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Elucidating the high-temperature behavior of rock-forming minerals such as amphiboles (AB2C5 

T8O22W2) is critical for the understanding of large-scale geological processes in the lithosphere and, in 
particular, the development of high conductivity in the Earth’s interior. Recently, we have shown that 
at elevated temperatures, CFe-bearing amphiboles with a vacant A site develop two types of charge 
carriers: (1) small polarons and (2) delocalized H+ ions.

To elucidate the effect of A-site cations on the formation and stability of charge carriers within the 
amphibole structure, here we analyzed synthetic potassic-ferro-richterite as a model Fe-rich amphibole 
with a fully occupied A site via in situ temperature-dependent Raman spectroscopy. We further com-
pare the results from in situ time-dependent Raman-scattering experiments on pre-heated and rapidly 
quenched potassic-ferro-richterite and riebeckite as a model Fe-rich amphibole with a vacant A site.

We show that the presence of A-site cations (1) reduces the activation temperature of mobile 
polarons and delocalized H+ cations; (2) decreases the magnitude of the polaron dipole moment; (3) 
slows down the process of re-localization of electrons on cooling; and (4) makes the electrons inert to 
rapid change in external conditions, supporting the persistence of a metastable state of pre-activated 
delocalized electrons even at room temperature.

Our results have important geological implications demonstrating that the A-site cations may control 
the depth of development of high conductivity in subducted amphibole-bearing rocks. Moreover, from 
the viewpoint of mineral-inspired materials science, our results suggest that the amphibole-structure type 
has great potential for designing functional materials with tunable anisotropic-conductivity properties.
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introduction

Amphibole-group minerals are important constituents in 
igneous and metamorphic rocks, being stable over a wide range 
of temperatures and pressures. They have unusually high chemi-
cal variability, accommodating a wide range of elements in their 
structure (e.g., Hawthorne and Oberti 2007). The general formula 
of the amphiboles is written as AB2C5T8O22W2, where A = Na, 
K,  (vacancy) at the A(2) and A(m) sites, B = Na, Ca, Li, Mg, 
Fe2+, Mn2+ at the M(4) site, C = Mg, Fe2+, Fe3+ Mn2+, Al, Ti, Cr, 
V at the M(1,2,3) sites, T = Si, Al, Ti at the T(1,2) sites and W = 
OH, F, Cl, O2– at the W site (Hawthorne et al. 2012). The struc-
ture consists of ribbons of six-membered rings of TO4 tetrahedra 
linked to ribbons of MO6 octahedra, forming I-beams that extend 
along the c axis (Fig. 1a). The I-beams are arranged in a zigzag 

fashion in the a* and b plane (Fig. 1b) and the B cations link the 
I-beams into a three-dimensional structure.

The ability of amphiboles to retain their structure when their 
constituent Fe2+ oxidizes to Fe3+ with increasing temperature de-
pends on local bonding between octahedrally coordinated Fe2+ and 
(OH)– (Fig. 1a). In the presence of external oxygen, Fe2+ turns into 
Fe3+ following the reaction: 2Fe2+ + 2W(OH)– + 0.5exO2 → 2Fe3+ + 
2e– + 2WO2– + 2H+ + 0.5exO2 → 2Fe3+ + 2WO2– + exH2O (Della Ventura 
et al. 2018a; Mihailova et al. 2022; Bernardini et al. 2023), where 
the local charge imbalance due to Fe oxidation is compensated 
by the delocalization of H+ and e– in the crystal bulk, before their 
loss in the surroundings. Because of this process, an Fe-bearing 
amphibole may transform into an oxo-amphibole, thus significantly 
enlarging its stability field up to very high temperature (Oberti et 
al. 2018; Della Ventura et al. 2023). An important implication of 
the above reaction is that Fe-amphiboles may develop two types 
of charge carriers with increasing temperature: (1) small polarons 
and (2) delocalized H+ (Mihailova et al. 2021, 2022; Rösche et al. 
2022; Bernardini et al. 2023). Small polarons result from electrons 
excited between hybridized 2p levels of oxygen and 3d levels of 
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