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Abstract. At high temperatures, riebeckite, ideally Naz(Fe§+FCg+)SigOzz(OH)z, undergoes significant crystal-
chemical rearrangement in response to the following reaction: Fe?t + OH™ — Fe’t + 0%~ + ¢~ + H™, leading
to the development of charge carriers (hopping electrons and delocalized H' ions) and to the release of H,O.
The process of oxidation of Fe and dehydrogenation thus has important implications for planetary-scale phe-
nomena, including electrical conductivity, water cycling, seismicity, volcanism, and ore generation, particularly
in subduction zones.

In this work, we address the effect of pressure on the oxidation of Fe in riebeckite, a process that is irreversible
for temperatures above ~ 377 °C at 1 atm pressure, under oxidizing conditions. Single crystals of riebeckite
were annealed using a piston-cylinder apparatus at temperatures (7°) in the 600—750 °C range under a constant
pressure (P) of 0.7 GPa and oxygen fugacity (fo,) close to Ni-NiO (NNO). The crystal-chemical response
of the amphibole to these P-T—fo, conditions was analyzed using a combination of X-ray diffraction and
spectroscopic methods, including Mossbauer, Raman, and Fourier transform infrared (FTIR) spectroscopy.

At 0.7 GPa, there is no oxidation of Fe in riebeckite. The stability of the amphibole structure extends at least
up to 750 °C, without any transition to oxo-riebeckite and hence without any release of H*.

Since the conditions of our experiments replicate those of rocks at pressures corresponding to ~ 25 km depth,
our findings further support the concept that thermally activated electron hopping significantly contributes to
the electrical conductivity of lithospheric rocks, and we suggest that both conductivity and water cycling in the
Earth’s interior may be active over a broader P—T range (and thus at grater depths) than previously considered.

al., 2018a, Bernardini et al., 2024):
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At high temperature, iron-rich amphiboles undergo crystal-
chemical rearrangement in response to the oxidation of Fe,
which is schematically represented by the following reaction
(Addison et al., 1962a; Phillips et al., 1988; Della Ventura et

2
THY MEST V0%~ + (1/2H20)eleased

This is probably one of the most studied processes involving
H™ because of its implications in petrology, geophysics, and
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materials science. Some of the issues related to this reaction
have been addressed only in recent years due to the integra-
tion of different analytical methods (Oberti et al., 2016, 2018;
Della Ventura et al., 2018a, b, 2022, 2023, 2024a). These
studies have shown that the oxidation of Fe in amphiboles
is a dynamic, complex, and multistep phenomenon, whose
crystal-chemical features are strongly affected by oxygen fu-
gacity (fo,) (Della Ventura et al., 2005, 2023).

Amphiboles are among the main constituents of metamor-
phic rocks in subduction zones (Wang et al., 2012; Hu et al.,
2018). Alkali amphiboles in particular are ubiquitous phases
in glaucophane schists that formed at high pressure in re-
gions of tectonic activity (e.g., Ernst, 1963a; Deer et al.,
1997; Sisson et al., 1997; Howe et al., 2018; Bang et al.,
2021); therefore, these minerals strongly affect the physi-
cal properties of the mid-crust to upper mantle, being po-
tential carriers of both electrical conductivity (e.g., Hu et
al., 2018) and water at depth (e.g., Schmidt and Poli, 1998;
Mandler and Grove, 2016). Although various hydrous min-
erals (e.g., lawsonite, epidote, phlogopite, and chlorite) are
responsible for the transport of fluids at greater depths dur-
ing high-pressure metamorphism, amphiboles are the main
water sink, accounting for as much as 20 wt %—60 wt % of
the metamorphosed oceanic crust (Schmidt and Poli, 1998).

Amphiboles (Fig. 1 displays a sketch of the structure
showing the site nomenclature) have the following general
formula (Hawthorne and Oberti, 2007) AB,Cs5TgO2npWo,
where

A = Nat, KT, O, Ca®t(@0 = vacancy);

B = Na*, Li™, Ca**, Mn?*,Fe?*, Mg?*;

C = Mg?*, Fe?*, Mn?*, APT, Fe*, Mo, Ti*t, Lit;
T = Si*t, AP, Ti*t;

W = (OH)~, F~, CI~,0%".

Riebeckite, ideally AOPNa,C(Fe3tFe;™)TSis0Y,(OH),,
transforms into oxo-riebeckite, ideally
AEIBNaZC(Fez+Fei+)TSigoggOz, when heated in the
presence of external O, (Della Ventura et al., 2023). The
oxidation of Fe involves only minor structural adjustments,
such as kinking of the ribbons of tetrahedra to accommodate
the smaller size of the octahedra occupied by Fe3*. Notably,
this transition significantly enlarges the stability field of
the amphibole, with oxo-riebeckite remaining stable up to
ca. 900 °C (Oberti et al., 2018). In the absence of external
oxygen, the oxidation/dehydration process does not occur,
and only a cation rearrangement is observed, yielding what
Della Ventura et al. (2023) describe as a “CR3*-disordered
riebeckite”. For T>750°C, this amphibole breaks down,
showing a stability limit about 150 °C lower than that of
oxo-riebeckite.

The most important issue of the oxidation/dehydrogena-
tion process is that it involves the development of charge car-
riers (both electrons and H' ions), before the final release

Eur. J. Mineral., 37, 535-547, 2025

of water in the surroundings (Bernardini et al., 2023, 2024;
Della Ventura et al., 2024a, 2024b). This process has sig-
nificant implications for Earth-scale phenomena, including
anomalous high conductivity, seismicity, volcanism, and ore
generation, particularly in convergent geodynamic domains.
Note that in the presence of external molecular Oy, the re-
lease of water occurs at much lower temperatures than under
reducing conditions (Della Ventura et al., 2023).

Oberti et al. (2018) have shown that, for 7>600 °C and at
ambient pressure in air, riebeckite undergoes irreversible ox-
idation of Fe coupled with HT loss. In this work, we examine
the role of pressure on the oxidation of Fe in riebeckite by ap-
plying a combination of analytical methods, including struc-
ture refinements to single-crystal X-ray diffraction (XRD)
data and FTIR, Raman, and Mdssbauer spectroscopies. Our
investigation focuses on samples from the same batch used
by Della Ventura et al. (2018a) and Oberti et al. (2018) for
their studies at 1 atm. Here, we characterized ex situ the crys-
tals after annealing at four different temperatures (600, 650,
700, and 750 °C) under a constant pressure of 0.7 GPa and
fo, close to NNO.

2 Experimental details

Single crystals of riebeckite were treated at 0.7 GPa using an
end-loaded piston-cylinder apparatus at INGV (Rome, Italy)
under oxidizing conditions close to the oxygen fugacity
of the Ni-NiO (NNO) buffer. The crystal-chemistry of the
used sample is fully described in Susta et al. (2018) and
Oberti et al. (2018); briefly, its chemical composition is
A(0o.9Ko.06Nap.04)B (Nay g2Cag,13Feg s)

CMD(Fett, Mgo.16)M® (Fegh, Mgo.0aFe; &, Al 10Tio.01)
M(3)(Fe(2)§9Mgo.06Mno.05)]T(Si7.97A10‘03)0¥(0H)1.90Fo.10,
which is very close to that of end-member riebeckite.

Several amphibole grains (average size 300—400pum in
length and 100-200 um across) were sealed into 15 mm
length Pt tubes surrounded by powdered MgO to prevent
the tube from collapsing under pressure; 10 wt % of deion-
ized water was added, and the samples were run at 600 °C
(sample RHP3), 650 °C (RHP5), 700 °C (RHP6), and 750 °C
(RHP7) for a duration of 2h under a constant pressure of
0.7 GPa. Capsules were positioned into a 19.1 mm NaCl-
crushable alumina—pyrophyllite—pyrex assembly, which pro-
duces an fo, close to NNO+4-2 (Kushiro, 1990; Kawamoto
and Hirose, 1994).

Annealed single crystals (dark green in color and irregu-
lar prismatic in morphology) from runs RHP5, RHP6, and
RHP7 were studied via single-crystal XRD done at room
temperature. Unit-cell parameter (ucp) measurements and in-
tensity data collections were done at CNR-IGG in Pavia us-
ing a Philips PW1100 diffractometer operating with Mo K«
radiation at 30 mA and 55kV. For each dataset, two quad-
rants of intensity data were collected (+h, +k, +I) by the
/26 scan in the 2-30° 6 range. Scan widths and scan
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Figure 1. The (C2/m) amphibole structure projected (a) along the [001] crystallographic direction with the cationic 7" and M sites indicated,
and (b) perpendicular to the [001] axis, where the I beam and the A site are made evident. In (c¢), an enlargement of the cationic environment
around the O-H group is displayed. Drawings were made with VESTA (Momma and Izumi, 2008).

speeds are 2.8° 6 and 0.14° s7! 2.4° 9 and 0.06°s~!, and
2.7° 0 and 0.09°s~! for 1345, 1346, and 1347 samples, re-
spectively. The intensities of three standard reflections were
monitored every 400 measured reflections, and no significant
variation in beam intensity was registered during the data
collection. Raw intensities of reflections were obtained by
measuring step-scan profiles and integrating by the Lehmann
and Larsen (1974) o /I method, as modified by Blessing et
al. (1974). Raw intensities were corrected for Lorentz and
polarization effects as well as for absorption using the -
scan method of North et al. (1968). Final accurate ucp values
were obtained from a least-squares procedure based on 60
dpi values, each measured from the positions of reflection
pairs at £6 in the range 2-30° 6

Structure refinement (SREF) was done using a program
written in Pavia (Cannillo et al., 1983), which allows for the
use of neutral versus ionized scattering curves at the sites
where solid solution does not occur, as well as combinations
of ionized scattering curves in all other sites (Hawthorne et
al., 1995; Oberti et al., 2017). Full matrix least-squares re-
finement on F was done until convergence without using
any weight or chemical constraint. Relevant parameters of
data collections and refinement procedures are reported in
Table 1. The evolution of the geometric parameters (atom co-
ordinates, bond distances, and angles) relevant to the present
discussion are reported in Table 2. Atom coordinates and dis-
placement parameters are reported in Table S1 (in the Sup-
plement). All other refinement details and the observed struc-
ture factors have been deposited as CIF files.

Single-crystal FTIR spectra were collected at Istituto
Nazionale di Fisica Nucleare (INFN), Frascati (Rome), us-
ing a Bruker Hyperion 3000 FTIR microscope, equipped
with a 15x Schwarzschild objective and a mercury cad-
mium telluride (MCT) liquid nitrogen (LN>)-cooled detector.
The microscope was attached to a Vertex 70v optical bench
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equipped with a KBr beam splitter and a Globar IR source.
The beam cross section was restricted to the size of the sam-
ple (~ 100 x 30 x 20 um?) with a rectangular aperture. The
instrumental resolution was set at 2cm™!, and 128 spectra
were co-added for both mineral and background. Additional
FTIR polarized spectra were acquired for sample RHP3 us-
ing a gold wire grid and a ZnSe substrate FTIR polarizer.

Raman spectra were acquired at the University of Ham-
burg with a Horiba T64000 triple-monochromator system op-
erating in a subtractive regime and equipped with a Sym-
phony LN>-cooled CCD detector and an Olympus BX41
confocal microscope. Polarized Raman scattering in the
ranges 15-1215 and 3450-3800cm~! was measured in
backscattering geometry, using the 514.532 nm line of a Co-
herent 90C Fred Ar™ laser. The laser beam was focused to a
spot of linear size of ~ 2 um on raw natural surfaces of sin-
gle crystals. The effective penetration depth was on the order
of several micrometers. The measured spectra were evalu-
ated and fitted with pseudo-Voigt functions to determine the
peak positions, full width at half maximum (FWHM), and
integrated intensities, following the procedure described in
detail by Waeselmann et al. (2019).

Transmission ' Fe Mossbauer data for sample RHP7, run
at the highest temperature (750 °C), were collected at the
University of Salzburg (Austria) in air using an apparatus in a
horizontal arrangement (°*’Fe Co / Rh single-line thin source,
constant acceleration mode with symmetric triangular veloc-
ity shape, a multichannel analyzer with 1024 channels, reg-
ular velocity calibration against metallic Fe). The spectrum
was evaluated using the RECOIL program suite (Rancourt
and Ping, 1991); data were corrected for thickness effects
and then processed using the full static hyperfine interaction
Hamiltonian analysis with Lorentzian-shaped doublets.

Eur. J. Mineral., 37, 535-547, 2025
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Table 1. Crystal-structure refinement data for the riebeckite samples annealed at 0.7 GPa. Data for the untreated riebeckite crystal (from
Oberti et al., 2018, IGG-Pv code 1272) from the same batch used here are also listed for comparison. Note that ss represents site scattering,

and epfu represents electron per formula unit

T (°C) 25 650 700 750
IGG-Pv code 1272 1345 1346 1347
Sample label - RHPS RHP6 RHP7
a(A) 9.7473(4) 9.7617(6) 9.7650(7) 9.7550(11)
b(A) 18.0448(8)  18.0562(12) 18.0623(11)  18.0498(16)
c(A) 5.3316(2) 5.3311(4) 5.3319(5) 5.3307(6)
B(®) 103.567(4) 103.531(6) 103.549(5) 103.445(8)
v (A3) 911.60(7) 913.57(11) 914.26(12) 912.92)
0 range (°) 2-30 2-30 2-30 2-30
no. reflo) 2693 2707 2711 2707
no. reflypique 1381 1386 1388 1386
no. reflyps (1>307) 1168 1105 1060 1038
Rint % 1.9 2.7 2.2 3.6
Robs % 1.6 2.0 2.1 2.5
Ran % 2.2 2.8 32 3.8
ss M(1) (epfu) 49.73(14) 51.4(2) 51.4(2) 51.2(3)
ss M(2) (epfu) 51.92(14) 52.0(2) 51.8(2) 51.5(3)
ss M(3) (epfu) 25.23(4) 25.14(6) 25.17(7) 24.99(8)
2 C (epfu) 126.9(3) 128.5(5) 128.4(5) 127.7(7)
ss M(4) (epfu) 22.4(2) 22.2(2) 22.3(3) 22.5(4)
ss A (epfu) - - - -
ss A(m) (epfu) 1.17(9) 1.48(11) 1.61(13) 1.9(2)
> A (epfu) 1.17(9) 1.48(11) 1.61(13) 1.9(2)
ss tot. (epfu) 150.5(6) 152.2(8) 152.3(9) 152.0(13)
ss H (epfu) 1.5(2) 1.8(2) 1.9(2) 1.7(3)

3 Results

3.1 Single-crystal X-ray diffraction structure refinement
(SREF)

Single-crystal structure refinement data for the riebeckite
samples annealed at 0.7 GPa are given in Tables 1 and 2,
along with those reported for the untreated riebeckite by
Oberti et al. (2018). Previous work shows that the interatomic
distance that is most affected by amphibole dehydrogenation
is M(1)-M(2) (Oberti et al., 2007); in the samples studied
here, the M(1)-M(2) distance does not vary significantly
with only a minimal increase of 0.002 A between 25 and
700 °C (Table 2), which is to be compared to the increase
by 0.099 A observed at atmospheric pressure. Furthermore,
the position of the H atom could always be found in differ-
ent Fourier maps and could also be refined after annealing at
750 °C (Table S1). These observations thus suggest that de-
hydrogenation does not occur (or occurs only minimally) in
riebeckite when annealed up to 750 °C under a pressure of
0.7 GPa, under moderate oxidizing conditions.

However, refinement results indicate the presence of (a
small amount of) cation disorder, in line with what was ob-
served by Oberti et al. (2018). When comparing SREF results
in terms of total site scattering (measured in electrons per for-
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mula unit, Table 1), we observe a slight decrease for the C-
type cations (0.8 e™), balanced by a slight increase in the B-
type (0.3 e7) and A-type (0.4 ¢™) cations. These changes, al-
though comparable to the estimated standard deviations (esd)
for the refined site scattering, occur progressively from 700
to 750 °C. They are compatible with the presence of a small
amount of vacancies at the octahedrally coordinated sites; in-
spection of the mean cation distances (Table 2) may suggest
that these occur mainly at the M (2) and M (3) sites. Oberti et
al. (2018) observed the following trend in riebeckite heated
between 25 and 700 °C at 1 atm: —5.8 e~ for C-type cations,
—4.7 e~ for B-type cations, and +7.23 e~ for the A-type
cation. These data were interpreted as a cation migration
from the M(4) sites toward the A cavity, which is unusual
for amphiboles. This mechanism was also confirmed by the
presence of significant electron density at the center of the A
cavity in the annealed crystals, which however could not be
detected in the crystals analyzed during this work.

In conclusion, the SREF data are coherent with a very
limited thermally induced cation migration between differ-
ent sites under an external pressure of 0.7 GPa, with no signs
of transformation of riebeckite into oxo-riebeckite. However,
it should be noticed that the results at atmospheric pressure
by Oberti et al. (2018) are from heating experiments in air,
having oxygen fugacity in log units much higher than those

https://doi.org/10.5194/ejm-37-535-2025
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Table 2. Selected interatomic distances (A) and interatomic angles (°) in the double-chain of tetrahedra for the annealed riebeckite samples.

Sample codes are the same as in Table 1.

T (°C) 25 650 700 750
IGG-Pv code 1272 1345 1346 1347
Sample label - RHP5 RHP6 RHP7
T(1)-0(1) 1.6238(13) 1.621(2) 1.6202)  1.619(3)
T(1)-0(5) 1.6238(13) 1.622(2) 1.6212)  1.620(3)
T(1)-0(6) 1.6258(13) 1.621(2) 1.626(2)  1.627(3)
T(1)-O(7) 1.6178(7)  1.6167(11) 1.616(2)  1.619(2)
<T(1)-0> 1.623 1.620 1.621 1.621
T(2)-0(2) 1.6249(13) 1.624(2) 1.62522)  1.625(3)
T(2)-0(4) 1.5944(14) 1.598(2) 1.598(2)  1.596(3)
T(2)-0(5) 1.6445(14) 1.646(2) 1.646(2)  1.650(3)
T(2)-0(6) 1.6536(14) 1.658(2) 1.656(2)  1.652(3)
<T(2)-O> 1.629 1.632 1.631 1.631
M(1)-O(1) x2  2.1048(12) 2.107(2) 2.113(2)  2.106(3)
M(1)-0(2) x2  2.1081(13) 2.111(2) 2.1102)  2.112(3)
M(1)-0(3) x2  2.1287(13) 2.132(2) 2.1302)  2.127(2)
<M(1)-0> 2.114 2.117 2.117 2.115
M@Q2)-0(1) x2  2.1321(13) 2.137(2) 2.135(2)  2.138(3)
M(2)-0(2) x2  2.0289(13) 2.033(2) 2.033(2)  2.034(3)
M(2)-04) x2  1.9193(13) 1.918(2) 1.9192)  1.923(3)
<M(2)-O> 2.027 2.029 2.029 2.032
M@B3)-0(1) x4 2.1327(13) 2.137(2) 2.136(2)  2.141(3)
M(3)-0(3) x2 2.093(2) 2.091(3) 2.096(3)  2.093(4)
<M(3)-O> 2.119 2.121 2.123 2.125
M(4)-0(2) x2 2.431(2) 2.429(2) 24312)  2.421(3)
M@)-0(4) x2  2.3379(13) 2.339(2) 2342(2)  2.33003)
M(4)-0(5) x2 2.894(2) 2.908(2) 2905(2)  2.920(3)
M(4)-0(6) x2 2.481(2) 2.489(2) 2491(2)  2.495(3)
<M(4)-O> 2.536 2.541 2.542 2.542
A(m)-0(5) x2 3.03(2) 3.00(2) 3.01(2) 3.03(2)
A(m)-0(5) x2 2.80(2) 2.80(2) 2.79(2) 2.79(2)
A(m)-0(6) x2 2.84(2) 2.86(2) 2.86(2) 2.80(2)
A(m)-O(7) 2.59(3) 2.58(3) 2.60(3) 2.59(3)
A(m)-0(7) 3.13(3) 3.16(3) 3.16(3) 3.08(3)
A(m)-O(7) 2.67(3) 2.68(3) 2.67(3) 2.69(3)
<A(m)-O> 2.86 2.86 2.86 2.84
M(1)-M(2) 3.1456(3)  3.1478(4)  3.1481(5) 3.1504(6)
T(H-0(5)-T(2)  136.71(9) 136.69(12) 136.73(14)  136.5(2)
T()-O6)-T(2)  142.6509) 142.59(12) 142.67(14)  142.42)
T(1)-O(7)-T(1) 146.62(13) 147.12) 14732)  146.4(3)
0(5)-0(6)-0(5)  172.78(8) 172.96(11) 172.89(13)  173.2(2)
0(6)-0(7)-0(6)  112.87(9) 113.15(13) 113.03(14)  112.9(2)

imposed by NNO buffers (ca. —0.68 vs. —17, e.g. Huebner
and Sato, 1970). In other words, the oxidation conditions in
our annealing experiments differ significantly from those of
the in situ heating experiments done by Oberti et al. (2018),
which could be the most significant factor accounting for the
observed differences. On the other hand, the annealing con-
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ditions reported here are closer to the actual conditions ex-
perienced by mineral grains in rocks. Therefore, our results
clearly show that, at pressures corresponding to a depth of
ca. 25 km and temperatures up to 750 °C, there is no oxida-
tion of Fe and, consequently, no HT loss in riebeckite, unlike

Eur. J. Mineral., 37, 535-547, 2025
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Figure 2. Fitted >’ Fe Mossbauer spectrum of riebeckite RHP7 an-
nealed at 750 °C and 0.7 GPa.

what is observed in air at atmospheric pressure (Della Ven-
tura et al., 2018a, 2023).

3.2 Mdssbauer spectroscopy

The Mossbauer spectrum of sample RHP7 run at the highest
T (750°C) is given in Fig. 2; it is identical to the spectrum of
the pristine riebeckite (Susta et al., 2018; Della Ventura et al.,
2023), and its evaluation could be done by using three dou-
blets with no need for additional components. Refined data
are given in Table 3, in comparison with those from the un-
treated sample (from Della Ventura et al., 2023). The inner
doublet with quadrupole splitting (A, mms~!) =0.449(19),
the isomer shift (8, mms~')=0.393(11), and the half width
at half maximum (HWHM, mms~!)=0.148(12) can be as-
signed to Fe3t at M(2); the doublet with A = 2.357(12), 8 =
1.09(2) and HWHM = 0.176(14) can be assigned to Fe>* at
M (3); and the doublet with A =2.885(12), § = 1.112(18),
and HWHM = 0.124(19) can be assigned to Fe2t at M(1).
The relative area fractions for these doublets are 39.2(9) :
22.1(4) : 38.7(9), which is very close to the expected area
ratio of 0.40:0.20:0.40 at M(2): M(3): M(1) for ideal
riebeckite. Thus, there is no evidence of significant oxida-
tion of Fe in the sample treated at 750 °C and 0.7 GPa, which
is consistent with the SREF results presented above.

3.3 Raman spectroscopy

Raman spectroscopy has been extensively used to study am-
phiboles (Wang et al., 1988; Della Ventura et al., 1991, 1993;
Rinaudo et al., 2004). Collections of spectra from different
species have been provided recently by Leissner et al. (2015)
and Waeselmann et al. (2019). The latter study in partic-
ular showed, based on many spectra from samples span-
ning a wide range of compositions, that a careful analy-
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Figure 3. (b) Polarized Raman spectra of untreated riebeckite; (a)
spectra of the annealed riebeckites collected in the ¢ L E;||Es po-
larization.

sis of the Raman data may allow for detailed insights into
the crystal-chemistry of the amphibole. A further discussion
about the origin of Raman signals and peak assignment to
definitive atomic vibrations has been given by Della Ventura
et al. (2021a) and (2021Db).

Polarized Raman spectra of the studied riebeckite at room
temperature and atmospheric pressure have been presented
by Susta et al. (2018), whereas the evolution of the scat-
tering as a function of temperature has been discussed by
Della Ventura et al. (2018a) and Bernardini et al. (2023). As
can be seen in Fig. 3, the relative Raman intensities strongly
depend on the scattering geometry, i.e., whether the polar-
ization of the incident light (E;) is parallel or perpendicu-
lar to the polarization of the scattered light (Es) and how
the crystal is oriented with respect to E;. In particular, the
OH-stretching signal is strongest in the ¢ L E;||Es scatter-
ing geometry (¢ is the corresponding crystallographic axis in
C2/m), exhibiting an intense peak at 3619 cm™! and a weak
peak at ~3636cm~! (Fig. 3), due to Y1) Fe?tFe?tFe?t—
OH-A[-SiSi and (1.3 Fe?+ Fe? Mg—OH-~-SiSi arrange-
ments, respectively (Susta et al., 2018).

Most of the peaks generated by framework vibrations
(<1200cm™!) can be well resolved in parallel polarized
spectra (E;||Es) with the exception of the peak at 108 cm™!,
assigned to BNa—O modes and possibly external silicate-
chain modes (Della Ventura et al., 2021a), that has a maxi-
mum intensity in ¢ L E; L Eq spectra (see Fig. 3). In our pre-
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Table 3. Mossbauer parameters for sample RHP7 run at 750 °C and 0.7 GPa compared to the data from untreated riebeckite (from Della
Ventura et al., 2023). Note that IS represents isomer shift, and QS represents quadrupole splitting.

Sample IS§ QSA HWHMTI/2 Area  Assignment
ID (mm s_l) (mm s_l) (mm s_l) (%)

25°C 1.129(5) 2.874(2) 0.122(5)  39.0(6)  Fe2T M(1)

1.130(7) 2.361(5) 0.139(4) 21.5(7) Fe?T M(3)

0.388(4) 0.465(2) 0.127(4) 3953) Fe3t M(Q)

RHP7 1.112(8)  2.885(12) 0.124(19)  38.7(9)  Fe*t M(1)

1.09(2) 2.357(12) 0.176(14) 22.1(4)  Fe*t M(3)

0.393(11)  0.449(19) 0.148(12) 39290 Fe’t M(2)

vious studies (Della Ventura et al., 2018a; Bernardini et al.,
2023), we observed that the M (1,3)Og-related Raman peaks
near 146 and 165 cm~! (best resolved in the ¢ L E;||Es spec-
trum) as well as near 195cm™! (strongest in the c||E;||Es
spectrum) are very sensitive to the oxidation of Fe, and their
relative intensity strongly decreases during the Fe>* — Fe3*
reaction. The SiO4-ring breathing mode near 665cm™! as
well as the T(I)Si04 stretching near 971 cm~!, both best
resolved in the ¢ L E;||Eg spectrum, should also be influ-
enced by the oxidation of Fe (Della Ventura et al., 2018a).
Moreover, the SiOy4-stretching scattering around 970 cm™!
is also sensitive to extended structural defects preceding the
collapse of the amphibole structure induced by temperature
(Rosche et al., 2022). Thus, to probe for local-scale changes
in the structure and crystal chemistry, we measured the an-
nealed samples in all three scattering geometries. As an ex-
ample, ¢ L E;||Eg spectra, which contain the largest num-
ber of resolved peaks, are compared in Fig. 3. As can be
seen, there is no significant variation in the relative inten-
sities of the M(1,3)-O¢ peaks (150-200 cm™ b, excluding
the presence of Fe’T in the treated samples, as already con-
cluded based on SREF and Mossbauer data. The intensity
of the OH-stretching mode relative to the total intensity of
the framework-vibration scattering also remains unchanged
within the experimental uncertainties, providing robust evi-
dence that there is no significant dehydrogenation of the am-
phibole up to 750 °C under 0.7 GPa.

3.4 FTIR spectroscopy

The polarized OH-stretching spectra collected for sample
RHP3 (600 °C) are given in Fig. 4. It is well known that when
the electric field is perpendicular to the crystallographic axis
(E L ¢), the intensity of the OH-stretching mode of amphi-
boles is maximized (e.g., Skogby and Rossman, 1991), and
this is particularly evident in samples having only Si at the
T sites and divalent cations at the M(1,3) sites; in this situa-
tion, the O-H bond is directed along the a* reciprocal-space
axis and thus parallel to the E direction in this setup. The
same is true for trioctahedral mica (like phlogopite) when
E||c, i.e., parallel to the O-H bond direction (e.g., Scordari et
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al., 2006). The E L ¢ spectrum collected for RHP3 riebeck-
ite (Fig. 4) is similar to the unpolarized spectrum collected
at room temperature (e.g., Susta et al., 2018); similar to the
Raman patterns, it shows a main relatively sharp peak at
3619 cm~! which is assigned to local arrangements involv-
ing only Fe>* at the OH-coordinated M(1,3) octahedra, plus
weak peaks at ca. 3636 and 3649 cm ™! due to the presence of
minor Mg at the same sites (e.g., Susta et al., 2018). Coupled
with the Raman data, the main information provided by the
FTIR spectrum given in Fig. 4 is that there is no significant
loss of OH in the treated samples. A notable increase in the
FWHM (full width at half maximum) is apparent in the ab-
sorption peaks with respect to those from the untreated crys-
tals; this can be explained based on the increasing structural
disorder due to the thermal treatment, as observed via SREF.
Interestingly, an additional very broad absorption band cen-
tered around 3540 cm~! appears when E||¢ (Fig. 4), a fea-
ture already observed in unpolarized spectra collected for
samples treated at high temperatures by Oberti et al. (2018).
The polarization behavior of this broad component indicates
that it must be assigned to vibrational modes of O—H dipoles
which are differently oriented with respect to the direction of
the common hydroxyl groups in the amphibole structure. A
possible interpretation for this band will be given below.

4 Discussion

The stability of sodic amphiboles has attracted significant
attention in the past because of its importance in high-
pressure metamorphism and its implications for the re-
lease of fluids in subduction zones, which in turn trig-
gers earthquakes and arc volcanism (Cheng et al., 2020;
Cheng and Jenkins, 2020; Bang et al., 2021; Manthilake et
al., 2021). Most experiments have been focused on glau-
cophane, nominally AI:IBNazC(Mg3A12)TSi8022(OH)2, al-
though rock-forming minerals typically have intermediate
compositions in the glaucophane-magnesio-arfvedsonite—
magnesio-riebeckite system and their iron counterparts
(Miyashiro and Banno, 1958; Deer et al., 1997). Conflict-
ing results have been reported by different authors, primar-

Eur. J. Mineral., 37, 535-547, 2025



542 G. Della Ventura et al.: The oxidation of Fe in riebeckite at 0.7 GPa

——--EflcM) —E Lc(M,,) |

7] unpolarized unpolarized |
P 3619
8 Ao
g 3540 g
'Q, s H %
[ag]
) N RHP3
g bl W -
2
2. L
2
< RHP3
5 L
Rbk untr.
0 i T ! i T E i T T T T
3500 3600 3700 3800

wavenumber (cm™)

Figure 4. Unpolarized single-crystal OH-stretching FTIR spectrum
of riebeckite annealed at 600 °C (RHP3) compared with the spec-
trum of the untreated sample (“Rbk,untr.”, blue line). The polarized
spectra of RHP3 are given on top.

ily due to (a) deviations of the synthesized amphiboles from
the nominal glaucophane stoichiometry (see Gillet et al.,
1989; Tropper et al., 2000) and (b) the persistent occur-
rence of a sheet silicate close to vermiculite in the run as-
semblage (Jenkins and Corona, 2006). Earlier studies (e.g.,
Ernst, 1961; 1963b; Carman and Gilbert, 1983) reported
the existence of two polymorphs, glaucophane I and glau-
cophane II (Ernst, 1963b), characterized by notably differ-
ent stability fields. Maresch (1973) has later revised the
phase relations in the NapO-MgO-SiO>-H,O system and
demonstrated that the two polymorphs were two different
amphibole species with a high degree of substitutional dis-
order. The low-pressure polymorph (previously named glau-
cophane I) was shown to be in fact compositionally simi-
lar to “magnesio-richterite” (root name 8 after Hawthorne
et al., 2012), nominally “NaP(NaMg)“MgsTSig0,,(OH),.
Jenkins and Corona (2006) investigated the role of water on
the synthesis of glaucophane and showed that the optimal
conditions to obtain in-composition products during high-
temperature and/or high-pressure (HT/HP) experiments was
using 4 wt %—5 wt % H,O for long durations (400h) com-
bined with multiple treatments and intermediate grindings.
According to the experiments of Bang et al. (2021), the max-
imum depth of glaucophane stability increases for decreas-
ing thermal gradients of the subduction system. Along cold
geotherms, glaucophane may remain stable down to 240 km,
whereas in warm subduction zones it breaks down and de-
hydrates at much shallower depths (ca. 40km). This differ-
ence has major implications for phenomena such as rock con-
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ductivity, seismicity, and volcanism (see also Bernardini et
al., 2023). However, it is important to note that the stability
data obtained from experiments done under water-saturated
conditions have been recently questioned by Putak-Juricek
and Keppler (2023) based on the consideration that most of
the mantle may contain only traces of water. They thus con-
ducted new experiments at very low H,O fugacity, and the
results showed that decreasing water activity significantly
shifts the stability field of the amphibole to lower pressures
while expanding it to higher temperatures.

The stability of Fe-rich compositions is less studied.
Hoffmann (1972) examined the phase relations of ferro-
glaucophane, ideally AEIBNa2C(Fe%*Alz)TSigozz(OH)z,
over the temperature range 250-500 °C and pressures up to
0.5 GPa under varying fo,. He observed that at relatively
low fo, (using wiistite-magnetite (WM) and fayalite-
magnetite-quartz (FMQ) buffers), ferro-glaucophane breaks
down above 350-360 °C, with its stability further reduced
under oxidizing conditions. Magnesio-riebeckite, ideally
ADBNay(MgsFe; M)TSig02,(0OH),, and riebeckite were
first synthesized by Ernst (1960, 1962) under different
buffering conditions. Magnesio-riebeckite was found to
remain stable up to 950 °C at fluid pressures above 0.2 GPa
when fo, was controlled by the hematite-magnetite (HM)
buffer. However, its stability decreased by ca. 100°C
under reducing conditions. In contrast, riebeckite was
found to be stable at much lower temperatures (around
500 °C) under the HM buffer, with decomposition products
fayalite 4 magnetite + quartz + vapor (Ernst, 1962). Della
Ventura et al. (2005) synthesized magnesio-riebeckite at
constant 7 (700°C) and P (0.4 GPa) under varying fo,
conditions, and they observed that the composition of the
amphibole linearly shifted toward magnesio-arfvedsonite
(ANaBNazc(Mg4Fe3+)TSi3022(OH)2) as fo, increased, as
observed in natural occurrences (e.g., Deer et al., 1997).
This conclusion aligns with the findings of Della Ventura
et al. (2023) and Oberti et al. (2018) as well as with the
results of the present study, which shows an increasing
structural disorder with small but detectable migration of Na
toward the A site during thermal treatment under oxidizing
conditions.

The above discussion emphasizes that, while the geolog-
ical stability of sodium amphiboles has received significant
attention, the effect of pressure on the crystal-chemical pro-
cesses driving Reaction (1) has never been thoroughly inves-
tigated.

The oxidation behavior of riebeckite as a function of tem-
perature at ambient pressure has been extensively studied
during 1960-1970 because of the technological interest in
its fibrous asbestos variety, crocidolite (e.g., Addison et al.,
1962a, 1962b; Ernst and Wai, 1970, among others). Detailed
studies done during the last decade — and comprehensively
reviewed by Della Ventura et al. (2024b) — have shown that
iron oxidation in amphiboles is reversible across a relatively
wide thermal range. This reversibility persists until the ki-
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netic energy of delocalized electrons and H* ions becomes
high enough to allow for their ejection from the structure.
The entire process involves a series of structural rearrange-
ments as a response to the local charge imbalances generated
by Reaction (1). A complete characterization of these rear-
rangements requires the integration of diffraction and spec-
troscopic methods.

From a geophysical perspective, the major issue associ-
ated with Reaction (1) is the dehydrogenation accompany-
ing iron oxidation, because this process has direct implica-
tions for water supply at depth in subduction regimes (Bang
et al., 2021). As discussed by Della Ventura et al. (2018a,
2023), dehydrogenation is, however, strongly dependent on
the availability of external oxygen. Another critical issue is
the development of charge carriers (electrons and HT ions),
resulting from Reaction (1), which has significant implica-
tions for the geophysical structure of the lower-crust—-mantle
system. As recently discussed by Manthilake et al. (2021),
the direct relationship among temperature, Fe redox pro-
cess, dehydration, and electrical conductivity can be used
to benchmark the thermal structure of the descending slab
(information that is critical for modeling the geological pro-
cesses at convergent margins) based on electrical measure-
ments. This observation stresses the importance of under-
standing the crystal-chemical consequences of Reaction (1)
as a function of P, T, and fo,.

Our data definitively show that pressure has a significant
effect on oxidation of Fe in riebeckite, shifting it toward
higher temperatures. In particular, single-crystal structure re-
finements show that there are no major modifications in the
site occupancies up to 750 °C when annealing the crystals at
0.7 GPa. Analysis of the SREF results (Table 1) shows that
there is almost no oxidation of Fe and no dehydrogenation
as well as no change in the ¥(:)Fe?t /M@ Ee3t site oc-
cupancy. This conclusion is in full agreement with Moss-
bauer results obtained for the crystal annealed at the highest
T (750°C), as well as with OH-stretching FTIR and Raman
spectroscopy. Interestingly, electron densities in the sample
annealed at 1 atm clearly indicate a slight but significant de-
pletion of B-type and C-type cations, coupled with an in-
crease in A-type cations. This implies the creation of vacan-
cies at the M(3) and M (4) sites (Oberti et al., 2018) and cor-
relates with the appearance of a broad band at 3540 cm ™! in
the FTIR spectrum (Fig. 4), whose wavenumber is notably
close to values known for local dioctahedral configurations
in mica (e.g., Robert et al., 1989). This broad band is present
in the FTIR spectra collected on the annealed samples, with
maximum intensity when E||¢ (Fig. 4), indicating that the O—
H bonds absorbing the IR beam are preferably oriented along
[001], rather than perpendicular to the M Og strips. Such an
orientation is similar to that of the hydroxyl groups in dioc-
tahedral mica, where the O—H bonds are tilted toward the
octahedral layer to compensate for missing charges caused
by octahedral vacancies (“vacancy bands”; see Della Ventura
et al., 2024c¢). For instance, in muscovite, the O-H bond is
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tilted 16° away from the (001) crystallographic plane (Ved-
der and McDonald, 1963). The above discussion thus pro-
vides additional support to the inference that the broad band
at 3540cm™! in annealed crystals is related to partially va-
cant octahedrally coordinated sites within their structure.

The absence of irreversible oxidation of Fe and the
increase in structural disorder in riebeckites annealed at
0.7 GPa is further confirmed by Raman spectroscopy (Fig. 3).
In particular, the wavenumber of the SiO4 ring mode (near
665cm™!) of the annealed samples does not show any in-
crease with respect to untreated riebeckite (Fig. 5a), which
confirms that the valence state of Fe remains the same af-
ter annealing under 0.7 GPa; within uncertainties, the SiOg4-
ring mode instead shows a subtle tendency to shift to lower
phonon energies (i.e., wavenumbers). The SiOjy-stretching
mode at ca. 970cm™! has an even more pronounced de-
crease in phonon energy (Fig.5b), implying a development
of structural defects when considering that connectivity de-
fects loosen the structure and, hence, weaken the interatomic
interactions. The same conclusion can be deduced from the
wavenumber of the phonon mode at 108cm™! (Fig. 5c),
which involves external silicate-chain vibrations (Waesel-
mann et al., 2019). Occurrence of structural disorder should
also affect the phonon FWHMs, but the variation in FWHM
for most of the Raman peaks is insufficient to draw any
solid conclusions. Yet, a few M Og-related peaks, e.g., that
at 165cm™~! (see Fig. 5d), steadily broaden with the increase
in the annealing temperature.

Summarizing, all crystal-chemical data converge in con-
cluding that when riebeckite is annealed up to 750°C at
0.7 GPa (corresponding to approximately 25km depth and
under redox conditions close to the NNO buffer) there is no
dehydrogenation and, consequently, no oxidation of Fe in the
sample; SREF data show complete Fe>* ordering at M(2), a
feature that, based on the work of Della Ventura et al. (2023),
provides additional robust proof for the oxidizing conditions
during the thermal treatment.

5 Conclusions and implications

The H;O transport into the deep Earth occurs through hy-
drous minerals in subducting crust, whose stability range is
primarily controlled by the P—T redox conditions of the sub-
ducting system (e.g., Peacock and Wang, 1996; Kimura and
Nakajima, 2014; Manthilake et al., 2016). The release of flu-
ids during HT/HP metamorphism controls seismicity, partial
melting of lithospheric crust, and volcanism. It is therefore
essential to investigate the stability of hydrous minerals as a
function of varying physical conditions and great efforts have
been spent in this direction during the last decade; this work
represents a further piece of this puzzle.

In previous papers, we reported on our studies on the ther-
mal behavior of riebeckite, monitoring the oxidation of Fe
and the consequent dehydration and development of elec-
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Figure 5. Evolution of the wavenumber of (a) the SiO4 ring mode,
(b) the SiO4-stretching mode, (c) the BNa—O/external silicate chain
mode, and (d) the FWHM of the M (1,3)Og-related phonon mode at
ca. 165cm™! as for riebeckites annealed at 0.7 GPa and increasing
T (for the sample codes, see the main text). Ref = untreated sam-
ple. For the mode assignments, see Della Ventura et al. (2018a) and
Waeselmann et al. (2019).

trical conductivity at ambient pressure (Oberti et al., 2018;
Bernardini et al., 2023; Della Ventura et al., 2024a). We com-
pared the experimentally derived temperatures for the devel-
opment of charge carriers (hopping electrons and delocalized
H™) with the P-T conditions inferred (Peacock and Wang,
1996) in warm and cold subduction regimes and observed
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significant agreement of our data with the electrical struc-
tures reconstructed from magnetotelluric data (Kasaya et al.,
2005). Here we provide a further step toward elucidating the
role of redox processes in hydrous silicates on the conduc-
tivity anomalies of the crust, by simulating conditions closer
to those of lithospheric rocks. We show that with increasing
pressure to 0.7 GPa, as well as NNO oxygen fugacity, the
stability of riebeckite is significantly extended to ca. 150 °C,
with no irreversible oxidation of Fe and H™ loss. To the best
of our knowledge, the only work done in situ at HP via Moss-
bauer spectroscopy on synthetic magnesio-riebeckite shows
a significant reduction of octahedrally coordinated Fe in am-
phiboles for P>2 GPa (Burns et al., 1972), an unexpected
feature that needs additional verification. In fact, Fe reduc-
tion at HT/HP in a silicate-like riebeckite implies the diffu-
sion of HT ions from the exterior to maintain local charge
equilibria and structure stability. It is also worth noting that
Fe reduction when treating pargasite up to 1100 °C at 0.1 GPa
had already been observed by Popp et al. (2006). If con-
firmed, this process would have interesting implications in
both geophysics and in material science.

Using resonance Raman spectroscopy (Mihailova et al.,
2021, 2022), Bernardini et al. (2023) demonstrated that at at-
mospheric pressure riebeckite develops anisotropic polaron
hopping (and thus electric conduction) for 7>227 °C, with
further conduction occurring for 7>377 °C due to additional
charge contribution from delocalized HT ions. However, the
role of pressure in this process remains poorly understood.
According to Goddat et al. (1999), small-polaron conduc-
tion increases with pressure due to its negative activation vol-
ume. For riebeckite, in particular, the conductivity increases
by approximately 1 order of magnitude for a pressure in-
crease of 2 GPa in the temperature range of 200 to 600 °C
(Parkomenko, 1982). The experimental data described here
demonstrate that the crystal-chemical rearrangement associ-
ated with irreversible Fe>* to Fe3* oxidation is shifted to
higher temperatures when P is increased to 0.7 GPa. This
suggests that (1) the electric conduction due to electron hop-
ping in amphibole-bearing subducted rocks may occur at
greater depths in descending slabs, and (2) pressure signif-
icantly increases the depth at which water is released, with
important implications for global water cycling and asso-
ciated geological processes. Although fo, is considered to
have limited relevance for the bulk stability of the amphi-
boles at mantle conditions (e.g., Mandler and Grove, 2016),
the work of Della Ventura et al. (2023) demonstrates that, in
the presence of external oxygen, water release occurs at sig-
nificantly lower temperatures compared to reducing condi-
tions; the results presented here, however, suggest that water
release is inhibited by pressure.

As a final note, our work shows that accurate crystal-
chemical data, obtained through the integration of XRD and
spectroscopic measurements done under varying environ-
mental conditions (i.e., T, P, fo,), are critical for under-
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standing the relation between mineral stability and geophys-
ical phenomena.
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