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Abstract
Halogens (Cl, Br, and I) are major complexing agents for metal ions, and their ratios (Br/Cl and 

I/Cl) have been used to determine the source and evolution of hydrothermal fluid. Halogen fractionation 
during hydrothermal fluid evolution, however, has been inferred from several studies, which poses 
problems in using halogen ratios as a fluid tracer. The Br/Cl and I/Cl ratios of scapolite are consis-
tent with those ratios present in the coexisting fluid during scapolite formation, making this mineral 
particularly useful for understanding hydrothermal fluid evolution. To better understand halogen 
fractionation during vapor-brine phase separation, we conducted fluid inclusion microthermometry, 
major elements, and in situ halogens and Sr isotope analysis of scapolite formed from a high-salinity 
hydrothermal fluid during the vapor-brine phase separation at the Yixingzhai gold deposit, North China 
Craton. The studied scapolite has 1.84–3.41 wt% Cl, 389–806 ppm Br, 8.4–24.4 ppm I, and signifi-
cantly high Br/Cl (6.1–14.7 × 10–3) and high I/Cl (91–302 × 10–6) molar ratios that likely result from 
the preferential incorporation of Br and I into the brine phase compared to Cl entering the vapor phase 
during fluid phase separation. Based on fluid inclusion microthermometry results, the Rayleigh frac-
tionation simulation shows that the Br/Cl and I/Cl ratios of the brine are estimated to be up to 18 × 10–3  
and 500 × 10–6 during the formation of scapolite. These results reveal halogen fractionation during 
the vapor-brine phase separation of hydrothermal fluids. This view has implications for interpreting 
the halogen systematics of scapolite and other minerals formed in similar environments, particularly 
when they are used as a fluid tracer.
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Introduction
Halogens (Cl, Br, and I) are important agents for the complex-

ation and transportation of metals in hydrothermal fluid systems 
(Webster and Holloway 1988; Webster et al. 2004). The Br/Cl 
and I/Cl ratios in hydrothermal fluids are commonly preserved 
during fluid migration (fluid buffered) and thus have been used 
as a fingerprint of the source and evolution of hydrothermal fluids 
(Böhlke and Irwin 1992; Heinrich et al. 1993; Irwin and Roedder 
1995; Kendrick et al. 2002, 2013). Nonetheless, several studies 
have revealed halogen fractionation during hydrothermal fluid 
evolution processes, posing a big challenge in using halogen geo-
chemistry to constrain fluid sources (Berndt and Seyfried 1997; 
Lüders et al. 2002; Kurosawa et al. 2016). Possible factors or 
processes that cause halogen fractionation include low-pressure 
segregation of hydrothermal fluid from magma (Bureau et al. 
2000, 2010, 2016; Kurosawa et al. 2016), precipitation of Cl-
bearing minerals (e.g., biotite, amphibole, and halite; Markl and 

Bucher 1998; Svensen et al. 1999; Kusebauch et al. 2015), and 
vapor-brine phase separation of hydrothermal fluids (Ishibashi 
et al. 1994; Oosting and Von Damm 1996; Berndt and Seyfried 
1997; Lüders et al. 2002). Experimental studies suggest that Br 
preferentially partitions into the vapor phase compared to Cl dur-
ing phase separation of a hydrothermal fluid system (Foustoukos 
and Seyfried 2007; Seo and Zajacz 2016). In contrast, other 
studies indicate that the Br/Cl ratios in the vapor phase are lower 
than those in the brine phase (Oosting and Von Damm 1996; 
Liebscher et al. 2006). Seo and Zajacz (2016) proposed that the 
degree of Br/Cl fractionation between brine and vapor phases 
depends on the types of alkali-halide and alkali-OH complexes 
in the hydrothermal system. These discrepancies highlight that 
the mechanisms of halogen fractionation during vapor-brine 
phase separation remain to be understood.

Scapolite group minerals are volatile-rich and have a diverse 
range of compositions [(Ca,Na)4Al6Si6O24(SO4,CO3)–Na4Al3 

Si9O24Cl]. They can form in magmatic, metamorphic, and 
hydrothermal environments and are stable over a wide range 
of temperatures and pressures (Shaw 1960; Evans et al. 1969; 
Goldsmith and Newton 1977; Dong 2005; Filiberto et al. 2014; 
Almeida and Jenkins 2017). Previous studies suggest that the 
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