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ABSTRACT

In situ-heating transmission electron microscopy and high-resolution transmission elec-
tron microscopy studies of the thermal decomposition of tremolite show that transformed
pyroxenes have C2/c and P2,/c structures and retain axial orientation of the tremolite
structure with /2/m orientation. Amorphous silica forms only on the surface of the heated
crystals.

Thermal decomposition of tremolite, which takes place at 740 °C, is characterized by
the formation of (010) clinopyroxene slabs with thicknesses of 18 and 36 A along the b
axis. The (010) slabs with C2/c symmetry are coherent with the tremolite matrix. Heated
tremolite with (010) slabs has the same composition as “anhydrous tremolite.” Clinopy-
roxene domains formed at 780 °C are composed of C2/c and P2,/c clinopyroxenes with
an exsolution lamella-like texture. The products characterized by clinopyroxene domains
are isolated by tremolite with (010) clinopyroxene slabs. The bulk composition of trans-
formed clinopyroxenes is almost the same as that of anhydrous tremolite. The structure
of the clinopyroxenes with stoichiometry (Ca,Mg),Si;O,; can be considered to be the py-
roxene structure with a random distribution of (Ca,Mg)O vacancies in the octahedral
bands. The clinopyroxenes with (Ca,Mg)O vacancies are thermodynamically unstable. The
texture consisting of pyroxene chains in multiples of four within the amphibole matrix
may indicate a dehydration reaction of amphibole, rather than hydration of pyroxene.
Further annealing of the heated specimen at higher temperature increases the concentra-
tion of Ca cations in C2/c clinopyroxene and results in coarser clinopyroxene lamellae.

Transformed clinopyroxene with only P2,/c symmetry, described by Freeman and Tay-
lor (1960), is an artifact of overlapping single-crystal X-ray diffraction patterns of C2/c
and P2,/c structures. The transformation product of one diopside-like clinopyroxene, de-
scribed by Wang and Zhang (1991), results from weak diffraction spots violating the C-cen-

tered lattice structure that did not appear in X-ray powder diffraction patterns.

INTRODUCTION

The thermal decomposition of amphiboles into pyrox-
enes is a reaction that occurs in contact metamorphic
rocks (e.g., mafic hornfels and calcareous hornfels) from
amphibolite facies to pyroxene facies (Williams et al. 1958)
and in some intermediate acidic volcanic rocks (e.g.,
hornblende-andesite) (Williams et al. 1958; Johannsen
1937). For instance, dark rims around hornblende in
hornblende-andesites are composed of magnetite, clino-
pyroxene, and orthopyroxene (Johannsen 1937). Akai et
al. (1985) observed disordered (010) pyroxene slabs in a
natural oxyhornblende by means of transmission electron
microscopy (TEM). They suggested that the disordered
(010) pyroxene slabs were produced by dehydroxylation
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of primary hornblende. The decomposition reaction takes
place in hornfels under nonoxidizing conditions, whereas
in andesitic rocks the reaction proceeds under oxidizing
conditions and is accompanied by the formation of iron
oxides (e.g., magnetite). The former reaction may be rep-
resented as amphibole — pyroxenes + silica; and the re-
action for the latter case may be represented as amphi-
bole — pyroxenes + silica + iron oxides. Therefore, the
study of the thermal decomposition of amphibole may
help to elucidate the microscopic mechanism of the trans-
formation from amphibole into pyroxene in natural rocks.

The dehydration and decomposition of amphibole un-
der nonoxidizing and oxidizing conditions have been
studied by means of X-ray diffraction (XRD) and optical
microscopy, especially for Na-bearing alkali amphiboles
(Addison et al. 1962a, 1962b; Addison and Sharp 1962,
Hodgson et al. 1965; Patterson 1965; Tomita 1965; Pat-
terson and O’Connor 1966; Clark and Freeman 1967,
Freeman and Frazer 1968; Ernst and Wai 1970). Free-

1126



XU ET AL.: DECOMPOSITION OF TREMOLITE

man and Taylor (1960) investigated the dehydration and
decomposition of tremolite into pyroxene with the use of
single-crystal X-ray diffraction methods. Their results
show that the pyroxene phase appears at 700 °C and re-
tains axial orientation with the amphibole in the 712/m
orientation. They also reported that the pyroxene product
has P2,/c symmetry. On the basis of thermal analysis,
Ivanova and Kasatov (1974) proposed clinoenstatite, di-
opside, and cristobalite as the decomposition products of
tremolite. Recently, using X-ray powder diffraction, Wang
and Zhang (1991) found noncrystalline silica and one di-
opside-like clinopyroxene in a heated tremolite. Their re-
sults also show that tremolite is stable below 800 °C. The
decomposition of grunerite in nonoxidizing conditions at
775 °C results in the formation of clinoferrosilite and
amorphous silica (Ghose and Weidner 1971). An in situ-
heating TEM study of an actinolite showed that decom-
position takes place at 770 °C (Xu et al. 1988). These
studies confirm that the decomposition temperature of
different amphiboles ranges from 700 to over 800 °C. To
reveal the structure, composition, and microstructure of
the clinopyroxene products at the unit-cell scale, we pres-
ent the results of in situ~heating and high-temperature
annealing TEM experiments, and high-resolution trans-
mission electron microscopy (HRTEM) of the thermal
decomposition of a tremolite into clinopyroxenes.

SAMPLE AND EXPERIMENT

The sample used in this study is a tremolite crystal of
the Mineralogy Laboratory of Nanjing University. For in
situ TEM investigation the specimen was mounted on a
molybdenum grid and removed from the petrographic
thin section of the tremolite in the (100} orientation. Then
the specimen was thinned by ion milling to make it suit-
able for TEM investigation.

The unheated specimen was investigated by TEM us-
ing a double-tilt specimen stage. In situ~heating experi-
ments were performed on a JEOL 200CX transmission
electron microscope equipped with a single-tilt heating
stage like that used in the decomposition of an actinolite
(Xu et al. 1988). The b axis of the tremolite was oriented
with the tilt axis of the heating stage, so that features
along the b axis could be observed while tilting the crys-
tal. The rate of temperature increase of the stage furnace
was about 10 °C/min from room temperature to 700 °C,
and 3 °C/min from 700 to 780 °C. After the temperature
reached 780 °C, the specimen was cooled to room tem-
perature in the microscope column. Then the specimen
was transferred to a double-tilt specimen stage for
HRTEM investigations.

To reveal microstructures normal to the ¢ axis, trem-
olite chips with cutting surface normal to the ¢ axis were
also selected for the investigation. These specimens are
as follows: (1) tremolite heated at 740 °C for 1 h; (2)
tremolite heated at 780 °C for | h; (3) tremolite heated
at 960 °C for 10 h. All the specimens were quenched to
room temperature in air. Petrographic thin sections were
prepared from the quenched chips, and TEM specimens
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were selected from the central parts of the thin sections.
Therefore, all the specimens in the TEM study were from
central parts of the annealed crystals.

TEM and analytical electron microscopy (AEM) inves-
tigations of the annealed specimens were performed on a
Philips 420 TEM equipped with an energy-dispersive
X-ray detector and a Princeton-Gamma Tech analyzer as
described by Veblen and Bish (1988) and Livi and Veblen
(1987). Operating voltage was 120 kV. Chemical for-
mulas of the tremolite and pyroxenes were calculated on
the basis of 23 and six O atoms, respectively. A repre-
sentative chemical formula of the tremolite calculated
from the AEM analysis is (Ca, 4N ,0Ko04)2.15(Mg4.6-
Feg.07AlLy 1M1 04)4.65[(Si7.85 Tio.01Alg.11)s02(OH),.

RESULTS AND DISCUSSION
TEM results

Selected-area electron diffraction (SAED) patterns of
the tremolite show sharp diffraction spots (Figs. 1a and
2a). The results indicate there is no chain-width disorder
in the tremolite. In situ-heating TEM studies show that
there are no changes in the diffraction pattern and its
corresponding images when the sample is heated from
room temperature to about 740 °C. The lack of changes
in the diffraction pattern indicates that transformation of
amphibole chains into pyroxene chains does not occur
below 740 °C, or that the transformation rate is not as
fast as the rapid heating rate used. As the temperature
was raised to 740 °C, weak streaking along the b* axis
was observed in the [100] zone-axis diffraction patterns
(Fig. 1b). The streaked diffraction spots indicate chain-
width disorder in the tremolite. A [001] zone-axis SAED
from a quenched tremolite at 740 °C also shows streaking
along the b* direction (Fig. 2b). Strong streaking appears
on some positions of the [001] zone-axis pattern (Fig. 2b).
Sharp diffraction spots in Figure 2b are from the tremo-
lite and transformed clinopyroxene. However, all the
streaked diffraction spots are only from very narrow slabs
of pyroxene chains in the quenched crystal. As the an-
nealing temperature was increased further, the intensity
of the streaking increased, and the intensity of the main
Bragg reflections changed in [100] and [001] zone-axis
SAED patterns.

Figure 1c, a [100] zone-axis SAED pattern of the spec-
imen heated in situ at 780 °C, shows overlapping diffrac-
tion patterns of a [100] zone axis of tremolite and a [101]
zone axis of clinopyroxene (Figs. 1c and le). By tilting
the specimen about 30°, overlapping diffraction patterns
from the [101] zone axis of tremolite and the [100] zone
axis of clinopyroxene were obtained (Fig. 1d). Some extra
spots in the SAED pattern (Fig. 1d) are from multiple
diffraction owing to the overlap of tremolite and clino-
pyroxene. The micrograph negative shows that there is a
very weak and diffuse diffraction ring with an average d
value of 2.5 A, which is from amorphous silica as de-
scribed by Freeman and Taylor (1960) and Ghose and
Weidner (1971). After the in situ~heated tremolite was
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Ficure 1. Electron diffraction patterns of the tremolite be-
fore heating (a), heated in situ at 740 °C (b), and heated in situ
at 780 °C (¢ and d). The [100] zone-axis SAED patterns are
shown in a and b; ¢ shows overlapping SAED patterns from the
[100] zone axis of the tremolite and the [101] zone axis of prod-
uct clinopyroxene; and d shows overlapping diffraction patterns
from the [101] zone axis of the tremolite and the [100] zone axis
of product clinopyroxene. Some additional spots in d are from
multiple diffraction owing to the overlap of the tremolite and
clinopyroxene. The indices of diffraction spots of SAED patterns
¢ and d are illustrated in e and f, respectively, in which the spots
with labeled indices above them are from clinopyroxene, and
the spots with labeled indices below them are from tremolite.
Labels and indices of the diffraction spots for tremolite are based
on the C2/m amphibole orientation.

rethinned by Ar ion milling, the diffuse ring disappeared.
It can thus be inferred that the amorphous silica that
causes the diffuse diffraction ring occurs only on the sur-
face of the specimen. A [001] zone-axis SAED pattern

Ficure 2. The [001] zone-axis SAED patterns of unheated
tremolite (a) and tremolite quenched from 740 °C (b), 780 °C
(c), and 960 °C (d). Labels and indices of the diffraction spots
for the tremolite are based on C2/m amphibole orientation. In
the SAED patterns with both tremolite and product clinopyrox-
ene, the relationship between a* of tremolite with C2/m setting
and a* of the clinopyroxene is a¥, = —a¥,.

from a specimen quenched from 780 °C shows streaking
along the b* direction and additional spots for clinopy-
roxenes (Fig. 2c¢). It can be seen in Figure 2¢ that there
are two kinds of clinopyroxenes with two d,,, values. The
set of diffraction maxima with larger d,y, is from C2/c
clinopyroxene. The other set of diffraction maxima with
smaller d,,,, which violates the C-centered lattice struc-
ture, is from P2,/c clinopyroxene. The difference between
the d|y, values of C2/c¢ clinopyroxene and P2,/c clino-
pyroxene is more obvious in the SAED pattern from a
specimen quenched from 960 °C (Fig. 2d). From these
SAED patterns, the orientation relationship between
tremolite (Tr) and clinopyroxene (Cpx) products is ac,, =
[TOT]Tn bCpx = _(l/z)an CCpx = Crrs and a’?“r = _a(,l?‘px-

A dark-field image of the tremolite quenched from 740
°C, produced by selecting a streaked diffraction spot cor-
responding to a 110 reflection of the C2/c clinopyroxene,
shows (010) slabs within the tremolite matrix (Fig. 3). An
HRTEM image shows that these slabs are clinopyroxene
chains with thicknesses of 18 and 36 A along the b axis
(Fig. 4). The boundaries between the pyroxene slabs and
the tremolite matrix are coherent. Figure 5 shows sche-
matically the boundary relationship between a clinopy-
roxene slab and tremolite matrix (area A) and the ter-
mination of a clinopyroxene slab within the tremolite
matrix (area B). Most clinopyroxene slabs with a thick-
ness of 18 A (corresponding to four pyroxene chains) are
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FiGURE 3. A dark-field image of tremolite quenched from
740 °C produced by selecting a streaked diffraction maxima at
110*, showing (010) clinopyroxene slabs.

the decomposition products of two amphibole chains
(Figs. 4 and 5). From the streaking and HRTEM image
of Figure 4, it can be inferred that the pyroxene slabs
have C-centered lattice structure and that C2/c is the
probable symmetry for the slabs. The clinopyroxene slabs
with thicknesses of 18 or 36 A are coherent with the
matrix structure of tremolite. AEM analysis does not show
any compositional difference between the heated and un-
heated tremolite crystals. The composition of the clino-
pyroxene slabs intergrown with tremolite may be the same
as that of anhydrous tremolite, i.e., (Ca,Mg),Si;O,;. The
clinopyroxene slabs are rich in SiO, [or deficient in
(Ca,Mg)O] in comparison with the normal pyroxene stoi-
chiometry. It was observed that the clinopyroxene slabs
became amorphous under electron-beam radiation much
faster than the remaining tremolite. In general, pyroxene
is more stable than amphibole under electron-beam ra-
diation. It can be inferred that the clinopyroxene slabs
with (Mg,Ca)O deficiencies in octahedral sites are less
stable than normal pyroxene and tremolite structures.

A typical bright-field image (Fig. 6) of the tremolite
quenched from 780 °C shows tremolite with clinopyrox-
ene slabs, and coarser, isolated clinopyroxene domains.

Ficure 4. HRTEM image of tremolite quenched from 740
°C, showing (010) clinopyroxene slabs with thicknesses of 18 and
36 A along the b axis. Arrows indicate terminations of clino-
pyroxene slabs.
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Ficure 5. A schematic interpretation of a clinopyroxene slab
with a thickness of four clinopyroxene chains along the b axis
(area A) and termination of a clinopyroxene slab (area B).

An SAED pattern from the tremolite with (010) slabs
shows the same phenomena as tremolite quenched from
740 °C (Fig. 7a). An SAED pattern from a coarser cli-
nopyroxene domain shows overlapping diffraction pat-
terns from two clinopyroxenes with different d,,, values
(Fig. 7b). One diffraction set has a C-centered lattice
structure (i.e., C2/c symmetry). The other diffraction set
with a smaller d,,, displays additional weak reflections
that violate the C-centered lattice structure (Fig. 7b). Fig-
ure 7b indicates that part of the coarser clinopyroxene
domain has space group P2,/c as indicated by Freeman
and Taylor (1960). The (100) lamellar contrast in the
coarser clinopyroxene domain (Fig. 6) may indicate cli-
nopyroxene lamellae with C2/c and P2,/c symmetries.
An HRTEM image shows a coarser clinopyroxene do-
main isolated by tremolite with (010) slabs (Fig. 8). The
boundary between the coarser clinopyroxene and trem-
olite is almost coherent. No APB-like texture in the iso-
lated clinopyroxene domains was observed. It is possible
that these C2/c and P2,/c clinopyroxenes formed during
the decomposition of tremolite at high temperature. The

2%y

Ficure 6. Bright-field image of tremolite quenched from 780
°C, showing a coarser clinopyroxene (pyx) within the tremolite
with thin clinopyroxene slabs. Arrows indicate the boundaries
between a coarser clinopyroxene domain and the tremolite ma-
trix. Labels of a* and b* refer to the tremolite with C2/m setting.
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Ficure 7. (a) SAED pattern from tremolite matrix with (010)
clinopyroxene slabs, showing sharp diffraction maxima from the
tremolite and transformed clinopyroxene slabs and streaking from
transformed clinopyroxene slabs only. (b) SAED pattern from a
coarser clinopyroxene domain, showing two sets of diffraction
spots characterizing clinopyroxenes with C-centered and prim-
itive lattice structures, respectively. The relationship between a*
of tremolite with C2/m setting and a* of the clinopyroxene is
ak = —ak,,.

formation of the lamellar texture in the clinopyroxene
domains may involve segregation of Ca and Mg atoms
into C2/c and P2,/c clinopyroxenes.

AEM analysis of the tremolite heated at 780 °C does
not show any obvious compositional difference between
isolated clinopyroxene domains and tremolite with (010)
clinopyroxene slabs. The transformed clinopyroxene do-
mains are also SiO, rich, or (Ca,Mg)O deficient. There-
fore, if H,O is not considered, the transformation of
tremolite to clinopyroxene is similar to an isochemical

Ficure 8. HRTEM image of the tremolite heated at 780 °C,
showing a coarser clinopyroxene (PYX) domain isolated by the
tremolite with clinopyroxene slabs. The isolated domain shows
a lamella-like texture. Some areas show weak {110} lattice fring-
es. Arrows indicate terminations of clinopyroxene slabs and the
boundaries between the pyroxene domain and the tremolite ma-
trix.

Ficure 9. A dark-field image (g = 100) of clinopyroxene
transformed from tremolite at 960 °C, showing a lamella-like
texture resulting from segregation of Ca and Mg between areas
having C2/c and P2,/c symmetries, respectively.

reaction. Its structure may be considered to be that of
normal clinopyroxene with a random distribution of
(Ca,Mg)O vacancies in the octahedral sites. The differ-
ence between transformed clinopyroxene domains and
(010) slabs is that both C2/c and P2,/c¢ structures occur
in the domains and only the C2/c structure occurs in the
slabs.

The tremolite quenched from 960 °C contains only C2/c¢
and P2,/c clinopyroxenes. A dark-field image produced
by selecting a diffracted beam (g = 100) from P2,/c py-
roxene (i.e., a diffraction spot with smaller dy,) shows
wormlike exsolution lamellae nearly parallel to (100) (Fig.
9). These diffraction maxima with # + k = odd in the
SAED pattern (Fig. 2d) result from the clinopyroxene
lamellae that violate the C-centered lattice structure. A
tilted SAED pattern with the first-order Laue zone shows
that there are no diffraction maxima characterizing the
18 A periodicity along the a* direction in the hk1 dif-
fraction zone (Fig. 10). The above results also indicate
that the pyroxene lamellae violate a C-centered structure
and have P2,/c symmetry, rather than Pbca (orthopyrox-
ene) symmetry. AEM results indicate that the clinopyrox-
ene lamellae have different compositions. The chemical
formulas of C2/c clinopyroxene and P2,/c clinopyroxene,
calculated from AEM analyses based on six O atoms, are
(Cag ssNay 17K o.0)1.08(MB0 84F€0.03A10 07 Mg, 62)0.96[S12.0006] and
(Cay26Na0,.01 Ko 02)0.20 (M) 46 Fp. 01 Mg o1 )1.48[S812.12, 06, TE-
spectively. P2,/c clinopyroxene is relatively rich in Mg,
and C2/c clinopyroxene is relatively rich in Ca. P2,/c
clinopyroxene is also rich in SiO,. HRTEM images of the
clinopyroxenes show coherent boundaries between C2/c
pyroxene lamellae (C) and P2,/c pyroxene lamellae (P)
(Fig. 11). There is also no APB-like texture resulting from
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Ficure 10. A nearly [001] zone-axis SAED pattern of the
clinopyroxene, showing zero-order and first-order Laue-zone dif-
fraction maxima. The diffraction pattern does not indicate an 18
A periodicity along the a* direction in the first-order Laue zone.

a C2/¢c — P2,/c phase transition in clinopyroxene. Pre-
sumably, the exsolution lamella-like texture formed dur-
ing the decomposition of tremolite, and the segregation
of Ca and Mg atoms occurred at high temperature rather
than from exsolution during quenching of the specimen,
because there is a wide miscibility gap between diopside
and Mg-rich pyroxene at 960 °C (Huebner 1980).

On the basis of our TEM results, we conclude that the
solid-state transformation products of tremolite are both
C2/c¢ and P2,/c¢ clinopyroxenes. It can be inferred that
clinopyroxene with only P2,/c symmetry, described by
Freeman and Taylor (1960), is an artifact of overlapping
diffraction patterns of C2/c and P2,/c structures in their
single-crystal XRD study. Similarly, one diopside-like
clinopyroxene described by Wang and Zhang (1991) re-
sults from weak diffraction spots violating the C-centered
lattice structure that did not appear in X-ray powder dif-
fraction.

Mechanism of the transformation

HRTEM images of the tremolite specimens quenched
from 740 and 780 °C show that the (010) clinopyroxene
slabs with thicknesses of 18 and 36 A along the b axis
correspond to the dimensions of two or four tremolite
chains along the b axis. There are always multiples of four
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Ficure 11.

An HRTEM image of clinopyroxene, showing
C2/c (C) and P2,/c (P) clinopyroxene lamellae with coherent
boundaries. The boundaries are nearly parallel to (100) of the
pyroxene structure.

pyroxene chains (i.e., 4, 8, 12, etc.) within the tremolite
matrix, unlike in altered pyroxenes with chain-width dis-
order (Nakajima and Ribbe 1980; Veblen and Buseck
1981; Veblen and Bish 1988; Griffin et al. 1985). In this
case, the only way to match the structures between the
amphibole chains and the product pyroxene chains, dur-
ing the solid-state transformation of tremolite into py-
roxene, is by breaking every two amphibole chains to
form four pyroxene chains (Fig. 5), according to the rules
for coherent termination of pyribole chains (Veblen and
Buseck 1980). The decomposition of two amphibole
chains into four pyroxene chains occurs by rearrangement
of Si-O tetrahedra and interdiffusion of Ca and Mg atoms
within (100) octahedral bands. The diffusion could be
enhanced by the presence of H,O released in the dehy-
dration reaction. Coarsening of pyroxene slabs and do-
mains could be achieved by further growth of pyroxene
slabs and domains along the a, b, and ¢ axes. The dehy-
dration of tremolite is different from the hydration of
pyroxene and amphibole involving hydrothermal solu-
tions, which was described by Veblen and Buseck (1980,
1981) and Veblen (1991). The formation of the exsolu-
tion lamella-like texture in the transformed clinopyrox-
enes results from further segregation of Ca and Mg atoms
in the C2/c and P2,/c clinopyroxenes, and this texture is
similar to the early-stage exsolution textures in pyroxenes
(Nord et al. 1976; Buseck et al. 1980).
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