17 0.07 0.27 0.05 
Zn 22.4 12.1 11.4 12.4 11.7 30.7 14.3 11.1 13.0 12.1 12.4 11.9 10.9 13.3 
Rb 14.10 0.64 0.81 0.85 0.60 0.64 0.61 0.71 0.57 0.74 1.72 0.96 0.91 0.82 
Sr 4810 7340 7080 7080 7670 9230 11,900 6520 7810 5630 5270 6320 6520 6400 
Y 648 419 583 586 423 421 350 485 384 469 404 635 712 661 
Zr 0.16 0.08 0.11 0.11 0.09 0.09 0.06 0.09 0.10 0.10 1.88 0.12 2.12 0.13 
Nb 0.75 4.67 0.08 0.41 8.51 4.16 2.15 0.41 0.62 0.86 1.30 0.80 0.61 0.66 
Mo 114.00 62.20 8.92 7.70 6.31 62.40 21.60 17.10 13.30 1.80 48.20 4.15 0.56 1.41 
Sn 0.09 0.05 0.02 0.02 0.09 0.06 0.04 0.04 0.07 0.04 0.04 0.05 0.05 0.03 
Cs 0.11 0.01 0.02 0.03 0.01 0.01 0.01 0.01 0.02 0.05 0.03 0.05 0.02 0.01 
Ba 493 744 333 742 677 1800 5710 468 613 232 1360 573 225 193 
La 198 438 282 958 285 538 393 307 492 143 201 133 157 215  

Trace element 
(ppm)               

Ce 433 959 754 1990 711 1180 811 745 1160 386 427 361 421 559 
Pr 54.3 114.0 103.0 229.0 93.3 142.0 98.1 97.2 145.0 53.8 51.2 51.8 59.6 76.6 
Nd 229 441 449 863 387 543 385 404 579 241 205 241 272 340 
Sm 59.6 78.4 98.4 143.0 79.0 95.9 71.7 82.6 103.0 62.2 45.6 66.6 70.4 84.0 
Eu 16.9 19.4 25.1 32.9 20.0 23.1 18.1 21.4 24.2 17.1 12.6 19.0 19.9 22.7 
Gd 66.1 72.0 89.8 125.0 70.2 83.1 63.5 77.8 88.3 62.5 48.6 70.8 73.5 83.2 
Tb 11.30 9.48 12.90 15.20 9.84 10.80 8.47 11.10 11.10 10.10 7.90 12.00 12.30 13.30 
Dy 73.20 52.80 72.60 79.20 54.70 57.60 46.50 63.10 57.20 60.30 48.30 73.70 77.10 78.70 
Ho 17.50 11.70 15.80 17.00 11.90 12.20 9.89 14.30 12.20 13.50 11.60 17.20 18.10 17.80 
Er 58.10 36.70 49.00 51.50 36.60 37.30 30.40 45.80 37.00 42.60 38.60 56.30 61.50 56.90 
Tm 10.70 6.20 8.31 8.57 6.04 6.12 5.05 8.00 6.13 7.58 6.99 10.20 10.90 10.10 
Yb 76.90 41.20 56.00 56.70 40.10 40.40 33.00 53.40 40.70 50.9 49.50 69.80 74.10 67.50 
Lu 12 6.29 8.41 8.52 6.01 6.08 5.06 8.04 6.13 7.74 7.99 10.40 10.80 9.92 
Hf 0.20 0.15 0.20 0.22 0.15 0.16 0.13 0.20 0.18 0.19 0.17 0.23 0.26 0.24 
Ta 0.05 0.04 0.05 0.06 0.04 0.04 0.03 0.05 0.05 0.05 0.04 0.07 0.07 0.07 
Pb 117 71.10 78.60 102 84.10 89.90 96.80 58 72.50 77.90 70.40 79.90 71.00 77.80 
Th 1.21 3.32 0.23 2.64 1.63 3.14 3.46 0.72 1.44 0.44 1.51 0.15 0.25 0.60 
U 6.10 4.50 0.10 0.54 7.29 3.82 1.84 0.60 1.01 0.61 0.83 0.59 0.37 0.27 

a Below detection. 
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normalized to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respec
tively. The reported 87Sr/86Sr and 143Nd/144Nd ratios were respectively 
adjusted to the NBS SRM 987 standard with an 87Sr/86Sr value of 
0.71025 and the Shin Etsu JNdi-1 standard with a 143Nd/144Nd value of 
0.512115. 

4. Results 

4.1. Elemental geochemistry 

The major and trace elemental data of calcite separates from the 
Huanglongpu carbonatite are presented in Table 1 and illustrated in 

Fig. 3. The calcite has relatively higher MnO (1.9–3.2 wt%) and MgO 
(0.36–0.64 wt%) contents than calcite of other carbonatites in Lesser 
Qinling. It is enriched in large ion lithophile elements (Sr, Ba, Pb and U) 
but depleted in high field strength elements (Nb, Ta, Zr and Hf), which is 
similar to the average calcite compositions in most carbonatites (Fig. 3a, 
Castor, 2008; Lai and Yang, 2013; Stoppa et al., 2019). Total REE con
tents range from 1566 to 3196 ppm, consistent with those of igneous 
carbonatites (Samoilov, 1991; Mitchell, 2005). Notably, the Huan
glongpu calcite is relatively enriched in the HREE with LREE/HREE 
ratios of 0.9–4.4 (Fig. 3b). REE distribution patterns of the Huanglongpu 
calcite are flatter with slightly negative Eu anomalies, when compared 
to calcite of the other carbonatites in the Qinling orogen (Fig. 3b, Bai 
et al., 2019). Moreover, the Huanglongpu calcite is more enriched in Pb 
(81 ppm on average) than the average calcite in the typical carbonatites. 

4.2. Isotopic geochemistry 

Carbon and oxygen isotopic data of the calcite samples are listed in 
Table 2 and illustrated on Fig. 4. δ13CV-PDB and δ18OV-SMOW values of the 
fourteen samples vary from − 7.07‰ to − 6.56‰ (− 6.87‰ on average) 
and from 8.09‰ to 8.96‰ (8.54‰ on average), respectively. These 
uniform C–O isotopic data are plotted within the primary carbonatite 
domain (Fig. 4). 

The Sr, Nd and Pb isotopic data are listed in Table 3 and illustrated 
on Fig. 5. The carbonatites have εNd(t) values (calculated at 220 Ma) of 
− 8.03–− 5.05, significantly lower than EM1 (Fig. 5a), and have 
(87Sr/86Sr)i values of 0.7049–0.7056, slightly lower than those of the 
EM1. They have 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb composi
tions ranging from 17.440 to 17.756, 15.441 to 15.481 and 37.540 to 
37.677, respectively (Table 3; Fig. 5c). These C-O-Sr-Nd-Pb isotopic 

Fig. 3. (a) Primitive mantle-normalized trace-element abundances in calcite 
samples of carbonatites from Huanglongpu; (b) Chondrite-normalized REE 
abundances of calcite in Huanglongpu. Normalization values are from McDo
nough and Sun (1995). Huanglongpu and Huangshuian calcite (Bai et al., 2019) 
from the Qinling orogenic belt are also plotted for comparison. 

Table 2 
C–O isotopic composition of calcite from the Huanglongpu (HL) carbonatite.  

Samples 18HL- 
2a 

18HL- 
3 

18HL- 
5a 

18HL- 
5b 

18HL- 
7 

18HL- 
9a 

18HL- 
11 

19HL- 
02 

19HL- 
04 

19HL- 
06 

19HL- 
07 

19HL- 
15 

19HL- 
24 

19HL- 
28 

δ13CPDB(‰0 − 6.56 − 6.98 − 7.07 − 7.07 − 7.06 − 6.96 − 6.99 − 6.86 − 6.81 − 6.75 − 6.95 − 6.72 − 6.71 − 6.68 
δ18OSMOW(‰ 

z) 
8.96 8.09 8.35 8.53 8.27 8.19 8.30 8.91 8.70 8.64 8.90 8.53 8.42 8.70 

δ18OSMOW (%) = 1.03091 × δ13OPDB (%) + 30.91, according to Coplen et al. (1983). 

Fig. 4. Carbon and oxygen isotopic compositions of calcite from the Huan
glongpu carbonatite. The field of primary, unmodified carbonatites (after 
Taylor et al., 1967) and the major processes responsible for changes in C–O 
isotopic composition of carbonatites (Demény et al., 1998) are also shown for 
comparison. Recycled sediments data from Moecher et al. (1994) and Eiler et al. 
(2000). MORB data from Eiler et al. (2000) and Deines. (2002). 
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Table 3 
Sr − Nd − Pb isotopic composition of calcite from the Huanglongpu (HL) carbonatite.  

Samples 87Rb/86Sr 87Sr/86Sr 2σ (87Sr/86Sr)i 
147Sm/144Nd 143Nd/144Nd 2σ (143Nd/144Nd)i εNd (t) 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb (206Pb/204Pb)i (207Pb/204Pb)i (208Pb/204Pb)i 

18HL-3  0.0003  0.705068  0.000004  0.705067  0.107464  0.512105  0.000003  0.511950 − 7.88  17.713  15.448  37.573  17.577  15.441  37.540 
18HL-5a  0.0003  0.705003  0.000003  0.705002  0.132476  0.512139  0.000003  0.511947 − 7.93  17.458  15.471  37.643  17.455  15.471  37.641 
18HL-5b  0.0003  0.705011  0.000004  0.705010  0.100165  0.512169  0.000003  0.512024 − 6.43  17.480  15.471  37.675  17.468  15.470  37.657 
18HL-7  0.0002  0.705011  0.000005  0.705010  0.123399  0.512225  0.000003  0.512047 − 5.99  17.944  15.485  37.637  17.756  15.476  37.624 
18HL-9a  0.0002  0.704946  0.000005  0.704945  0.106760  0.512174  0.000003  0.512020 − 6.51  17.760  15.486  37.683  17.668  15.481  37.659 
18HL-11  0.0001  0.704930  0.000004  0.704930  0.112578  0.512199  0.000003  0.512036 − 6.20  17.540  15.473  37.683  17.499  15.471  37.658 
19HL-02  0.0003  0.705049  0.000010  0.705048  0.123591  0.512121  0.000004  0.511942 − 8.03  17.471  15.459  37.591  17.449  15.458  37.582 
19HL-04  0.0002  0.704896  0.000008  0.704895  0.107536  0.512225  0.000004  0.512070 − 5.54  17.510  15.471  37.641  17.480  15.469  37.627 
19HL-06  0.0004  0.705298  0.000008  0.705297  0.156019  0.512321  0.000004  0.512095 − 5.05  17.482  15.471  37.681  17.466  15.470  37.677 
19HL-07  0.0009  0.705447  0.000010  0.705444  0.134464  0.512204  0.000004  0.512009 − 6.72  17.508  15.468  37.678  17.482  15.467  37.663 
19HL-15  0.0004  0.705444  0.000008  0.705442  0.167056  0.512305  0.000005  0.512063 − 5.67  17.456  15.461  37.654  17.440  15.460  37.653 
19HL-24  0.0004  0.705522  0.000010  0.705521  0.156459  0.512249  0.000004  0.512023 − 6.45  17.461  15.467  37.671  17.449  15.466  37.669 
19HL-28  0.0004  0.705426  0.000009  0.705425  0.149349  0.512284  0.000005  0.512068 − 5.58  17.473  15.468  37.677  17.465  15.468  37.671 

[(87Rb/86Sr)CHUR = 0.0847 (Mcculloch and Black, 1984); (87Sr/86Sr)CHUR = 0.7045 (DePaolo, 1988); (147Sm/144Nd)CHUR = 0.1967 (Jacobsen and Wasserburg, 1980); (143Nd/144Nd)CHUR = 0.512638 (Goldstein et al., 
1984)] was used for the calculations. λRb = 1.42 × 10-11 year− 1; λSm = 6.54 × 10-12 year− 1. (207Pb/204Pb)NHRL = 0.1084 × (206Pb/204Pb)i + 13.491; (208Pb/204Pb)NHRL = 1.209 × (206Pb/204Pb)i + 15.627 (Hart, 1984). 
Initial Sr–Nd–Pb isotope ratios were obtained by using the age of 220 Ma. 
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results are consistent with previous studies (e.g., Xu et al., 2010, 2011; 
Song et al., 2016; Smith et al., 2018; Bai et al., 2019). 

5. Discussion 

5.1. Geochemical affinity of the Huanglongpu calcite 

The Huanglongpu carbonatite is a typical calcic-carbonatite, with 90 
vol% calcite. In mineralogy, calcite in the Huanglongpu carbonatite 
vein-networks occurs as large-grained (0.1–1 mm in diameter) euhedral 
or subhedral crystal. It has uniform saffron color in cath
odeluminescence image (Fig. 2c), indicating insignificant influence from 
late metasomatism or recrystallization (e.g., Pierson, 1981). Composi
tionally, the Huanglongpu calcite contains remarkably high contents of 
Sr, Ba and REE (Fig. 6a, b), which are obviously different from typical 
sedimentary and metamorphic calcite (e.g., Samoilov, 1991; Xu et al., 
2007). Besides, the C–O isotopes fall within the primary carbonatite 
range, as well as the Maoniuping and Huanshuian carbonatite (Fig. 4), 
indicating the origin of mantle-derived melts. Accordingly, both 
compositional and isotopic data of calcite show that the Huanglongpu 
vein-networks were formed from igneous carbonatites that should be 
mantle-derived. 

Previous experiments showed that calcio-carbonatite magma has a 
viscosity of 0.1 Pa⋅s and a density of 2.3–2.5 × 103 kg⋅m− 3 at 
700–800 ◦C, while the density of water-rich carbonatite is even lower, 
possibly less than 2 × 103 kg⋅m− 3 (Wolff, 1994). Thus, such low density 
and viscosity allow the carbonatite magmas ascending rapidly after its 
formation (Dobson et al., 1996), preventing extensive wall-rock 
contamination. Besides, the relatively homogeneous Pb isotopic com
positions and the absent of correlation between 87Sr/86Sr and Rb/Sr 
ratios of the Huanglongpu calcite further argue against significant 
crustal assimilation (Table 3). So, we conclude that the isotopic 
geochemistry of the Huanglongpu calcite should be mostly pristine and 
records the nature of the mantle source. 

5.2. Nature of mantle source 

Carbonatites are typical mantle-derived magmas (Woolley and 
Church, 2005; Bell and Simonetti, 2010). Previous studies have shown 
that most carbonatites have Sr-Nd-Pb isotopes similar to those of oceanic 
island basalts (OIBs) (e.g., Hou et al., 2015). Thus, these carbonatites 
were generally regarded to originate from partial melting of enriched 
sub-lithospheric mantle (Bell and Simonetti, 2010). In addition, some 
carbonatites were interpreted to originate from the deeper astheno
spheric mantle modified by recycled crustal components (Bell and 
Simonetti, 2010). For the Huanglongpu carbonatites, the elevated 
HREE-enriched patterns are obviously different from those of OIBs, 
which are generally LREE-enriched (e.g., Eisele et al., 2002). In addition, 
the Nd isotope value (εNd(t) = − 8.03–− 5.05) of the Huanglongpu 
carbonatites are remarkably lower than those of OIBs when the Sr iso
topes of carbonatites are the same to those of OIBs (e.g., Hofmann, 

(caption on next column) 

Fig. 5. (a) Modelling based on the Sr-Nd isotopic compositions to show the 
proportion of subducted sediments involved in the mantle area, (b) δ18O versus 
εNd (t), and (c) δ18O versus 206Pb/204Pb. Recycled sediments data from Plank 
and Langmuir. (1998) and Eiler et al. (2000). Depleted mantle data from Eiler 
et al. (2000), Salters and Stracke, (2004) and Workman and Hart, 2005. Curve 
refer to simple mixing between the depleted mantle derived and recycled sed
iments. Parameters used as follows: Depleted mantle (DM): Sr = 8 ppm, Nd =
0.58 ppm, εNd = 7.8, and 87Sr/86Sr = 0.7026 (Salters and Stracke, 2004; 
Workman and Hart, 2005); and subducted sediments: Sr = 30 ppm, Nd = 12 
ppm, εNd = − 12, and (87Sr/86Sr)i = 0.7120 (Plank and Langmuir, 1998; Wang 
et al., 2012). The Maoniuping data from Hou et al. (2015). The Bayan Obo data 
from Yang et al. (2011). The East African data from Chikanda et al. (2019). And 
the Lesser Qinling data from Bai et al. (2019). Initial Sr-Nd-Pb isotope ratios 
were obtained by using the age of 220 Ma. 
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1997), suggesting that the Huanglongpu carbonatites cannot be gener
ated by partial melting of enriched lithospheric mantle. Therefore, the 
source region of the Huanglongpu carbonatite may be an exotic hy
bridized mantle with recycled crustal material. In addition, the Pb iso
topic compositions of the Huanglongpu carbonatites are also slightly 
higher than those of the depleted mantle, ascribed to the involvement of 
crustal materials (e.g., Salters and Stracke, 2004; Workman and Hart, 
2005). 

Carbonated mantle induced by recycle of marine sediments into the 
mantle is the favorable source of global carbonatites (e.g, Thomson 
et al., 2016; Plank and Manning, 2019). The residual carbonated eclo
gites formed after sediment melting and metamorphism are the main 
contributor to the carbon in the deep mantle (Dasgupta et al., 2004; Poli, 
2016). In the Huanglongpu, the remarkable negative εNd(t) values and 
elevated initial 87Sr/86Sr ratios are distinctive with those of the Bayan 
Obo carbonatite, but partially overlap with those of the Maoniuping and 
East African carbonatites (Fig. 5a). Therefore, the contribution of sub
ducted sediments is favored for the explanation of the mantle source of 
the Huanglongpu carbonatites rather than the lower continental crust. 
Besides, the melting of recycled sediments, which required considerable 
high temperature and pressure conditions (~1000 ◦C, ~3 GPa, 

Dokukina et al., 2017), calls for a slab window scenario induced by the 
upwelling of asthenosphere mantle. So, we infer that the hybrid mantle 
source should be mainly comprised of subducted sediments and sur
rounding depleted mantle. Mass-balance calculation by combining O-Sr- 
Nd-Pb isotopes can be used to constrain the contribution of subducted 
sediments and surrounding mantle source, as shown in Fig. 5. Sr-Nd 
isotopes show that the mantle sources of the Huanglongpu and Huang
shuian carbonatites involve more than 10–20% recycled sediments 
(Fig. 5a). In addition, O-Nd and O-Pb isotopes give further supports for 
the contribution of 10–20% recycled sediments (Fig. 5b and c). 

5.3. Contribution of recycled eclogite facies sediments 

The Huanglongpu carbonatite is characterized by elevated HREE 
contents compared to global carbonatites (e.g., Xu et al., 2003; Xu et al., 
2008; Chen et al., 2018; Zhang et al., 2019a,b). Several possible models 
can be attributed to the high HREE contents in carbonatites. Firstly, the 
liquid immiscibility from carbonate-silicate magmas has been suggested 
to account for the generation and the enrichment of REE in carbonatites 
(Veksler et al., 1998; Gudfinnsson and Presnall, 2005; Song et al., 
2015b). Due to the distinct partition coefficients of La (~1.33) and Yb 
(~0.3) between carbonatite and silicate magmas (Veksler et al., 1998), 
liquid immiscibility can lead to the strong fractionation between HREE 
and LREE, leading the enrichment of LREE in carbonatites relative to 
HREE. Given that, the liquid immiscibility can be exclude for the for
mation of the HREE-rich Huanglongpu carbonatites. Secondly, redis
tribution of REE during hydrothermal alteration could lead to the 
enrichment of HREE in carbonatites, due to the different stability of 
REE-Cl-, F- or CO3

2– complexes (e.g., Smith et al., 2018; Cangelosi et al., 
2019). This possibility is can be excluded due to the in significantly 
hydrothermal metasomatism in the Huanglongpu carbonatites. More
over, fractional crystallization could also lead to HREE enrichment in 
carbonatite. For example, the Malawi carbonatite retains a complete 
evolutionary process and are enriched in HREE in the late stage 
(Broomfendley et al., 2017; Chikanda et al., 2019). However, the lowest 
(La/Yb)N value of the Malawi carbonatite that has evolved to the late 
stage is 69.4 (Chikanda et al., 2019), which is still far lower than the 
HREE enrichment level of the Huanglongpu carbonatite ((La/Yb)N =

4.3–37.3, Bai et al., 2019). Accordingly, it is probably that the HREE 
Fig. 6. (a) Sr versus LREE and (b) REE versus LREE/HREE for the Huanglongpu 
calcite. The Huanglongpu and Huangshuian calcite data from Bai et al. (2019). 
The calcite data of carbonate rocks from Xu et al. (2021). The calcite data of 
metamorphic rocks from Zhuo et al. (2019). 

Fig. 7. Forward trace element modeling of incremental melting of an eclogite 
facies sediments source (40% clinopyroxene, 40% garnet, 10% olivine, 5% 
amphibole, 5% rutile) to generate the Huanglongpu carbonatites. F: mass per
centage of melts. Normalization values are from McDonough and Sun (1995). 
Mineral-melt distribution coefficients are taken from the Chazot et al. (1996), 
Johnson, (1998), Westrenen et al. (1999), and Foley et al. (2000). The eclogite 
facies sediments (source rock) data are from Spandler et al. (2007). 
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enrichment in the Huanglongpu carbonatite should be inherited from a 
HREE-enriched mantle source. Given that the depleted mantle has low 
REE abundances and partial melting of such a source cannot generate 
REE-rich melts (Salters and Stracke, 2004; Kogiso et al., 2004; Workman 
and Hart, 2005), such high REE concentration in the Huanglongpu 
carbonatites should be originated from the mantle source modified by 
the subducted sediments with HREE-bearing minerals (Plank and 
Langmuir, 1998; Wang et al., 2012; Bi et al., 2021). 

When the oceanic slab subducted to the depth of ~ 50 km, the 
temperature and pressure can reach 1.4 GPa and 600 ◦C, respectively 
(Penniston-Dorland et al., 2015; Tsujimori and Mattinson, 2021). Under 
such conditions, the subducting slab with sediments could meta
morphosed to eclogite facies (e.g., Tsujimori and Mattinson, 2021). 
Garnet and pyroxene are the main components in the eclogite and the 
garnet is the major host for HREE in the eclogite (Allibone et al., 2009; 
Clarke et al., 2013). The distribution coefficients between clinopyroxene 
and melts are experimentally determined to be Dcpx/melt

La = 0.049, Dcpx/ 

melt
Gd = 0.32, and Dcpx/melt

Yb = 0.4, and the distribution coefficients 
between garnet and melts are Dgt/melt

La = 0.004, Dgt/melt
Gd = 0.8 and 

Dgt/melt
Yb = 6.5 (Johnson, 1998; Westrenen et al., 1999). Therefore, the 

partial melting of the eclogite facies sediments (~1000 ◦C, Putirka, 
1998; Hammouda et al., 2009) could cause the MREE and HREE released 
from the garnet to the melts, and finally formed HREE-enriched carbo
natites. The simulation results of partial melting of eclogite facies sedi
mentary rocks also show that the higher the degree of melting, the 
higher the HREE content in the melt (Fig. 7). Due to the low REE content 
of the depleted mantle (

∑
REE = ~4.25 ppm), the REE pattern of the 

eclogite facies sediments melt can roughly represent the REE pattern of 

the source melt (Salters and Stracke, 2004). When the mass percentage 
of melts is ~ 0.3, the melts similar to the REE distribution pattern of the 
Huanglongpu carbonatite can be obtained. The HREE of the Huan
glongpu carbonatite is slightly higher than the simulation result, which 
may be caused by subsequent magma differentiation. Our results indi
cate that the partial melting of eclogite facies sediments is the main 
cause for the enrichment of HREE in the Huanglongpu carbonatite. 

5.4. Implications for Mo and HREE mineralization 

Carbonatites are typically poor in Mo (~0.05 ppm) (Woolley and 
Kempe, 1989). However, the molybdenite in the Huanglongpu carbo
natite is closely associated with calcite (Fig. 2e). Generally, the source of 
Mo can be evaluated by the Re contents in molybdenite (e.g., Mao et al., 
1999; Xu et al., 2010). Molybdenite generated from mantle-derived 
melt/fluid is characterized by high Re contents (>100 ppm) and those 
with a crustal source show low Re contents (<10 ppm) (Mao et al., 
1999). The Huanglongpu carbonatite-hosted molybdenite contains high 
Re contents (283–4000 ppm) (Huang et al., 1985; Xu et al., 2010), 
indicating a mantle origin. However, partial melting of the depleted 
mantle with very low Mo contents (0.02–0.6 ppm) is difficult to form the 
carbonatite with Mo mineralization (e.g., Salters and Stracke, 2004). 
Therefore, the enrichment of Mo in the mantle source may also be 
attributed to the addition of subducted materials. Previous studies have 
suggested that subduction sediments could be Mo-enriched with Mo 
contents up to 185 ppm, such as the black rock series (e.g., Plank and 
Langmuir, 1998; Wang et al., 2012). Such sediments input with sub
ducted slab could account for Mo enrichment in the mantle source. This 

Fig. 8. Sketch maps for the formation of the Huanglongpu carbonatite. (a) The Mianlue oceanic slab subducted beneath the Lesser Qinling, where the recylced 
sediments got melted and mixed with the asthenosphere to form a hybridized source. The mantle source was partially melted to generate the primary magmas for the 
Huanglongpu carbonatite. The primary magmas upwelled under the post-orogenic extensional tectonic setting of the Lesser Qinling during the late Triassic, and 
eventually ascended along the fault to develop the Huanglongpu veined carbonatite. (b) The insert figure shows that the metamorphic eclogite facies sediments were 
partially melted to generate a CO2, HREE and Mo enriched melts at ~ 1000 ◦C. The cartoon was modified from Wilkinson. (2013). 
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hypothesis is also supported by the light Mo isotopic composition (δ98/ 

95Mo value as low as − 1.71‰ of the Huanglongpu carbonatite (authors’ 
unpublished data). The δ98/95Mo value of the Huanglongpu carbonatite 
is markedly lower than those of sediments such as the black shales in 
Qinling (δ98/95Mo = − 0.75‰ − 1‰) (Wen et al., 2011; Xu et al., 2012). 
Such low δ98/95Mo value may be due to the fact that the heavy Mo 
isotopes tend to migrate with the fluids to the overlying mantle wedge 
during the subduction process, leading to the low Mo isotopic compo
sitions in the eclogite (König et al., 2016; Kendall et al., 2017). As with 
the subduction depth increases, the Mo isotopic value of the eclogite 
decreases (Chen et al., 2019). Therefore, the low Mo isotope values of 
the Huanglongpu carbonatite may be associated with the deep subduc
tion process. As a result, the Mo mineralization of the Huanglongpu 
carbonatite is closely related to the recycled sediments. 

A cartoon modeling showing the generation of the Huanglongpu 
carbonatite and the mechanisms of the Mo and HREE enrichment in the 
mantle source was illustrated in Fig. 8. In the Late Triassic, the Mianlue 
Ocean in the Qinling provided an opportunity for the sediment input, 
which brought large amount of Mo and HREE into the asthenosphere 
mantle (Dong and Santosh, 2016; Zhang et al., 2019a,b). During the 
early stages of oceanic subduction, the dehydrated fluids would have 
removed plenty of incompatible elements, such as LREEs from the slab, 
resulting in the HREE enrichment in the residues (Zheng, 2012; Zheng, 
2019). These residues were subducted into deeper mantle and gradually 
metamorphosed into carbonated eclogites (Dasgupta et al., 2004; Poli, 
2016; Thomson et al., 2016). In a subduction system under eclogite 
facies conditions, the minerals still maintain equilibrium in the solid
us–liquidus interval (Sweeney, 1994). However, the Lesser Qinling was 
in a post-orogenic extensional tectonic setting in the Late Triassic (Dong 
and Santosh, 2016; Zhang et al., 2019a,b). The asthenosphere upwelling 
caused by the extensional collapse will carry the eclogite fragments and 
move upward. As the asthenosphere upwelling, the subducted materials 
begin to melt. When melting, the phase equilibrium of minerals is 
broken. In the MgO-CaO-SiO2-CO2 system (>1100 ◦C), magnesite and 
SiO2 decompose to produce enstatite and CO2, and supply CO2 to car
bonatite melts (Wyllie et al., 1983; Sleep and Zahnle, 2001). And the 
melting of Mo-bearing minerals (e.g., rutile) and HREE-bearing minerals 
(e.g., garnet and pyroxene) also contributes to Mo-HREE mineralization. 
Moreover, ongoing mechanical mixing leads to homogenization of the 
hybridized melt and further formation of the hybridized source (Fig. 8b). 
Due to the addition of subduction sediments in the source, the mantle 
source became rich in volatiles (Guzmics et al., 2008). The extensive 
accumulation of volatile components resulted in the fluidization of the 
carbonatite melts, which easily migrated upward into a shallow area. 
Eventually, the primary carbonatite magmas ascend along faults and 
formed a series of veins and mesh-veins of carbonatites associated with 
Mo-HREE mineralization. 

6. Conclusions 

The Huanglongpu carbonatites belongs to primary igneous carbo
natites, derived from partial melting of eclogite facies sediments and the 
surrounding mantle. Sr-Nd, Nd-O and Pb-O isotope simulation results 
suggest that the mantle source of the carbonatites can be obtained 
through mixing of 10–20% subducted sediments and 80–90% depleted 
mantle. In addition, melting simulation of the eclogite facies sediments 
shows that the REE pattern of the Huanglongpu carbonatites could be 
obtained through 30% partial melting of the eclogite facies sediments. 
The sediments were recycled into the mantle by subduction and then 
hybridized with the depleted asthenosphere mantle under high tem
perature and pressure. Since eclogite facies sediments are also rich in Mo 
and HREE, this model provides a reasonable interpretation for the origin 
of the Huanglongpu Mo-HREE enrichment. 
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