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Abstract
Kamafugites are strongly silica-undersaturated melts that are difficult to produce by partial melting 

of volatile-free peridotites but can be produced experimentally in the presence of CO2. Nevertheless, 
there is not yet direct evidence for a CO2-rich mantle source and the possible presence of recycled 
carbonates in the source of natural kamafugites. Marine carbonates have a heavier zinc isotopic 
composition (δ66Zn) than that of the mantle by up to 1.0‰, making zinc isotopes a sensitive tracer for 
recycled carbonates in the sources of mantle-derived magmas. Here we take Cenozoic kamafugites 
from the West Qinling orogen in China as an example to address the origin of this rare volcanic rock. 
The West Qinling kamafugites are strongly silica-undersaturated (SiO2 = 37.0 to 43.0 wt%) and have 
significantly higher δ66Zn (0.30‰ to 0.47‰) than that of the normal mantle (0.18 ± 0.05‰). No cor-
relation between δ66Zn and MgO or SiO2 contents is observed, indicating that the high δ66Zn was not 
a result of magmatic differentiation. Modeling of melting indicates that even at extremely low degree 
(~0.5%), partial melting of a normal peridotitic source is still unlikely to produce silicate melts with 
δ66Zn values exceeding 0.30‰. Thus, the elevated δ66Zn of the West Qinling kamafugites demonstrates 
the presence of recycled carbonates in their mantle sources. Binary-mixing modeling suggests that 
the source contains ~5 to 15% recycled carbonates, which is supported by the positive correlation 
between δ66Zn and CaO/Al2O3. Overall, the West Qinling kamafugites represent the products of low-
degree partial melting of a recycled carbonate-bearing peridotite source, which provides evidence for 
an important role of recycled carbonates in the origin of natural kamafugite suites.
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Introduction
Kamafugites are alkali, ultramafic volcanic rocks that are 

found in a range of continental tectonic settings often associ-
ated with carbonatites (Bailey et al. 2005; Martin et al. 2012). 
They have been reported in a global context, e.g., Italy (Stoppa 
et al. 2002), Tanzania (Mattsson et al. 2013), Uganda (Bailey 
et al. 2005), Brazil (Guarino et al. 2013), South Africa (Day et 
al. 2014), and China (Yu et al. 2009). Worldwide kamafugite 
suites commonly share similar geochemical characteristics, 
that is, low contents of SiO2 and Al2O3, and high contents of 
CaO, TiO2, MgO, and total alkalies (Na2O + K2O) (Tappe et 
al. 2003). Proposed mechanisms for the petrogenesis of natural 
kamafugites mainly include low-degree partial melting of the 
lithospheric mantle (e.g., Carlson et al. 2007; Guarino et al. 2013; 
Mattsson et al. 2013) or melting of a re-fertilized deep mantle 
source (lithosphere-asthenosphere boundary) (e.g., Carlson et al. 
1996; Yu et al. 2009; Liu et al. 2018). However, experimental 
studies demonstrate that olivine-bearing, extremely alkali silicate 
melts are difficult to produce by partial melting of volatile-poor 
peridotites, and the presence of volatiles in the source-rock is 
clearly required. For instance, partial melting of a peridotite + 
carbon dioxide assemblage can produce silica-undersaturated 
melts, which broadly match with natural silica-undersaturated 
alkali basalts: kamafugites, nephelinites, and basanites (Hirose 
1997; Dasgupta et al. 2007). Although the presence of carbon 

dioxide in mantle sources may play a key role in generating 
strongly silica-undersaturated melts, as revealed by experimental 
studies, direct evidence for a carbonate-bearing mantle source 
of natural kamafugites has not been presented. In addition, the 
origin of carbon dioxide in source rocks (original vs. recycled) 
still remains constraint by effective tracers.

Light stable isotopes (notably carbon isotopes) have been 
utilized for tracing deep carbon cycling (e.g., Javoy et al. 1982). 
However, magmatic degassing causes strong fractionation of 
carbon isotopes, and the isotopic compositions of subducted 
inorganic carbon and primordial carbon in the mantle are not 
significantly different (e.g., Deines 2002), making it impossible 
to unambiguously identify recycled carbonates in the sources of 
volcanic rocks by carbon isotopes alone. In recent years, zinc 
stable isotopes have shown a great potential in tracing recycled 
marine carbonates in the sources of mafic/ultramafic lavas (Liu 
et al. 2016, 2020, 2022a, 2022b; Wang et al. 2018; Liu and Li 
2019; Beunon et al. 2020; Jin et al. 2020; Wang and Liu 2021). 
Zinc is a lithophile trace element in the mantle and also occurs as 
a trace element in marine carbonates by substituting for Mg2+ with 
a similar ionic radius to that of Zn2+. Zinc isotopic compositions 
(expressed as δ66Zn relative to JMC-Lyon) of marine carbonates 
(average = 0.99 ± 0.25‰, Pichat et al. 2003; Liu et al. 2017) 
is significantly higher than that of the terrestrial mantle (0.18 ± 
0.05‰, Wang et al. 2017; Sossi et al. 2018; McCoy-West et al. 
2018; Liu et al. 2019). The preferential release of isotopically 
heavy Zn during carbonate dissolution in subduction zones 
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