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Abstract
The thermoelastic behavior of a crystal of Fe-rich holmquistite with crystal-chemical formula
2+
T
W
(K0.01Na0.01)B(Li1.88Mg0.10Na0.02)C(Mg1.68Fe2+
1.42Mn 0.02Al 1.88) Si 8.00O 22 [(OH) 1.97F 0.03] was studied by
single-crystal X‑ray diffraction at temperatures up to 1023 K, where isothermal annealing in air for
160 h yielded the loss of 0.85 H apfu coupled with oxidation of M1Fe. A complex pattern of cation
exchanges was deciphered by comparing structure refinements done before and after annealing. Li
migration from the M4 to M3 site is responsible for nonlinearity of the c parameter around 600 K during the first annealing. Cooling of the partially deprotonated crystal to room temperature (RT) showed
discontinuities in trends of the b and c parameters around 820–800 K, which cannot be ascribed to a
phase transition and can be explained by a rearrangement of the structural units affecting the geometry
of the M4 polyhedron. Such discontinuities have never been observed in amphiboles before and must
be related to dimensional constraints deriving from the peculiar composition of this amphibole, which
contains the smallest possible homovalent constituents, i.e., BLi, CAl, and TSi. The calculated thermoelastic parameters are: Fe-rich holmquistite: αa = 1.36(2)×10–5; αb = 0.55(1)×10–5; αc = 1.5(1)×10–5 –
6.7(9)×10–9; αV = 3.5(3)×10–5 – 0.8(3)×10–8 (polynomial); 2.58(6)×10–5 (linear); partially deprotonated
Fe-rich holmquistite: αa = 1.324(9)×10–5 (RT-1023 K); αb = 0.60(1)×10–5 (RT-773 K); αc = 0.68(2)×10–5
(RT-773 K); αV = 2.59(2)×10–5 (RT-773 K). Fe-rich holmquistite is much stiffer than all the previously
studied orthorhombic Pnma and Pnmn amphiboles. The results of this work allow progress toward a
general model that may explain how the amphibole structure responds to non-ambient conditions, and
allows the release of water in diverse geological environments.
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Introduction
Hydrous minerals with topologically complex structures and
crystal chemistries, such as amphibole, mica, serpentine, tourmaline, exhibit complex behaviors under increasing temperature
(T) and pressure (P). The most relevant phenomena observed are
the expansion of the unit cell (often anisotropic), cation disordering among sites with similar or different coordinations, phase
transitions, and deprotonation coupled with iron oxidation. All
these processes significantly affect cation order, molar volume,
and thermoelasticity in the studied phase. The reasons why and
how deprotonation occurs is crucial to model the release of water
in some geological processes, such as subduction and degassing
during ascent of magma in volcanic conduits.
Crystallographic studies concerning the evolution of the
structure with T have been done so far for amphiboles (see
the review by Welch et al. 2007, and Oberti et al. 2009, 2011,
2016, 2018; Welch et al. 2011a, 2011b; Zema et al. 2012; Della
Ventura et al. 2015, 2018a, 2018b) and micas (Ventruti et al.
2008; Zema et al. 2010). Studies of the oxidation/deprotonation
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process based upon vibrational spectroscopic evidence are also
available for tourmalines (Fuchs et al. 2002; Pieczka and Kraczka 2004; Bačik et al. 2011; Filip et al. 2012; Bosi et al. 2016a,
2016b) but do not provide information on thermal expansivity.
For serpentine, the loss of water has been monitored by TEM
and spectroscopic techniques (Gualtieri et al. 2012; Trittschack
and Grobéty 2012, 2013).
Amphiboles are an important family of rock-forming minerals
with a complex crystal-chemistry. However, their compositional
diversity gives them potential as sensitive monitors of petrological processes; therefore, high-temperature (HT) studies of
amphiboles under controlled conditions are being systematically
done to confirm our present knowledge on cation ordering and
exchange vectors (which is mostly derived from crystal-chemical
and petrological observations on many compositions from different localities and geological environments) and to provide
key information for petrogenetic studies. Indeed, HT studies of
amphiboles can provide precious information on phase stability, molar volumes, and crystal-chemical markers to be used in
thermodynamic modeling in upper-mantle geological contexts,
as well as on the conditions of hydrogen release and thus on the
hydrogen/water budget in the Earth mantle. This last issue is
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