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Abstract

:

High-pressure diamond-anvil cell synchrotron X-ray diffraction experiments were conducted on single-crystal samples of natural orthoamphibole; gedrite; with composition; (K0.002Na0.394)(Mg2)(Mg1.637Fe2.245Mn0.004Ca0.022Cr0.003Na0.037Al1.052)(Si6.517Al1.483)O22(OH)2. The samples were compressed at 298 K up to a maximum pressure of 27(1) GPa. In this pressure regime, we observed a displacive phase transition between 15.1(7) and 21(1) GPa from the orthorhombic Pnma phase to a new structure with space group P21/m; which is different from the familiar P21/m structure of cummingtonite and retains the (+, +, −, −) I-beam stacking sequence of the orthorhombic structure. The unit cell parameters for the new phase at 21(1) GPa are a = 17.514(3), b = 17.077(1), c = 4.9907(2) Å and β = 92.882(6)°. The high-pressure P21/m phase is the first amphibole structure to show the existence of four crystallographically distinct silicate double chains. The orthorhombic to monoclinic phase transition is characterized by an increase in the degree of kinking of the double silicate chains and is analogous to displacive phase changes recently reported in orthopyroxenes, highlighting the parallel structural relations and phase transformation behavior of orthorhombic single- and double-chain silicates.
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1. Introduction


The amphibole crystal structure is characterized by double chains of silicate tetrahedra that extend along the [001] crystallographic direction. A band of octahedrally coordinated cations, in orthoamphiboles designated by sites M1, M2, M3, and M4, link adjacent chains of silicate tetrahedra, T1A, T1B, T2A and T2B, along the [100] direction. In clinoamphibole structure, there are only two symmetry-independent tetrahedral sites. The site symmetries of M1, M2, M3 and M4 are 1, 1, m and 1, respectively. In the Pnma amphibole structure, there are two distinct types of double-silicate chains, the A-chain and B-chain. The structure and crystal chemical relations of amphibole group minerals have been well documented [1,2,3,4].



Gedrite, with ideal formula Mg2(Mg3Al2)(Si6Al2)O22(OH)2, is the aluminous end-member of the anthophyllite-gedrite orthoamphibole solid solution. It is among the most crystal-chemically complex amphiboles and occurs in metamorphic rocks, including low-Ca metabasites and orthoamphibole-cordierite gneisses [5,6]. Two main coupled substitutions are generally present in gedrites, the first is the substitution of Na+ for vacancy in the A-site coupled with the substitution of Al3+ for Si4+ in the T-sites; the second is the substitution of Al3+ for Mg2+ in the M-sites coupled with substitution of Al3+ for Si4+ in the T-sites. The complex nature of gedrites makes them a model structure for understanding high-pressure crystal–chemical relationships and the effects of composition on thermodynamic properties. Knowledge of the non-ambient behavior of gedrites will provide valuable information in modeling various petrological and geophysical processes within the Earth’s interior, such as partial melting due to dehydration reactions and water transport to the mantle. At ambient pressure, gedrite was found to transform to a new synthetic amphibole ‘oxo-gedrite’ at 973 K, indicating dehydrogenation of the gedrite structure [7].



The crystallographic, physical and chemical similarities between amphiboles and pyroxenes have been recognized since the 1930s [8,9,10]. Refs. [11,12,13] showed that orthopyroxenes undergo a series of phase transformations with increasing pressure from orthorhombic to monoclinic (but preserving orthopyroxene stacking) and back to orthorhombic symmetry. Due to the similarities between amphiboles and pyroxenes, it can be hypothesized that an analogous series of phase transformations exists in orthoamphiboles. Previous high-pressure studies on orthorhombic amphiboles are limited to compressibility measurements up to 7 GPa and no phase transformations were observed [14,15]. Until now, the high-pressure phase transformation behavior of orthorhombic amphiboles has been unknown [16]. In this study, we report the observations of a new phase transition in natural gedrite, which takes place between 15.1(7) and 21(1) GPa, and leads from Pnma (gedrite) to P21/m (β-gedrite) symmetry.




2. Materials and Methods


In this study, we used a natural gedrite crystal from Karelien, Russia, with composition (K0.002Na0.394)(Mg2)(Mg1.637Fe2.245Mn0.004Ca0.022Cr0.003Na0.037Al1.052)(Si6.517Al1.483)O22(OH)2 determined by wavelength-dispersive spectrometry (WDS) using a JEOL Hyperprobe JXA-8500F at 15 keV. The composition was determined through the average of twelve spot analyses. The samples were compositionally homogeneous with no zoning, as evidenced by the electron backscattered image. All iron was assigned as Fe2+ to maintain charge balance; however, the presence of trace amounts of Fe3+ is a possibility. The results from the microprobe analysis are shown in Table 1. The chemical formula was calculated based on 23 O atoms as described by Ref. [4]. This calculation assumes that (O,OH,F,Cl) = 2 apfu, and since no F and Cl were detected from the microprobe analysis, we determine there were 2 apfu of OH.



To characterize the ambient-pressure crystal structure of the sample used in the high-pressure experiments, a euhedral crystal platelet (0.15 × 0.09 × 0.02 mm) was selected and mounted on a Bruker D8 Venture single crystal diffractometer with a Ag IμS microfocus source (0.56089 Å) and PHOTON-II CPAD detector at the University of Hawaii at Manoa’s X-ray Atlas Diffraction Laboratory. The X-ray diffraction data were collected over a θ range from 2.502° to 30.733° with 98.9% completeness. Least-squares structure refinement was done with the program SHELXL2014 [17]. The initial structure model (American Mineralogist Crystal Structure Database code 0000215) of gedrite from Ref. [1] was used. All atoms were refined using anisotropic atomic displacement parameters, except for hydrogen. Hydrogen atom positions were located from the difference Fourier map and then refined using a restraint on the oxygen–hydrogen distance. To the best of our knowledge, hydrogen atom positions in gedrite have not been reported in the literature before. Details on hydrogen-bond and intermolecular contact interaction geometry in the ambient gedrite phase are reported in the Supplementary Table S1.



Full occupancy was assumed for all sites except the A site, which was constrained to match the calculated chemical formula from the microprobe analysis. The structure was refined using the chemical formula determined from the microprobe analysis as a restraint; however, small amounts of K in the A site (<0.4 electrons per unit cell) and Mn, Ca, Cr and Na in the M sites (~1 electron total contribution per unit cell) were ignored, as X-ray diffraction cannot resolve these small compositional differences. In our refined model, the M1, M3, and M4 sites were only occupied by Mg2+ and Fe2+, the M2 site was occupied by Al3+, Mg2+ and Fe2+, the T1A, T1B and T2B were occupied by both Si4+ and Al3+, and the T2A site only contained Si4+. Determination of site occupancies was done following [1]; after assigning all VIAl3+ content to the M2 site, we refined the Fe2+ and Mg2+ portion for the remaining portion of the M2 site, as well as the M1, M3 and M4 sites. Additionally, previous studies of gedrite have shown that there is a strong preference for octahedrally coordinated Al3+ at the M2 site [18,19]. The determined site occupancies of the four M sites and four T sites are: M1: Mg2+ = 0.771(4), Fe2+ = 0.228(4); M2: Al3+ = 0.541(4), Mg2+ = 0.401(5), Fe2+ = 0.055(4); M3: Mg2+ = 0.747(6), Fe2+ = 0.252(6); M4: Mg2+ = 0.287(4), Fe2+ = 0.712(4); T1A: Si4+ = 0.74(7), Al3+ = 0.25(7); T1B: Si4+ = 0.60(7), Al3+ = 0.39(7); T2A: Si4+ = 1.0; T2B: Si4+ = 0.90(7), Al3+ = 0.09(7) Based on these values, our refined chemical formula is (Na0.393)(Mg2)(Mg1.665Fe2.242Al1.082)(Si6.48Al1.46)O22(OH)2, which is in good agreement with our chemical formula obtained by electron microprobe analysis.



In-situ high-pressure diffraction experiments were conducted at beamline 13BM-C (GSECARS) of the Advanced Photon Source, Argonne National Laboratory [20]. The experiment consisted of six compression measurements at 1.84(9), 4.3(2), 10.6(5), 15.1(7), 21(1) and 27(1) GPa and seven decompression measurements at 24(1), 22(1), 20(1), 15.8(8), 14.2(7), 6.1(3) and 4.0(2) GPa. Two crystals of gedrite with an approximate size of 0.065 × 0.0030 × 0.005 mm were loaded into a four-pin diamond-anvil cell (DAC) with 300 μm culet diamonds. The crystals were mounted in the DAC in different orientations to allow for more coverage of reciprocal space. Conical anvils and backing plates were used to increase the coverage of reciprocal space [21]. The sample chamber consisted of a hole 0.185 mm in diameter that was drilled through a 0.250 mm thick rhenium gasket preindented to a thickness of 0.040 mm. In addition to the sample crystals, two small ruby spheres were placed in the sample chamber as pressure calibrants. The pressure was calculated from the shift of the R1 ruby fluorescence line [22]. The DAC was gas-loaded at the GSECARS-COMPRES facility with neon as the pressure medium. Neon is hydrostatic below 4.7 GPa and quasihydrostatic to 78 GPa [23,24,25,26]. After gas-loading, the cell was at ~1.79 GPa and the sample chamber had shrunk to ~0.133 mm in diameter. Ruby fluorescence spectra were measured at each pressure point both before and after the X-ray data collection. The reported pressures were obtained after each X-ray measurement. Uncertainties in pressures were taken as 5% of the pressure measurement.



High-pressure diffraction experiments were performed using a monochromatic X-ray beam with an energy of 28.6 keV (0.434 Å), and bandwidth of 1 eV, that was focused with a Kirkpatrick–Baez mirror system to a spot of 0.012 mm (H) × 0.018 mm (V), as measured at full-width at half-maximum (FWHM). The MAR165 charge-coupled device (CCD) detector was placed roughly 180 mm away from the sample, and LaB6 powder was used to calibrate the distance and tilting of the detector. The sample was placed at the rotation center of the diffractometer and aligned using an optical microscope. A total angular range from φ = 57° to 123° (total angular opening of ± 33°) was covered during the scans. A series of step and wide-step φ-exposures were collected. Step scans involved 1° angular increments, while wide-step scans had 6.6° angular increments. The exposure time was at 5 sec/°. After collection of step and wide-step φ-exposures at the zero detector position, more wide-step φ-exposures were recorded with the detector rotated about its horizontal axis (2θ) by 20° and then, with the detector rotated about the vertical axis (ν) by 10° and −10°. Exposure time for the non-zero detector position was at 10 sec/°. At 21(1) GPa, the exposure time was increased to 10 sec/° for the zero detector position and 20 sec/° for non-zero positions.



Step φ-exposures (13BM-C) were used in reconstruction of the crystal’s reciprocal lattice to determine the unit cell parameters and to index the diffraction pattern. Wide-step φ-exposures were used to determine d-spacings, azimuthal angles around the beam center and peak intensities of each diffraction peak in order to solve the crystal structure. Data collection was performed following the procedure described by Refs. [27,28], and analyzed using the GSE_ADA/RSV program [28]. Integrated peak intensities were corrected for Lorenz, polarization, DAC absorption and sample displacement effects using the methods implemented in GSE_ADA. Because of the high incident energy, low absorption coefficient, and negligible sample thickness, the effects of sample absorption were ignored. The linear absorption coefficient at 10.6(5) GPa was 0.751 mm−1 and at 21(1) GPa was 0.807 mm−1. Based on these values and our sample thickness of 0.005 mm, the estimated attenuation of X-ray intensity is less than 1%.



The high-pressure structure at 21(1) GPa was solved by converting the Pnma structure model, refined at 10.6(5) GPa before the transition, to the P21/m setting (P21/m is a sub-group of Pnma and is a direct translationgleiche type I subgroup relation) determined with the use of the program PowderCell 2.4 [29]. The P21/m structure could not be refined using the usual P21/m clinoamphibole structure (cummingtonite structure with ideal formula Mg2Mg5Si8O22(OH)2), despite having the same space group. The unit cell volume and Z number in the high-pressure gedrite phase are twice the values for cummingtonite. Least-squares structure refinement for selected pressures was done with the program SHELXL2014 [17]. The procedure for refinement of the high-pressure structure was similar to the ambient pressure phase; however, all atoms in the high-pressure structure were refined with isotropic atomic displacement parameters (ADPs) due to limited coverage of the reciprocal space. The site occupancies in all the high-pressure refinements were constrained to those determined from the ambient structure refinement. Polyhedral geometry parameters were calculated using the program VESTA [30]. Details of the crystal structure refinement, refined fractional coordinates for all the atoms, bond lengths and atomic displacement parameters for selected pressures are given in Table 2, Table 3, and Table 4 and Supplementary Tables S2 and S3.




3. Results


At ambient temperature, the transformation of gedrite to β-gedrite takes place between 15.1(7) GPa and 21(1) GPa. This is the first known structural phase transformation reported for an orthorhombic amphibole group mineral. The indexing of the diffraction pattern at 21(1) GPa yielded a primitive monoclinic unit cell. The unit cell parameters are a = 17.514(3) Å, b = 17.077(1) Å, c = 4.9907(2) Å, and β = 92.882(5)°. Here, we report refinements for the orthorhombic gedrite structure at ambient pressure, 10.6(5) GPa and the high-pressure monoclinic phase at 21(1) GPa.



At ambient conditions, the unit cell parameters are a = 18.5383(5) Å, b = 17.8286(5) Å and c = 5.2780(1) Å, which are consistent with Ref. [1], who reported a = 18.531(4) Å, b = 17.741(4) Å and c = 5.249(5) Å. At 21(1) GPa, we observed a new structure with monoclinic symmetry that we designate as β-gedrite, as evidenced by the appearance of new diffraction peaks, and confirmed by structure solution and refinement.



β-gedrite has P21/m symmetry, which is the same space group as the low-pressure P21/m clinoamphiboles, such as cummingtonite. However, it corresponds to a distinctly different structural arrangement, with a double number of formula units per unit cell. Upon decompression to 14.2(7) GPa, the Pnma orthorhombic structure reappeared, as indicated by a change in systematic absences. Thus, the transition is entirely reversible. We refined this new structure at 21(1) GPa to an R1 value of 9.6%. The higher R1 value, compared to the orthorhombic structure, is due to a combination of limited coverage in reciprocal space and broadening of diffraction peaks with a larger rocking curve.



In β-gedrite the reduction in symmetry causes a splitting of the atomic sites in comparison to the orthorhombic structure. The M1, M2 and M4 sites are located on Wyckoff positions 8d in the orthorhombic structure and split into two different sites in the monoclinic structure which occupy Wyckoff positions 4f. Similarly, the A, M3, O3A, O3B, O7A and O7B sites, which occupy Wyckoff position 4c in the orthorhombic structure, split to occupy Wyckoff position 2e. All remaining oxygen atoms are located on general position 8d, which split into two Wyckoff positions 4f. As a consequence of the splitting of the Wyckoff positions, there is a doubling in the number of sites in the β-gedrite structure compared to the orthorhombic phase. We define the new sites resulting from the Wyckoff positions splitting with a prime symbol (e.g., M4 site in the gedrite structure splitting to become M4 and M4′ in the β-gedrite structure).



A comparison of the crystal structures of gedrite and β-gedrite is shown in Figure 1 and Figure 2. β-gedrite is a novel amphibole structure, showing the existence of four non-equivalent tetrahedral chains. The transformation observed in gedrite from Pnma to P21/m symmetry is analogous to the α–β orthopyroxene high-pressure transformation, where the number of crystallographically distinct silicate chains doubles from two to four [11,12]. We define the new silicate chains that result from the Wyckoff position splitting as A′ and B′. Using the bulk modulus and bulk modulus derivative determined from the third-order Birch–Murnaghan equation of state [15], we extrapolate the hypothetical unit-cell volume of our crystal to be 1548.16 Å3 at 15.8 GPa in the gedrite phase. At the same pressure, the unit cell volume of β-gedrite is 1525.8(8) Å3 (Table 3). The volume discontinuity accompanying the α-β gedrite phase transition is 1.4%, compared with a 1.2% volume discontinuity in the α-β opx phase transition [12]. Based on the unit cell volume discontinuity, we classify the α-β gedrite phase transition as first order.



The O5–O6–O5 angle characterizes kinking of the double-silicate chains. At ambient conditions, the kinking angles of the A chain and B chain in gedrite are 163.8(1)° and 148.0(1)°, respectively. With pressure increasing to 10.6(5) GPa, the double-silicate chains become more kinked (chain shortening), and the angles decrease to 158(1)° and 140.1(9)° for the A chain and B chain. In the new β-gedrite phase at 21(1) GPa, each of the four silicate double-chains displays extreme kinking with angles of 138.2(9)°, 142.7(8), 134.6(8)° and 134.5(8)° for the A, A′, B, B′ chain, respectively. During compression in the orthorhombic phase, the sense of rotation for the A and B chain remains O-type. In O-type rotations, the triangular faces (approximately normal to a*) of the tetrahedra in the double-silicate chains rotate so that they are directed opposite to the triangular faces of the octahedra to which they are linked. In S-type rotations, the triangular faces of the tetrahedra and the octahedra are similarly directed (see [1] for a review on S- and O-type rotations). As the double-silicate chains split into four crystallographically distinct chains, we observe a change in the sense of rotation for the A chain as it becomes S-rotated (Figure 1). The remaining three chains remain O-rotated in the new monoclinic phase. The change in the sense of rotation for the A chain is comparable to the α–β opx transition [11,12]. In the α–β opx transition, the SiA and SiB chain, which are both in an O-type configuration in the α-phase, split into four non-equivalent single-chains defined as SiA, SiB, SiC and SiD in the β-phase. The SiB chain coverts to an S-type of rotation, while the SiA, SiC, and SiD chains remain O-type, which is analogous to the pressure-induced phase transformation behavior of orthoamphibole observed in this study. Despite the change in rotation type for the A chain in β-gedrite, the stacking sequence of the I-beams remains the same as in the orthorhombic phase, and can still be described as (+, +, −, −), which is different from the stacking sequence of P21/m clinoamphiboles (+, +, +, +). Positively (+)-directed strips are defined as those in which the lower-triangular faces of a given octahedral strip (viewed along a*) have one of their three apices pointing in the +c direction. If these lower faces have one of their apices pointing in the −c direction, it is negatively directed [1]. This, again, is analogous to the mechanism of the phase transition behavior observed by Ref. [11] in orthoenstatite where the stacking sequence of the ambient phase is preserved in the high-pressure phase. Figure 2 illustrates the I-beam stacking in gedrite, β-gedrite and low-pressure P21/m clinoamphiboles.



At ambient pressure, the polyhedral volumes of the M1, M2, M3, and M4 sites are 11.93, 10.47, 11.62, 13.01 Å3, respectively (Table 4). Measures of polyhedral geometry distortion, quadratic elongation and bond angle variances at ambient pressures are 1.0169 and 53.79 for M1, 1.0068 and 21.97 for M2, 1.0239 and 76.03 for M3, and 1.0666 and 211.47 for M4. At 10.6(5) GPa, the polyhedra volumes for the M1, M2, M3, and M4 sites are 11.34, 9.82, 11.10, 11.88 Å3, respectively. Octahedral geometry parameters for M1, M2, M3, and M4 are 1.0114, 1.0052, 1.0150 and 1.0626 for quadratic elongation and 37.90, 17.09,49.46 and 215.86 for bond angle variance. With increasing pressure, the M1, M2, and M3 polyhedra become more regular, as evidenced by the angle variance and quadratic elongation [31], while the M4 polyhedron becomes slightly more distorted.



In the new β-gedrite phase at 21(1) GPa, polyhedral geometry parameters of the octahedral sites M and M’ are in close agreement with each other except for M4 and M4′ (Table 4). The polyhedral volume for M4 and M4′ are 12.09 and 10.95 Å3, respectively. M4 and M4′ have values of 1.0245 and 1.0381 for quadratic elongation, and 75.68 and 131.61 for bond angle variance. M4 and M4′ polyhedra are more regular in the β-gedrite phase, as compared to the ambient gedrite phase, as evidenced by their quadratic elongation and bond angle variance values. By similar reasoning, in the β-gedrite phase, the M4′ polyhedron is more distorted than the M4 polyhedron.



The extreme kinking of the double-silicate chains, especially in the A-chain, which splits to the A (S-rotated) and A′(O-rotated) chain in β-gedrite (Figure 1), modifies the coordination environment of the M4 site. In the ambient phase, the M4 central ion is bonded to O2A, O2B, O4A, O4B, O5A, and O5B and the polyhedron shares an edge with the T2A tetrahedra. In the new phase, M4 bonds to O2A, O2B, O4A, O4B, O5B and O6A, and M4′ bonds to O2A′, O2B′, O4A′, O4B′, O5A′, and O5B′ (Figure 3). Due to the shift in the coordination environment of the M4 site, the M4 polyhedron no longer shares any edges with surrounding silicate tetrahedra, while the M4′ polyhedron shares one edge with the T2A′ tetrahedra (Figure 4). The absence of edge sharing in the M4 polyhedron leads to an increase in stability due to a decrease in cation–cation repulsion, which is energetically favorable, according to Pauling’s rule. The shared edge of the M4′ polyhedron causes it to become more distorted than the M4 polyhedron, which is validated by the polyhedral geometry parameters.




4. Discussion


Equilibrium-phase transformation sequences of the major rock-forming minerals along an average mantle geotherm have been extensively studied. However, metastable behavior under disequilibrium conditions is poorly understood. Metastability may arise from the kinetic hindrance of reactions, due to low temperatures within slabs. The metastable persistence of low-pressure phases into the stability fields of high-pressure phases and spatial variations in mineralogy may contribute to petrological buoyancy forces and have significant geophysical implications. Seismological studies indicate that subduction zones display significant variations in their geometry, with some slabs maintaining an approximately constant dip angle, while others show lateral deflection at the top of the lower mantle, indicating stagnation [32,33]. The metastability of olivine and pyroxene might be a reason for the slab stagnation within the transition zone due to low-density metastable phases, which provide positive buoyancy effects [34,35,36].



Several studies have been devoted to determining the stability fields of various amphiboles. Ref. [37] investigated the stability of gedrite with a series of reactions up to 0.2 GPa and found that the breakdown temperature of gedrite increased with higher pressures. Ref. [7] observed dehydrogenation in gedrite at 973 K and ambient pressure with the onset of new behavior in the B-chain at 723 K. K-amphibole was found to be stable at pressures up to 16 GPa and below 1200 °C [38]. Additional experiments on potassic richterite (KNaCaMg5Si8O22(OH)2) by Ref. [39] have shown that K-richterite is stable to about 1450 °C at 9–10 GPa. At higher pressures, the Clapeyron slope of amphibole breakdown changes sign, suggesting a lower breakdown temperature at even higher pressures. However, at 1000 °C, potassic richterite was still stable up to 14 GPa. More recently, Ref. [40] demonstrated that pargasite, NaCa2(Mg4Al)(Si6Al2)O22(OH)2, is stable up to at least ~16.5 GPa and ~1200 K without any evidence of de-hydroxylation. In attempting to quantify the effects of the bulk composition of amphiboles, Ref. [41] determined that a high alkali content stabilizes amphiboles to higher pressures and temperatures; high bulk Na/Ca ratios (Na2O/CaO > ~0.5) stabilize a highly sodic amphibole to higher pressures at the expense of clinopyroxene; high bulk Na/Ca ratios have lower temperature stability limits, and Ti (and possibly Cr) stabilizes amphiboles. It can be asserted from these observations that the stability of amphiboles is highly dependent on their bulk composition. From these previous studies, it has been demonstrated that it is possible for the stability fields of certain amphibole species to extend up to ~16 GPa and ~1450 °C. Based on the upper limits of these stability fields and the ambient pressure thermal decomposition temperature of gedrite (973 K), metastable persistence into higher pressure (~20 GPa) but lower temperature domains (<700 °C) are possible.



In estimating the total volume fraction of amphiboles present within a downgoing slab, studies have not considered transport pathways under disequilibrium conditions. It has been estimated that amphiboles can form up to 20%–60% of basalts to around 2.4 GPa and roughly 600 °C or up to 30%–50% by volume in metabasalt between 1–3 GPa and over a temperature range of 850–1000 °C [42,43]. Subducted slabs vary significantly in terms of the rate of subduction, depending on the age of the subducted lithosphere [36]. It is possible that a large volume fraction of amphibole remains present within portions of a subducting slab, if the slab is very cold, below the amphibole breakdown temperature. Furthermore, it is conceivable that metastable amphiboles like β-gedrite are preserved to greater depths in the cold slabs. Some geophysical and petrological models have assumed that subduction can extend to depths greater than 660 km, while remaining below 700 °C [32,44,45,46], suggesting that it is plausible that amphiboles could be metastably transported along disequilibrium pathways to experience pressures higher than 20 GPa, while still at temperatures lower than expected for amphibole dissolution or dehydration. As amphiboles react to form denser phases such as clinopyroxenes, orthopyroxenes, olivines, spinels and garnets, metastable preservation of amphiboles would deliver a positive buoyancy effect to the subducting slab. Depending on the volume fraction of metastable amphibole present within the slab, it could potentially contribute to slab stagnation.



The metastable preservation of amphiboles to greater depths has further implications, as they are a source of water for partial melting and devolatilization in subducting slabs. Dehydration reactions in subducting slabs generally liberate water as a fluid phase, which has implications in magmatic and intermediate-depth seismic processes [34]. Ref. [47] observed that dehydration of serpentinite causes weakening, as well as changing the failure mode from ductile yielding to shear fracturing. Ref. [48] suggested that water vapor released from dehydration of hydrous minerals, such as amphiboles, would reduce friction and make brittle fractures possible at greater depths, a process known as dehydration embrittlement. Dehydration embrittlement has been proposed to be an essential mechanism for faulting processes for intermediate and possibly deep earthquakes [42,47,49,50,51,52,53,54]. With the metastable preservation of amphiboles, dehydration reactions would be expected to occur at higher pressures than previously assumed, and may lead to dehydration embrittlement at greater depths.



The H2O content in amphiboles is moderate, at 1.5–4 wt%, compared with serpentine minerals, which can accommodate up to 13 wt% of H2O [55,56,57]. It was previously assumed that dehydration embrittlement enabled shear failure due to the production of pore pressure as a consequence of a positive volume change of dehydration reactions and consequent decrease in the effective pressure on existing planes of weakness. However, deformation experiments on antigorite serpentinite [53], indicate that the initiation of earthquakes through dehydration embrittlement is not restricted to a positive volume change, but rather involves separation of fluid from solid reaction products. Alternatively, Ref. [58] hypothesized the existence of an earthquake sliding mechanism that is controlled by phase transformations and demonstrated that nanocrystalline aggregates of solid reaction products promote grain boundary sliding even in the absence of fluid. Deformation experiments on amphibolite (containing 53% amphibole) have similarly been found to produce several microstructures at the sub-micrometer and nanometer scale [59]. Deformed natural rock samples produced microfaulting as discrete cracks or broad bands of very high dislocation density with local glassy patches and sub-micron-scale crystal fragments. Deformed synthetic amphibolite (hot pressed powder of the natural sample) contained several microstructural features probably related to the chemical breakdown of amphibole: 20 nm diameter tubes, pores, and small subhedral neoblasts of pyroxene. Another important observation, using bright-field TEM, is the presence of nanoscale amorphous material in rocks that underwent hydration during eclogite–blueschist transformation in an ancient subduction zone [60]. The amorphous material filled a pore between reacting NaCa-amphibole and crystallizing Na-amphibole. These observations from Refs. [59,60] suggest that the dehydration of amphibole is likely to produce nanometric solid products, which may allow for seismogenesis upon dehydration due to the promotion of grain boundary sliding. Furthermore, ref. [61] demonstrated that little dehydration is required to trigger embrittlement through deformation experiments on serpentinized peridotites and proposed that dehydration-driven stress transfer is what causes embrittlement. Consequently, it is likely that dehydration of amphiboles could lead to dehydration embrittlement, even up to 20 GPa, despite the modest H2O content compared to serpentine minerals. In any case, the complex interplay between metastable preservation, dehydration embrittlement and phase transformation behavior illustrate the potential for metastable amphiboles to be a possible trigger for seismic events.




5. Conclusions


Our study has shown the existence of a new phase of gedrite above 21(1) GPa. This study is the first structural report to show the existence of a phase transition in an orthorhombic amphibole. The gedrite to β-gedrite phase transition is characterized by lowering of crystal symmetry to one featuring four crystallographically distinct double-silicate chains with smaller kinking angles, the change in rotation type from O-type to S-type in one of the double-chains and the shift in M4 site coordination to share one edge less with surrounding silicate tetrahedra. Ref. [10] concluded that the high-temperature to low-temperature displacive transformations in amphiboles and pyroxenes are exactly analogous, even in the resulting microstructures. The existence of β-gedrite illustrates that this relationship is not limited to temperature-induced polymorphism, but also extends to compression-driven phase changes, due to the structural similarities and comparable volume discontinuities. Recent experiments on a clinoamphibole, grunerite, have shown the parallel structural relations and phase transformation behavior of both monoclinic single- and double-chain silicates [62], and our study extends this observation to also include orthorhombic inosilicates. As the gedrite to β-gedrite phase transition closely parallels those seen in orthopyroxenes [11,12], it is conceivable that a higher-pressure phase transition back to orthorhombic symmetry exists at higher pressures. Further investigations following disequilibrium pathways that deviate from a mantle adiabat are needed to constrain the thermodynamics and kinetics of metastable transformations, such as the one seen in this study, as they may have significant implications for petrological and geophysical processes.
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Figure 1. (100) projection of the partial structure of gedrite showing the structural changes from gedrite (Pnma) to β-gedrite (P21/m). The reduction in symmetry splits the double-chains of tetrahedra into four nonequivalent chains in the P21/m phase. The A chain in the β-gedrite structure has S-type rotation while the A′, B and B′ chains are O-rotated. Oxygen atoms are shown as red spheres. O5–O6–O5 angles are measured as the obtuse angle. 
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Figure 2. I-beam topological representation of gedrite, β-gedrite and P21/m clinoamphibole. The I-beam stacking sequence in β-gedrite remains the same as the ambient phase (+, +, -, -) despite the change in rotation type for the A-chain. The β-gedrite and P21/m clinoamphiboles are different structures, as evidenced by their different stacking sequence. 
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Figure 3. Atomic coordination of the M4 cation in gedrite and β-gedrite. 
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Figure 4. M4 polyhedral configuration in gedrite. The M4 polyhedron in β-gedrite is no longer sharing any edges with adjacent tetrahedra from the double-chains. 
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