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ABSTRACT 19 

 In this work we investigate the oxidation behavior of a nearly end-member riebeckite, 20 

ideally Na2(Fe
2+

3Fe
3+

2)Si8O22(OH)2, by using vibrational FTIR and Raman spectroscopies. 21 

Combining these results with previous studies done on the same sample by single-crystal 22 

structure refinement and Mössbauer spectroscopy, we conclude that iron oxidation in 23 

riebeckite is a multi-step process: (i) in the ~523 K < T < 623 K temperature range, the O-H 24 

bond lengthens and both the electrons and the hydrogen cations delocalize; Raman analysis 25 

shows that this step is reversible upon cooling to room-temperature; (ii) in the 623 K< T < 26 

723 K range, the kinetic energy increases so that the electrons can be ejected from the crystal; 27 

beyond 723 K an irreversible oxidation of Fe occurs that couples with irreversible changes in 28 

the SiO4 double-chains leading to a contraction of the unit-cell volume, i.e., to structural 29 

changes detectable at the long-range scale; (iii) beyond 823 K, the irreversible oxidation is 30 

completed and H
+
 ions are forced to leave the crystal bulk. Because of this multi-step process, 31 

the onset of the deprotonation process is detected at 700 K by single-crystal XRD analysis of 32 

the unit-cell parameters, but starts at 623 K as indicated by Mössbauer spectroscopy on 33 

powders (and by changes in the cation distribution observed by structure refinement). Also, 34 

Raman scattering shows that the release of H
+
 from the crystal surface starts 100 K before 35 

the complete deprotonation of the crystal bulk is witnessed by FTIR absorption. Hence, the 36 

oxidation of Fe starts at the crystal surface and induces electron and H
+
 migration from the 37 

crystal interior to the rim and thus subsequent oxidation through the crystal bulk. No 38 

deprotonation is observed by FTIR either in powders embedded in KBr or in crystals heated 39 

in N2 atmosphere, implying that the release of H
+
 needs surficial (atmospheric) oxygen to 40 

form H2O molecules. Fe
2+

  Fe
3+

 oxidation produces a flux of electrons throughout the 41 

crystal matrix, which generates electrical conductivity across the amphibole. An important 42 

implication of this work, which might have interesting applications in material science, is that 43 

iron oxidation in riebeckite (and possibly in other Fe-rich silicates) is reversible in a given 44 
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range of temperature. Also, this work shows that complex processes cannot be fully 45 

understood or even monitored accurately without using a proper combination of independent 46 

techniques. 47 

 48 

Keywords: riebeckite, HT spectroscopy, FTIR, Raman, iron oxidation, deprotonation. 49 

  50 
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INTRODUCTION 51 

 Mineral reactions of hydrous materials at high temperatures (HT) involve loss and 52 

migration or diffusion of hydrogen (e.g., Aines and Rossman 1985; Zang et al. 2005, 2006; 53 

Della Ventura et al. 2015a, 2015b). These processes may be associated with simultaneous 54 

oxidation of multi-valence elements, typically Fe or Mn, with significant consequences on the 55 

physical properties of the material, such as the electrical conductivity or magnetic properties.  56 

Among rock-forming minerals, a notable case is provided by amphiboles. Iron-57 

dominant sodic amphiboles ("crocidolites") were extensively studied at HT during the 1960-58 

1970's (Addison et al. 1962a 1962b; Addison and Sharp 1962, 1968; Hodgson et al. 1965; 59 

Addison and White 1968; Ernst and Wai 1970) because of their technological applications, 60 

the most important of which was insulation from heat and fire. The general features of the 61 

deprotonation mechanism were sketched during these early studies (e.g., Addison and Sharp 62 

1962a), but the structural adjustments accompanying the oxidation of iron and the loss of 63 

hydrogen were addressed later (Ungaretti 1980; Clowe et al. 1988; Phillips et al. 1988, 1989, 64 

1991). Despite these efforts, notable issues still need to be understood, in particular the 65 

dynamics of iron oxidation and the diffusion throughout the mineral matrix of the electrons 66 

and of the hydrogen cations produced during thermal treatment. Understanding the oxidation 67 

mechanisms of Fe-rich amphiboles, however, may have important implications in several 68 

fields of science including geology/petrology, geophysics, material science, but also medical 69 

sciences, since it is now clear that the toxic potential of mineral fibers is related to the 70 

availability and redox reactions of iron ions at the fiber surface (e.g., Turci et al. 2017). 71 

 Oberti et al. (2016) and Della Ventura et al. (2017) recently studied the HT behavior of 72 

synthetic potassium-ferro-richterite. Combining X-ray diffraction (XRD) and Fourier 73 

Transform Infrared (FTIR) analysis they showed that in this amphibole composition, the 74 

oxidation/deprotonation reaction starts around 620 K and ends in a relatively limited T range 75 

(~100 K). However, an anomalous increase of the intensities of the OH-stretching absorption 76 
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was observed during in situ measurements, and this feature could not be explained 77 

satisfactorily. Also, the difference between the onset temperatures obtained by single-crystal 78 

FTIR and XRD analysis (~100 K) was interpreted in terms of different diffusion mechanisms 79 

for H
+
 and e

-
, which is required for the deprotonation to proceed (Della Ventura et al. 2017). 80 

Oberti et al. (2018) studied by single-crystal XRD and Mössbauer spectroscopy the HT 81 

behavior of a nearly stoichiometric riebeckite characterized by Susta et al. (2018), and 82 

showed that the oxidation/deprotonation reaction starts around 700 K and takes place over a 83 

narrow temperature range also in this amphibole composition. In the present paper, we show 84 

further advancements obtained by using vibrational spectroscopies (FTIR and Raman) on the 85 

same riebeckite sample studied by Oberti et al. (2018), and propose a comprehensive model 86 

of iron oxidation and H
+
 diffusion in amphiboles, which is based on the combination of all the 87 

data obtained with analytical methods that probe the crystal structure at different length and 88 

time scales. 89 

 90 

MATERIAL AND METHODS 91 

Studied sample 92 

 The sample used for the HT experiments is a riebeckite from Malawi, with crystal-93 

chemical formula 
A
(K0.06Na0.04) 

B
(Na1.82 Ca0.13Fe

2+
0.05) 

C
[
M(1)

(Fe
2+

1.84Mg
2+

0.16)
M(2) 

94 

(Fe
2+

0.21Mg
2+

0.04Fe
3+

1.64Al
3+

0.10Ti
4+

0.01) 
M(3)

(Fe
2+

0.89Mg
2+

0.06Mn
2+

0.05)] 
T
(Si7.97Al0.03) O22 95 

W
((OH)

-
1.9F

-
0.10), that is very close to the end-member composition 96 

A


B
Na2

C
(Fe

2+
3Fe

3+
2)

T
Si8O22

W
(OH)2 (Susta et al. 2018). To help following the discussion, in 97 

Figure 1a we report the crystal structure of the studied sample together with the correct site 98 

nomenclature for A-, B-, C- and T-group cations and W-group anions (Hawthorne et al. 99 

2012). 100 

 101 

FTIR spectroscopy 102 
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 Single crystal HT-FTIR spectra were collected at INFN (Istituto Nazionale di Fisica 103 

Nucleare, Frascati, Rome) using a Linkam 1400XY heating stage fitted on a Bruker Hyperion 104 

3000 FTIR microscope, equipped with a 15X Schwarzschild objective and a MCT LN2-105 

cooled detector. The microscope was attached to a Vertex 70V optical bench equipped with a 106 

KBr beamsplitter and a Globar IR source. A beam diameter of 100 m was used for the 107 

measurements; the nominal resolution was set at 4 cm
-1

 and 128 spectra were co-added for 108 

both mineral and background. Considering that there was no need to determine the absolute 109 

concentrations, but only the evolution of the OH content with T, the data were collected with 110 

unpolarized radiation on a randomly oriented, 135 m thick, doubly-polished crystal section. 111 

After polishing, the section was broken into several fragments. The first fragment was used 112 

for a continuous heating ramp with a 10 K/min rate; FTIR spectra were collected in situ every 113 

20 K just after reaching the target temperature. Because the behavior observed was quite 114 

anomalous (see below for a discussion), a second fragment was heated again with a 10 K/min 115 

rate, but FTIR spectra were collected at 50 K intervals first in situ and then after quenching to 116 

room temperature (RT). At any step, the temperature was restored quickly (50 K/min heating 117 

rate), and the ramp was continued at the same 10 K/min rate to the next step. This process 118 

continued until the T value was reached where no OH-absorption bands could be observed. 119 

 120 

Raman spectroscopy 121 

 Raman spectroscopic experiments were performed with a Horiba T64000 triple 122 

monochromator system operating in a subtractive regime and equipped with a Symphony 123 

LN2-cooled CCD detector and an Olympus BX41 confocal microscope. Raman scattering in 124 

the ranges 15-1215 cm
-1

 and 3450-3800 cm
-1

 was measured in backscattering geometry, using 125 

the 514.5-nm line of a Coherent 90C Fred Ar
+
 laser. The laser beam was focused to a spot of 126 

linear size ~2 µm on raw natural surfaces of single crystals. The effective penetration depth 127 

was also approximately 2 µm. Polarized Raman spectra from more than 10 specimens, each 128 
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probed in at least three points, were collected at room temperature to verify the homogeneity 129 

of the samples and the repeatability of the spectra. Two representative crystals ~2 mm ×1 mm 130 

×0.5 mm in size were selected for high-temperature experiments: S-110 and S-120, which had 131 

different crystallographic orientation of the probed crystal surface: (110) and )201( , 132 

respectively. The crystal orientation was determined by X-ray diffraction using a Nonius 133 

Kappa CCD singe-crystal diffractometer and MoK radiation. In situ high-temperature 134 

Raman experiments were done in ambient atmosphere using a Linkam TS1200 heating stage 135 

attached to a T95 temperature controller, providing precision in the read-out temperature of 136 

0.1 K. The crystals were aligned with their prism axis, i.e., the monoclinic c axis, 137 

perpendicular to both the polarization and propagation direction of the laser beam. In such 138 

geometry, parallel polarized spectra were obtained (where scattered-light polarization is 139 

parallel to the incident-light polarization) to ensure strong Raman intensity from the OH 140 

stretching modes (Leissner et al. 2016, Susta et al. 2018). Crystal S-110 was subjected to 141 

three subsequent ramps: (i) heating at a 10 K/min rate with spectra collected every 50 K 142 

between 373 and 723 K, and then cooling down with the same rate and collecting spectra at 143 

573, 423 and 297 K (Figure 4a, lower part); (ii) heating and cooling with a 10 K/min rate and 144 

with spectra collected only at three temperatures: 623, 423, and 773 K (Figure 4a, upper part); 145 

(iii) cooling down to 348 K at a 50 K/min rate, followed by further cooling to 299 K at a 10 146 

K/min rate, where the final spectrum was collected (Figure 4a, top line). Crystal S-120 was 147 

first heated with a 50 K/min rate up to 673 K, where a spectrum was collected; then the 148 

crystal was heated further with a 10 K/min rate up to 793 K, and spectra were collected every 149 

10 or 25 K, and finally cooled down to RT under the same conditions used for crystal S-110. 150 

At each temperature, data collection started after 5 min of equilibration, and the total 151 

acquisition time at each temperature was approximately 15 min (Figure 4b). The preserved 152 

crystallinity of the heated amphibole crystals was verified by singe-crystal X-ray diffraction at 153 

the end of each experiment. The measured Raman spectra were baseline corrected with a 154 
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polynomial function to account for the continuum photoluminescence background, if any, and 155 

then normalized by the Bose-Einstein population factor for Stokes processes to remove the 156 

trivial temperature dependence of the Raman intensities: )1),((0  TnII  , 157 

)1(1),( /  kTeTn   , where ω, T, ħ, and k denote the phonon wavenumber, the 158 

temperature, the reduced Planck constant, and the Boltzmann constant, respectively. The 159 

temperature-reduced spectra were fitted with pseudo-Voigt functions to determine peak 160 

positions, full widths at half maximum (FWHMs) and integrated intensities. 161 

 162 

RESULTS 163 

FTIR spectroscopy in the OH-stretching region 164 

 While studying synthetic potassic-ferro-richterite, Della Ventura et al. (2017) showed 165 

that FTIR spectra in the OH-stretching region collected in situ at HT are significantly different 166 

from those collected on quenched samples. Similar results were obtained during this study 167 

(Figure 2). The RT FTIR single-crystal spectrum of untreated riebeckite consists of three main 168 

components which can be assigned to local configurations: MgMgFe
2+

 (3650 cm
-1

), 169 

MgFe
2+

Fe
2+

 (3637 cm
-1

), and Fe
2+

Fe
2+

Fe
2+

 (3618 cm
-1

; Susta et al. 2018). The very minor 170 

component at 3667 cm
-1

 (which was not present in Susta et al. 2018) can be assigned to the 171 

MgMgMg local configuration, and can be explained both by a slight compositional 172 

inhomogeneity and by the greater thickness of the crystal used in this work (135 vs. 26 m), 173 

which aims at maximizing the OH-signal during the HT data collection. 174 

 Figure 2a shows the spectra collected
1
 on samples quenched after heating at different 175 

T. No change in the shape and the intensity of the peaks is visible below 833 K. A slight 176 

intensity decrease can be observed between 833 and 873 K, whereas no signal of the presence 177 

of OH groups is preserved at 893 K. The integrated IR absorbance in the 3680-3580 cm
-1

 178 

                                                 
1 Original FTIR and Raman spectra are available upon request to the first author 
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range is constant up to 853 K (Fig. 3), similar to the relative IR absorbance of the individual 179 

components and their FWHM. In the 853 K < T < 873 K range there is a significant decrease 180 

in the integrated intensity, which becomes zero at 893 K. 181 

 The evolution of the IR spectra collected in situ (Fig. 2b) shows that all bands 182 

progressively shift toward lower wavenumbers and broaden significantly while increasing T, 183 

which is the behavior expected for phonons in crystals with a positive thermal expansion. 184 

However, an evident and anomalous increase in the band intensity is observed at higher 185 

temperatures. Because of the T-induced band broadening, the three main components, which 186 

are well resolved in the RT spectrum, can no longer be recognized at T > 723 K. Figure 3 187 

shows that the temperature dependence of the integrated IR absorption collected in situ differs 188 

from that observed for those collected after quenching, showing a strong increase with 189 

increasing T. As already observed for potassic-ferro-richterite (Della Ventura et al. 2017) this 190 

increase is not linear with T, but runs up significantly when approaching the onset of 191 

deprotonation. 192 

 Interestingly, heating experiments done on powders using the conventional KBr-pellet 193 

technique did not register any H
+
 loss, independent on the rate of the heating ramp and the 194 

duration of the experiment. Similarly, no OH
-
 loss was observed while heating single-crystals 195 

in N2 atmosphere. In contrast, H
+
 loss was clearly observed when using pure amphibole 196 

powders deposited on the sample holder. All these evidences suggest that deprotonation in 197 

amphiboles is essentially a surface phenomenon which requires the presence of external O2 198 

(Addison et al. 1962a; Della Ventura et al. 2017); this point will be further discussed below. 199 

 200 

Raman spectroscopy  201 

 Figure 4 shows the results obtained on both the S-110 and S-120 crystals at different 202 

temperatures. The initial RT spectra of the two samples show a slight difference in the relative 203 

peak intensities due to the different orientation of the crystallographic a and b axes with 204 
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respect to the polarization of the incident light (as explained above) and the consequent 205 

variation in the Raman polarizability tensor. This orientation dependence is more pronounced 206 

in the range of framework vibrations (Leissner et al. 2015; Susta et al. 2018), but does not 207 

affect the analysis of structural/chemical changes induced by temperature because for each 208 

sample the scattering geometry was kept constant during the experiment.  209 

 For both samples, the OH-stretching Raman scattering near 3619 cm
-1

 disappears at 210 

723 K during the first heating ramp (Fig. 4), indicating the loss of H
+
 from the O(3) anion 211 

site. In the same T interval, the 146 and 165 cm
-1

 bands decrease in intensity, while the band 212 

at 173 cm
-1

 increases (see enlargements in Fig. 5). The spectral range 100-250 cm
-1

 are 213 

dominated by M-O vibrations (Susta et al. 2018); therefore these changes have to be assigned 214 

to the 
C
Fe

2+
  

C
Fe

3+
 oxidation. Mössbauer data collected on the same sample during thermal 215 

annealing (Oberti et al. 2018) had shown that Fe oxidation occurs only at the M(1) site, 216 

whereas 
M(3)

Fe
2+

 is unaffected. Thus, the intensity reduction of the Raman peak near 146 cm
-1

 217 

and the change in the intensity ratio of the peaks at 165 and 173 cm
-1

 are directly related to 218 

the oxidation of 
M(1)

Fe
2+

 to 
M(1)

Fe
3+

. 219 

Crystal S-110 was cooled down immediately after reaching 723 K, and a striking 220 

effect was observed, namely, a complete recovery of both the OH stretching at 3619 cm
-1

 and 221 

the 
M(1,3)

Fe
2+

-O stretching at 146-165 cm
-1

 (Fig. 4 and 5). A subsequent reheating to 623 K 222 

followed by cooling to 423 K confirmed the reversibility of the transition at T values lower 223 

than 723 K (Fig. 4). Only after heating the sample at 773 K, the irreversible 
W

OH
-
 + 

M(1)
Fe

2+
 224 

 
W

O
2-

 + 
M(1)

Fe
3+

 redox reaction could be obtained (Fig. 4). Similarly to S-110, the Raman 225 

scattering of S-120 arising from OH stretching as well as that near 146 and 165 cm
-1

 226 

disappear at 723 K. However, because crystal S-120 had been gradually heated up to 798 K, 227 

the observed changes are irreversible on cooling at the end of the experiment (Fig. 4). 228 

Interestingly, above 723 K the background of inelastic-light scattering drastically increases, 229 
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indicating the presence of a large number of mobile charge carriers (namely, electrons in the 230 

conduction band) inside the crystal. 231 

 232 

DISCUSSION 233 

 The deprotonation reaction in Fe-bearing amphiboles can be expressed as (Addison 234 

and Sharp 1962a; Phillips et al. 1988): 235 

4Fe
2+

 + 4OH
-
 + O2 = 4Fe

3+
 + 4O

2-
 + 2H2O              (1). 236 

According to this equation, the oxidation of iron is balanced by the loss of H
+
 ions bonded to 237 

the O(3) oxygen atom, which then combine with oxygen to produce water. Note that four 238 

electrons are also released during the above reaction. 239 

The spectroscopic experiments described in this paper provide further insights into the 240 

deprotonation reaction, which is probably one of the most important processes in geology due 241 

to its consequences both on the HT stability of rock-forming silicates (e.g., micas and 242 

amphiboles), and the release of fluids in mantle environments. 243 

The first and perhaps more interesting issue is that the deprotonation process is not 244 

straightforward. Raman experiments on sample S-110 (Fig. 4, left) clearly show that up to T  245 

723 K all H
+
 ions are delocalized because any sign of O-H stretching scattering is lost and, 246 

simultaneously, adjacent 
M(1)

Fe
2+

 cations loose one electron to maintain the local charge 247 

balance, as schematically shown in Figure 1b. However, this stage is still reversible because 248 

both the OH groups and the 
M(1)

Fe
2+

 oxidation state can be recovered on cooling. Hence, up to 249 

this T value both H
+
 and e

-
 must remain within the crystal matrix. Only at 773 K the kinetic 250 

energy of the delocalized H
+
 and e

-
 is high enough to eject them from the crystal, leading to 251 

irreversible changes in the valence-state at the O(3) and M(1) sites. It is worth mentioning that 252 

a partial recovery of OH
-
 groups and ferrous iron had already been noted in the case of Fe

2+
-253 

rich tourmaline subjected to heating in air (Watenphul et al. 2017). 254 
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Second, our data indicate that the deprotonation process cannot be monitored correctly 255 

by in situ measurements; a strong increase in molar absorption is in fact obtained (Fig. 2 and 256 

3), in apparent disagreement with what expected for a deprotonation. Della Ventura et al. 257 

(2017) had already noted the same trends in synthetic potassic-ferro-richterite, but could not 258 

provide sound explanations. In this work we can use the information provided by Raman 259 

analysis of the OH-stretching modes, of the M(1)-O modes, as well as of SiO4-ring mode near 260 

665 cm
-1

 and of the SiO4 stretching mode near 971 cm
-1

 to get a further insight into this 261 

process. 262 

Fig. 6a and 6d show that the integrated intensity of the OH-stretching bands collected 263 

on crystal S-110 and S-120 (respectively) during the first heating ramp peaks before 264 

decreasing quickly, similarly to what is observed for the intensity of the OH stretching 265 

measured in situ by FTIR (Fig. 3). We can now explain this apparent increase by the enlarged 266 

amplitudes of hydrogen atomic vector displacements in the OH-stretching mode (in both 267 

FTIR and Raman spectra) during H
+
 delocalization. The different response (intensity) 268 

between IR and Raman is due to the different probing methods typical of these two analytical 269 

techniques. In FTIR spectroscopy only vibrations that result in a change of the dipole moment 270 

of the molecule are observed, and strong IR absorption lines correspond to strong dipole 271 

moments. The cross section thus reflects the number of absorbing bonds in a sample at the 272 

specific wavelengths of the mid-IR radiation. Differently, Raman spectroscopy detects the 273 

inelastic scattering processes occurring in the components of the sample probed by a 274 

monochromatic laser light. As a consequence, the signal associated with Raman excitations is 275 

weak, because only about one photon over 10
6
 is inelastically scattered. An additional reason 276 

for the strong difference between the intensity increase at HT is also due to the different size 277 

of the sample volume probed by FTIR and Raman, respectively. In the former case the beam 278 

spot on the sample surface has a linear size of ~100 µm while in the latter case ~2 µm. The 279 

Raman-scattering penetration depth is similar to the lateral resolution, while the whole sample 280 
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thickness is probed by FTIR transmission spectroscopy. Therefore sample volume probed in 281 

our FTIR experiments is several orders of magnitude larger than that in Raman experiments.  282 

The maximum in the Raman intensity is narrower and occurs at a higher temperature 283 

(more than 100 K) for S-120 than for S-110. This difference most probably reflects the 284 

different kinetics of heating used: sample S-120 was heated up to 573 K with a much higher 285 

rate, without collecting Raman spectra, which suggests a more abrupt processes and less 286 

thermal energy accumulated at 573 K in crystal S-120 than in crystal S-110. The trend 287 

observed for S-110 during the first cooling as well as during the second ramp does not show 288 

any surplus in the OH-stretching intensity probably because the re-bonding of mobilized H
+
 289 

to 
O(3)

O
2-

 does not involve extra vibrational energy. 290 

The intensity of the Raman-active 
M(1)

Fe
2+

-O modes at 146 cm
-1

 (Fig. 6b and 6e) and 291 

165 cm
-1

 (Fig. 6c and 6f) also peaks during the first heating ramp, and gradually recover 292 

during the reversal. This increase can be assigned to the higher vibrational energy of the 293 

M(1)-O bonds during Fe oxidation and to the reduction in volume of the M(1) octahedron 294 

(<M(1)-O> decrease from 2.114 to 2.043 Å; Oberti et al. 2018) due to the smaller size of the 295 

Fe
3+

 cation. The maxima in both trends indicate the onset temperature of Fe oxidation and 296 

thus of electron delocalization from the 
M(1)

Fe
2+

 cation. For crystal S-110 the maximum in297 

)(1-cm 165 146, 
TIn  (where In is the intensity of the 146 and 165 cm

-1
 bands, respectively, 298 

normalized to the total intensity in the 15-1215 cm
-1

 spectral range) is at 623 K, while for 299 

crystal S-120 it is at 648 K. These values match very well the temperature of onset for 
M(1)

Fe 300 

oxidation provided by Mössbauer spectroscopy ( 623 K: Oberti et al. 2018). The slight 301 

difference (25 K) measured on the two samples may also derive from the different heating 302 

rates used. Evolution of the Raman intensities related to vibrations in the M(1) octahedron 303 

(Fig. 6) further confirms that in both crystals the process of e
-
 delocalization is completed at 304 

723 K, similar to H
+
 delocalization. 305 
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The temperature dependence of the wavenumbers and of the FWHMs of selected 306 

phonon modes involving SiO4 vibrations confirms that, at a local scale, the changes in the 307 

structural framework occurs before the H
+
 loss is complete (Fig. 7). The wavenumber 308 

evolution of the SiO4-ring breathing mode near 665 cm
-1

 has a clear minimum at 623 K for S-309 

110 (Fig. 7a) and at 648 K for S-120 (Fig. 7c), indicating a change in ring geometry to adjust 310 

for the smaller M(1) octahedron. The minimum of 𝜔665 𝑐𝑚−1is accompanied by an abrupt 311 

increase in the peak width 𝛤665 𝑐𝑚−1. The SiO4-stretching mode near 971 cm
-1

 also shows a 312 

considerable steep increase of the FWHM 𝛤971 𝑐𝑚−1 between 623 and 723 K for S-110 (Fig. 313 

7b) and between 648 and 723 K for S-120 (Fig. 7d). The peak near 971 cm
-1

 is assigned to Si-314 

Onb (nb = non-bridging) stretching modes because in chain silicates such modes give strong 315 

Raman peaks due to their relatively high bond polarizability (Dowty 1987). Therefore, the 316 

abrupt increase in the FWHM of the 971 cm
-1

 peak indicates larger dispersion of the Si-Onb 317 

bond lengths, which in turn can be related to an increase in the short-range disorder at the 318 

octahedral strips, once H
+
 and e

-
 are irreversibly released. 319 

The Raman data collected from S-110 on cooling also demonstrate that the structural 320 

changes within the silicate tetrahedron are reversible, although the recovery of the SiO4-ring 321 

geometry has a considerable temperature hysteresis.  322 

From the observations described above, we can conclude that a reversible metastable 323 

quasi-oxidized state of riebeckite occurs in the range 623–723 K, which is characterized by 324 

the presence of charge carriers in the form of delocalized H
+
 and e

-
 and by atomic 325 

rearrangements in the silicate chains and in the M(1) octahedron. The upper temperature limit 326 

of this metastable state matches very well the onset temperature of deprotonation as detected 327 

by a decrease in unit-cell parameters by in-situ HT single-crystal XRD experiments (Oberti et 328 

al., 2018). According to the Raman data, the irreversible 
W

OH
-
 + 

M(1)
Fe

2+
  

W
O

2-
 + 

M(1)
Fe

3+
 + 329 

1/2 H2 redox reaction occurs at 773 K, when the delocalized H
+
 and e

-
 gain enough kinetic 330 

energy to leave the crystal. 331 
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FTIR spectra collected in transmission mode on crystal S-110 treated at 773 K still 332 

show an intense OH-stretching signal. Therefore, the reaction at this temperature is limited to 333 

the crystal surface, i.e., to the layer of few µm thickness probed by Raman spectroscopy. The 334 

Raman spectrum collected at the final temperature after cooling the deprotonated crystal 335 

shows a significant broadening, which is indicative of local chemical and/or structural 336 

disorder. Final RT spectra collected on crystal S-120, which was heated up to 798 K, show 337 

very broad asymmetric Raman bands near 145, 285 and 385 cm
-1

, the intensity of which is 338 

enhanced, as well as changes in the relative intensities of the peaks in the range 500-1100 cm
-

339 

1
, which are related to SiO4 modes (see Fig. 4). This evidence might be interpreted by 340 

(irreversible or quenched) cation disorder at the B and C sites at higher T. Notably, a partial 341 

redistribution of B- and C-cations may explain the spectral changes in the range 100-400 cm
-1

 342 

which is dominated by M-O modes. Such a disorder is able to affect the geometry of the 343 

chains of SiO4 tetrahedra and be responsible for the spectral changes observed in the range 344 

500-1100 cm
-1

. This mechanism is in full agreement with the changes in site populations 345 

derived from single-crystal structure refinement (SREF), which indeed indicate diffusion of 346 

Fe from the M(2) and the M(3) sites to the M(1) and the M(4) site (Oberti et al. 2018). 347 

 348 

Conclusions and implications 349 

 When spectroscopic data (sensitive to local structural fluctuations) are combined with 350 

the (long-range) XRD/SREF + Mössbauer data obtained during thermal annealing by Oberti 351 

et al. (2018), it becomes clear that the iron oxidation/deprotonation reaction in riebeckite is a 352 

multi-step process.   353 

 Figure 8 compares the temperature dependences of: (i) the normalized integrated OH-354 

stretching absorption (FTIR annealing experiments); (ii) the unit-cell volume measured during 355 

heating/cooling by Oberti et al. (2018); (iii) the amount of Fe
2+

 at M(1) and that of total Fe
3+

 356 

related to deprotonation measured by Mössbauer (Oberti et al. 2018). We can conclude that, 357 



 
16 

at the long-range scale (the crystal), the unit-cell volume drops in the temperature range 673-358 

773 K, just after the onset of massive oxidation of ferrous irons, as evidenced by Mössbauer. 359 

The decrease in the unit-cell volume is mainly due to the shrinking of the M(1) octahedron, 360 

but is also favored by the simultaneous delocalization of H
+
 within the A cavity and by 361 

changes in the average size and distribution of A and B cations (which mainly affect the a 362 

edge; Hawthorne and Oberti 2007). On the other hand, the integrated FTIR OH-stretching 363 

intensity drops at  873 K, i.e., about 100 K beyond (Fig. 8). 364 

 In contrast, Raman analysis provides a very detailed picture of what happens at the 365 

short-range scale in a ~ 2 µm thick layer at the sample surface:  366 

Step 1 (~523 K < T < 623 K): reversible iron oxidation and H
+
 delocalization. Figure 6 367 

suggests that H
+
 delocalizes ~ 523 K (cf. the peak in OH-stretching intensity), thus preceding 368 

(and prompting) e
-
 delocalization, which occurs at ~ 623-648 K (cf. the peak in the 146 cm

-1
 369 

Raman scattering). Judging from the difference between the data collected on crystals S-110 370 

and S-120, this dynamic and reversible process is probably dependent on the parameters used 371 

for thermal treatment. The T range of e
-
 delocalization detected by Raman spectroscopy 372 

matches very well with the beginning of Fe
2+

 oxidation detected by Mössbauer analysis (Fig. 373 

8). Mössbauer spectroscopy is a bulk method, so that Figure 8 suggests that oxidation occurs 374 

simultaneously in the whole crystal, most probably because electrons are ~ 2000 times lighter 375 

than H
+
. Raman spectra show that in the same T range, the SiO4-ring geometry is dynamically 376 

and locally readjusted (Fig. 7). 377 

Step 2 (623 K < T < 723 K): because all electrons in the crystal are delocalized, a further 378 

increase in thermal energy increases the e
-
 kinetic energy and promotes their ejection. Hence, 379 

above 723 K changes both in the Fe oxidation state and in the geometry of the double-chains 380 

of SiO4 tetrahedra become irreversible and induce structural effects at the long-range scale, as 381 

evidenced by the shrinking of the unit-cell volume. Notably, this onset T seems not to be 382 

significantly affected by experimental parameters such as duration of thermal treatment and 383 
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sample size (i.e., powders vs. single crystals). 384 

Step 3 (T  ≥ 823 K): the process of irreversible oxidation is completed (no further change in 385 

the Fe
2+

/Fe
3+

 ratio according to Mössbauer spectroscopy is observed). Hence, all H
+
 cations 386 

are forced to leave the crystal bulk as evidenced by the trend in the intensity of the OH signal 387 

collected (FTIR data, in Fig. 8). 388 

 In the present study we could reach the above conclusions only because we combined 389 

a number of techniques that are able to characterize different short-range and long-range 390 

properties under variable experimental conditions. However, considering that former studies 391 

done on synthetic potassic-ferro-richterite (Della Ventura et al. 2017) had shown a similar 392 

difference of  100 K in the onset T detected by FTIR spectroscopy and XRD/SREF analysis, 393 

the proposed mechanism should be extended to all Fe-rich amphiboles. 394 

 As stated above, during this work, we observed no H
+
 loss in riebeckite powders 395 

embedded in KBr pellets or in single-crystals treated under inert atmosphere, whereas pure 396 

powders and crystal fragments deprotonate readily in air. These observations thus confirm the 397 

mechanism proposed by reaction (1), where the release of H
+
 is prompted by surficial 398 

(atmospheric) oxygen to form H2O molecules. The difference between the temperature of 399 

release of H
+
 derived from single-crystal Raman scattering (surface sensitive) and IR 400 

absorption (bulk sensitive) is also in line with this scenario, and shows that the process starts 401 

at the crystal surface and proceeds through diffusion of both electrons and H
+
 from the crystal 402 

core. Note also that during their experiments on riebeckite and arfvedsonite, Addison and 403 

Sharp (1962a) and Schmidbauer et al. (1996) had detected an electrical conductivity 404 

generated by a flux of electrons. One first implication of this study on geophysical models is 405 

that the deprotonation of amphiboles occurring at HT may explain the enhanced electrical 406 

conductivity measured in subducted slabs at convergent plate margins (Wang et al. 2012). 407 

We have already done several isothermal experiments aimed at modeling the diffusion 408 

kinetics of H
+
 across the amphibole matrix. The results of this work will be published 409 
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elsewhere after completing the experiments. However, we wish to anticipate here a result that 410 

is relevant to the present discussion. Figure 9 shows two FTIR-FPA (Focal Plane Array) 411 

images collected on a single crystal of riebeckite during an isothermal experiment done at 793 412 

K. The two images were collected at RT on the same area of the sample at the beginning of 413 

the experiment (a) and after 80 min of thermal annealing (b). Whereas OH is homogeneously 414 

distributed in the untreated crystal (Fig. 9a), Figure 9b shows that 80 min of thermal 415 

annealing produce a thick (70 µm) anhydrous rim but had virtually no effect on the OH 416 

content of the core. Indeed, this is a direct visual description of what we have discussed in the 417 

conclusions, i.e., that deprotonation starts at the crystal surface and proceeds towards the core 418 

with a kinetic rate still to be determined. 419 

 Previous work identified three possible crystal-chemical vectors responsible for the 420 

presence of Fe
3+

 in the amphibole structure (e.g., Popp et al. 1990): (1) the process studied in 421 

this work, involving oxidation of Fe
2+ 

and loss of H
+
; (2) the isovalent substitution Al

3+
Fe

3+
-1 422 

and (3) a substitution mechanism  coupled to a vacancy at the A-site, i.e. 
A
(Na,K)Fe

2+A
-423 

1Fe
3+

-1. This issue has significant implications for addressing the compositional variations of 424 

calcic amphiboles, such as hornblendes and kaersutites, and defining mantle metasomatism 425 

processes (Dyar et al. 1993). The experiments presented here clearly show that, in agreement 426 

with the conclusions of Dyar et al. (1993) based on the analysis of a large set of mantle-427 

derived samples, the reaction (1) is the dominant process in controlling the final composition 428 

of Fe-rich amphiboles involved in high-temperature processes. Although conducted at P = 1 429 

atm, our results definitively show that reaction (1) is a very fast process, which however 430 

requires the presence of external oxygen to proceed.  431 

 A final and important implication of this work is that iron oxidation in riebeckite (and 432 

possibly in other Fe-rich silicates), is reversible within a definite but rather broad range of 433 

temperatures. In our knowledge, this is the first time that this peculiarity has been observed, 434 

and of course it might have interesting applications in materials science. 435 
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FIGURE CAPTIONS 538 

Figure 1. (a) The C2/m amphibole structure of the studied riebeckite. SiO4 tetrahedra are 539 

given in blue, M(1) octahedra in olive-green, M(2) in gray, M(3) in light blue, the M(4) site in 540 

violet, the A site in yellow; the dashed contour marks the OH group occurring at the O(3) 541 

sites. (b) local structure configurations around the anionic O(3) site: at low T, all the M(1,3) 542 

octahedra host ferrous iron and coordinate two OH groups; at high T,  ferrous iron occurring 543 

at both the M(1) octahedra (in olive green) oxidizes to ferric iron, the local charge balance 544 

being restored by the OH
-
  O

2-
  reaction. The reaction is reversible for T < 723 K. Figures 545 

prepared using VESTA (Momma and Izumi 2008). 546 

 547 

Figure 2. OH-stretching FTIR spectra measured (a) at RT after quenching from any 548 

target T (in Kelvin), and (b) in situ on a 135 μm-thick doubly-polished section. For the 549 

sake of clarity, the spectra are plotted with the same absorbance scale and offset for the 550 

vertical axis. 551 

 552 

Figure 3. Temperature dependence of integrated OH-stretching IR absorbance normalized to 553 

the IR absorbance at RT. 135 μm thick doubly-polished section. The uncertainties in the data 554 

points are within the size of the symbols.  555 

 556 

Figure 4. Parallel polarized Raman spectra measured at increasing T from crystal surfaces 557 

parallel to )101(  (left) and )201(  (right), respectively, with [001] always perpendicular to 558 

the polarization of incident light; RT = room temperature. For the sake of clarity, the spectra 559 

have been offset vertically and the same color is maintained at each temperature value. 560 

 561 

Figure 5. The range of M-O modes in selected Raman spectra measured in situ at different 562 

temperatures. For the sake of clarity, the spectra have been offset vertically. 563 

 564 

Figure 6. Temperature dependence of the total Raman intensity (
RamanItotal stretching OH ) of the OH-565 

stretching modes  (a and d), of the Raman signal near 146 cm
-1

 normalized to the total 566 

intensity in the range 15-1215 cm
-1 

( 1-146cm n
I ; b and e) and of the Raman intensity ratio567 

)/( 1-1-1- 173cm165cm165cm
III   which are all related to M(1)-O vibrations. The error bars in 6b and 568 

6e are within the size of the symbols. 569 

 570 
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Figure 7. The temperature dependence of the wavenumber ω (circles) and FWHM Γ 571 

(squares) of the SiO4-ring mode near 665 cm
-1

 (a and c) and of the SiO4-stretching mode near 572 

971 cm
-1

 (b and d). For the sake of simplicity, the intermediate data points collected from S-573 

110 on cooling in the first temperature ramp and in the second ramp have been omitted. The 574 

color code is the same as in Fig. 6. 575 

 576 

Figure 8. Comparison of the temperature dependence of: (a) the FTIR intensity of the OH-577 

stretching band, (b) the unit-cell volume (from Oberti et al., 2018), where points collected 578 

(during heating) on the protonated crystal are in blue and those on the deprotonated crystal are 579 

in green; (c) Mössbauer data showing the relation of the Fe
2+

 content at M(1) with the total 580 

Fe
3+

 (data from Oberti et al., 2018). The error bars are within the size of the symbols. See text 581 

for more details. 582 

 583 

Figure 9. FTIR-FPA images of a doubly polished single crystal of the studied riebeckite, 584 

thickness 110 m. (a) before the heating run, (b) quenched after 80 min at 793 K. The images 585 

were collected using a 64x64 pixel FPA detector coupled with a 15x Schwarzschild objective 586 

and installed on a Bruker Hyperion 3000 FTIR microscope. The nominal resolution is 4 cm
-1

 587 

and 128 scans were averaged for both background and sample. With this set-up, we could 588 

collect simultaneously 1024 spectra covering an area of 174 x 174 m with a spatial 589 

resolution close to 5 m (Della Ventura et al. 2014). The OH signal was integrated in the 590 

whole 3590-3670 cm
-1

 range. Colors are proportional to the intensity scale: red = maximum, 591 

blue = minimum (zero intensity). The c crystallographic direction is indicated by the arrow, 592 

the white broken line in (b) indicates the crystal rim.  593 
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