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Abstract 13 

The humite-group minerals on the brucite-olivine join may be important dense 14 

hydrous magnesium silicate (DHMS) phases in the subducting slab. Fluorine and 15 

titanium can be incorporated into the crystal structures through the substitution 16 

mechanisms (OH)- = F- and Mg2+ + 2(OH)- = Ti4+ + 2O2-. These substitutions have 17 

significant effects on the hydrogen bonding behavior in their crystal structures. 18 

Crystal structure refinements and in situ high-temperature Raman and Fourier 19 

transform infrared (FTIR) measurements were conducted on natural humite and 20 

norbergite crystals. Both minerals crystallize in space group Pbnm, and the isobaric 21 

Grüneisen parameters for the lattice and SiO4 internal vibrations are compared with 22 

those of chondrodite, clinohumite, brucite and forsterite. For the humite-group 23 

minerals, the OH-stretching modes above 3450 cm-1 are affected by local H-H 24 

repulsion, whereas the behavior of those below 3450 cm-1 can be explained by F- and 25 

Ti4+ substitutions, either of which may relieve the H-H repulsion effect. The 26 

Raman-active OH bands below 3450 cm-1 are affected by Ti4+ substitution, while the 27 

IR-active bands can be affected by either F- or Ti4+ substitutions. Based on an analysis 28 

of the high-T Raman and FTIR spectra, the OH vibrations above and below 3450 cm-1 29 

behave differently as a function of temperature, and similar behavior has also been 30 

observed for other dense hydrous silicate phases in the hydrous peridotite system. 31 

Hence, the lengths of the oxygen-oxygen edges in MgO6 octahedra where protonation 32 

can occur become similar to each other at elevated temperatures. This may provide an 33 
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atomistic explanation for the electrical conductivity properties of DHMS phases at 34 

high temperatures. 35 

 36 
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Introduction 40 

Among various hydrous minerals, the humite-group minerals on the brucite 41 

(Bru)-olivine (Ol) join have been proposed as potential carriers of H2O into the deep 42 

Earth and water reservoirs in the subduction zones and upper mantle under very 43 

hydrous compositions in the pressure range below 15 GPa (Kanzaki 1991 and 2016; 44 

Wunder et al. 1995; Wunder 1998; Berry and James 2001; Stalder and Ulmer 2001; 45 

Friedrich et al. 2002; Shen et al. 2015; Grützner et al. 2017b). These humite-group 46 

minerals along the Bru-Ol join include norbergite (1 Bru + 1 Ol), chondrodite (1 Bru 47 

+ 2 Ol), humite (1 Bru + 3 Ol), clinohumite (1 Bru + 4 Ol). Chondrodite, clinohumite 48 

and phase A (3 Bru + 2 Ol) have been observed as the dehydration products of 49 

serpentine-group minerals in subducting slabs below 15 GPa (e.g., Stalder and Ulmer 50 

2001; Smyth et al. 2006). The humite crystal structures closely resemble that of 51 

olivine, with zigzag chains of edge-sharing MO6 octahedra linked by SiO4 tetrahedra 52 

along the c axis (Gibbs and Ribbe et al. 1969; Jones et al. 1969; Gibbs et al. 1970; 53 

Ribbe and Gibbs 1971). Chondrodite and clinohumite crystallize in the space group 54 

P21/b, whereas the structures of norbergite and humite belong to the space group 55 

Pbnm, which is the same as that of olivine. 56 

On the other hand, the elements fluorine and titanium are readily incorporated 57 

into the lattices of the humite-group minerals by the substitutions (OH)- = F- 58 

(McDonough and Sun 1995) and Mg2+ + 2(OH)- = Ti4+ + 2O2-, respectively. Fluorine 59 
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is an important halogen element (McDonough and Sun 1995) in the deep Earth due to 60 

its high volatility and incompatibility (Klemme and Stalder 2018). Due to the similar 61 

ionic radii between F- (1.33 Å) and O2- (1.40 Å) (Shannon 1976), fluorine can be 62 

incorporated into crystal structures along with hydroxyl groups in hydrous silicate 63 

minerals, such as amphibole, mica, apatite (Smith et al. 1981), humite-group minerals 64 

and nominally anhydrous minerals (NAMs), such as olivine, pyroxene and pyrope 65 

(Grützner et al. 2017a; Mosenfelder and Rossman 2013a, 2013b; Bernini et al. 2013). 66 

Fluorine has a significant effect on the properties of hydrous minerals under high-P,T 67 

conditions, such as the chemical stability (Grützner et al. 2017b) and electrical 68 

conductivity (Li et al. 2017). In addition, Ti-rich humite-group minerals are known 69 

from meta-basalts and hydrothermally altered peridotites. Therefore, studying the 70 

effects of Ti on the physical and chemical properties of these hydrous phases may 71 

provide a new understanding of the role of titanium in water recycling in the 72 

crust-mantle system (Scambelluri and Rampone 1999; Scambelluri and Philippot 73 

2001; Shen et al. 2015; Qin et al. 2017). 74 

In this study, we conducted in situ high-temperature Raman and Fourier 75 

transform infrared measurements on natural humite and norbergite samples. 76 

Combined with the previous high-temperature vibrational spectral studies of 77 

chondrodite and clinohumite (Lin et al. 1999 and 2000; Liu et al. 2019a), we can 78 

systematically examine the effects of F- and Ti4+ substitutions on hydrogen bonds at 79 

high temperatures, which may provide a potential microscopic explanation for the 80 
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effects of F and Ti on the stability of humite-group minerals under high-P and T 81 

conditions. We also comprehensively compared the temperature dependences of the 82 

OH bands in the DHMS phases in the hydrous peridotite system and the variations of 83 

the protonated O...O distances at elevated temperatures, which may be relevant to the 84 

high-temperature electrical conductivities of hydrous minerals (Guo and Yoshino 85 

2013). 86 

 87 

Samples and Experimental Methods 88 

Sample composition 89 

The norbergite sample with a pale orange color was collected in Franklin, New 90 

Jersey, U.S.A., where it coexists with calcite. The humite sample with a dark orange 91 

color was found in the Tilly Forster mine in Brewster, New York, U.S.A., which is a 92 

magnetite deposit occurring in marble (Buddington 1966). Sample chips were 93 

mounted in epoxy, and the top faces were polished for chemical analysis by electron 94 

microprobe. The compositions were analyzed with a JEOL 8600 SuperProbe 95 

operating at an accelerating voltage of 15 kV and a beam current of 20 nA, with a 96 

beam size of 5 m. The selected certified mineral standards were olivine for Mg, Fe 97 

and Si; garnet for Mn; ilmenite for Ti; and topaz for F. At least 8 points were 98 

measured at different locations for each sample. 99 

 100 
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Single-crystal X-ray diffraction 101 

Two single crystals of humite (approximately 100  90  80 µm3) and norbergite 102 

(approximately 95  80  75 µm3) were selected for X-ray diffraction under ambient 103 

condition. The unit-cell parameters were measured using a Bruker P4 four-circle 104 

single-crystal diffractometer with a dual scintillation point detector mounted on an 105 

18-kw rotating anode X-ray generator at the University of Colorado. The Mo-anode 106 

X-ray source was operated at a voltage of 50 kV and a current of 250 mA, and the 107 

averaged Mo K1-K2 mixed characteristic wavelengths were calibrated to be 108 

0.71073 Å by a nearly spherical single crystal of ruby. 109 

Intensity data were collected using a Bruker APEX II CCD detector mounted on 110 

a P4 diffractometer. Intensities were measured with the 2θ scanning range up to 70° 111 

for norbergite and humite. Structure refinements were conducted using the program 112 

SHELX-97 (Sheldrick 2008) in the software package WinGX (Farrugia 2012), with 113 

the scattering factors of Mg2+, Fe2+ and Si4+ from Cromer and Mann (1968) and that 114 

of O2- from Tokonami (1965).  115 

 116 

High-temperature Raman and FTIR spectra 117 

Unpolarized Raman spectra were measured using a Horiba LabRAM HR 118 

Evolution system with a micro confocal Raman spectrometer. A green beam (λ = 532 119 

nm, P = 20 mW and spot diameter approximately 1 m) from a Nd YAG laser source 120 
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was used for excitation, and the Raman shift was calibrated using a Si single crystal. 121 

Two unoriented crystals of humite and norbergite (approximately 100×150×50 μm3) 122 

were placed on a sapphire plate in a Linkam TS1500 heating stage. The backscattered 123 

spectra were collected in the Raman shift range of 100-4000 cm-1, with a duration of 124 

20 minutes and an accumulation of 3 times. 125 

Unpolarized FTIR spectra were obtained from 3000 to 4000 cm-1 on a Nicolet 126 

iS50 FTIR spectrometer coupled with a continuυm microscope using a KBr 127 

beam-splitter and a liquid-nitrogen cooled MCT-A detector. Each spectrum was 128 

obtained in the wavenumber range of 3000-4000 cm-1 with a 100  100 μm2 aperture, 129 

an accumulation of 128 scans and a resolution of 4 cm-1. Unoriented crystals of 130 

humite and norbergite, with a thickness of approximately 40 to 50 m, were mounted 131 

on a sapphire window of an Instec HS1300 heating stage. Background spectra were 132 

also collected at each step after the measurement of the sample. 133 

For in situ high-temperature Raman and FTIR measurements, resistance heaters 134 

were used to produce high temperatures and the temperatures were automatically 135 

controlled by a commercial temperature-controlling unit with uncertainties of 136 

approximately 1 K. The samples were heated from 293 K to 993 K, with increments 137 

of 50 K and a heating rate of 20 K/min. At each step, the target temperature was held 138 

for at least 5 minutes for thermal equilibration before measurement. The sample 139 

chambers were filled with N2 to avoid any potential oxidation at high temperatures. 140 
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Another Raman/FTIR spectrum was taken when the sample was quenched to room 141 

temperature after heating. Peakfit v4.12 software was used to analyze both the Raman 142 

and infrared spectra. 143 

 144 

Results 145 

Compositions and crystal structures 146 

The averaged oxide weights from EPMA measurements are listed in Table 1. 147 

The formulas can be expressed as Mg6.50Fe0.48Ti0.016Mn0.016Si2.99O12F0.66(OH)1.31O0.03 148 

for humite and Mg2.97Fe0.011Ti0.025Si0.99O4F1.23(OH)0.72O0.05 for norbergite. The water 149 

contents are 2.36 wt.% and 3.16 wt.%, respectively, while the F/(F+OH) ratios are 33% 150 

and 61% for humite and norbergite, respectively. 151 

Both the humite (Fig. 1a) and norbergite (Fig. 1b) structures were refined in 152 

space group Pbnm (please refer to the deposited CIF files for details), which are 153 

consistent with the previous studies (Gibbs and Ribbe 1969; Ribbe and Gibbs 1971; 154 

Wunder et al. 1995; Cámara 1997; Kuribayashi et al. 2008). In the crystal structures 155 

of the humite-group minerals, the M3 sites are the preferred sites for Ti4+ substitution: 156 

Mg2+ + 2(OH)- = Ti4+ + 2O2- (Robinson et al. 1973; Fujino and Takeuchi 1978; Ribbe 157 

1979; Friedrich et al. 2001), whereas the oxygen sites of ‘OH’ are the preferred sites 158 

for protonation [O2- + H+ = (OH)-] and F- substitution [(OH)- = F-] (Gibbs and Ribbe 159 

1969; Ribbe and Gibbs 1971; Kuribayashi et al. 2008). Protonation typically happens 160 
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along the OH...OH edges of Mg(O,OH)6 octahedra, where ‘OH’ in the item of 161 

‘OH…OH edge’ stands for an oxygen site, and the neighboring H-H repulsion in the 162 

local lattice structure is illustrated in Fig. 1(c,d), which will be discussed in more 163 

details in the following FTIR measurements. As estimated from the structure 164 

refinement in this study, the orientation of the O-H bond deflects approximately 15° 165 

away from the OH…OH edge, and the angle of the O-H…O bonds is 160°, which is 166 

consistent with the angles reported for other humite-group minerals in the range of 167 

160 to 170° (Cámara 1997; Berry and James 2001; Friedrich et al. 2001). The 168 

nonlinear O-H…O bonds are related to the neighboring H-H repulsion, which is 169 

discussed more in the following. 170 

In addition, the OH-related M-O bond lengths (M25-OH in humite; M2-OH and 171 

M3-OH in norbergite) are generally shorter than the others due to F- substitution. 172 

Similar behaviors have also been reported for chondrodite (Ye et al. 2015) and 173 

clinohumite (Ye et al. 2013). The MO6 octahedral volumes decrease in the order M2 > 174 

M25 > M1 > M3 for humite and M2 > M3 for norbergite. The SiO4 tetrahedral 175 

volumes of this humite sample are slightly smaller than those in norbergite, 176 

clinohumite and chondrodite. 177 

 178 

High-temperature vibrational spectra 179 

We conducted high-temperature Raman measurements on the lattice (< 1000 180 
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cm-1) and OH-stretching (3000 - 4000 cm-1) vibrations for both humite and norbergite. 181 

Selected Raman spectra for the lattice modes at various temperatures are shown in Fig. 182 

2(a, b); and the fitted peak positions at ambient temperature are listed in Appendix 183 

Table 1. Our spectra measured at room temperature are consistent with those from 184 

previous studies (Frost et al. 2007; Palmer et al. 2007). Distinct internal Si-O 185 

stretching modes were detected at 843 (most intense), 863, 931 and 967 cm-1 for 186 

humite and at 851 (most intense), 884, 894, 951 and 973 cm-1 for norbergite at 187 

ambient temperature. 188 

Most of the Raman bands remain sharp and distinguishable throughout the 189 

experimental temperature range. The modes shift systematically to lower frequencies 190 

at elevated temperatures. The variations in the frequencies for these modes with 191 

temperature are plotted in Fig. 3(a,b), and the fitted slopes (∂vi/∂T)P are listed in 192 

Appendix Table 1. The temperature dependences of these Raman-active modes 193 

typically vary from -0.01 to -0.03 cm-1·K-1 for most of the vibrations except for the 194 

case of MgOH/M2+OH deformations, which show temperature dependences in the 195 

range of 0 to -0.01 cm-1·K-1. Another Raman spectrum was acquired for each sample 196 

when it was quenched to room temperature, and no significant differences were 197 

observed between this spectrum and that obtained before heating, suggesting that 198 

these phases are stable without a noticeable phase transition or amorphization up to 199 

approximately 1000 K at ambient pressure in a N2 atmosphere. 200 
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The Raman and FTIR spectra of the OH-stretching bands under ambient 201 

condition are compared in Fig. 4 for the humite and norbergite samples from this 202 

study and the natural clinohumite sample from the study by Liu et al. (2019a). Two 203 

OH bands at 3310 and 3405 cm-1 were observed in the Raman spectrum for 204 

clinohumite, which are related to the presence of Ti4+ substitution (Frost et al. 2007; 205 

Koga et al. 2014). The Ti concentration in the natural clinohumite sample (CTiO2 = 206 

3.10 wt.%) was significantly higher than the Ti concentrations of humite (CTiO2 = 0.26 207 

wt.%) and norbergite (CTiO2 = 0.99 wt.%). An extremely weak OH-stretching mode at 208 

approximately 3390 cm-1 was detected in the Raman spectrum of the Ti-poor humite 209 

sample at room temperature. A very low signal-noise ratio was observed for the 210 

Raman spectra on the norbergite sample because the intensity of the OH band is much 211 

lower and the fluorescence background is much stronger, perhaps due to the high F- 212 

concentration, compared with that of humite. Similar behaviors have also been 213 

reported based on the Raman spectra of F-rich natural norbergite samples (Liu et al. 214 

1999). 215 

High-temperature FTIR and Raman spectra were collected for both the humite 216 

and norbergite samples at temperatures up to 993 K, in the vibrational frequency 217 

range of 3000 – 4000 cm-1 (Fig. 5). These OH bands gradually became broader and 218 

weaker at elevated temperatures. The strong bands at approximately 3500 - 3600 cm-1 219 

for humite could be distinguished at high temperatures, while the weak peak at 3318 220 

cm-1 for norbergite overlapped greatly with the peak at 3365 cm-1 above 493 K. The 221 
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OH bands were recovered when the samples were quenched to room temperature, and 222 

the intensities of the OH absorbance bands in the range of 3200 - 3700 cm-1 remained 223 

similar to that before heating, suggesting no significant dehydration in these 224 

humite-group minerals at temperatures up to 993 K.  225 

 226 

Discussion 227 

OH-stretching bands and temperature dependence 228 

The most intense OH bands were measured at 3558 and 3573 cm-1 for humite 229 

and at 3580 cm-1 for norbergite, corresponding to estimated O…O distances of 3.02 - 230 

3.16 Å (Libowitzky 1999). These values are close to the measured oxygen-oxygen 231 

distances between two ‘OH’ sites for both humite (2.980(8) Å) (Fig. 1c) and 232 

norbergite (3.020(2) Å) (Fig. 1d) based on the single-crystal XRD data. The 233 

OH-stretching bands above 3450 cm-1, corresponding to hydrogen bonds (dH…O) 234 

longer than 2 Å (Libowitzky 1999), could be affected by neighboring H-H repulsion, 235 

as in the structure of chondrodite and clinohumite (e.g., Lin et al. 1999 and 2000; Liu 236 

et al. 2019a). The intensity of the Raman-active OH mode for norbergite at 3582 cm-1 237 

is somewhat lower due to the higher F- concentration (F/(F+OH) = 63%), and the 238 

fluorescence background is much stronger. 239 

In contrast, additional OH-stretching bands were detected in the FTIR spectra 240 

(Fig. 4) at wavenumbers below 3450 cm-1 (dH…O < 2 Å) in natural humite-group 241 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7538.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



14 

 

minerals (e.g., Kitamura et al. 1987; Miller et al. 1987; Williams 1992; Cynn et al. 242 

1996; Kurosawa et al. 1997; Kuribayashi et al. 2004; Matsyuk and Langer 2004; 243 

Prasad and Sarma 2004; Berry et al. 2005; Shen et al. 2014; Liu et al. 2019a). These 244 

bands reflect the nature of the local OH…F and/or OH…O + Ti(M3) environments 245 

(e.g., Cynn et al. 1996; Kuribayashi et al. 2004; Shen et al. 2014; Liu et al. 2019a), 246 

according to the substitution mechanisms of (OH)- = F- and Mg2+ + 2(OH)- = Ti4+ + 247 

2O2-. Through such an exchanging mechanism, neighboring H-H repulsion could be 248 

relieved, resulting in OH-stretching bands at lower wavenumbers. Moreover, the 249 

O…O distance between two ‘OH’ sites refined from our single-crystal XRD datasets 250 

(2.782(4) Å for humite and 2.699(1) Å for norbergite) can be possible protonation 251 

sites for these OH bands and fit well with the correlation reported by Libowitzky 252 

(1999). 253 

The variations in the frequencies of both the Raman- and IR-active OH bands 254 

with temperature are plotted in Fig. 6. The temperature derivatives, in the unit of 255 

cm-1·K-1, are listed in Appendix Table 2. For both humite and norbergite, the OH 256 

bands above 3450 cm-1 all show negative temperature dependences, while the ones 257 

below 3450 cm-1 systematically exhibit positive temperature dependences. Similar 258 

behavior has been reported for natural clinohumite samples (Liu et al. 2019a). For the 259 

elongated hydrogen bonds above 3450 cm-1 in the humite-group minerals including 260 

norbergite, humite, chondrodite and clinohumite, the neighboring H-H repulsion force 261 

becomes weaker during thermal expansion of the crystal structure, and then the 262 
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hydrogen bond gets shorter as the OH-stretching vibrations shift to lower frequencies 263 

(Lin et al. 2000; Liu et al. 1999; 2019a). However, without such a H-H repulsion 264 

effect, the hydrogen bonds below 3450 cm-1 would become longer at higher 265 

temperatures. The OH modes would subsequently shift to higher frequencies, which is 266 

common in most hydrous minerals. 267 

The temperature dependences of the OH-stretching modes, (∂νi/∂T)P, for 268 

humite-group minerals are compared with other dense hydrous Mg-silicate minerals 269 

in the peridotite system (MgO-SiO2-Mg(OH)2) (Fig. 7), such as serpentine, brucite, 270 

talc, phases A, B, E and super hydrous phase B (Liu et al. 1997a, 1997b, 1998, 1999 271 

and 2002; Lin et al. 1999 and 2000; Zhang et al. 2006; Trittschack et al. 2012; Liu et 272 

al. 2019a and 2019b; Zhu et al. 2019; this study). The OH bands above 3450 cm-1 273 

typically show a negative temperature dependence, whereas those below 3450 cm-1 274 

typically exhibit a positive temperature dependence. A similar behavior was also 275 

observed for NAMs with hydrogen defects, such as in clinopyroxene-group minerals 276 

(Yang et al. 2019). Hydrogen bond lengths and the lengths of the O...O edges where 277 

protonation occurs are positively correlated with the frequencies of the OH-stretching 278 

modes for hydrous minerals (Libowitzky 1999). Hence, the O…O distances for 279 

protonation in these DHMS phases have a tendency to become similar to each other at 280 

elevated temperatures. 281 

 282 
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F
-
 and Ti

4+
 substitutions in humite-group minerals 283 

Fluorine and titanium can be incorporated into humite-group phases, which has a 284 

significant effect on the OH-stretching behavior. Here, we analyzed the reported 285 

Raman and infrared spectra of humite-group minerals with various F- and Ti4+ 286 

concentrations (Appendix Table 3) and integrated the intensities of the OH-stretching 287 

bands in the frequency ranges below and above 3450 cm-1 (I<3450 and I>3450, 288 

respectively) for each sample. We also calculated the F- (XF = F/(F+OH)) and Ti4+ 289 

contents at the M3 sites (XTi = Ti/(Mg+Fe-n×Si), n = 4 for clinohumite, 3 for humite, 290 

2 for chondrodite and 1 for norbergite). 291 

The I<3450 : I>3450 intensity ratios of the IR-active OH-stretching modes generally 292 

increase with the F- concentration (Fig. 8a) for samples with compositions XF > 0.33 293 

and XTi < 0.03 (Williams 1992; Cynn et al. 1996; Kuribayashi et al. 2004; This study). 294 

It is noted that Hughes and Pawley (2019) did not observe any Raman-active modes 295 

below 3450 cm-1 for synthetic Ti-free humite-group minerals (0.15 < XF < 0.6). In 296 

contrast, for samples with relatively high Ti4+ (XTi > 0.08) and low F- (XF < 0.17) 297 

contents, both the FTIR (Fig. 8b) and Raman (Fig. 8c) measurements show a general 298 

trend where the I<3450 : I>3450 ratios increase as the Ti4+ concentration increases (Frost 299 

et al. 2007; Ye et al. 2013, 2015; Koga et al. 2014; Shen et al. 2014; Liu et al. 2019a; 300 

This study). 301 

Hence, below 3450 cm-1, the Raman-active OH-stretching modes can be affected 302 
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only by Ti4+ substitution, while the IR-active modes may be generated by either F- or 303 

Ti4+ substitution, with Ti4+ substitution possibly playing a more important role than F- 304 

substitution. Both substitutions could relieve the adjacent H-H repulsion effect and 305 

make the neighboring hydrogen bonds shorter and stronger, with the OH-stretching 306 

modes shifting to lower wavenumbers. These observations may also provide a 307 

reasonable explanation for the absence of OH-pure humite minerals in nature (Fujino 308 

and Takeuchi 1978). In addition, high-P,T experiments have revealed that F- 309 

substitution could significantly stabilize hydrous minerals at higher temperatures, 310 

such as amphibole (Foley 1991), talc (Rywak and Burlitch 1996) and clinohumite 311 

(Grützner et al. 2017a).  312 

 313 

Isobaric Grüneisen parameters 314 

The isobaric Grüneisen parameter, iP, is used to measure the temperature effect 315 

on vibrational frequencies (i.e., Gillet et al. 1991; Okada et al. 2008; Yang et al. 2015; 316 

Liu et al. 2019a): 317 

𝛾𝑖𝑝 = (
𝜕𝑙𝑛𝑣𝑖

𝜕𝜌
)

𝑃
= −

1

𝛼𝜈0𝑖
(

𝜕𝑣𝑖

𝜕𝑇
)

𝑃
                                (1) 318 

where υ0i is the mode frequency under ambient condition, (∂vi/∂T)P is the temperature 319 

derivative of the frequency and α is the averaged thermal expansion coefficient. Ye et 320 

al. (2013) reported an empirical relationship between the averaged volumetric thermal 321 

expansion coefficient (0, 10-6·K-1) and density (, g/cm3) for the humite-group 322 
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minerals on the brucite-olivine join: 0 = 156(7) - 37(2)  and Ye et al. (2015) also 323 

reported a systematic relationship between 0 and the water concentration (CH2O, 324 

wt.%): 0 = 35.3(4)  1.02(3)  CH2O. Based on the densities and the water contents of 325 

humite (= 3.222 g/cm3, CH2O = 2.36 wt.%) and norbergite (= 3.143 g/cm3, CH2O = 326 

3.16 wt.%), we estimated average 0 values of 37.2(9) 10-6 K-1 for humite and 327 

39.1(7) 10-6 K-1 for norbergite, and calculated the isobaric Grüneisen parameters for 328 

both the lattice vibrations and OH-stretching modes (Appendix Tables 1 and 2). 329 

The vibrational modes of the humite minerals are divided into five regions (Lin 330 

et al. 2000; Liu et al. 1999; Mernagh et al. 1999; Grützner et al. 2017b): (1) MO6 331 

octahedral vibrations below 350 cm-1; (2) SiO4 internal bending modes from 350 to 332 

750 cm-1; (3) vibrations associated with MgOH and other M2+OH deformations from 333 

740 to 790 cm-1; (4) SiO4 internal stretching modes from 800 to 1000 cm-1; and (5) 334 

internal OH-stretching modes from 3000 to 4000 cm-1. The calculated isobaric 335 

Grüneisen parameters for the DHMS phases on the brucite-olivine join are compared 336 

in Fig. 9, including brucite (Zhu et al. 2019), norbergite (this study), chondrodite 337 

(Mernagh et al. 1999), humite (this study), clinohumite (Liu et al. 2019a) and 338 

forsterite (Gillet et al. 1991). For the lattice vibrational modes below 1000 cm-1, the 339 

humite-group minerals, including norbergite, chondrodite, humite and clinohumite, 340 

show isobaric Grüneisen parameters with similar values, compared with those for 341 

forsterite. The iP parameters range from 0.93 to 3.2 for the MO6 vibrations, 0.27 to 342 

2.5 for the SiO4 bending modes, 0.19 to 1.3 for the SiO4 stretching modes and -0.22 to 343 
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0.36 for the OH-stretching modes. The iP parameters of the OH-stretching modes 344 

above 3000 cm-1 are typically smaller in magnitude than those for the lattice 345 

vibrations due to the higher frequencies, although their temperature dependences, 346 

(∂νi/∂T)P, are similar.  347 

 348 

Implications 349 

Both the Raman and FTIR spectra of nominally hydrous minerals indicate that 350 

the hydrogen bond lengths and the O…O distances for protonation are more similar to 351 

each other at high temperatures, as compared with the case at room temperature. 352 

During such a gradual changing process without significant dehydration, the protons 353 

might have similar mobility at high temperatures, as is the case for hydrous 354 

clinopyroxenes (Yang et al. 2019). Variations in the local environments around the 355 

protons may be important for understanding the electric conduction mechanism in 356 

these DHMS phases at high temperatures.  357 

The experiments reveal that the electrical conductivity is generally independent 358 

of the water concentrations in hydrous minerals, including talc, serpentine, brucite, 359 

phase A, superhydrous phase B and phengite, (Guo et al. 2011; Guo and Yoshino 2013, 360 

2014; Chen et al. 2018). The low activation enthalpies for conductivity (< 0.83 eV) in 361 

these hydrous phases indicate that the conduction mechanism should be attributed to 362 

the migration of hydrogen (proton conduction). However, an enthalpy as large as 1.5 363 
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eV is required to break the covalent O-H bands down and generate interstitial H+ and 364 

H+-related vacancies in the lattice structure (intrinsic mechanism). Then, the 365 

formation of O2- due to impurities in the crystal structure is proposed as an extrinsic 366 

mechanism, in which protons (H+) dominantly transfer through hydrogen-bond 367 

interactions between extrinsic O2- and neighboring (OH)- (Guo and Yoshino 2013). In 368 

this case, the potential energy of H+ migration from OH- donors to adjacent O2- 369 

acceptors is closely related to the O…O distance, as well as the lattice conductivity in 370 

hydrous minerals.  371 

Electrical conductivity measurements on F-bearing phlogopite (Li et al. 2017) 372 

show that F conduction should be more important than OH conduction in phlogopite 373 

above 900 K. Hence, more high-P,T experiments on the effects of F and Ti on the 374 

electrical conductivities of various DHMS phases, including the humite-group 375 

minerals, are necessary to elucidate the complex electrical conductivity behaviors in 376 

subduction zones. 377 

 378 
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Figure captions 607 

 608 

Figure 1 Crystal structures of (a) humite and (b) norbergite, viewed approximately in 609 

the b and a directions, respectively. The protons are shown as small white spheres, 610 

and the covalent O-H bonds are presented as short black lines. The OH...OH distances 611 

are plotted in (c) for humite and in (d) for norbergite, viewed approximately in a 612 

direction. H-H repulsion in humite is also illustrated in (c). 613 

 614 

Figure 2 Selected Raman spectra of the lattice vibrations of natural (a) humite and (b) 615 

norbergite at various temperatures with the background subtracted. The peak positions 616 

are indicated for the spectra obtained at 300 K, and the intensities of the weak bands 617 

below 700 cm-1 are magnified by 4 times for clarity. 618 

 619 

Figure 3 Temperature dependence of the Raman-active modes for both the natural 620 

humite (black) and norbergite (gray) samples with a linear regression for each 621 

vibration in the frequency ranges of (a) 100-400 cm-1, (b) 400-800 cm-1 and (c) 622 

800-1000 cm-1. The peak positions at 293 K are labeled at the left sides of the figures. 623 

The uncertainties for the fitted peak positions are smaller than the sizes of the 624 

symbols.   625 
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 626 

Figure 4 FTIR and Raman spectra of the OH-stretching modes of natural (a) 627 

clinohumite, (b) humite and (c) norbergite under ambient condition, with the peak 628 

positions labeled. 629 

 630 

Figure 5 Representative FTIR (a, b) and Raman (c, d) spectra for the OH-stretching 631 

modes of the natural humite (a, c) and norbergite (b, d) samples at high temperatures. 632 

 633 

Figure 6 Temperature dependence of the OH bands for both the natural (a) humite 634 

and (b) norbergite samples with linear regressions. The IR-active and Raman-active 635 

modes are indicated by solid and open symbols, respectively, and the frequencies at 636 

room temperature are also listed in the figures. The uncertainties for the fitted peak 637 

positions are smaller than the sizes of the symbols. 638 

 639 

Figure 7 Temperature dependence of the OH-stretching modes, (∂νi/∂T)P, for the 640 

DHMS phases in the hydrous peridotite system (a: this study; b: Liu et al. 1999; c: Liu 641 

et al. 2019a; d: Lin et al. 2000; e: Lin et al. 1999; f: Liu et al. 1997b; g: Liu et al. 642 

1997a; h: Liu et al. 1998; i: Liu et al. 2002; j: Zhang et al. 2006; k: Zhu et al. 2019; l: 643 

Liu et al. 2019b; m: Trittschack et al. 2012). 644 
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 645 

Figure 8(a-c) Ratios of the integral intensities for OH-stretching modes in the 646 

frequency ranges below and above 3450 cm-1, I<3450: I>3450. The intensity ratios for the 647 

IR-active modes are plotted as a function of the (a) fluorine or (b) titanium 648 

concentration, while the intensity ratios for the Raman-active modes are plotted as a 649 

function of the (c) titanium content. (clinohumite: Frost et al. 2007, Koga et al. 2014, 650 

Shen et al. 2014, Liu et al. 2019a; chondrodite: Williams 1992, Cynn et al. 1996, 651 

Kuribayashi et al. 2004, Shen et al. 2014; humite and norbergite: this study). XF is the 652 

ratio F/(F+OH), and XTi is the fraction of Ti at the M3 sites (Please refer to Appendix 653 

Table 3 for more details). 654 

 655 

Figure 9 Comparison of the isobaric mode Grüneisen parameters for the 656 

humite-group minerals on the brucite-forsterite join (humite and norbergite: this study; 657 

chondrodite: Mernagh et al. 1999; clinohumite: Liu et al. 2019a; forsterite: Gillet et al. 658 

1991; brucite: Zhu et al. 2019). 659 

 660 

 661 

  662 
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Table 1. Electron microprobe analyses for the natural humite and norbergite samples. 663 

  Humite Norbergite   Humite Norbergite 

FeO (wt%) 6.88(1) 0.40(1) Fe (apfu) 0.479(1) 0.011(0) 

MgO 52.38(5) 58.15(5) Mg 6.497(6) 2.968(3) 

MnO 0.23(3) 0.02(1) Mn 0.016(2) 0.001(0) 

TiO2 0.26(1) 0.99(3) Ti 0.016(1) 0.025(1) 

SiO2 35.95(6) 29.05(5) Si 2.991(5) 0.994(2) 

F 2.50(5) 11.33(8) F 0.658(5) 1.227(9) 

Totala 97.15 95.17 H 1.310 0.722 

H2Ob 2.36 3.16       

a: Measured total weight percentages without H2O.  664 

b: The formula of the humite-group minerals can be expressed as 665 

nMg2SiO4·Mg1-xTixO2x(F,OH)2-2x, where n = 1 for norbergite, and n = 3 for humite. 666 

The weight percentages of H2O were calculated assuming that the molar ratio of 667 

(H+F+2·Ti) : (O+F) was 2 : 14 for humite and 2 : 6 for norbergite. 668 

  669 
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Appendix Table 1. Frequencies of the lattice vibrations (vi), the temperature 670 

dependence and the isobaric mode Grüneisen parameters. 671 

 Humite   Norbergite  

νi (cm-1) 
(∂νi/∂T)P 

(cm-1/K) 
γiP νi (cm-1) 

(∂νi/∂T)P 

(cm-1/K) 
γiP 

153 -0.013(3) 2.331(1)  199 -0.012(9) 1.654(9)  

193 -0.022(3) 3.098(5)  225 -0.022(5) 2.553(1)  

204 -0.018(9) 2.484(5)  257 -0.022(2) 2.185(4)  

274 -0.012(7) 1.243(1)  290 -0.016(9) 1.487(8)  

325 -0.021(2) 1.749(3)  329 -0.020(4) 1.583(1)  

356 -0.027(1) 2.033(9)  380 -0.026(2) 1.760(2)  

384 -0.010(2) 0.712(3)  429 -0.021(8) 1.297(3)  

432 -0.023(5) 1.458(8)  489 -0.016(5) 0.861(4)  

467 -0.029(4) 1.688(3)  517 -0.008(2) 0.404(9)  

502 -0.034(1) 1.821(6)  555 -0.010(7) 0.492(2)  

538 -0.005(3) 0.264(2)  573 -0.009(7) 0.432(2)  

578 -0.022(1) 1.025(3)  611 -0.018(1) 0.756(3)  

604 -0.016(8) 0.745(9)  770 -0.042(2) 1.399(2)  

755 0.0002(1) -0.007(1)  792 -0.009(9) 0.319(1)  

783 -0.007(8) 0.267(1) 851 -0.014(9) 0.447(1)  
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843 -0.014(7) 0.467(6)  885 -0.026(2) 0.755(8)  

865 -0.005(8) 0.179(8)  894 -0.020(3) 0.579(7)  

932 -0.026(1) 0.751(1)  951 -0.023(1) 0.620(1)  

968 -0.025(6) 0.709(2)  973 -0.035(2) 0.923(6)  

  672 
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Appendix Table 2. Frequencies of the OH-stretching vibrations, the temperature 673 

dependence and the isobaric mode Grüneisen parameters. 674 

Mineral νi (cm-1) 
(∂νi/∂T)P 

(cm-1/K) 
γiP 

Norbergite 

3582a -0.023(7) 0.168(9)  

3315b 0.023(1) -0.177(9)  

3365b 0.023(9) -0.181(3)  

3581b -0.025(9) 0.184(6) 

3665b -0.043(9) 0.305(8)  

Humite 

3390a 0.010(9) -0.086(2)  

3556a -0.014(6) 0.110(1)  

3568a -0.013(6) 0.102(2)  

3333b 0.026(9) -0.216(4)  

3381b 0.024(8) -0.196(7)  

3556b -0.047(2) 0.355(9)  

3573b -0.028(2) 0.210(2)  

Clinohumite 

3310a 0.053(1) -0.458(6) 

3405a 0.018(8) -0.158(3) 

3528a -0.025(2) 0.204(9) 

3565a -0.022(7) 0.182(6) 
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3309b  0.015(8) -0.136(8)  

3397b  0.021(8) -0.183(8)  

3529b -0.027(6) 0.224(1)  

3564b -0.022(9) 0.184(1)  

3608b -0.041(7) 0.331(1)  

a: Raman-active OH bands; b: IR-active OH bands. 675 

  676 
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Appendix Table 3. Raman and infrared measurements for humite-group minerals 677 

with various fluorine and titanium concentrations under ambient condition. The 678 

integral intensities below and above 3450 cm-1 are estimated from the reported 679 

spectra. 680 

Mineral XTi XF I<3450/I>3450 Reference 

F-rich (XF > 0.33) samples by FTIR measurements (Fig. 7a) 

Chondrodite 0.05 0.73 0.47(5) Williams (1992) 

Chondrodite 0.02 0.88 0.25(3) Cynn et al. (1996) 

Chondrodite 0.02 0.37 0.42(4) Kuribayashi et al. (2004) 

Humite 0.016 0.33 0.43(2) This study 

Norbergite 0.03 0.63 0.85(3)    -- 

Ti-rich (XTi > 0.08) samples by FTIR measurements (Fig. 7b) 

Clinohumite 0.45 0 4.81(5) Shen et al. (2014) 

Clinohumite 0.33 0 3.36(3)    -- 

Clinohumite 0.18 0 2.45(2)    -- 

Chondrodite 0.36 0 5.21(5)    -- 

Chondrodite 0.29 0 3.92(4)    -- 

Clinohumite 0.25 0.13 2.97(1) Liu et al. (2019a) 

Clinohumite 0.45 0.01 7.31(7) Koga et al. (2014) 

Clinohumite 0.43 0.01 7.12(7)    -- 
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Clinohumite 0.46 0.01 9.75(9)    -- 

Clinohumite 0.41 0.14 4.11(4)    -- 

Clinohumite 0.39 0.17 3.26(3)    -- 

Ti-rich (XTi > 0.08) samples by Raman measurements (Fig. 7c)   

Clinohumite 0.08 0 0.92(9) Frost et al. (2007) 

Clinohumite 0.21 0 1.16(9) Frost et al. (2007) 

Clinohumite 0.25 0.2 1.29(1) Liu et al. (2019a) 

Clinohumite 0.46 0.01 4.14(4) Koga et al. (2014) 

Clinohumite 0.43 0.01 3.25(3)    -- 

Clinohumite 0.39 0.17 1.16(9)    -- 

Clinohumite  0.41 0.14 6.75(7)    -- 

XF is F/(F+OH) in moles. XTi is the fraction of Ti at the M3 site. 681 

 682 
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