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Abstract
The time and processes of hydrothermal mineralization are long-standing problems in geology. 

This work addresses these questions with reference to the Maoniuping giant rare earth elements (REE) 
deposit (southwest China), which has rare earth oxides (REO) reserves of 3.17 million tons with an 
average grade of 2.95 wt%. Bastnäsite is the dominant economic mineral, occurring as four distinct 
paragenetic types in the Maoniuping syenite–carbonatite complex: (1) primary euhedral bastnäsite 
(type-A) in syenite, with isolated melt inclusions; (2) macro-crystalline tabular euhedral bastnäsite 
(type-B) in pegmatitic dikes, with a diverse variety of fluid inclusions; (3) fine-grained, anhedral 
veinlet-disseminated bastnäsite (type-C) in syenite; and (4) coarse-grained anhedral bastnäsite (type-
D) in carbonatite dikes, occurring as veinlets or interstitial to calcite, fluorite, and barite. From the 
paragenetic and compositional variations, it is inferred that type-A bastnäsite is of primary magmatic 
origin, whereas the other three types have characteristics of hydrothermal origins. In situ LA-ICP-MS 
U-Pb geochronology of the four types of bastnäsite results in lower intercept ages of 28.2 ± 0.5 Ma 
(n = 95, MSWD = 5.10), 27.8 ± 0.4 Ma (n = 43, MSWD = 0.73), 26.8 ± 0.7 Ma (n = 50, MSWD = 0.83), 
and 25.8 ± 0.7 Ma (n = 55, MSWD = 1.70), respectively, which are consistent with the weighted average 
206Pb/238U and 208Pb/232Th ages by 207Pb-correction method. Compositional variations of clinopyroxene 
and apatite from the associated syenite, pegmatitic and carbonatitic dikes indicate a genetic relationship of 
the Maoniuping alkaline complex. The compositions of clinopyroxene range from Ae44–67Di14–18Hd17–41 in 
pegmatitic dikes, Ae43–66Di6–20Hd21–38 in carbonatitic dikes to Ae68–90Di0–3Hd10–30 in syenite. Apatites in the 
pegmatitic and carbonatitic dikes have similar compositions with higher F, total REE, and Sr, and lower 
CaO contents than those in the syenite, which suggests a cogenetic origin for the associated pegmatite 
and carbonatite. Clinopyroxene and apatite compositions suggest that the pegmatitic melt might dif-
ferentiate directly from the initial carbonatitic melt rather than the syenitic magma. The bastnäsite U-Pb 
geochronology and minerals data indicate continuous magmatic-hydrothermal evolution for the REE 
mineralization in the Maoniuping alkaline complex.
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Introduction
Rare earth elements (REE) are known as “Critical Metals,” 

which are crucial to the high-technical industry and national 
security (Chakhmouradian and Wall 2012). More than half of 
the global REE reserves identified are associated with alkaline 
igneous rocks, especially diverse carbonatites (Mitchell 2005; 
Weng et al. 2015). The REE minerals typically occur in hydro-
thermal systems, such as Bayan Obo (China, Smith et al. 2000), 
Gallinas Mountains (U.S.A., Williams-Jones et al. 2000), and 
Kangankunde (Malawi, Broom-Fendley et al. 2017). In contrast, 
some REE minerals such as bastnäsite and monazite are formed 
at purely magmatic and/or magmatic-hydrothermal transitional 
stages, e.g., Mountain Pass (U.S.A., Mariano 1989; Castor 2008), 
Lovozero-Khibina (Russia, Zaitsev et al. 2014), Palabora (South 

Africa, Giebel et al. 2017), Ulgii Khiid (Mongolia, Feng et al. 
2020), Strange Lake (Canada, Vasyukova and Williams-Jones 
2018), and Baerzhe (China, Yang et al. 2014a). Understanding the 
genesis of REE minerals is critical to deciphering the processes 
of REE mineralization in magmatic-hydrothermal deposits.

Bastnäsite [(REE)(CO3)F] is a common economic mineral in 
most hydrothermal REE ore deposits related to alkaline-carbon-
atite complexes (Gysi and Williams-Jones 2015). Bastnäsite is 
also considered to be a promising U-Pb geochronological tool 
because of its significant U (222–653 ppm) content (Sal’nikova 
et al. 2010; Yang et al. 2014b; Ling et al. 2016). Sal’nikova et 
al. (2010) conducted the first U-Pb isotopic analysis by thermal 
ionization mass spectrometry (TIMS) on bastnäsite (K-9) from 
the Karasug carbonatite in central Mongolia, which yielded a 
concordant age of 118 ± 1 Ma. Using this K-9 bastnäsite as ref-
erence material, Yang et al. (2014b) carried out bastnäsite U-Pb 
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