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Abstract
The humite-group minerals along the brucite-olivine join may be important dense hydrous magne-

sium silicate (DHMS) phases in the subducting slab. Fluorine and titanium can be incorporated into their 
structures through the substitutions (OH)– = F– and Mg2+ + 2(OH)– = Ti4+ + 2O2–. These substitutions 
have significant effects on the hydrogen bonding behavior in the structures. Structure refinements and 
in situ high-temperature Raman and Fourier transform infrared (FTIR) measurements were conducted 
on natural humite and norbergite crystals. Both minerals crystallize in space group Pbnm, and their 
isobaric Grüneisen parameters for the lattice and SiO4 internal vibrations are compared with those of 
chondrodite, clinohumite, brucite, and forsterite. For the humite-group minerals, the OH-stretching 
modes above 3450 cm–1 are affected by local H-H repulsion, whereas the behavior of those below 
3450 cm–1 can be explained by F– and Ti4+ substitutions, either of which may relieve the H-H repulsion 
effect. The Raman-active OH bands below 3450 cm–1 are affected by Ti4+ substitution, while the IR-
active bands can be affected by either F– or Ti4+ substitutions. Based on an analysis of the high-T Raman 
and FTIR spectra, the OH vibrations above and below 3450 cm–1 behave differently as a function of 
temperature, and similar behavior has also been observed for other dense hydrous silicate phases in the 
hydrous peridotite system. Hence, the lengths of the oxygen-oxygen edges in MgO6 octahedra where 
protonation can occur become similar to each other at elevated temperatures. This may provide an 
atomistic explanation for the electrical conductivity properties of DHMS phases at high temperatures.
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Introduction
Among various hydrous minerals, the humite-group minerals 

along the brucite-olivine (Bru-Ol) join have been proposed as 
potential carriers of H2O into the deep Earth and water reservoirs 
in the subduction zones and upper mantle under very hydrous 
compositions in the pressure range below 15 GPa (Kanzaki 
1991, 2016; Wunder et al. 1995; Wunder 1998; Berry and James 
2001; Stalder and Ulmer 2001; Friedrich et al. 2002; Shen et al. 
2015; Grützner et al. 2017a). These humite-group minerals along 
the Bru-Ol join include norbergite (1 Bru + 1 Ol), chondrodite 
(1 Bru + 2 Ol), humite (1 Bru + 3 Ol), and clinohumite (1 Bru 
+ 4 Ol). Chondrodite, clinohumite, and phase A (3 Bru + 2 Ol) 
have been observed as the dehydration products of serpentine-
group minerals in subducting slabs below 15 GPa (e.g., Stalder 
and Ulmer 2001; Smyth et al. 2006). The humite crystal struc-
tures closely resemble that of olivine, with zigzag chains of 
edge-sharing MO6 octahedra linked by SiO4 tetrahedra along 
the c axis (Gibbs and Ribbe 1969; Jones et al. 1969; Gibbs et 
al. 1970; Ribbe and Gibbs 1971). Chondrodite and clinohumite 
crystallize in the space group P21/b, whereas the structures of 
norbergite and humite belong to the space group Pbnm, which 

is the same as that of olivine.
On the other hand, the elements fluorine and titanium are 

readily incorporated into the lattices of the humite-group minerals 
by the substitutions (OH)– = F– (McDonough and Sun 1995) and 
Mg2+ + 2(OH)– = Ti4+ + 2O2–, respectively. Fluorine is an impor-
tant halogen element (McDonough and Sun 1995) in the deep 
Earth due to its high volatility and incompatibility (Klemme and 
Stalder 2018). Due to the similar ionic radii between F– (1.33 Å) 
and O2– (1.40 Å) (Shannon 1976), fluorine can be incorporated 
into crystal structures along with hydroxyl groups in hydrous 
silicate minerals, such as amphibole, mica, apatite (Smith et al. 
1981), humite-group minerals and nominally anhydrous miner-
als (NAMs), such as olivine, pyroxene, and pyrope (Grützner et 
al. 2017b; Mosenfelder and Rossman 2013a, 2013b; Bernini et 
al. 2013). Fluorine has a significant effect on the properties of 
hydrous minerals under high P-T conditions, such as the chemi-
cal stability (Grützner et al. 2017a) and electrical conductivity 
(Li et al. 2017). In addition, Ti-rich humite-group minerals are 
known from meta-basalts and hydrothermally altered perido-
tites. Therefore, studying the effects of Ti on the physical and 
chemical properties of these hydrous phases may provide a new 
understanding of the role of titanium in water recycling in the 
crust-mantle system (Scambelluri and Rampone 1999; Scam-
belluri and Philippot 2001; Shen et al. 2015; Qin et al. 2017).
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