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Abstract
In this paper, we review 10 years of research on high-temperature oxidation process on amphiboles with variable composition. 
One notable feature that has emerged from our experiments is that iron oxidation is reversible over a relatively large thermal 
range before the kinetic energy of delocalized electrons and H+ ions becomes high enough to allow their ejection from the 
crystal. Experiments under different oxidation conditions showed that the sodic amphibole riebeckite follows two distinct 
paths: under oxidizing conditions, it undergoes both Fe oxidation and dehydrogenation and the resulting oxo-riebeckite is 
stable up to ~ 900 °C; under vacuum conditions, neither Fe oxidation nor dehydrogenations occur, and the amphibole is 
stable up to 800 °C, via a rearrangement of the octahedral cations. In situ HT Raman measurements on grunerite provided 
the first atomic-scale proof for the thermal activation of polarons in Fe-amphiboles; further studies showed that this process 
is a general feature of Fe2+-bearing amphiboles. For riebeckite, it starts at 227 °C and is complete at 377 °C under both 
reducing and oxidizing conditions. Above 377 °C, external oxygen triggers the expulsion of H+ and e− from the crystal. The 
temperature range observed for the development of charge carriers accurately fits the temperatures for the development of 
high-conductivity layers in warm and cold subduction zones and provides the atomic-scale picture for large-scale processes 
such as the development of anomalous conductivity layers at convergent-plate margins. Our work shows that Raman spec-
troscopy may provide relatively straightforward access to the properties of rock-forming minerals of geophysical interest.

This paper is part of the Topical Collection "Minerals as treasure 
trove for scientific discoveries"originated from the international 
and interdisciplinary meeting held at the Accademia Nazionaledei 
Lincei in Rome on February 14-15, 2024.
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1  Introduction

Reactions of hydrous minerals at high temperatures (HT) 
involve first migration or diffusion and finally loss of hydro-
gen (e.g., Aines and Rossman 1985; Zang et al. 2005, 2006; 
Della Ventura et al. 2015a, 2015b). These processes may 
be associated with simultaneous oxidation of multi-valence 
elements, typically Fe or Mn, with significant consequences 
on the physical properties (i.e., electrical conductivity and/or 
magnetic). Among rock-forming minerals, a notable case is 
provided by amphiboles, having the general formula (Haw-
thorne 1983; Hawthorne and Oberti 2007).

AB2C5T8O22W2
Where.
A = Na+, K+, o, Ca2+;
B = Na+, Li+, Ca2+, Mn2+, Fe2+, Mg2+;
C = Mg2+, Fe2+, Mn2+, Al3+, Fe3+, Mn3+, Ti4+, Li+;
T = Si4+, Al3+, Ti4+;

Iron-dominant sodic amphiboles (riebeckite and its asbes-
tos variety crocidolite) were extensively studied at HT dur-
ing the 1960–1970’s (see Addison et al. 1962a, 1962b; Addi-
son and Sharp 1962, 1968; Hodgson et al. 1965; Addison 
and White 1968; Ernst and Wai 1970 among others) because 
of their technological applications, the most important of 
which was insulation from heat and fire. The general features 
of the dehydrogenation1 mechanism were sketched during 

W = (OH), F, Cl, O2−

these early studies, but the structural adjustments accompa-
nying the oxidation of iron and the loss of hydrogen were 
not addressed until later (Ungaretti 1980; Phillips et al. 1988, 
1989, 1991). Despite these efforts, notable issues such as the 
dynamics of iron oxidation and the diffusion of electrons and 
hydrogen ions throughout the mineral during thermal treat-
ment remained unclear. It is worth noting that understand-
ing the oxidation mechanisms of Fe-rich amphiboles has 
important implications in several fields of science includ-
ing Geology/Petrology, Geophysics, Materials science, and 
also Medical Sciences, because it is now clear that the toxic 
potential of mineral fibers is related to the availability and 
redox reactions of iron ions at the fiber surface (e.g., Turci 
et al. 2017; Vigliaturo et al. 2022). Regarding this issue, 
the recent work of Ballirano and Pacella (2020) shows that 
Fe-containing tremolite from Maryland (USA) undergoes 
significant cation rearrangement upon thermal treatment 
with migration of Fe3+ at M(1) and M(3), the most exposed 
octahedral sites at the amphibole surface; this being the case 
Fe3+ is available for participating to Fenton-type reactivity, 
thus increasing the mineral toxicity.

1  Note that the terms dehydration and dehydrogenation, although 
commonly used as synonyms, have different meanings. Dehydra-
tion involves a reaction in which a hydrous phase breaks down with 
increasing temperature, releases H2O, and transforms into a new min-
eral, typically in prograde metamorphic reactions. On the other hand, 

dehydrogenation indicates diffusion and loss of H+ from the structure 
without necessarily implying phase decomposition. Dehydrogenation 
may occur in Fe- and OH-bearing minerals where the Fe2+ to Fe3+ 
conversion with increasing temperature is locally balanced by H+ 
loss; in such a case, the mineral may simply transform into its oxo-
counterpart basically retaining its atomic arrangement (e.g., Oberti 
et al. 2018).

Footnote 1 (continued)
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2 � Amphibole crystal‑chemistry: basic 
concepts

Amphiboles are important silicates and are widespread in 
different geological occurrences, including igneous, meta-
morphic, and sedimentary rocks (Deer et al. 1997).

The crystal chemistry of the amphiboles is the most 
complex of the rock-forming minerals as their structure can 
incorporate a wide range of ions (see above) in a wide range 
of coordination numbers. Natural amphiboles crystallize in 
four possible space groups, although C2/m is by far the most 
common (Hawthorne and Oberti 2007); a peculiar synthetic 
amphibole with triclinic symmetry and excess OH has been 
also described (Cámara et al. 2004). Polyhedra are named 
according to their central site: e.g., M(1) octahedron, T(2) 
tetrahedron. The structure (Fig. 1a) can be described as 
I-beams consisting of ribbons of T-tetrahedra [built by T(1) 
and T(2) sites] sandwiching ribbons of M(1), M(2), and M(3) 
octahedra (Fig. 1b) containing C-type cations (Fig.1c, d); 
the I-beams are connected via additional [6]- to [8]-coordi-
nated B-cations at the M(4) site (schematically represented 
as brown spheres in Fig. 1e) that impart significant flex-
ibility to the structure. Notably, the arrangement of T and 
M polyhedra creates channels of nanometric size (~ 1 × 2 
nm2 in section) extending in the c-direction (labelled by A 
in Fig. 1a); these channels may be empty or occupied by 
large A-type monovalent cations, commonly Na+ and K+ 
but also Ca2+ in some rare species (Hawthorne et al. 1996). 
This atomic arrangement also determines their perfect cleav-
age and fibrous nature (Gunter et al. 2007). Importantly, 
OH− groups (more rarely F−, Cl− or O2−) occur at the O(3) 

site coordinating the trimer of M(1,3) octahedra, and is 
located at the center of a six-membered TO4-ring (Fig. 1b, 
c). The presence of hydrogen is one of the most notable 
features of these silicates; as discussed later, with increas-
ing temperature, H+ ions may become mobile, providing a 
local charge-balance buffering for polyvalent substitutions. 
The important point here is that this process may enlarge 
the stability field of the amphiboles, a feature that does not 
occur in many other common rock-forming silicates such as 
olivine or pyroxene.

The amphibole structure can accommodate major or 
minor constituent cations with radii from 0.25 to 1.6 Å and 
formal charge from + 1 to + 4, i.e., a large part of the peri-
odic table of the elements (Hawthorne 1983; Oberti et al. 
2007). Their extreme chemical variability has resulted in a 
relatively large number of mineralogical species and names, 
regulated by several IMA (International Mineralogical Asso-
ciation) Commissions during the last 56 years. The current 
nomenclature (Hawthorne et al. 2012) includes a number 
of root-names based on the different charge arrangements 
at the different structural sites, where extensive chemical 
variability is possible (and common).

3 � The high‑temperature behavior 
of Fe‑amphiboles

The HT-behavior of Fe-bearing amphiboles involves oxida-
tion of Fe that can be expressed as (Addison and Sharp 1962; 
Phillips et al. 1988; Della Ventura et al. 2018a).

Fig. 1   a The structure of C2/m amphiboles (drawing done with 
Vesta, Momma, and Izumi 2008); the single I-beam is circled, the 
A-site channel extending along c is indicated. b Nomenclature of the 
M-octahedra: M(1) are in cyan, M(2) in orange, and M(3) in green. c 
Particular of the I-beam module projected along c; in riebeckite, the 
composition is such that a purely Fe and conductive ribbon is sand-

wiched between two silicon (insulating) double-chains, thus resulting 
in a kind of “electrical cable”. d A single I-beam extending along the 
c-direction, showing the nano-rod (2 × 1 nm) shape. e Schematic rep-
resentation of the I-beams (gray rods) laterally connected by the M(4) 
sites (brown spheres) (color figure online)
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(1)
4Fe2+ + 4OH− + 2exO2− = 4Fe3+ + 4O2− + 2H2O + 4e− According to this equation, the oxidation from ferrous to 

ferric iron is balanced by the loss of hydrogen bonded to the 
O(3) oxygen (see schematic Fig. 2), which then combines 
at the mineral surface with external exO2− (if present) to 
produce H2O. This is an important process in geology due 
to its consequences both on the thermal stability of major 
rock-forming silicates (e.g., micas and amphiboles), and for 
the recycling of volatiles into the mantle. Note that a flux 
of electrons is also produced during Fe oxidation, a feature 
that has major implications for large-scale processes in the 
Earth’s crust, as discussed in the following.

Our studies done over the last decade on different Fe-
amphiboles have shown that the dehydrogenation pro-
cess is not as straightforward as Eq.  1 would suggest. 
Oberti et al. (2016) and Della Ventura et al. (2017, 2018b) 
studied a synthetic potassic-ferro-richterite [nominally 
AKB(NaCa)CFe2+

5
TSi8O22

W(OH)2] and their results are 
summarized in Fig. 3a. The in situ evolution of the oxida-
tion state of iron as a function of temperature was addressed 
via XAS spectroscopy, by fitting the pre-edge peak (Della 
Ventura et al. 2018b; Galdenzi et al. 2018) that is sensitive 
to the Fe3+/Fe2+ ratio in the mineral (e.g., Giuli et al. 2003; 

Fig. 2   The local oxidation process of Fe-amphiboles; in ideal rie-
beckite, only ferrous cations are ordered at the M(1)M(1)M(3) octa-
hedra connected to the O(3) oxygen (red sphere). The ideal valence 
units (v.u.) converging from the NN cations toward the O(3) oxygen 
are indicated. Due to the local M(1)Fe2 +  → M(1)Fe3 + reaction for 
increasing T, the bond valence on the O(3) oxygen increases and the 
local charge is restored by a loss of H + without any structural disrup-
tion. Note that, for simplicity, the indicated v.u.s are Pauling’s values 
not considering the effect of actual M–O bond lengths (Brown 1981). 
In fact, the Fe3 + -O distance is much shorter than the Fe2 + -O dis-
tance (Oberti et al. 2018); thus, the final charge converging on O(3) 
for oxo-riebeckite is higher than the one indicated in the figure (color 
figure online)

Fig. 3   a In situ high-T behavior of synthetic potassic-ferro-richterite, data from Oberti et al. (2016) and Della Ventura et al. (2017, 2018b). b 
In situ high-T data for riebeckite, from Della Ventura et al. (2018a) and Oberti et al. (2018)



Rendiconti Lincei. Scienze Fisiche e Naturali	

Dyar et al. 2016; Della Ventura et al. 2024a). The data show 
relatively rapid Fe oxidation starting at ~ 250 °C and end-
ing at T > 450 °C (Fig. 3a). In the same temperature range 
(red area in Fig. 3a), X-ray diffraction shows a collapse of 
the unit-cell volume consistent with the contraction of the 
octahedral ribbon due to the Fe2+  → Fe3+ transition. The 
loss of hydrogen was monitored by in situ HT-FTIR micro-
spectroscopy on a single crystal. Interestingly, the data 
show an increase of the OH-stretching intensity up to the 
beginning of dehydrogenation, a feature that is related to the 
enlarged amplitudes of hydrogen displacement in the OH-
stretching mode during H+ delocalization (Della Ventura 
et al. 2018a). According to the IR data, loss of H+ from the 
structure starts at T = 450 °C (Fig. 3a), suggesting that iron 
oxidation (which starts at ~ 250 °C) triggers H+ expulsion 
from the structure. Loss of H+ is completed 100 °C after the 
end of Fe oxidation, and the difference between the onset 
temperatures obtained by single-crystal FTIR and XRD 
analysis (~ 100 °C) is interpreted in terms of the different 
diffusion mechanisms and kinetics for H+ and e− required 
for dehydrogenation to proceed (Della Ventura et al. 2017). 
Refinement of M-site occupancies (Table 1) shows that Fe 
oxidation occurs exclusively at the M(1) site, both M(2) and 
M(3) sites being virtually unaffected.

Oberti et al. (2018) and Della Ventura et al. (2018a) stud-
ied a sample of riebeckite with a nearly ideal composition 
[ABNa2

C(Fe2+
3Fe3+

2)TSi8O22(OH)2] and their results are 
shown in Fig. 3b. Comparison of the data with those from 
potassic-ferro-richterite in Fig. 3a shows almost identical 
behavior, although shifted by ~ 150 °C to higher temperature. 

Based on Mössbauer spectroscopy of samples annealed 
at various temperatures, iron oxidation occurs mainly for 
T > 400 °C almost exclusively at the M(1) octahedron and 
is complete at T = 650 °C (Oberti et al. 2018); in the same 
temperature range, there is major contraction of the cell vol-
ume indicated by X-ray diffraction, while FTIR spectroscopy 
shows that H+ loss occurs at T > 600 °C. Site-occupancies 
refined for the same crystal before and after the experiment 
(Table 2) show that, in accordance with Mössbauer spec-
troscopy, Fe oxidation occurs almost exclusively at the M(1) 
site. In addition, they show a very peculiar phenomenon of 
cation disordering: with increasing temperature, significant 
amounts of BNa (> 0.70 apfu) migrate from the M(4) to 
the A-site, and significant amounts of (Mg, Fe)2+ disorder 
among the M(1,3) and the M(4) site, ending with vacancies 
at both the M(3) (0.17 apfu) and M(4) (0.60 apfu) sites. The 
final product is a ribbon silicate with a partial “dioctahedral” 
character, a structural arrangement never observed before 
in amphiboles. This conclusion was supported by FTIR 
data collected on the sample annealed at 600 °C that gave a 
broad absorption centered around 3533 cm−1, a wavenumber 
typical of dioctahedral bands in layer silicates (Robert et al. 
1989; Redhammer et al. 2000; Della Ventura et al. 2024b). 
A similar cation disordering was also observed by Bal-
lirano and Pacella (2020) in Fe-bearing tremolite at higher 
temperatures.

A notable feature that emerged from the work of Della 
Ventura et al. (2018a, 2024a) is that in riebeckite, the Fe 
oxidation is reversible over a relatively broad temperature 
range; up to 450 °C, both H+ and e− are delocalized within 
the crystal, and only for T > 500 °C, their kinetic energy 
is sufficiently high to allow their ejection, leading to irre-
versible changes in the charges at the O(3) and M(1) sites. 
This evidence was initially based on the disappearance and 
reappearance of Raman peaks related to Fe2+O6 and OH-
stretching modes during heating–cooling experiments. It 
was later confirmed by a strong oscillation of the sample 
resistivity by orders of magnitude while cycling the tem-
perature, indicating cyclic delocalization/relocalization of 

Table 1   Refined site 
occupancies (apfu) for synthetic 
potassic-ferro-richterite before 
and after the thermal annealing; 
data from Oberti et al. (2016)

Before the 
annealing

After the 
annealing

Site Fe2+ Fe3+ Fe2+ Fe3+

M(1) 1.81 0.19 0.25 1.75
M(2) 1.53 0.47 1.42 0.58
M(3) 0.87 0.13 0.95 0.05

Table 2   Refined site 
occupancies (apfu) for 
riebeckite before and after the 
thermal annealing; data from 
Oberti et al. (2018)

Before the annealing After the annealing

Site
 M(1) 0.16 Mg + 1.84 Fe2+ 0.05 Mg + 1.90 Fe3+  + 0.05 Fe2+

 M(2) 0.18 Fe2+  + 0.01 Zn + 0.06 Al + 1.74 Fe3+  + 0.01 
Ti

0.09 Mg + 0.09 Fe2+ + 0.01 
Zn + 0.06 Al + 1.74 Fe3+ + 0.01 
Ti

 M(3) 0.03 Mg + 0.97 Fe2+ 0.83 Fe2+  + 0.17 o
 M(4) 1.86 Na + 0.09 Ca + 0.03 Mg + 0.02 Mn 1.10 Na + 0.09 

Ca + 0.08 Mg + 0.02 Mn + 0.11 
Fe2+  + 0.60 o

 A 0.04 Na + 0.05 K 0.76 Na + 0.05 K
 W 1.90 OH− + 0.10 F− 1.90 O2− + 0.10 F−
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the valence electrons during the reversible Fe2+  ↔ Fe3+ 
exchange, in accord with a bulk process (Della Ventura et al. 
2024a). Based on Raman spectroscopy, the same process 
has been shown to occur in other amphibole compositions, 
e.g., grunerite (Mihailova et al. 2021) and synthetic potassic-
ferro-richterite (Bernardini et al. 2024), indicating it to be a 
common feature of iron-rich amphiboles.

4 � The thermal stability of riebeckite 
under different oxidizing conditions

Della Ventura et al. (2005) described the stability of mag-
nesioriebeckite, ideally Na2(Mg3Fe3+

2)Si8O22(OH)2, at 
700–800 °C, 0.4 GPa, and redox conditions varying from 
NNO (Nickel–Nickel Oxide) to NNO + 2.3 log fO2. A high 
(> 85%) amphibole yield was systematically obtained 
at these conditions. However, a combination of X-ray 
data, EMP analyses, Mössbauer and FTIR spectroscopies 
showed that the synthetized amphiboles deviated strongly 
from nominal stoichiometry, following a combination of 
the C(Mg,Fe2+)1 B(Mg,Fe2+)1 CFe3+

-1 BNa-1 and the ANa1 
C(Mg,Fe2+)1 A

-1 CFe3+
-1 exchange vectors, pointing to an 

inverse relationship between A-site occupancy and oxygen 
fugacity, in accord with data from natural occurrences.

Early experiments on the behavior of riebeckite during 
thermal treatment under different oxidizing conditions have 
been reported by Hodgson et al. (1965) and Whitfield and 
Freeman (1967) who observed the appearance at 500–600 °C 
under N2 atmosphere of a modified amphibole phase named 
“crocidolite anhydrite”, the structural details of which could 
not be determined. Della Ventura et al. (2023) addressed the 
stability of riebeckite annealed at different temperatures in 
air vs. vacuum. The run products were studied by Mössbauer 
spectroscopy and powder X-ray diffraction and showed that 
riebeckite may follow two distinct paths depending on the 
external environment. Under oxidizing conditions, it is sta-
ble in the hydrous form up to relatively low temperatures 
(400–450 °C), and then, it undergoes dehydrogenation in a 
narrow T interval (within ~ 50 °C) forming oxo-riebeckite 
which is stable up to ~ 900 °C. The final break-down prod-
ucts of oxo-riebeckite include aegirine + cristobalite + hem-
atite. Based on the relative intensity of the (310) Bragg 
reflection, the activation energy (Ea) for the riebeck-
ite → oxo-riebeckite transition was found to be 166 ± 6 kJ/
mol. Interestingly, the activation energy obtained by X-ray 
diffraction for powdered riebeckite was the same (within 
experimental errors) as that obtained by FTIR spectroscopy, 
indicating that the structure adjustment due to Fe oxidation 
(probed by XRD) and H+ diffusion (probed by FTIR) have 
similar energetics (Della Ventura et al. 2023). Under vac-
uum conditions, no Fe oxidation is observed, and riebeck-
ite is stable up to much higher temperatures (750–800 °C). 

However, in the range 550 < T < 700  °C, it undergoes 
significant rearrangement of the C-cations whereby the 
amphibole stable in the 700–800 °C range has the same 
chemical formula as riebeckite, but has a disordered and 
non-standard cation distribution on the ribbon of octahedra: 
M(1)(Fe3+Fe2+)M(2)(Fe3+Fe2+)M(3)Fe2+ (Fig. 4). This phase 
was termed “CR3+ disordered riebeckite” by Della Ventura 
et al. (2023). For T ≥ 800 °C, the mineral decomposes to 
aegirine + fayalite + cristobalite + H2O.

In conclusion, Della Ventura et al. (2023) demonstrated 
that the presence of external oxygen determines the tempera-
ture at which H2O is released into the surrounding system. 
Another important petrological implication of the results of 
the work of Della Ventura et al. (2023) is that characteriza-
tion of the oxidation state of iron in the amphibole does not 
necessarily provide the redox conditions of equilibration if 
site occupancies for Fe are not determined.

5 � The kinetics of H+ diffusion in riebeckite

The kinetics of HT dehydrogenation of riebeckite was 
addressed via isothermal experiments on both powders 
and single crystals up to 560 °C by monitoring the O–H-
stretching signal via Fourier Transform Infrared (FTIR) 
spectroscopy (Della Ventura et al. 2022). Experiments in air 

Fig. 4   Schematic site distribution for riebeckite after high-temper-
ature experiments. Above: local transition at the M(1–3) octahedra 
in oxidizing (air) atmosphere; two M(1)Fe2 + oxidize at 400–450 °C 
into M(1)Fe3 + cations and the H + ion is lost. In these conditions, 
water is released at low temperature into the surroundings. Below: 
local transition at the M(1–3) octahedral sites in vacuum; no M(1)
Fe2 + oxidation occurs; however, in the 600–700 °C range, there is a 
cation rearrangement toward CR3 + -disordered riebeckite. Note that 
at these conditions, the local charge arrangement around the O–H 
group is similar to amphiboles like pargasite and does not require the 
H + loss (see Della Ventura et al. 1999). In these conditions, water is 
released into the surroundings only after the structure disruption, for 
T > 750 °C
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on pellets of pure amphibole powder or finely ground amphi-
bole embedded in a KBr matrix revealed a rapid decrease 
of the OH-stretching IR absorbance with increasing tem-
perature up to 520 °C for pure riebeckite powder, indicating 
progressive dehydrogenation. In contrast, the same powder 
pelletized into KBr did not show any H+ loss even after pro-
longed heating (> 180 min). This result may be explained by 
considering that KBr acts as an envelope preventing contact 
between the mineral powder and the air during the thermal 
ramp. Thus, neither Fe oxidation nor H+ loss could occur 
in amphibole particles embedded in a KBr matrix, and sub-
sequent experiments with powders were done using pure 
mineral disks (Della Ventura et al. 2023).

An exponential decrease of the OH-stretching intensity as 
a function of time during different isothermal experiments 
was obtained for pure powders (Fig. 5a), whereas data col-
lected on single crystals (Fig. 5b) showed an initial increase 
in IR absorption intensity due to increasing vibrational 
amplitudes of the O–H bond-stretching and proportional 
to the kinetic energy necessary to activate H+ mobiliza-
tion. Based on work done on similar substances (see Della 
Ventura et al. 2022 for a complete list of references), the 
OH-intensities vs. time were fitted using the formalism for 
first-order reactions. Different activation energies for H+ 
diffusion were obtained for powders (159 ± 15 kJ/mol) and 
for single crystals (216 ± 20 kJ/mol). The larger activation 
energy obtained for single crystals can be understood by 
considering that single-crystal specimens have dimensions 
1–2 orders of magnitude larger than those of the small crys-
talline grains in a powder. Consequently, dehydrogenation 
of single crystals should not be a pure first-order reaction as 
it involves two processes: (1) delocalization and (2) diffu-
sion of H+ through the mineral (Della Ventura et al. 2022). 
Interestingly, synchrotron-radiation FTIR imaging suggests 

that H+ diffusion occurs mainly perpendicular to the sili-
cate ribbon. The results of the work of Della Ventura et al. 
(2022) confirmed that the release of H+ from riebeckite 
occurs after the irreversible Fe2+-to-Fe3+ exchange at tem-
peratures > 550 °C. In addition, their work confirmed that 
the release of H+ ions from the mineral needs the presence 
of external oxygen that, by interacting with H+ at the crystal 
surface, triggers the formation of H2O molecules. Hence, 
oxidizing conditions are required for the amphibole to be an 
efficient water carrier at depth at temperatures well below its 
break-down conditions, a feature that has paramount impli-
cations for the water cycling in the Earth’s interior.

6 � Electrical conduction in amphiboles

Early experimental studies on electrical conduction in Fe-
rich amphiboles were done by Littler and Williams (1965), 
Tolland (1973), and Parkomenko (1982) who reported 
resistivity data on samples with a broad range of composi-
tion. Schmidbauer et al. (1996, 2000) later examined sin-
gle crystals of both sodium- and calcium-amphiboles by 
combining impedance and Mössbauer spectroscopies, both 
in air and in N2 atmosphere. Because of the low activation 
energy (< 1 eV), they proposed the hopping of Fe electrons 
as the conduction mechanism; notably, they observed the 
conductivity along [001] to be five-to-six times larger than 
that perpendicular to [001]. Small-polaron conduction (i.e., 
electron hopping between CFe2+ and CFe3+) as the main 
mechanism responsible in Fe-amphiboles was also postu-
lated by Wang et al. (2012) for hornblende-rich rocks and 
by Hu et al. (2018) for edenite single crystals examined at 
high-T and -P conditions. More recently, Shen et al. (2020) 
observed an abrupt rise in conductivity in single crystals of 

Fig. 5   Relative intensity of the OH-stretching absorbance (At/A0, %) as a function of time during isothermal experiments on a pure powder pel-
lets, and b doubly polished single crystals. Modified from Della Ventura et al. (2022)
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Fe-free tremolite at T > 900 °C. The activation energy of 
the enhanced conductivity was 365 kJ/mol (3.79 eV), much 
higher than the values measured for Fe-bearing amphi-
boles, implying a different conduction mechanism such as 
ion (Mg2+, Ca2+) diffusion (Katsura et al. 2009; Shen et al. 
2020). A selection of data from the literature (single-crystal 
data only) is given in Table 3; two points are worth noting: 
(1) both dc measurements and impedance spectroscopy yield 
similar Ea values; for Fe/(Fe + Mg) > 0.2 apfu, Ea is system-
atically < 1 eV. (2) The amphibole composition, in particu-
lar the Fe content, has a significant effect on the measured 
conduction (see Parkomenko 1982 and Della Ventura et al. 
2024a).

Direct and robust proof for the activation of anisotropic 
electron–phonon excitations (polarons) in Fe-bearing amphi-
boles has been provided only recently by Mihailova et al. 
(2021) via direction-dependent resonance Raman scatter-
ing (RRS). In insulating or semiconducting materials such 
as amphiboles, electron–phonon coupling occurs via Fröh-
lich interactions (Yu and Cardona 2010), i.e., electrostatic 

interactions between delocalized electrons (i.e., electrons in 
the conduction band) and longitudinal optical (LO) polar 
phonons (i.e., wave-like disturbances propagating through-
out the structure). The LO phonons arise from the modulated 
change in size of the (Fe2+,Fe3+)-O octahedra due to the 
itinerant electrons causing cycling change of the Fe-ion radii 
(Figs. 6b, c ). Under these conditions, the photon from the 
laser beam interacts with both the phonon and the electron 
(Merlin et al. 2000; Yu and Cardona 2010) and the sym-
metry selection rules are modified: the polar optical modes 
related to the atomic species in which the electron transition 
occurs (in our case the Fe–O modes) are enhanced, whereas 
those related to the other atomic species are suppressed 
(de la Flor et al. 2014). In centrosymmetric crystals such 
as amphiboles, the normally Raman-active modes are non-
polar and, therefore, they will be suppressed under reso-
nance conditions, while normally infrared-active modes will 
be enhanced. The first evidence of strongly anisotropic Fe-
related polarons in amphiboles came from in situ high-tem-
perature experiments on grunerite [ideally Fe7Si8O22(OH)2] 

Table 3   Selected conductivity data for single-crystal amphiboles as found in the literature (from Della Ventura et al. 2024a)

*  Not known, assumed

Ea (eV) Method Sample identification Fe/(Fe + Mg) Reference

0.69 dc electrical resistance riebeckite (crocidolite) Close to 1.0* Littler and Williams (1965)
0.54 // c; 0.57 ⊥ c dc electrical resistance Not given 0.19 Tolland (1973)
0.9 for T > 800 °C dc electrical resistance riebeckite Close to 1.0* Parkomenko (1982)
0.4 Impedance spectroscopy arfvedsonite 1.0 Schmidbauer et al. (1996)
0.73–1.06 Impedance spectroscopy Sample A1 magnesio-hornblende 0.22 Schmidbauer et al. (2000)
0.58 Impedance spectroscopy Sample A2 ferro-edenitic-hornblende 0.75 Schmidbauer et al. (2000)
0.61 Impedance spectroscopy Sample A3 kaersutite 0.25 Schmidbauer et al. (2000)
0.70–0.80 Impedance spectroscopy edenite 0.36 Hu et al. (2018)
3.79 Impedance spectroscopy tremolite Close to 0.01 Shen et al. (2020)
0.77 dc electrical resistance riebeckite 0.95 Della Ventura et al. (2024a)

Fig. 6   a Energy-level diagram 
of photon inelastic light scat-
tering and sketches of b the 
formation of hopping elec-
trons and c of polarons along 
the structural I-beams of the 
amphibole structure. e-GS and 
e-ES are the electronic ground 
and excited states, respectively 
(after Bernardini et al. 2023)
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using parallel polarized backscattering geometry (Mihailova 
et al. 2021). The results (Fig. 7) show that when Ei ⊥ c (the 
electrical vector of the laser perpendicular to the c-axis of 
the amphibole), all Raman-active phonon modes are well 
preserved up to high-T (see Fig. 7a), whereas when Ei || c the 
OH–stretching peaks and all vibrational modes associated 
with the TO4 ribbons disappear above 477 °C (see the red 
spectrum in Fig. 7b) and a strong peak due to RRS appears 
near 576 cm−1 (RRS in Fig. 7b) (Mihailova et al. 2021). 
Hence, the complete change in the Raman selection rules 
observed when the amphibole crystal is oriented with the 
c-axis || Ei unambiguously demonstrates the formation of 
polarons with dipoles parallel to the TO4-MO6 ribbons (i.e., 
an electron flux along the I-beam, Fig. 6c).

For grunerite, the activation of polarons was also sup-
ported by DOS (density-of-state) calculations showing that 
the top of the valence band and the bottom of the conduc-
tion band are exclusively formed from hybridized electron 
states of octahedrally coordinated Fe2+ cations and adja-
cent O2− anions. The value calculated for the energy gap 
Eg = 0.05 eV is in excellent agreement with the observed 
temperature of RRS appearance (~ 427 °C) during the exper-
iments, corresponding to 0.06 eV (Mihailova et al. 2021).

The first direct proof for the formation of strongly 
anisotropic polarons in Fe-amphiboles provided by 
Mihailova et al. (2021) opened a new frontier for in situ 

high-temperature Raman spectroscopy, now considered an 
efficient tool to study thermally activated charge carriers 
in complex hydrous silicates. Conductivity, a fundamental 
macroscopic physical property of rock-forming minerals, 
is typically studied via resistivity measurement or com-
plex impedance spectroscopy (see Table 3) which cannot 
provide any information on the atomic-scale mechanism 
of the process. The work of Mihailova et al. (2021) dem-
onstrates that the response to temperature of iron-bearing 
minerals, in terms of charge-carrier mobility, can be effec-
tively addressed via relatively easy-to-handle Raman scat-
tering measurements. Certainly, Raman spectroscopy does 
not allow quantifying the electrical conductivity but allows 
constraining both its type (i.e., polaronic vs. ionic) and the 
temperature of activation and stability of charge carriers. 
This information can be combined with the conductivity 
data available in the literature for a wide spectrum of rock-
forming minerals (e.g., Karato and Wang 2013; Yoshino and 
Karsura 2013; Dai et al. 2020) to support the geophysical 
models derived from magnetotelluric measurements.

More recently, the appearance of RRS in actinolite 
(Rösche et al. 2023) revealed that even small amounts of Fe 
in essentially magnesian amphiboles are sufficient to trigger 
the formation of polaronic conduction, although at much 
higher temperatures than in Fe-rich amphiboles (Mihailova 
et al. 2022). Moreover, the presence of A-site cations reduces 

Fig. 7   Temperature-dependent polarized Raman spectra of grunerite measured in situ in air in different scattering geometries: a with the c-axis 
⊥ Ei (polarization of the incident light) and b with the c-axis || Ei. RRS: resonance Raman scattering. Modified from Mihailova et al. (2021)
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the activation temperature of mobile polarons and delocal-
ized H+ ions (Bernardini et al. 2024).

7 � Implications

Thermally activated redox processes in minerals induce 
electron cycling and are thus expected to contribute to lith-
ospheric conductivity, the ultimate origin of which is still 
poorly understood quantitatively at the atomic scale (Fullea 
et al. 2011; Evans et al. 2014). Anomalous high-conduc-
tivity layers (HCL) are characteristics of subduction zones 
thanks to magnetotelluric (MT) measurements in different 
areas of the Earth, e.g., Bolivia, Costa Rica, Greece, Mari-
ana, Mexico New Zealand, and Perù/Chile (Pommier 2014; 
Syracuse et al. 2010). The constituent metamorphic rocks 
typically contain Fe-rich silicates such as amphiboles and 
micas. Two main mechanisms have been proposed to explain 
the geophysical data: (1) ionic conductivity of aqueous fluids 

at mineral-grain boundaries, formed as a result of metamor-
phic/metasomatic processes (Manthilake et al. 2016; Hu 
et al. 2017), and (2) the inherent conductivity of minerals 
(Wang et al. 2012, 2013; Li et al. 2016; Hu et al. 2018). 
However, recent studies have shown that fluids alone cannot 
explain the anomalously high anisotropic conductivity in the 
mantle wedge (Yoshino et al. 2006) and this evidence has 
triggered increasing scientific interest in the mechanism of 
formation of intrinsic charge carriers in rock-forming min-
erals (e.g., Katsura et al. 2009), particularly in Fe-bearing 
amphiboles (see Della Ventura et al. 2024a for a complete 
list of references).

Bernardini et  al. (2023) compared the temperature 
ranges of polaron stability in the model compound riebeck-
ite, experimentally determined via RRS, with the thermal 
profiles for two “end-member” subduction zones (hot and 
cold) located in the same geographic area (Japan, Fig. 8a). 
The important conclusion of this work is that the large-scale 
conductivity found by MT measurements (Kasaya et al. 

Fig. 8   a Schematic subduction of the Philippine Sea plate (warm sub-
duction) and of the Pacific Plate (cold subduction) beneath the Japan 
Islands (modified after Lin et al. 2016); b P–T conditions for the acti-
vation of charge carriers and dehydrogenation NE and SW Japan; the 
stability P–T area for eclogite, lawsonite-blueschist, epidote blues-
chist (EB), epidote amphibolite (EA), and greenschist (GS) facies 

rocks is also indicated (modified after Peacock and Wang 1996); c 
Temperature-activated charge carriers and dehydrogenation in differ-
ent subduction zone settings. Calculated thermal structure for (a) SW 
and (b) NE Japan subduction zones. Blue arrows: ascending of the 
fluids released during the amphibole dehydrogenation (modified from 
Bernardini et al. 2023)
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2005; Ichiki et al. 2015) can be accurately interpreted by 
considering the response of the amphibole to the conditions 
(geothermal gradient) imposed by the thermal structure of 
the downgoing slab. In this connection, it is also important 
to emphasize that the conductivity of (Fe–Mg)-amphiboles 
is orders of magnitude greater than that of most other rock-
forming minerals such as chlorite (~ 10–5 S/m: Manthilake 
et al. 2016), epidote (~ 10–3 S/m: Hu et al. 2017), plagioclase 
(< 10–8 S/m: Yang et al. 2012), and quartz (~ 10–5 S/m, Wang 
et al. 2002), suggesting that amphiboles have a major role in 
determining the electrical properties of the descending plate.

The thermal structure at depth in the study area (NE and 
SW Japan) is given in Fig. 8b (modified from Peacock and 
Wang 1996) where the vertical broken lines indicate the tem-
peratures for the onset of activation of small polarons (T'), 
for the completion of small polarons and H+ delocalization 
(T''), and for the completion of amphibole dehydrogenation 
(T'''). As discussed by Bernardini et al. (2023), oceanic crust 
subducting beneath southwest Japan (hot subduction con-
ditions) passes through the greenschist and epidote/amphi-
bolite/blueschist facies and enters the eclogite facies at a 
depth of ~ 50 km (Fig. 8b); the activation of charge carriers 
is expected for a depth > 15 km, where T > T' (Fig. 8b). In 
this area, an HCL develops between 15 and 30 km in depth 
(Kasaya et al. 2005) where temperatures correspond to those 
of the T'–T'' interval. For conditions between the T'' and T''', 
H+ mobility further contributes to the charge carriers; a low 
seismic-velocity layer is also known to extend to 60 km, 
which is the maximum depth of intraslab earthquakes (e.g., 
Hori 1990). The shallow release of water occurring at the 
SW Japan conditions (see schematic Fig. 8c) is thus in agree-
ment with the scarce volcanism and the generation of mega 
earthquakes in this area (Kasaya et al. 2005).

On the other hand, oceanic crust subducting beneath 
north-eastern Japan (cold subduction conditions) passes 
through the lawsonite-blueschist facies and enters the eclog-
ite facies at a depth of 110 km (Fig. 8b); in this area, a low-
velocity layer extends to 150 km and intraslab earthquake 
activity extends to 200 km in depth (Hasegawa et al. 1994). 
Inspection of Fig. 8b shows that polaronic conductivity in 
amphibole-bearing rocks is expected at the top of the oce-
anic crust only from ~ 60 km depth, again in accord with 
geophysical measurements (Ichiki et al. 2015). Under these 
conditions, amphibole dehydrogenation is expected to occur 
at depths > 80 km (Fig. 8c), thus promoting a deep conduc-
tivity anomaly, deep intraslab earthquakes, and the produc-
tion of voluminous magmatism as it is observed in this area 
(Kimura and Nakajima 2014).

In summary, although our model is extremely simpli-
fied being based on data collected for a single mineral 
and for a single composition, we observed an astonishing 
match between the expected depths of development of con-
ductivity and dehydrogenation for our model amphibole 

and those of the geophysical discontinuities (HCLs, 
low seismic-velocity layers, and the maximum depth of 
water-triggered intraslab earthquakes) inferred from MT 
measurements.

8 � Conclusions and further work

During the last decade, we have extensively studied the 
behavior of Fe-rich amphiboles at high temperatures using 
a multi-technique approach. We discovered that what was 
considered a simple oxidation reaction is actually a com-
plex and dynamical process, reversible in a relatively large 
T interval, an unknown feature that has major implica-
tions for Petrology, Geophysics, and Material Science. Our 
Raman scattering experiments show that, for temperatures 
above a certain threshold, amphiboles behave as semicon-
ductors, having mobile change carriers in the bulk crystal, 
i.e., delocalized e− coupled with phonons to form polarons 
as well as delocalized H+ ions. The activation temperature 
of charge carriers, the temperature range of their exist-
ence before being ejected from the bulk crystal, and the 
magnitude and degree of alignment of polaron dipole-
moments depend significantly on the amphibole crystal 
chemistry (Mihailova et al. 2021, 2022; Bernardini et al. 
2023, 2024; Rösche et al. 2023). There is strong evidence, 
indicating that electrical anomalies are associated with dif-
ferent large-scale and important geological processes like 
water cycling, volcanism, seismicity, and ore generation. 
Therefore, an improved insight into the physical proper-
ties at high temperatures and pressures of common rock-
forming minerals, such as amphiboles, pyroxenes, and 
layer silicates, is mandatory for quantitative modeling of 
large-scale deep-Earth processes.

Our work definitively demonstrates that Raman spectros-
copy, being sensitive to both electron and phonon excita-
tions, may provide straightforward access to these processes 
via systematic examination of all relevant rock-forming 
minerals.
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