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Abstract
Although carbonatite-alkaline complexes are the primary source of the world’s niobium (Nb) 

supply, the mineralization style is largely variable in these complexes and the processes behind their 
formation are still poorly understood. Exemplifying with our new observations on the ~430 Ma 
Miaoya and Shaxiongdong carbonatite-syenite complexes in the southern Qinling orogenic belt, central 
China, show that disseminated Nb mineralization in these two deposits is pervasive throughout the 
entire complexes in both syenite and carbonatite. Both magmatic and hydrothermal processes have 
contributed to Nb mineralization in both deposits, despite differences in the mineralization style. The 
Nb-bearing minerals in the mineralized Miaoya syenites include magmatic U-poor pyrochlore, rutile, 
and ilmenite with minor amounts of columbite, and hydrothermal columbite and rutile, whereas those in 
the mineralized carbonatites are mainly magmatic U-poor pyrochlore, uranpyrochlore, U-rich betafite, 
and rutile with minor amounts of columbite, and hydrothermal columbite and rutile. On the other 
hand, the Nb-bearing minerals in the mineralized Shaxiongdong syenites include magmatic U-poor 
pyrochlore, titanite, rutile, and ilmenite, and hydrothermal fersmite, rutile, and ilmenite, whereas those 
in the mineralized carbonatites are mainly magmatic U-poor pyrochlore without any hydrothermal Nb-
bearing minerals. Field observations, whole-rock chemical and Sr-Nd isotopic compositions strongly 
constrained that assimilation of U-rich rocks (e.g., the hosting Yaolinghe and Meiziya Groups) and 
magma differentiation are responsible for diverse magmatic Nb mineralization in the two deposits. On 
the other hand, the diverse assemblages of hydrothermal Nb minerals in Miaoya and Shaxiongdong 
are mainly controlled by variations in the nature of the fluids, which is constrained to be genetically 
related to ~220 and ~420 Ma hydrothermal events, respectively. In summary, both magma evolution 
(e.g., differentiation, assimilation) and late hydrothermal overprinting are responsible for the diverse 
Nb mineralogy in carbonatite-alkaline complexes, a situation that is commonly observed worldwide.
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Introduction
Niobium is a relatively rare lithophile transition metal, and 

its average abundance in the crust is about 8 ppm (Rudnick and 
Gao 2003). The use of Nb in high-tech applications calls for a 
comprehensive understanding of the processes that govern the 
concentration of this element in mineral deposits. Carbonatite-
alkaline complexes, the most important Nb (and/or rare-earth 
elements, REEs) carriers (Mitchell 2015; Verplanck et al. 2016; 
Anenburg et al. 2021; Beard et al. 2023), have attracted inordinate 
attention from researchers. Numerous studies documented that 
Nb mineralization (particularly with grades <1 wt% Nb2O5) is 
commonly concentrated through differentiation of carbonatitic 
or alkaline melts, even though some of them may have been 
reworked to various extents by later hydrothermal overprinting 
(Chakhmouradian et al. 2015; Mitchell 2015; Tremblay et al. 
2017; Liu et al. 2020). Carbonatite/alkaline rock-related Nb 
deposits exhibit large varieties of Nb mineral assemblages such 
as pyrochlore group minerals (e.g., Araxá and Catalão, Brazil; 
St. Honoré, Canada), columbite (Fe2+Nb2O6; e.g., Upper Fir and 

Bayan Obo), Nb-rich rutile (TiO2; e.g., Seis Lagos), aeschynite 
[(Y,Ca,Fe2+)(Ti,Nb)2(O,OH)6; e.g., Bayan Obo], latrappite 
(Ca(Fe,Nb)O3; e.g., Oka and Prairie Lake) and loparite [(Na,Ce)
TiO3; e.g., Prairie Lake] (Cordeiro et al. 2011; Chakhmoura-
dian et al. 2015; Mitchell 2015; Tremblay et al. 2017). A better 
understanding of the processes attributed to the diversity of Nb 
mineralogy is critical for beneficiation and metallurgy and for 
effective targeting of highly endowed Nb deposits.

Previous studies show that the diversity of Nb-bearing species 
in carbonatite or alkaline rocks may imply varying geochemical 
behaviors of Nb under different magmatic and/or hydrothermal 
conditions (Mitchell 2015; Liu et al. 2020; She et al. 2021). For 
example, experimental investigations documented that whether 
pyrochlore or other Nb-bearing minerals such as columbite, 
lueshite, or perovskite would crystallize is a function of H2O, 
Na, and F contents of the parental magmas (Jago and Gittins 
1993; Mitchell and Kjarsgaard 2004). However, the roles of 
different processes (magmatic or hydrothermal) in Nb mineral-
ization remain enigmatic. Moreover, the processes controlling 
the association or decoupling of REE and Nb in these deposits 
are still not well constrained (She et al. 2021).
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