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Abstract
Knowledge of volatile cycling is vital to understanding the evolution of the planet and the life it 

supports. Although it has been gradually accepted that the mantle is a vast storehouse of H2O and 
other volatiles, the impact of coexisting volatiles on the thermal stabilities of OH and the lattice of 
the host mineral is still poorly understood. Phlogopite is one of the few hydrous minerals capable of 
carrying both water and halogens into the mantle. Previous observations from both experiments and 
textural relationships in natural samples have indicated that F-rich phlogopite can be stable under 
ultrahigh-temperature conditions. Here, the impact of F on the thermal stability of phlogopite was 
investigated via XRD, Raman, and IR spectroscopy from room temperature to 1000 to 1200 °C. Based 
on the experimental results from F-poor and F-rich natural phlogopites, we show that about 4 wt% F 
can increase the breakdown temperature of phlogopite by 100 °C under ambient pressure. The impact 
mechanism mainly involves preventing OH and lattice softening at high temperatures. This study reveals 
the links between F and the behavior of OH and phlogopite lattice, which is important for constraining 
volatile cycling, as well as the role of F in the physical and chemical properties of the upper mantle.
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Introduction
Volatiles (e.g., hydrogen, nitrogen, carbon, and halogens) 

are not only present on the surface of the Earth, but also in the 
deep Earth. Volatile exchange between the surface and mantle 
plays a critical role in the evolution and habitability of the Earth. 
Although a large number of studies investigated volatile cycling 
in the deep Earth, it is still unclear how these volatiles are trans-
ported. Volatile transport in the deep Earth mainly depends on the 
thermal stabilities of the host minerals (van Keken et al. 2011). 
Most hydrous minerals are not only important water carriers but 
also carry other volatiles such as nitrogen and the halogens (Wil-
liams et al. 1992; Bebout 1997; Hall 1999; Sadofsky and Bebout 
2000; Yokochi et al. 2009; John et al. 2011; Palya 2011; Kendrick 
et al. 2013; Halama et al. 2014; Pagé et al. 2016; Grützner et 
al. 2017a). Few studies have paid attention to the possible links 
between the volatiles when evaluating volatile transport by the 
host minerals. It has been noticed that fluorine (F) substituting 
for hydroxyl (OH) can extend the pressure-temperature stability 
field of hydrous minerals such as amphibole, talc, and clinohu-
mite (Foley 1991; Chibisov 2011; Grützner et al. 2017a). Recent 
studies have also pointed out the intimate links between nitrogen 
and hydrogen diffusion in phengite (Yang et al. 2017; Liu et al. 
2019), providing new insights into water release in the Earth’s 
interior. Therefore, exploring the effects of specific volatiles on 
water release from the host hydrous minerals is greatly needed 

to understand the associated cycling of volatiles and H2O.
Phlogopite is a sheet silicate frequently found in mantle 

nodules brought to the Earth’s surface, mainly by alkaline basalt 
and kimberlite lavas (Frey and Prinz 1978; Erlank et al. 1987; 
Fritschle et al. 2013). Fluorine has been experimentally proven 
to be compatible in phlogopite, with a F partition coefficient 
between phlogopite and melt larger than 1 (Flemetakis et al. 
2021). Thus, phlogopite acts as an important reservoir and carrier 
of water and F in the upper mantle despite the fact that it is volu-
metrically insignificant when compared to olivine and pyroxenes 
(Frost 2006). Many studies have focused on the P-T stability field 
of phlogopite in different systems. Most importantly, observa-
tions from both experiments and textural relationships in natural 
samples have shown that F-rich phlogopite can be stable up to 
high-temperature conditions (Peterson et al. 1991; Dooley and 
Patiño Douce 1996; Motoyoshi and Hensen 2001). However, 
the impact of F on the stability of phlogopite has never been 
explored further, and many unknowns still exist. For instance, 
what is the relationship between the proportion of F [F/(F+OH) 
ratio] in phlogopite and the breakdown temperature down to the 
atomic level? In addition, it has been reported that dehydrogena-
tion could happen at low temperatures, such as 500 °C, before 
the breakdown of phlogopite (Chon et al. 2006; Ventruti et al. 
2009; Zema et al. 2010). But it remains unclear whether F has an 
impact on the dehydrogenation of phlogopite. These unknowns 
limit a full understanding of volatile release from phlogopite.

In this study, we systematically investigate the effect of F on 
the thermal stability and dehydrogenation of phlogopite, using 
high-temperature Raman spectroscopy and X-ray diffraction 
(XRD) to monitor the breakdown processes of the lattice and 
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