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Abstract
Brucite [Mg(OH)2] has been extensively studied as a simple yet important analog for studying 

physical and chemical properties of hydrous minerals, and fluorine substitution (OH– = F–) is common 
in hydrous minerals since the radius of F– is similar to that of O2−. We synthesized two F-bearing brucite 
samples, Mg(OH)1.78F0.22 and Mg(OH)1.16F0.84, at 9.5 GPa and 1373 K. Single-crystal X-ray diffrac-
tion measurements indicate that both phases still crystallize in the space group of P3m1, and fluorine 
substitution significantly reduces the unit-cell volume, axial lengths, and averaged Mg-O(F) bond 
lengths. The averaged O···H distances get slightly shortened, and the H-O-H angles become smaller 
due to the fluorine effect. Additional IR-active OH-stretching bands are observed at 3660, 3644, and 
3513 cm−1 for the F-bearing samples, besides the original one at 3695 cm−1. In situ high-temperature 
and high-pressure Raman and Fourier transform infrared (FTIR) spectra were collected on the F-bearing 
brucite samples, and comparisons were made with the natural one with 0.7 mol% F–. The temperature 
dependence [(∂vi/∂T)P] of the OH-stretching modes is inversely correlated to the vibrational frequencies 
from 3500 to 3700 cm−1, whereas (∂vi/∂P)T is in positive correlation with vi. In addition, the dehydra-
tion temperatures of the F-bearing brucites are 100–150 K higher than that for the F-free sample at 
ambient pressure. By creating new proton positions in lower energies, fluorine substitution stabilizes 
hydrous minerals (like brucite) to higher temperatures and significantly affects their thermodynamic 
properties, which has significant implications in mineral physical and geochemical studies.
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Introduction
Brucite [Mg(OH)2 with 31 wt% H2O] has been extensively 

studied as one of the most important analogs for dense hydrous 
minerals in the peridotite [MgO-SiO2-Mg(OH)2] system, like the 
serpentine-group minerals, phases A, E, and D, supper-hydrous 
phase B, and the humite-group minerals on the olivine–brucite 
join (Wunder 1998), all of which are important H2O carriers in the 
deep Earth interior. Besides, brucite is a building block for phyllo-
silicates, including clay minerals. The thermodynamic properties 
of the brucite-group minerals have many significant applications 
in both mineral physics and geochemistry, such as equations of 
state (Fei and Mao 1993; Parise 1994; Catti et al. 1995; Fukui et 
al. 2003; Xu et al. 2007a; Horita et al. 2010), thermoelasticity (Xia 
et al. 1998; Jiang et al. 2006), dehydration at high-P-T conditions 
(Kanzaki 1991; Liu 2018), hydrogen isotopic effect on the crystal 
structures (Xu et al. 2007b, 2013; Chakoumakos et al. 2013), 
and equilibrium D/H fractionation in the brucite-water system 
at various P-T conditions (Satake and Matsuo 1984; Saccocia et 
al. 1998; Xu and Zheng 1999; Horita et al. 2002, 2018; Méheut 
et al. 2007, 2010; Reynard and Caracas 2009).

On the other hand, fluorine is the most abundant halogen 
element in the mantle, most of which could be carried into the 
deep mantle by subduction slabs (e.g., McDonough and Sun 
1995; Straub and Layne 2003; Pagé and Hattori 2019). Since 
the radius of F– is quite close to that for O2− (Shannon 1976), the 

OH– = F– substitution is very common in hydrous minerals, such as 
serpentines, micas, as well as the humite-group minerals, includ-
ing chondrodite and clinohumite (e.g., Ottolini et al. 2000; Lin et 
al. 1999, 2000; Liu et al. 2019, 2021). Fluorine substitution can 
stabilize hydrous minerals to significantly higher temperatures in 
subduction zones as well as in the whole mantle, like clinohumite 
(Grützner et al. 2017).

In this study, we synthesized F-bearing brucite samples in 
a multi-anvil press and investigated the fluorine substitution 
mechanism in the brucite crystal structure. Since the internal 
OH-stretching vibrations play a crucial role in determining the 
thermodynamic properties at high-P-T conditions (e.g., Reynard 
and Caracas 2009; Ma et al. 2013; Zhu et al. 2019), in situ high-
temperature and high-pressure Raman and FTIR spectra have 
been collected on these F-bearing samples. It is important for 
us to have a systematic understanding of the fluorine effect on 
hydrogen behavior in minerals, such as brucite, at various P-T 
conditions, which are essential for constraining the physical 
and chemical properties of hydrous minerals in the presence of 
fluorine. Hence, the synthetic F-bearing brucite samples should 
be useful analogs for studying volatile cycling (for both water 
and fluorine) in the Earth’s system.

Experimental methods and results

Sample synthesis and chemical analysis
Two fluorine-bearing brucite samples were synthesized using a 1000-ton 

multi-anvil press at State Key Laboratory of Geological Processes and Mineral 
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