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Abstract
Carbonate has often been identified in aqueous carbonic inclusions in spodumene-bearing and other 

pegmatites, but its origin remains unclear. Here, the conditions at which carbonate and hydrogen car-
bonate can be generated from spodumene, CO2 and H2O, were studied using a hydrothermal diamond-
anvil cell (HDAC) and Raman spectroscopy. In all experiments, spodumene persisted in aqueous 
carbonic solution up to the maximum temperature (600 to 800 °C). Heating of hydrogen carbonate/
oxalate solutions produced CO2- and HCO3

−-rich peralkaline fluids, which resulted in strong corrosion 
of spodumene (and polylithionite-trilithionite) and, in one run, formation of zabuyelite [Li2(CO3)] 
crystals at low temperatures. The experiments indicate that the reaction of spodumene with CO2 and 
H2O requires a peralkaline fluid to proceed rapidly. In addition, they show that spodumene crystallizes 
upon the heating of quartz, muscovite, and aqueous lithium carbonate solution. We conclude that if 
the aqueous fluid was rich in alkali hydrogen carbonate, zabuyelite in fluid inclusions in pegmatites 
can form both via a subsolidus reaction of CO2-bearing fluid inclusion with the spodumene host or by 
trapping a peralkaline fluid early in the evolution of simple or complex pegmatites. The results of our 
experimental study strengthen the conclusion that, although counterintuitive, hydrogen carbonate-rich 
peralkaline fluids may be involved in the evolution of peraluminous granitic pegmatites, in which 
peralkaline minerals are normally absent or very rare.
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Introduction
Fluid inclusions with nahcolite [NaH(CO3)] and zabuy-

elite [Li2(CO3)] crystals in addition to aqueous carbonate/
bicarbonate-rich solution and CO2 have been reported to occur 
in graphic granite of simple pegmatites from the Klippeløk-
ken granite quarry, east of Rønne, Bornholm Island, Denmark 
(Thomas et al. 2011) and in pegmatitic granites from the 
Marcação, Galo Branco, and Picuí quarries, in the Borborema 
Pegmatite Province, northeast-Brazil (Beurlen et al. 2014). 
Similarly, crystal-rich inclusions containing zabuyelite, CO2, 
and quartz/cristobalite, as well as calcite, pollucite-analcime, 
albite, or cookeite, were found in spodumene from the Tanco, 
Jiajika, Muiâne, Bikita, Kamativi, Lacorne, Zhawulong, and 
other pegmatites (London 1986; Anderson et al. 2001; Lima 
et al. 2003; Thomas and Davidson 2010; Li and Chou 2016, 
2017; Mulja and Williams-Jones 2018; Xiong et al. 2019). 
Macroscopic primary carbonates [calcite, calcioancylite-(Ce), 
rhodochrosite, siderite, and even zabuyelite] and carbonate-rich 
fluorapatite are generally rare in peraluminous granitic pegma-
tites, but there are several reports from well-studied localities, 
e.g., the Bennett, Berry-Havey, Dunton, Emmons, Mount Mica, 
and other pegmatites in Maine, U.S.A.; the Palermo No. 1 and 

No. 2 Mines, New Hampshire, U.S.A.; the Foote Mine, North 
Carolina, U.S.A.; and the Tanco Mine, Manitoba, Canada 
(www.mindat.org).

The origin of zabuyelite-bearing and generally of alkali 
carbonate- and hydrogen carbonate-bearing fluid inclusions in 
pegmatites is still debated. One opinion is that these carbon-
ates formed by the reaction of carbon dioxide with a flux-rich 
peralkaline melt, which exsolved from a granitic melt (Thomas 
et al. 2006a, 2006b, 2011; Beurlen et al. 2014; Thomas and 
Davidson 2015, 2016). London (2015) pointed to experimental 
evidence that melt-melt immiscibility is not required to produce 
flux-rich hydrous granitic melts, stated again that “exceedingly 
hydrous, alkaline, flux-rich” melt can simply be generated in 
the boundary layers of crystals growing rapidly in undercooled 
melts, and interprets such inclusions as a product of heteroge-
neous trapping (i.e., after phase separation) because of their 
high compositional variability. In the case of the Jiajika spodu-
mene pegmatite, carbonate and cookeite are thought to be of 
primary origin (Li and Chou 2017; Ding et al. 2020). Anderson 
et al. (2001) and Anderson (2013, 2019) argued that, at least 
in the Tanco pegmatite, zabuyelite, cristobalite, and cookeite 
in crystal-rich fluid inclusions in spodumene were formed by 
a late-stage subsolidus reaction of spodumene with entrapped 
or infiltrating CO2-rich aqueous fluid. However, the reaction 
proposed by Anderson (2019):
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