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Protoanthophyllite from three metamorphosed serpentinites
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ABSTRACT

This is the first report of a natural Mg-rich protoanthophyllite. It is common in metamorphosed
serpentinites from three Japanese ultramafic complexes, and some crystals contain anthophyllite
(Pnma) lamellae. The Mg/(Mg + Fe) ratios of the Hayachine, Tari-Misaka, and Takase
protoanthophyllites are 0.90, 0.92, and 0.91, respectively. The samples have identical optical proper-
ties: X =a, Y =b, Z=c, and 2V, = 64 £ 5°. Their space group is Pnmn (or Pn2n), as revealed by
systematic extinctions in selected-area electron-diffraction patterns. The protoanthophyllite and
anthophyllite have similar compositions and orthorhombic symmetry. They are difficult to distin-
guish using optical, microanalytical, and powder X-ray diffraction measurements. This problem
raises the possibility that some of the published data on geological and synthetic anthophyllite samples
may be of misidentified materials, potentially leading to errors in the published stability relations of
anthophyllite. We provide a method to identify protoanthophyllite and differentiate it from its poly-
morphs using selected-area electron diffraction and high-resolution transmission electron micros-

copy methods.

INTRODUCTION

Members of the anthophyllite—gedrite amphibole series are
significant minerals for petrological studies of metamorphic
rocks. They occur in metamorphosed ultramafic rocks, in reac-
tion zones between ultramafic and country rocks, in low-Ca
amphibolites, and in iron formations (Robinson et al. 1982;
Deer et al. 1997). When ultramafic rocks are incorporated into
orogenic belts by obduction or subduction, they commonly are
hydrated to serpentinite and then recrystallized under various
metamorphic conditions (Spear 1993). Anthophyllite occurs in
Alpine-type peridotites (e.g., Evans and Trommsdorff 1970;
Trommsdorff and Evans 1972), and anthophyllite and gedrite
are essential components in cordierite-anthophyllite rocks,
which contain assemblages that are characteristic of specific
P-T conditions (Spear 1993). The association of kyanite or sil-
limanite with Al-bearing anthophyllite or gedrite represents
moderately high-pressure metamorphic conditions (>~5 kbar)
(Spear 1993), and Liu and Liou (1995) reported a high-pres-
sure kyanite and Al-bearing anthophyllite schist that is associ-
ated with the Dabie Mountains ultrahigh-pressure metamorphic
rocks in China.

Metamorphic reactions of serpentinites have been studied
extensively. With increasing temperature, there are associations
of serpentine-brucite + diopside, serpentine—olivine + diop-
side, serpentine—olivine * tremolite, olivine—talc * tremolite,
olivine—anthophyllite * tremolite, olivine—enstatite * tremo-
lite, and olivine—enstatite + diopside (Evans and Trommsdorff
1970; Tracy and Frost 1991; Spear 1993). As shown by Evans
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and Trommsdorff (1970), anthophyllite can be produced by the
reaction:

4 olivine + 9 talc = 5 anthophyllite + 4 H,O (1)
The reaction:
anthophyllite + olivine = 9 enstatite + H,O 2)

marks the upper thermal stability of anthophyllite. Both reac-
tions have steep slopes in the P-T diagram, making them good
indicators of temperature (~600-700 °C) (Evans and
Trommsdorff 1970; Tracy and Frost 1991).

The structure of anthophyllite [(Mg,Fe);Sis0,,(OH),], like
that of other amphiboles, can be viewed as consisting of bands
of SiO, tetrahedra and (Mg, Fe)-centered octahedra parallel to
c. These bands can be understood in terms of the I-beam model
of Papike and Ross (1970) and Thompson (1970). Two tetra-
hedral and one octahedral band comprise an I-beam. The ar-
rangement of I-beams forms alternating layers of tetrahedra
and octahedra parallel to (100). The octahedral layers can have
either of two orientations, with one related to the other by a
half-rotation around the ¢ axis. Different octahedral orienta-
tions between adjacent tetrahedral layers cause different stack-
ing sequences. The stacking vector between neighboring
tetrahedral layers is +¢/3 or —¢/3 or, more simply, + or —
(Hawthorne 1981). In anthophyllite, like in other Pnma am-
phiboles, the stacking vector in alternate paired tetrahedral lay-
ers reverses (...++——...).

The various combinations of stacking vectors along the a
axis results in different amphibole polymorphs (Fig. 1, left col-
umn). The same orientation (...++++... or ... — — — — ...) of
tetrahedral layers produces the clinoamphibole structure with
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FIGURE 1. Crystal structures (left) of Mg-Fe amphibole polymorphs,
the corresponding projected-potential images (middle) for thicknesses
of 1b, and simulated HRTEM images (right) for thicknesses of ~11 nm
and a defocus value of —40.5 nm. The Si and superimposed O positions
of SiO, tetrahedra and M octahedral sites are linked by dark or white
line in the projected-potential images and simulated HRTEM images.
M1 and M2 sites superimpose M4 and M3 sites, respectively, and the
M2/M3 and M1/M4 positions are labeled A and B, respectively. The
ratio of occupied sites in the M2/M3 column to those in the M1/M4
column is 3/4, resulting in the slightly lower intensities at M2/M3
positions in the simulated HRTEM images. The dashed lines in the left
column mark unit cells.

symmetry C2/m or P2,/m, e.g., cammingtonite [(Mg,
Fe);Si30,,(OH),]. Reversal of stacking vectors in alternate tet-
rahedral layers (...+—+—...) produces Pnmn amphiboles. In this
paper we shall, consistent with general usage, call the Pnmn
polymorph protoamphibole. We will also use the mineral names
protoanthophyllite, anthophyllite, cummingtonite, and gedrite,
following the amphibole nomenclature (Leake et al. 1997).
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Protoamphibole (stacking sequence ...+—+—...) was first
described as a synthetic F- and Li-bearing species [Na
0.03L11.40Mg6.44S17.84A10.04021 71F2.14(OH) 15] (Gibbs et al. 1960;
Gibbs 1969). Recently, natural protoamphiboles (Fe- and
Mn-, Fe-bearing species protoferro-anthophyllite and
protomangano-ferro-anthophyllite) were discovered in three
pegmatites and one manganese deposit (Sueno et al. 1998). We
have observed high-resolution transmission electron micros-
copy (HRTEM) images and selected-area electron-diffraction
(SAED) patterns of Mg-Fe amphiboles from three serpentinites
in Japan that are inconsistent with anthophyllite, and evidence
suggests that they are protoanthophyllite.

Our goals are to describe these first occurrences of
protoanthophyllite and to provide reliable SAED and HRTEM
criteria to distinguish among the various polymorphs. We specu-
late that protoanthophyllite might be misidentified as
anthophyllite in some publications on natural and synthetic
amphiboles because of their similar compositions, optical prop-
erties, and powder X-ray diffraction (XRD) patterns. There-
fore, it might be appropriate to reexamine both the stability
relations of anthophyllite and the estimated P-T conditions of
metamorphic rocks containing anthophyllite.

GEOLOGICAL SETTING AND SAMPLES

Serpentinites ranging from one to several kilometers wide
are common in the Japanese islands, and most have experi-
enced thermal or regional metamorphism. The Hayachine ul-
tramafic complex (2 X 4 km) is located in the Hayachine tectonic
belt in the Tohoku district, northeastern Japan. It experienced
thermal metamorphism through the intrusion of the Cretaceous
Tono granite (Fujimaki and Yomogida 1986a, 1986b). The Tari-
Misaka (6 x 10 km) and Takase (2 x 3 km) ultramafic com-
plexes are located in the Sangun zone of the Chugoku district,
southwestern Japan. They lie in Paleozoic rocks and experi-
enced thermal metamorphism from the intrusion of Cretaceous
or Paleogene granitic rocks (Arai 1975; Matsumoto et al. 1995).

The serpentinites recrystallized to assemblages that contain
olivine, tremolite, talc, anthophyllite, and enstatite. The fol-
lowing description and interpretation of the metamorphism are
based on the work of Arai (1975), Fujimaki and Yomogida
(1986a, 1986b), and Matsumoto et al. (1995), who noted the
similarity in zoning to that described by Evans and Trommsdorff
(1970). These relations are summarized in Figure 2. The
anthophyllite in each complex had previously been identified
based on composition and optical properties. It was estimated
that the association anthophyllite-olivine formed by reaction 1
(Arai 1975; Fujimaki and Yomogida 1986a, 1986b; Matsumoto
etal. 1995). In the Hayachine ultramafic complex, anthophyllite
also occurs with metamorphic enstatite and may have formed
by the reverse of reaction 2 (Fujimaki and Yomogida 1986b).

We examined amphiboles reported as anthophyllite from
each of the complexes. The samples were collected along the
Komegamori stream at an elevation of 1230 m in the Hayachine
ultramafic complex, along an unnamed stream between the
Shirataki mountain and Takao at an elevation of 640 m in the
Tari-Misaka ultramafic complex, and in a waste dump (drill-
core samples) at the closed Takase chromite mine in the Takase
ultramafic complex.
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TaBLE 1. Simulation conditions for protoanthophyllite (Path),

Central Alps | Hayachine | Tari-Misaka Takase anthophyllite (Ath), and cummingtonite (Cum)
) Microscope parameters
-Brct
Srp-BreDi Operating Voltage 400 kV 200 kV
Srp-OlDi Srp+0I£Di Srp*Di Cs 1.0mm  2.0mm
robj 5nm™! 4 nm~!
Srp-Ol£Tr Ol+TleTr A 7 nm 7.5nm
; —Ol+ O+ 6 0.4 mrad 0.5 mrad
Tlc-OltTr Tic-Ol Tr Tic-OlLTr Scherzer focus —40.5nm -70.8 nm
Ath-Ol£Tr Ath-OI£Tr Ath-OlxTr Ath-Ol£Tr
Structural Data
En-Ol£Tr En-Ol£Tr En-Ol£Tr En-Ol£Tr Path Ath Cum
En-OI£Di Space group Pnmn Pnma c2re
Cell dimensions a(nm) 0.9425 1.8524 0.951
b (nm) 1.8303 1.7975 1.819
FIGURE 2. Critical mineral assemblages of metamorphosed g(fﬁ’)’”/ 0.5345 0.528 ?051332
serpentinites, based on the descriptions of Evans and Trommsdorff  Composition Mg;SizO25(OH),
(1970), Arai (1975), Fujimaki and Yomogida (1986a, 1986b), and
Matsumoto et al. (1995). Temperature increases toward the bottom of Slice Thickness
) e . . [100] a/2 a/4 -
the figure. Shadowed areas indicate missing assemblages. Diopside [301] - — [301]/6
and tremolite occur in Ca-bearing serpentinites. Ath = anthophyllite, [010] b/4 b/4 b/4
Brc = brucite, Di = diopside, En = enstatite, Ol = olivine, Srp = [001] c c c
serpentine, Tlc = talc, and Tr = tremolite. [101] N [101)/4 -
[201] [201)/4 - -
[110] [110y/5  [1101/5  [110)/5

EXPERIMENTAL METHODS

Specimens for HRTEM observation were prepared by crush-
ing or ion milling. Selected crystals were crushed in an agate
mortar under isopropyl alcohol and ultrasonicated for a few
minutes. Others were immersed in isopropyl alcohol and
crushed between two glass slides. A drop of the resulting sus-
pension was placed onto lacey-carbon film supported by a stan-
dard Cu transmission electron microscope (TEM) grid and
air-dried. Specimens for ion milling were prepared by cutting
from petrographic thin sections, polishing until they were 20
wm thick, and mounting onto Mo TEM grids. We thinned the
samples with a Gatan Inc. model 691 Precision Ion Polishing
System ion mill. Initial thinning was at a voltage of 4.5 kV and
an incident ion-beam angle of 6°, followed by more gentle mill-
ing at a voltage at 2 kV and an incident angle of 3°. The ion-
milled specimens were lightly carbon coated.

Most HRTEM and SAED measurements were done with a
JEOL 4000EX TEM operated at 400 kV (point-to-point reso-
lution 0.17 nm and spherical aberration coefficient Cs = 1.0
mm). [011] HRTEM observations of the Takase samples and
SAED measurements of the Tari-Misaka samples were done
using a JEOL 2000FX TEM operated at 200 kV (point-to-point
resolution 0.28 nm and Cs = 2.0 mm). HRTEM images were
recorded near Scherzer defocus [Af = —(CsA)"?], and the exact
defocus values corresponding to the observed images were de-
termined by comparing them to the simulated images. All im-
ages were digitized by using a film scanner at 3K dpi resolution.
The images were Fourier-filtered using Digital Micrograph
version 2.5 (Gatan Inc.).

We simulated HRTEM images of the Pnmn, Pnma, and C2/m
polymorphs to explore the conditions for which interpretable
micrographs of the stacking sequences might be obtained. We
also simulated electron-diffraction patterns to differentiate the
intensity distributions among the various polymorphs. The
simulations were done using the multislice algorithm as imple-
mented in the CERIUS program version 4.0 (Molecular Simu-
lation Inc.) at the conditions summarized in Table 1. Atomic

MNotes: Cs = spherical aberration coefficient; robj = objective aperture
radius; A = defocus spread; and 6 = beam divergence.

coordinates were from structure data sets of cummingtonite
(Ghose 1961), anthophyllite (Finger 1970), and protomangano-
ferro-anthophyllite (Sueno et al. 1998). We used Mg in place
of Fe and Mn in the published data, did not use thermal factors
in the calculations, and ignored H. We generated models for
protoanthophyllite with the following compositions: (1) Mg
end-member, (2) 10% Fe in each octahedral site, and (3) 35%
Fe in the M4 site. The intensity distributions of electron-dif-
fraction patterns differ slightly among these models, but the
simulated HRTEM images appear identical. In this paper, we
compare simulated images and electron-diffraction patterns for
Mg end-members. The simulations were done for integral num-
bers of unit cells. Thickness values given in the captions have
been rounded. The thicknesses of the observed specimens were
determined by comparing them to simulated images.

The compositions of individual crystals were determined
using electron microprobe analysis (EMPA). These analyses
were done with a JEOL JXA-8600SX instrument using wave-
length-dispersive spectrometry at an accelerating voltage of 15
kV, a 10 nA beam current, and a ~1 um beam diameter. Data
reduction was done using standard ZAF matrix correction pro-
cedures. Element-distribution maps (500 x 500 pixels; 1 pixel
=0.25 %X 0.25 um?) were generated using a JEOL JXA-8800M
instrument at an accelerating voltage of 15 kV and a 65 nA
beam current. Data were collected for 50 ms/pixel in the wave-
length-dispersive mode.

Powder XRD patterns were obtained using a Rigaku/Max-
IIB diffractometer and a diffracted-beam, curved-graphite
monochromator. Each scan used a 0.02° step size and a count-
ing time of 1 second per step, with samples placed onto a zero-
background quartz plate. The powder XRD patterns of Mg
end-members of protoanthophyllite and anthophyllite were
calculated using CERIUS program version 4.0 and published
structural data sets (Finger 1970; Sueno et al. 1998). Optical
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properties were measured using a universal stage (Nichika Co.)
attached to a polarizing microscope.

OPTICAL MICROSCOPY, EMPA, AND XRD

The samples from all three localities were identified as
protoanthophyllite using SAED and HRTEM measurements;
however, their modes of occurrence and optical properties are
similar to those of anthophyllite. Protoanthophyllite occurs as
prismatic crystals with maximum lengths of 2 mm, 5 mm, and
1 cm along the c¢ axis in samples from Hayachine, Takase, and
Tari-Misaka, respectively. In some cases, protoanthophyllite
crystals occur in radial aggregates. The protoanthophyllite and
anthophyllite have the same optical orientations: X =a, Y =b,
Z = c. The optic axial angle of protoanthophyllite, 2V, = 64 *
5°, is within experimental error of the anthophyllite value re-
ported by Evans et al. (2001). The protoanthophyllite is color-
less in thin sections.

The protoanthophyllite from all three localities is associ-
ated with olivine, talc, serpentine minerals, chlorite, chromian
spinels, magnetite, and calcite. The Hayachine proto-
anthophyllite is also associated with enstatite, tremolite, and
pentlandite; and the Takase protoanthophyllite is associated with
pentlandite. In some cases, protoanthophyllite crystals contain
wide-chain (010) pyribole lamellae that range from one to sev-
eral tens of micrometers in width, and anthophyllite lamellae
parallel to (100) that range from one to several micrometers
across. The enstatite associated with the Hayachine
protoanthophyllite is free of exsolution lamellae on the scale
of optical microscopy and is characterized by low Ca contents.
These features indicate the enstatite is not a relic of primary
peridotite or harzburgite, but a recrystallization product of
serpentinite (Evans and Trommsdorff 1974; Springer 1974; Arai
1975). In the Hayachine samples, the protoanthophyllite crys-
tals cut through large metamorphic enstatite grains (Figs. 3a,
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3b, and 3c), suggesting that the protoanthophyllite formed af-
ter the enstatite. Calcite occurs as fine veins in all samples and
in places cuts across anthophyllite.

The compositions of protoanthophyllite and anthophyllite
are identical within experimental error; both polymorphs have
a high Mg/(Mg + Fe) ratio (Table 2). However, they are distin-
guishable from one another in back-scattered electron images.
Anthophyllite lamellae show slightly brighter contrast than

TABLE 2. Compositions of protoanthophyllite and anthophyllite (Ath)

Wit% Hayachine Tari-Misaka Takase Takase (Ath)
SiO, 59.27 58.77 58.37 58.51
TiO, 0.00 0.00 0.01 0.03
Al,Og 0.16 0.84 0.95 0.79
Cr,0, 0.04 0.01 0.03 0.00
FeO 6.19 5.17 5.40 5.69
MnO 0.15 0.15 0.11 0.10
NiO 0.07 0.18 0.11 0.07
MgO 31.10 32.24 31.43 31.06
CaO 0.15 0.01 0.00 0.02
Na,O 0.07 0.12 0.29 0.17
K.O 0.00 0.00 0.00 0.01
H,O 2.23 2.24 2.22 2.22
Total 99.43 99.73 98.92 98.67
23 oxide anions
Si 7.98 7.87 7.88 7.92
Ti 0.00 0.00 0.00 0.00
Al 0.03 0.13 0.15 0.13
Cr 0.00 0.00 0.00 0.00
Fe 0.70 0.58 0.61 0.64
Mn 0.02 0.02 0.01 0.01
Ni 0.01 0.02 0.01 0.01
Mg 6.24 6.43 6.33 6.27
Ca 0.02 0.00 0.00 0.00
Na 0.02 0.03 0.08 0.04
K 0.00 0.00 0.00 0.00
Total 15.02 15.08 15.07 15.02
Mg/(Mg+Fe) 0.90 0.92 0.91 0.91

MNotes. H,O percentages were calculated assuming the amphibole has
an ideal composition. All Fe was calculated as Fe?".

FIGURE 3. (a) Transmitted light photomicro-
graph of Hayachine protoanthophyllite (Path =
acicular), enstatite (En = large light grain), and
olivine (Ol = fine grained fragments). The solid and
dashed white lines respectively indicate the
observed and estimated enstatite grain boundaries.
(b, ¢) Enlarged views of the boxed areas in a. (d)
Back-scattered electron image of Takase proto-
anthophyllite. A 5 um wide (100) anthophyllite
lamella (between arrows) shows lighter contrast.
Materials that have dark contrast around the olivine
and protoanthophyllite are serpentine, talc, and
chlorite.
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those of protoanthophyllite (Fig. 3d). Although the evidence is
not as strong as we would like, chemical mapping with an elec-
tron microprobe suggests that the anthophyllite may have a
slightly higher Ca content.

The cell dimensions of anthophyllite and protoanthophyllite
are almost identical, except that a,, = 2a,,,. A result is that the
diffraction pattern of protoanthophyllite is almost identical to
that of anthophyllite, although slight differences in peak inten-
sities exist, and anthophyllite exhibits a few extra peaks. Be-
cause of these similarities it is difficult to distinguish between
the two minerals with XRD measurements, especially if, as is
typical of our samples, the protoanthophyllite is intergrown with
anthophyllite and other minerals.

TEM RESULTS

Our samples, like those of C2/m cummingtonite, are char-
acterized by & + k =2n + 1 extinctions in [001] SAED patterns
(Figs. 4a and 4d), but they exhibit minor differences from
anthophyllite [001] patterns (Fig. 5). Differences among the
various polymorphs are evident for reflections in the first-or-
der Laue zone. Our samples are all characterized by a lack of
systematic extinctions in the hk1 reflections, and their relative
positions indicate 3 = 90° (Figs. 4b and 4c). The patterns show
they have a primitive orthorhombic unit cell with @ = 0.9 and
b = 1.8 nm, which is consistent with protoanthophyllite but not
anthophyllite or cummingtonite (C2/m and P2,/m).

The [100] SAED patterns of our samples are characterized
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FIGURE 4. SAED patterns of protoanthophyllite from Hayachine.
(a) [001] SAED pattern. (b) SAED pattern obtained by tilting the crystal
around the a* axis. (¢) SAED pattern obtained by rotating the crystal
around the b* axis. (d) Enlargement of the SAED pattern in a. The
inverted L symbols in b and ¢ are given to indicate reference 90° angles.
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by k+[=2n + 1 extinctions with b = 1.8 and ¢ = 0.53 nm (Fig.
6, top), and so are consistent with both protoanthophyllite and
anthophyllite (Fig. 7, top). However, we can distinguish be-
tween them by measuring [201] SAED patterns of proto-
anthophyllite or [101] SAED patterns of anthophyllite.
Anthophyllite has twice the a dimension of protoanthophyllite,
resulting in unique —141 and —343 reflections that are absent in
protoanthophyllite. Simulated electron-diffraction patterns for

Path A’ Ah A
e. l.-.-..-..v--.o -t ) -. -;.;.. .-.....;. .-
LN EN N N . b* .. ...“- .b*

[ EEREEX I TEERY |

o i ...’-'. ...._,... 3

FIGURE 5. Simulated [001] electron-diffraction patterns of
protoanthophyllite (Path) and anthophyllite (Ath). Simulation
thicknesses are ~11 nm. Enlargements are inserted in the lower-right
corners. Anthophyllite reflections with A=4n,k=2n+1and 27 =4n +
2, k=2n (arrows in the insert) appear, but the intensities are weak. The
corresponding reflections for protoanthophyllite are extinct.

Hayac*hine Tari-Misaka
[100] T [100]
............. c*
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FIGURE 6. The [100] and [201] SAED patterns of protoanthophyllite
from Hayachine (left column) and Tari-Misaka (right column). The
[201] SAED patterns (bottom) are obtained by rotation of ~16° around
the a* axis from the [100] orientation (top). 0k0 and 0k3 reflections
(arrows in upper figure) are stronger than the reflections in the other
rows. Weak diffuse streaks parallel to b* result from small amounts of
chain-width disorder.
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FIGURE 7. Simulated [100] and [201] electron-diffraction patterns
of protoanthophyllite (Path) and [100] and [101] patterns of
anthophyllite (Ath). Simulation thicknesses are ~11 nm for [100]
projections and ~12 nm for Path [201] and Ath [101]. Path [201] is
parallel to Ath [101]. The —1k1 Ath reflections (lower right) are stronger
than the reflections in the other upper rows in the simulated Ath [101]
pattern. The simulated Path [201] electron-diffraction pattern (lower
left) does not have any reflections between the —142 and 0kO reflections.
Kinematically forbidden 0kO reflections with k = 2n + 1 for the Pnmn
space group occur in the calculated diffraction patterns (lower-left
pattern).

anthophyllite predict strong intensities for these reflections (Fig.
7, lower right). The observed reflections of our samples at the
positions that correspond to the —1k1 and —3k3 anthophyllite
reflections are absent or weak (arrows, Fig. 6, bottom), indi-
cating that the principal phase has a 0.9 nm a dimension, which
is consistent with that of protoanthophyllite.

[010] SAED patterns are characterized by rectangular net
patterns with the 0.9'nm™ a* spacings of proto-anthophyllite
or the 1.8'nm™ a* spacings of anthophyllite, or § = 78° for
monoclinic polymorphs and so are useful for distinguishing
among them. The [010] SAED patterns of specimens from all
three Japanese localities are characterized by rectangular net
patterns with ~0.9'nm™" along a* (Fig. 8), indicating they are
protoanthophyllite.

In [010] projections, each polymorph has a unique rela-
tive position of SiO, tetrahedra and (Mg, Fe)-centered octa-
hedral sites, resulting in distinctive HRTEM images. In the
calculated projected-potential images, Si and superimposed
O positions of SiO, tetrahedra, and (Mg, Fe)-centered octa-
hedral sites give strong intensities (Fig. 1, middle column),
and the linkages of these positions produce wavy or linear
dark contrast in the simulated HRTEM images (Fig. 1, right
column). The protoanthophyllite HRTEM image has a sinu-
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_______ RIS
TS
el - s
Takase +C* Simulation +C*
—— A — DR E N N R
S IS I
......... - s 8 s s P e_ s 8 s
w200 L %200
- - LN N

FIGURE 8. [010] SAED patterns of protoanthophyllite from
Hayachine, Tari-Misaka, and Takase. A simulated [010] pattern of
protoanthophyllite with an ~11 nm thickness is shown in the lower
right. All patterns have 0.9'nm™' a* spacings, indicating they are from
protoanthophyllite. 00/ reflections with / = 2n + 1 and /00 reflections
with 2 = 2n + 1 occur, although they are kinematically forbidden for
the Pnmn space group. These reflections do not appear in the simulated
pattern with a perfect orientation (lower right), but they do appear if
we impart a slight tilt to our simulations.

soidal variation with a wavelength of 0.9 nm along the a axis.

The observed [010] HRTEM images are characterized by
sinusoidal contrast with wavelengths of 0.9 nm along a, simi-
lar to that in thin areas (less than ~20 nm) of images of
protoanthophyllite simulated near Scherzer defocus (Figs. 1,
9, and 10). Many experimental [010] images show faint sym-
metry-forbidden fringes with 0.9 nm spacings. These fringes
are artifacts of crystal or beam tilt, consistent with the results
of Smith et al. (1983, 1985).

Each polymorph also has unique HRTEM images in [011]
projection, as illustrated by Bozhilov and Evans (2001) for Fe-
rich amphiboles. In such orientations, atoms in tetrahedral lay-
ers are localized so that regions with high and low charge density
alternate parallel to tetrahedral layers. In simulated [011] im-
ages of Mg-rich amphiboles, regions with high charge density
appear as dark dots at underfocus conditions (Fig. 11b). In such
projections we can distinguish among the various amphibole
polymorphs and thereby provide additional evidence that our
samples are protoanthophyllite. (Fig. 11a).

The SAED patterns of our samples from Hayachine, Tari-Misaka,
and Takase are characterized by the presence of all Akl and /0!
reflections, /k0 reflections for only / + k = 2n, and Ok reflections
for k + [ = 2n, requiring that the space group is Pnmn or Pn2n.
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FIGURE 9. Simulated [010] HRTEM images with
0.2 nm resolution of protoanthophyllite (Path; 4a X 3¢),
anthophyllite (Ath; 2a x 3¢), and C2/m cummingtonite

a Specimen Thickness (nm)
5.5 1.0 16.5 22.0 27.5

_':-:\{-:;-;‘:‘{-‘ = (Cum; 4a x 3¢) as functions of specimen thickness and
Path Se=seaen defocus. (a) Thickness dependence of [010] HRTEM

images of amphiboles. A defocus value of —40.5 nm is

Ath used. If the thickness is greater than ~20 nm, the
HRTEM images are too complicated to recognize the

Cum stacking sequences of the tetrahedral layers. (b)
c Defocus dependence of [010] HRTEM images of

The [010] HRTEM image of protoanthophyllite is

characterized by sinusoidal contrast with a wavelength

of 0.9 nm along the a axis near Scherzer defocus (-
b Defocus (nm) 40.5 nm), whereas [010] HRTEM images of the other
polymorphs do not show such contrast. Also, see the
right column of Figure 1.

Af = -40.5 nm amphiboles. A thickness (t) of ~11 nm is assumed.
ai
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<« FIGURE 10. [010] unfiltered (left) and Fourier-filtered (right)
HRTEM images of protoanthophyllite from (a) Hayachine, (b) Tari-
Misaka, and (c) Takase. The inserts on the right are of simulated images
(2a x 2c¢) with a specimen thickness of ~11 nm and a defocus value of
—40.5 nm.
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FIGURE 11. (a) [011] Fourier-filtered (top) and unfiltered (bottom)
HRTEM images of protoanthophyllite from the Takase serpentinite
and (b) simulated HRTEM images of anthophyllite (Ath),

."'."""""""'_"'."'-"'."'."'."'.' protoanthophyllite (Path), and cummingtonite (Cum). The simulation
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DISCUSSION

In the types of intergrowths in which most of our
protoanthophyllite samples occur the recognition of proto-
anthophyllite requires either single-crystal XRD, SAED, or
HRTEM measurements. However, the identification of
anthophyllite in published studies of both natural and synthetic
samples is based on none of these methods. A result is that
some of the identifications in the literature could be incorrect.
By analogy with anthophyllite, the recognition of gedrite may
also be in question. It remains to be determined whether such
misidentifications occur and, if they do, whether they make a
difference in interpreting P-T conditions. If, like anthophyllite
and cummingtonite, protoanthophyllite and anthophyllite only
differ by roughly 2 or 3 kJ/mol in free energy, they will only
impact dehydration reactions by ~10 or 20 °C (Evans, per-
sonal communication, 2001).

It is not known whether protoanthophyllite has a true
stability field, although Bozhilov and Evans (2001) discussed
the possibility that protoferro-anthophyllite is a stable phase.
An answer may lie in the modes of occurrence of proto-
anthophyllite. Judging from the mineral assemblages of the
samples and metamorphic zonation described by previous work-
ers (Arai 1975; Fujimaki and Yomogida 1986a, 1986b;
Matsumoto et al. 1995), protoanthophyllite from Hayachine,
Tari-Misaka, and Takase may have formed by the reaction:

4 olivine + 9 talc = 5 protoanthophyllite + 4 H,O A3)

or inversion of anthophyllite that was produced by reaction 1.
The Hayachine sample reached temperatures above ~650 °C
based on the P-T diagram of Spear (1993), and metamorphic
enstatite possibly formed by reaction 2 or 4:

protoanthophyllite + olivine = 9 enstatite + H,O. “4)

Some protoanthophyllite crystals from Hayachine formed af-
ter metamorphic enstatite so that some or all proto-anthophyllite
crystals may have formed by the reverse of reaction 4 or inver-
sion of anthophyllite produced by reaction 2. If the
protoanthophyllite is not an inversion product of anthophyllite,
protoanthophyllite instead of anthophyllite may have formed
around 600-700 °C. The fact that proto-anthophyllite occurs
in three different metamorphosed serpentinites and may have
formed by prograde and retrograde reactions raises the possi-
bility that protoanthophyllite has a true stability field.
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