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abstract

The high-pressure behavior of protoamphibole (space group Pnmn) was studied by in situ single-
crystal X-ray diffraction on a sample of protomangano-ferro-anthophyllite with formula (Mn1.39Fe0.59)
(Fe3.98Mg1.02)Si8O22(OH)2, from Yokone-Yama, Awano Town, Tochigi Prefecture, Japan. Unit-cell 
parameters were collected at various pressures up to 9 GPa, and structural refinements were obtained 
from data collected at several pressures up to 7 GPa. Fitting the P-V data to a third-order Birch-
Murnaghan equation of state (EoS) gives the following parameters: KT0 = 64(1) GPa, K′ = 7.0(4), 
and V0 = 926.4(4) Å3. Axial moduli are: K0a = 30.7(8) GPa, K′a = 10.8(5), and a0 = 9.430(2) Å; K0b = 
109(4) GPa, K′b = 2.7(8), and b0 = 18.364(4) Å; K0c = 94(5), GPa, K′c = 4(1), and c0 = 5.354(2) Å. The 
corresponding axial compressibilities (10–3 GPa–1) are βa = 10.9(3), βb = 3.1(1), and βc = 3.5(2), and 
indicate that the HP behavior of protomangano-ferro-anthophyllite is highly anisotropic, the high-
est compressibility being along [100]. No discontinuous behavior or polymorphic transitions were 
observed in the pressure range studied.

Structural refinements show that M1, M2, and M3 polyhedra have similar compressibilities, owing 
to their similar composition. M4 (72% Mn, 28% Fe) is a highly distorted site and is slightly softer than 
the other octahedra. The major movements in the tetrahedral ribbon concern kinking of the double 
chain, bending along the [100] direction through the empty A site, and tetrahedral rotation, necessary 
to maintain coherence with the octahedral layer. The kinking angle of O5-O6-O5, which in air is 
179.1(2)°, decreases to 174(2)° at 6.9 GPa. The T1-O7-T1 angle changes from 143.8(3)° to 134(5)° 
at 6.9 GPa, and the tetrahedral rotation α increases from 0.2(2)° to 4(2)°. 
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introduction

Amphiboles are important rock-forming minerals that have 
been extensively studied from the crystallographic, mineralogi-
cal, and petrologic points of view. Their structural and chemical 
features are summarized in several reviews (e.g., Hawthorne 
1981; Hawthorne et al. 2007). Amphiboles are chain silicates, 
with a double tetrahedral chain extending along the c axis. Their 
basic structural units are represented by tetrahedral-octahedral-
tetrahedral layers (T-O-T) parallel to (100), the so-called I-beams 
(Thompson 1970). Adjacent T-O-T layers are staggered ±c/3 
with respect to one another, generating several amphiboles 
polymorphs with different space groups: C2/m, P21/m, P2/a, 
Pnma, Pnmn, C1. The more widespread amphiboles are mono-
clinic, with the I-beam stacking sequence along [100] ...+ +... or 
...– –..., and space group C2/m (structure type tremolite) or P21/m 
(cummingtonite). Another group comprises the orthorhombic 
amphiboles, with space group Pnma and sequence ...+ + – –... 
(anthophyllite). A less widespread structure type of orthorhombic 
amphiboles is that of protoamphibole, with stacking sequence 
...+ – + –... and space group Pnmn. The first protoamphibole 
to be studied was a synthetic phase containing Mg, Li, and F 

(Gibbs et al. 1960). Some natural phases having this structure 
type were found later (Matsuura and Sueno 1984: Matsuura et 
al. 1985). Owing to their composition, these amphiboles were 
called protoferro-anthophyllite (PFA) and protomangano-ferro-
anthophyllite (PMFA). PFA came from fayalitic masses of granitic 
pegmatite of Cheyenne Canyon and Cheyenne Mountain, U.S.A.; 
PMFA from manganese ore deposits at Suisho-Yama and granitic 
pegmatite at Yokone-Yama, Japan. Neither PFA and PMFA contain 
Li or F, but they have a chemical composition similar to that of the 
monoclinic polymorph grunerite. Their structure was first described 
by Sueno et al. (2002). The structure of protoamphibole projected 
along [001] is reported in Figure 1. The key differences between 
Pnmn (protoamphibole) and Pnma (anthophyllite) structures are (1) 
the two double-chains of tetrahedra in the I-beam unit are equivalent 
in Pnmn, but are non-equivalent in Pnma; and (2) the point symme-
try of M4 site is 2 on the diad in Pnmn, and 1 in Pnma. Both these 
differences can be significant particularly in relation to their HP/HT 
behavior, owing to the extra freedom to deform for anthophyllite 
that is not available to protoamphibole.

Since amphiboles are the most widespread hydrous minerals 
in the lithospheric mantle, playing a key role in governing the 
petrologic and geochemical development of metasomatic pro-
cesses (Vannucci et al. 1995; Ionov and Hofmann 1995; Ionov * E-mail: zanazzi@unipg.it


