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Structural defects in synthetic tremolitic amphiboles

JunG Ho Aun*
Department of Geology, Arizona State University, Tempe, Arizona 85287-1404, U.S.A.

Moonsup CHo**
Department of Geology, Stanford University, Stanford, California 94305-2115, U.S.A.

Davip M. JENKINS

Department of Geological Sciences and Environmental Studies, State University of New York at Binghamton,

Binghamton, New York 13901, U.S.A.

PETER R. BUSECK
Departments of Geology and Chemistry, Arizona State University, Tempe, Arizona 85287-1404, U.S.A.

ABSTRACT

Synthetic hydroxyl tremolite, fluor-tremolite, and magnesio-hornblende together with
two natural tremolite samples were investigated using high-resolution transmission elec-
tron microscopy (HRTEM). Chain-width defects are widespread in both hydroxyl trem-
olite and magnesio-hornblende synthesized at pressures and temperatures ranging from 2
to 10 kbar and 701 to 853 °C. In contrast, fluorine tremolite synthesized at 2.13 kbar and
1000 °C is virtually free of such defects, similar to natural tremolite that is completely
ordered. The degree of structural ordering described in terms of the A'(2) value (= width
ratio of total double-chain fringes vs. entire measured crystal in TEM images) ranges from
0.8 for low-temperature hydroxyl tremolite to 1.0 for fluorine tremolite. Synthetic am-
phiboles containing many structural defects [low A’(2) values] tend to be more elongated
than those that are better ordered. Triple-chain structures predominate among intergrown
pyriboles and occur in slabs of widths equivalent to 3-30 single chains. Their abundance
is inversely proportional to that of double-chain structures, suggesting that the triple-chain
silicate may be an important precursor to calcic amphibole during synthesis. Single-chain
structures occur in amphibole crystals as both isolated units and pyroxene slabs ranging
up to 0.1 um in width along the b axis. Pyriboles with chain widths greater than seven
subchains are absent in all of the observed synthetic calcic amphiboles.

Temperature is apparently the most critical experimental variable affecting the number
of chain-width defects in synthetic amphiboles. In addition, the seeding technique using
defect-free natural tremolite greatly increases the structural order in synthetic amphibole.
The widespread intergrowth of chain silicates with various widths probably contributes to
the lower thermal stability of synthetic vs. natural tremolite because the intergrown wide-
chain pyriboles will affect the composition (greater Mg and OH content) and increase the
structural disorder of synthetic tremolitic amphiboles.

INTRODUCTION

Syntheses of tremolite have been of great interest be-
cause of its relatively simple chemistry and importance
in many phase equilibrium studies (e.g., Boyd, 1959; Jen-
kins, 1987). However, synthetic and natural tremolite ap-
pear to show significant differences in thermal stability.
Skippen and McKinstry (1985) compared the reaction
tremolite + forsterite = 2 diopside + 5 enstatite + H,O
using natural and synthetic tremolite and found that the
reaction temperature at 1 kbar using synthetic tremolite
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is about 133 °C lower than that using natural end-mem-
ber tremolite. Jenkins and Clare (1990) investigated the
reaction tremolite = 2 diopside + 3 enstatite + quartz +
H,O at pressures of 1.5-7 kbar and found that the upper
thermal stability of synthetic tremolite is about 40 °C
lower than that of natural tremolite.

Such differences in thermal stabilities can result from
the dissimilarity in chemistry or structural state or both
between synthetic and natural tremolite. Jenkins and Clare
(1990) suggested that the F content of natural tremolite
is sufficient to account for the difference in the thermal
stabilities. There has not been an investigation of the
structural defects in the tremolite used in either the study
of Skippen and McKinstry (1985) or that of Jenkins and
Clare (1990) in order to evaluate the contribution of de-
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TaBLE 1. Experimental data for synthesis of tremolite and magnesio-hornblende
Experiment wit%
no.” P (kbar) T(°C) Duration (h) H,O Starting materials Crystalline products*™
Tri-21 20 +041 740 + 5 188 30 oxide mixture of composition tc + cpx + trm + qtz
806 « 8 214 17 Ca,Mg;Si;0.,(CH), trm + cpx + qtz(?)
Tr5-18 5.88 + 0.06 853 + 8 192 17 oxide mixture of composition trm + qtz
Ca, sMg; ;Si;0,,(OH),
Tr2 20 +£0.05 701 + 6 1152 14 oxide mixture of composition trm + gtz + cpx + tc
Ca,Mg;Sis0,,(OH), + 0.5 SiO,
Tré 20 +0.05 750 £ 5 648 8 same oxide mixtures as Tr2, but trm + gtz + cpx(?)
seeded with natural tremolite}
Tr19-1 2.13 £ 0.05 1000 + 15 192 0 mixture of CaCO, + CaF, + F-trm + gtz + fluorite(?)
MgO + SiO,
Hb19 100 = 0.05 751 = 10 141 9 gel of composition hb + anorthite
Ca,Mg,Al,Si,0,(OH),

* Tr1-21, Tr5-18, and Tr19-1 were synthesized by D.M. Jenkins at SUNY-Binghamton, and Tr2, Tr6, and Hb19 were synthesized by M. Cho at

UCLA.

** Experimental products were characterized by powder X-ray diffraction. Abbreviations: cpx, clinopyroxene; tc, talc; trm, tremolite; F-trm, fluor-

tremolite; qtz, quartz; and hb, magnesio-hornblende.
+ Tr1-21 was synthesized in two steps.

¥ The composition of natural seed tremolite (SUMC5122) is Na, o;K; 0,C2, 56M. 55F €0 622k 01510 01022(OH), (Cho and Ernst, 1991).

fects to the thermal stabilities of amphiboles. The appar-
ent discrepancy between these further suggests that the
structural perfection of synthetic tremolite may depend
significantly on experimental techniques and conditions.
It is therefore important to characterize synthetic am-
phiboles with transmission electron microscopy (TEM)
before the experimental data are applied to natural ana-
logues.

Previous TEM studies of synthetic amphiboles are lim-
ited in number but show that most synthetic amphiboles
contain defects with wide-chain pyribole structures. Veb-
len et al. (1977) found that all of the synthetic antho-
phyllite samples they examined are structurally disor-
dered, in some cases consisting of intimate mixtures of
chains of many widths. Chernosky and Autio (1979) re-
ported that synthetic anthophyllite studied with TEM by
Veblen contains approximately 5 vol% triple-chain struc-
tures. Maresch and Czank (1983, 1988) found numerous
intergrowths of wide-chain biopyriboles in synthetic
manganese magnesium ampbhiboles.

To quantify the structural disorder in amphiboles, Ma-
resch and Czank (1988) defined an “A value.” It is the
ratio of the width of regions of ideal, undisturbed am-
phibole to the width of the amphibole crystal as a whole.
At least one unit cell, equivalent to two double-chain
fringes (four individual fringes) in a high-resolution trans-
mission electron microscopy (HRTEM) image of or-
thoamphibole, is required for “undisturbed” amphibole.
The A values of manganese magnesium amphiboles syn-
thesized by Maresch and Czank (1988) vary from 0.23 to
0.90. Futhermore, they found an A value of ~0.70 for a
tremolite sample synthesized at 700 °C and 5 kbar for
936 h. In contrast, Skogby and Ferrow (1989) reported
that Fe-bearing tremolite synthesized from oxide mixtures
with Fe/Mg ratios between 0.07 and 0.14 contains inter-
grown wide-chain structures estimated to be significantly

less abundant than a few volume percent. These TEM
results raise the possibility that structural defects are also
widespread in synthetic tremolitic amphiboles. However,
the extent and type of chain multiplicity faulting in syn-
thetic tremolite are still unknown because detailed TEM
study has not been done.

Using HRTEM, we investigated the structural defects
of synthetic tremolite samples that were prepared in two
different laboratories. We also examined synthetic fluo-
rine tremolite and magnesio-hornblende that were syn-
thesized at relatively high temperature and pressure, re-
spectively. The goals of this study were to investigate the
degree of structural perfection of these synthetic amphi-
boles and to compare the effects of various experimental
variables on the structural state of synthetic amphiboles.
Finally, we wished to understand the reaction processes
involved in the crystallization of double-chain structures.

EXPERIMENTAL METHODS
Synthesis techniques

OH-bearing amphiboles synthesized at SUNY-Bing-
hamton (Tr1-21, Tr5-18) were made by the hydrother-
mal treatment of mixtures of reagent grade CaCO,, MgO,
and SiO, according to the bulk compositions and condi-
tions given in Table 1. Both starting mixtures were de-
carbonated by heating for 1 min to approximately 900 °C
in air prior to being sealed in Pt capsules with 17 or 30
wt% H,O. These experiments were performed in cold-
seal vessels using H,O as the pressurizing medium (Jen-
kins, 1987). Tr1-21 had a bulk composition correspond-
ing to ideal tremolite, whereas Tr5-18 had a Mg-enriched
bulk composition. It is believed that both starting mixtures
produced virtually the same Mg-enriched tremolite, as
reflected in the phase assemblages obtained (Table 1; Jen-
kins, 1987). Sample Tr1-21 was prepared in two steps. It
was first prepared at 740 °C, which produced a talc- and
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diopside-rich assemblage, and then heated at 806 °C,
which removed talc [confirmed by the absence of the dis-
tinctive 002 reflection with X-ray diffraction (XRD)] and
greatly improved the yield of tremolitic amphibole.

Fluorine tremolite was synthesized from a mixture of
CaCoO,, CaF,, MgO, and SiO, without water using an in-
ternally heated vessel with Ar as the pressure medium
(Jenkins, 1987). The starting mixture was dried at about
600 °C immediately prior to sealing in a Ag-Pd capsule.
This temperature was chosen to be high enough to ensure
that no H,O was introduced into the capsule, yet low
enough to prevent the decarbonation of CaCO,. Although
not firmly established, the presence of CO, may be suf-
ficiently conducive to the transport of cations to facilitate
growth of reasonably large crystals. At the conclusion of
the experiment, the capsule was pierced and weighed im-
mediately to check that all of the CO, had been driven
into the ambient fluid. The observed weight loss of 5.2
wt% is essentially identical to the loss of 5.1 wi% that
was anticipated from CO, liberation. Examination of the
experimental products with the petrographic microscope
showed euhedral crystals that were markedly larger and
more equant (about 30 um wide by 50 um long, on the
average) than the synthetic hydroxyl tremolite crystals
(typically 2 by 10 um).

Tr2 and Tr6 were synthesized at UCLA using conven-
tional cold-seal pressure vessels. Temperatures of the ex-
periments were monitored by Inconel-sheathed chromel-
alumel thermocouples placed in external thermocouple
wells. Uncertainties in temperatures (Table 1) result from
a combination of the thermal gradient over the capsule
length, uncertainties in thermocouple calibration, and day-
to-day fluctuations in recorded temperature. Estimated
uncertainties of pressure are +50 bars.

The starting material for Tr2 and Tr6 was an oxide
mixture made from reagent-grade CaCO,, hydrous
MgCO,, and silicic acid. Excess silica from the tremolite
composition was attained in the mix according to a stoi-
chiometric proportion of 2Ca0-5MgQ-8.5Si0, in order
to saturate the ambient fluid in SiO, (Jenkins, 1987). In
addition, the starting mix of Tr6 was seeded with 7 wt%
natural tremolite (SUMC 5122) to enhance the yield of
tremolite.

Hb19 was synthesized at UCLA using a conventional
piston-cylinder apparatus. A 2.54-cm diameter furnace
assembly consisting of NaCl, pyrex, graphite, BN, and
MgO was used, and no pressure correction for friction
was required. Estimated uncertainties in P and 7 mea-
surements are =500 bars and +10 °C, respectively. The
starting material for Hb19 was a gel with the stoichio-
metric proportion of 2Ca0-4MgO-Al,O,-7Si0,. Further
details on experimental procedures are available in Cho
and Ernst (1991).

Hydroxyl tremolite and magnesio-hornblende synthe-
sized at UCLA were produced by sealing a portion of the
appropriate starting mix in Au capsules with 8—14 wt%
H,O (Table 1). At the conclusion of the experiments, each
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capsule was checked for leakage by weighing, puncturing,
and drying at 130 °C. XRD indicates that the yield of
amphibole in Tr6 and Hb19 is greater than 90 wt% (Ta-
ble 1). In contrast, Tr2 contains a significant amount of
clinopyroxene and talc as metastable precursors to trem-
olite.

Transmission electron microscopy

All experimental products except Hb19 were disaggre-
gated using an ultrasonic vibrator in order to minimize
the mechanical breakage of individual crystals. Because
of the compact nature of the product, Hb19 was ground
with a mortar and pestle to reduce the size of the crys-
talline aggregate prior to TEM observation. Natural trem-
olite was also ground. Disaggregated crystals were dis-
persed in acetone and mounted on holey-carbon
substrates. Portions of the samples were embedded in
epoxy resin, and ion-milled specimens were prepared to
investigate the cross sections of elongated crystals.

Specimens were examined at 400 kV with a JEOL JEM-
4000EX transmission electron microscope that has a top-
entry, double-tilting sample holder that is capable of +30°
tilts at 0.5 mm above the standard specimen height. The
microscope has a structure resolution limit of 1.7 A and
a spherical aberration coefficient (C,) of 1.0 mm. A 40-
um objective aperture and a 150-um condenser aperture
were used for HRTEM imaging; all TEM images reported
here are bright-field images.

HRTEM images were interpreted based on the results
of Veblen et al. (1977) and Akai (1982). Image calcula-
tions by Akai (1982) showed that a-axis images of triple-
chain structure slabs exhibit two rows of white spots at
the underfocused condition. Experimental a-axis images
by Veblen et al. (1977) also indicated that widths of chain
structures are defined by strong dark fringes at underfo-
cused conditions.

TEM RESULTS
Crystal morphology

Synthetic tremolite amphiboles. All hydroxyl tremolite
consists of slender prismatic crystals elongated parallel to
the ¢ axis (Figs. 1a-1d). Typical synthetic tremolite crys-
tals are 1-2 um long and less than 0.3 um wide, but their
aspect ratios vary among different experimental products.
The sizes of crystals as observed using TEM are smaller
than those determined by optical microscopy. This ap-
parent discrepancy is attributed to our sample prepara-
tion method using the dispersion of disaggregated crys-
tals. Tr2 is most elongate, with aspect ratios ranging up
to ~50. Fluorine tremolite and magnesio-hornblende
generally appear as stubby prisms (Figs. le and 1f) rather
than the elongated crystals that are characteristic of hy-
droxyl tremolite. Crystals of fluorine tremolite are bigger
than other synthetic amphiboles, and some also show dis-
tinct crystal habits (Fig. le). As a result of mechanical
grinding, the sizes of magnesio-hornblende crystals vary
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Fig. 1. Low-magnification TEM images of synthetic tremolitic amphiboles: (a) Tr1-21, (b) Tr5-18, (c) Tr2, (d) Tr6, (e) Tr19-1,
and (f) Hb19. Talc occurs in Tr2, ¢, as pseudohexagonal plates. All images are at the same magnification, and a 1-um scale bar is
shown in a.
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Fig. 2.

(a) TEM image of a cross section of a tremolite prism in Tr5-18. The crystal has an approximately hexagonal shape

defined by {110} and {010}. This image was obtained from an ion-milled sample. (b) TEM image of the curved basal surface of a
tremolite crystal (Tr5-18). Many structural defects are evident, even at this relatively low magnification. The arrow indicates a

growth ledge.

significantly compared with other amphiboles (Fig. 1f).
Most magnesio-hornblende crystals observed by TEM are,
therefore, cleavage fragments.

Cross-section images of hydroxyl tremolite show that
{010} and {110} faces develop well, in contrast to the
absence of well-defined {100} faces (Fig. 2a). Growth
ledges along the ¢ axis are commonly observed in elon-
gate crystals and are attributed to rapid growth in the
direction of the ¢ axis. The basal surface commonly is
rounded or curved as a result of the lack of a well-defined
(001) face (Fig. 2b). These phenomena, together with the
elongate shape of synthetic amphibole crystals, are con-

sistent with the Bravais law that growth is fastest in the
direction with the smallest lattice spacing.

Natural tremolite. We also examined two natural trem-
olite samples, Tr12 and SUMC5122, using HRTEM. Tr12
was utilized for dissolution and regrowth experiments by
Jenkins (1987), and SUMCS5122 was used as seed crystals
in the synthesis of Tr6 (Table 1). Selected-area electron
diffraction (SAED) patterns from both natural tremolite
samples (Fig. 3) do not show any streaking, in contrast
to synthetic tremolite (see below), indicating that natural
tremolite is free of chain-width disorder. The absence of
other intergrown pyriboles in natural tremolite was con-

Fig. 3. The [100] electron-diffraction patterns of natural tremolite Tr12 (a) and SUMC5122 (b).
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Fig. 4. SAED patterns of synthetic tremolite at (a) [100], (b) [101], (c) [102], and (d) [101] orientations. SAED pattern ¢ was
obtained by rotating the crystal about 24° from the [101] orientation in b. SAED pattern d is from the highly disordered crystal
shown in Figure 7.

firmed by our HRTEM investigation of approximately
ten crystals from each tremolite sample.

Electron-diffraction patterns

Because most crystals are elongated along the ¢ axis,
they settle on the C substrate with their ¢ axis approxi-
mately perpendicular to the incident electron beam.
Therefore, [001] or “I-beam” images were difficult to ob-
tain, and [40/] projections were mainly used to examine
structural defects. However, since the crystals generally
settle on a {110} face, ~28° and ~15° rotations around
the ¢ and b axes, respectively, can achieve the [100] pro-
jection,

Two crystal orientations generated most of the micro-
structural information about chain-width defects for our
investigation (Figs. 4a and 4b). The SAED pattern of Fig-
ure 4a agrees with the [100] pattern of C2/m amphibole,

but that of Figure 4b is consistent with either a [100]
pattern of Pnma or a [101] pattern of C2/m amphibole
(Chisholm, 1973). In the [100] pattern of Pnma amphi-
bole, 0k/ reflections with k + / # 2n become extinct be-
cause of the » glide perpendicular to the a axis, and the
resulting SAED pattern is indistinguishable from a [101]
pattern of C2/m amphibole.

Crystal tilting experiments were performed to check if
Pnma orthorhombic amphibole coexists with C2/m
monoclinic amphibole. Crystals with b axes lying ap-
proximately parallel to one of the tilt axes of the TEM
stage were selected and rotated around another tilt axis.
Depending on the rotation direction, SAED patterns con-
sistent with [100] and [102] orientations were obtained
(Fig. 5). Hence, the SAED pattern of Figure 4b corre-
sponds to a [101] pattern of C2/m rather than a [100]
pattern of Pnma amphibole. Crystals were rotated from
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[101]

[100]

[102]

[001] =

Fig. 5. A projection parallel to the b axis of an amphibole
crystal onto the (010) plane, showing the relationships among
various zone axes and the traces of planes.

the [101] orientation by approximately 24° and 31° around
the b axis to obtain [102] and [100] orientations, respec-
tively.

Most SAED patterns of synthetic amphiboles (Fig. 4)
show streaking along the b* direction, indicating that
chain-width errors are abundant (Veblen and Buseck,
1979; Maresch and Czank, 1983, 1988). In crystals con-
sisting mainly of various wide-chain structures other than
double chains, 0k0 spots with k # 4n are heavily streaked
(Fig. 4d). Such features result from the perturbation of
regular, ordered double-chain periodicities along the b*
direction caused by the irregular, disordered intergrowth
of pyriboles whose chain-widths range from one to six.

Chain-width defects

Double-chain slabs of hydroxyl tremolite and magne-
sio-hornblende commonly intergrow with other chain-sil-
icate structures (Figs. 6—8). Triple-chain structures pre-
dominate among various nondouble chain silicates. They
commonly occur in slabs having three to five repeats as
well as in isolated single units (Figs. 6 and 7). As many
as ten adjacent triple chains were observed in a Tr1-21
crystal (Fig. 6b). Quadruple-, quintuple-, and sextuple-
chain structures occur throughout the specimens, but pyr-
ibole slabs with chain widths greater than seven were not
identified. In Tr2, structurally disordered crystals con-
sisting predominantly of triple chains occur (Fig. 7). Oth-

Fig. 6. TEM images of synthetic tremolite containing wide-
chain defects. (a) Two neighboring crystals in Tr5-18 vary sig-
nificantly in defect density. The crystal on the left contains more
wide-chain slabs (mainly triple-chain structures, labeled 3) than
the one on the right. (b) A highly disordered crystal containing
a slab with ten contiguous triple-chain slabs (Tr1-21). Single-,
quadruple-, and quintuple-chain structures (labeled 1, 4, and 5,
respectively) are also intergrown.

er synthetic amphiboles commonly contain fewer wide-
chain structures than those of Tr2. In Figures 6a and 7
the distribution of structural defects varies significantly
among individual grains within the same experimental
product. A similar observation was made for manganese
magnesium amphiboles by Maresch and Czank (1988).
These phenomena are attributed to heterogeneous nucle-
ation and growth inside the sample container, as de-
scribed by Cho and Fawcett (1986) on the basis of size
distributions in synthetic crystals of experimental charg-
es.

Single-chain structures in hydroxyl tremolite and mag-
nesio-hornblende occur both as isolated single slabs and
as thin packets, producing pyroxene domains ranging up
to 0.1 pm in width (Figs. 6b and 8). Pyroxene domains
apparently have coherent (101) interfaces with amphi-
boles.

Virtually no chain-width defects were observed in Tr19-
1, in contrast to other synthetic amphiboles; from the 12
crystals examined in detail, only one triple-chain slab was
observed. As a result of their more equant habits, some
crystals of Tr19-1 settle on the C substrate with their ¢
axes subparallel to the incident electron beam. Thus,
I-beam images could be obtained with slight tilting.
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Fig. 7. The (0k0) lattice-fringe images from a crystal con-
sisting mainly of triple chains and other wider-chain pyribole
structures (Tr2).

The majority of wide- and single-chain structures ex-
tend continuously, from end to end of the crystals along
the ¢ axis, probably as a result of fast growth parallel to
the silicate-chain direction. However, cooperative chain
terminations (Veblen and Buseck, 1980) occur within
some crystals (Fig. 9). The total chain numbers are iden-
tical on both sides of the termination, and single-chain
structures are typically associated with the terminations.
Such terminations may represent either reaction interfac-
es or growth defects. In the former case, the chain-width
defect in Figure 9a can be described by the isochemical
solid-solid reaction

Ca,Mg,Si,,0,,(0OH), + Ca,Mg,Si,0,,
m(3) m(l)

= 2Ca,Mg;Si;0,,(OH),
m(2)

(D
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Fig. 8. A thin slab of pyroxene (Px) within a structurally
disordered amphibole (Amph) crystal (Tr6). Eleven repeats of
single-chain structure occur in the Px slab. Isolated single- and
triple-chain slabs also occur.

where m(7) represents the chain-silicate structure with i
representing the number of chains in the structure (i = 1
for pyroxenes, 2 for amphiboles, etc.). Hence, one side of
the termination contains exclusively double chains,
whereas the other side consists of chains having different
widths. On the other hand, the chain termination in Fig-
ure 9b could result from a reaction of the metasomatic
cation-exchange type

Ca,Mg, Si,;O,,(OH), + 4Caz+
m(4)

= 2Ca,Mg,Si,0,, + Ca,Mg,Si,0,,(OH),
m(l) m(2)

+ 2Mg>* + 4H-, )

The transformation between the two chain sequences ob-
served in Figure 9b requires the diffusion of cations. Fur-
thermore, if wide-chain structures such as m(4) disappear
with experiment duration (see below), the formation of
m(2)-bearing chain sequences by Reaction 2 necessitates
the addition of Ca®* and the concomitant loss of Mg2*
and H~.

A' values of synthetic amphiboles

To quantify and to compare the amounts of nonam-
phibole components based on TEM images, Maresch and
Czank (1988) defined 4 and A’ values. The A value rep-
resents the approximate volume ratio of undisturbed, i.e.,
greater than unit-cell scale, amphibole components in ob-
served “amphibole” crystals. The A’ value is defined as
the ratio of the absolute number of double chains—in-
cluding those occurring in one to three double fringes in
the TEM image—to the total number of unit tetrahedral
chains in amphibole crystals. Maresch and Czank (1988)
further suggested an empirical relationship between 4 and
A’ values described by

A" = A4+ (1.0 — 4)/2.
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Fig. 9. HRTEM images showing chain-termination defects in synthetic amphiboles. (a) Chain terminations of triple- and single-
chain slabs (labeled 3 and 1, respectively), resulting in a defect-free region at the top of the image (Tr6). (b) The chain sequence
(42222) turns into (2122221) along a planar fault (Hb19). A quadruple chain (labeled 4) changes to double- and single-chain slabs;
an additional single chain compensates for the chain-width difference.

To examine the relationships among various wide-chain
silicate structures, we define 4'(¢) values for individual
pyribole structures as

A'(D)

total width of m({)/width parallel to b* of entire
measured crystal

= nl/z (n;'1)

where n, denotes the total number of m(/) in the crystal.
Thus, the A’(2) value for double-chain silicate of this study
is equivalent to the A’ value of Maresch and Czank (1988).
We find A'(§) values more informative and thus prefer
them to A4 values.

In practice, the A’(i) values can vary from one inves-
tigator to another because of different image interpreta-
tions, the presence of ambiguous images (Maresch and
Czank, 1988), and random sampling error. In our inves-
tigation, TEM images were obtained at several different
defocus conditions, and those images with the fewest am-
biguities were used for counting. More than 20 crystals
within each sample were analyzed to obtain the 4'(i) val-
ues (cf. Maresch and Czank, 1988; Table 2).

The results of our TEM observations are summarized
in Table 2 and illustrated in Figure 10. Fluorine tremolite
(Tr19-1) yields an A'(2) value of 1.0, whereas the 4'(2)
values of hydroxyl tremolite range from 0.80 to 0.95. The
latter are compatible with the 4'(2) values (~0.62-0.95)
of manganese magnesium amphiboles reported by Ma-

TaBLE 2. Chain structures and A'(2) values of synthetic amphiboles

Number of Number of
Experiment observed observed A'(2) value Range in

no. crystals n* s s n ne My chains (+x1™) A'(2) values
Tr1-21 20 35 5467 180 23 18 1 5724 0.93 + 0.07 0.73-0.99
Tr5-18 21 64 2857 208 23 8 2 3162 0.87 + 0.06 0.78--0.98
Tr2 22 106 2887 363 31 26 5 3418 0.80 = 0.19 0.28-0.96
Tré 24 183 5750 107 9 2 1 6052 0.95 = 0.04 0.83-0.99
Tr19-1 12 0 ~2000 1 0 0 0 ~2001 1.00 1.00
Hb19 20 77l 5096 103 9 2 0 5287 0.96 + 0.04 0.86-1.00

* Total numbers of individual chain structures. Subscript refers to multiplicity of chain.
** Calculated from the population of A'(2) values of individual crystals examined by HRTEM.
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Fig. 10. The A’ values of each chain-silicate structure plotted
against the A4'(2) value. Note that the abundance of triple-chain
slabs [4'(3)] decreases almost linearly with increasing concentra-
tion of double chains in synthetic tremolitic amphiboles.

resch and Czank (1988). The A'(2) value of magnesio-
hornblende (Hb19) is similar to that of Tr6, which has
the highest 4'(2) value among hydroxyl tremolite sam-
ples. Triple-chain structures predominate among the in-
tergrown pyriboles, and their 4'(3) values show a nega-
tive correlation with 4'(2) values (Fig. 10). The consistent
relationship among A4'(i) values indicates that the growth
mechanism of synthetic amphiboles may not vary signif-
icantly as a function of P, T, and compositions. The oc-
currences of other wide-chain and single-chain structures
are relatively minor, and their combined 4’ values are
less than 0.05. Therefore, the inverse relationship be-
tween 4'(2) and A'(3) values can be generalized as

2m@3) + 2 Ca* = 3 m(2) + Mg + 2H*. (3)

DiscussioN
Occurrences of pyriboles

Most chain silicates intergrown with synthetic tremo-
litic amphiboles occur in disordered sequences, and the
repeating units of each pyribole are variable from one to
about 100. The ordered sequence of alternating double-
and triple-chain structures (clinochesterite structure) was
not observed at greater than unit-cell scale. Triple-chain
structures are most abundant in Tr2, and their amounts
in other specimens decrease systematically with increas-
ing A’(2) values (Fig. 10). Both the predominance of tri-
ple-chain structures relative to other wide-chain silicate
slabs throughout the specimens and the occurrence of
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crystals composed mainly of triple chains (Tr2; Fig. 7)
suggest the possible presence of a stability field—or at
least a local Gibbs free energy minimum —for the triple-
chain structure. TEM studies of biopyriboles from Ches-
ter, Vermont, also indicated that triple-chain structures
may occur as a possible stable phase (Veblen and Burn-
ham, 1978; Veblen and Buseck, 1979; Veblen et al., 1977).
In fact, triple-chain sodium magnesium silicates have been
synthesized (Drits et al., 1975, 1976; Tateyama et al.,
1978), although the existence of stability fields remains
to be demonstrated through reversal experiments.

Many single-chain structures are observed from all ex-
perimental products except for Tr19-1 (Table 2). Their
relative abundance contrasts with the rare occurrence of
single chains in synthetic manganese magnesium amphi-
boles (Maresch and Czank, 1983, 1988). Some isolated
single-chain slabs may accompany the crystallization of
amphibole slabs, e.g., by Reaction 2. However, thick
packets of single chains within an amphibole crystal ap-
pear to represent a relict pyroxene precursor reacting to
produce amphibole with increasing time. The metastable
coexistence of pyroxene and amphibole slabs is shown by
double-chain lamellae propagating into the pyroxene slab
and by the inverse relation between 4'(2) and A'(1) values
for hydroxyl tremolite in unseeded experiments (Fig. 10).

Pyribole slabs with chain-widths greater than seven were
not observed in any of the products, and talc sheets in-
tergrown with the amphiboles also were not observed.
Talc occurs in pseudohexagonal platy crystals in Tr2, but
it is absent in products synthesized at higher tempera-
tures. The reaction interface between talc and amphibole
was searched for but not found. It is thus likely that talc
simply dissolved with increasing temperature and recrys-
tallized as amphibole. Veblen (1981) also indicated that
the talc-to-anthophyllite reaction of experimental prod-
ucts is achieved by a dissolution-precipitation mecha-
nism rather than by solid-state recrystallization.

Effect of synthesis variables on structural defects

Temperature appears to be the most critical variable
in synthesizing structurally ordered amphiboles. This is
most clearly shown by the lack of wide-chain structures
in fluorine tremolite (Tr19-1), synthesized at about 1000
°C, as compared to the abundant wide-chain slabs in Tr2,
synthesized at 701 °C. Unfortunately, the influence of F
on chain-width defects is not known. Temperature also
appears to be a more effective control on chain-width
disorder than experiment duration. Tr2 was heated for
nearly three times as long as Tr1-21 and still has a much
lower A'(2) value. This comparison is complicated by a
difference in synthesis temperatures of approximately 100
°C but at least indicates that increasing duration by a
factor of three cannot compensate for a difference of 100
°C in synthesis temperatures.

The effect of temperature on the concentration of chain-
width defects was also reported for manganese magne-
sium amphiboles by Maresch and Czank (1988). For
Mn, , Mg, ,Si;0,,(OH),, the 4'(2) value at 2 kbar increases
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from less than 0.65 at 675 °C to ~0.85 at 750 °C. Maresch
and Czank (1988) suggested that amphiboles with few
chain-width defects can be synthesized metastably in
short-duration experiments at temperatures exceeding
those of the amphibole stability field. In order to obtain
synthetic tremolite with fewer defects, it may be helpful
to synthesize amphiboles at higher temperatures, even
metastably beyond their thermal stability limits.

A seeded experimental product, Tr6, shows the highest
A'(2) value among hydroxyl tremolite samples, suggesting
that the use of stoichiometric nuclei promotes growth of
amphibole with relatively few defects. Although some seed
crystals may persist as inclusions rimmed by newly grown
amphibole, such textures were not identified in Tr6. The
seeding technique can greatly facilitate the growth of dou-
ble-chain silicates by overcoming nucleation barriers.
Skogby and Ferrow (1989) synthesized tremolite-actino-
lite amphiboles that contain structural defects estimated
to be less than a few volume percent. They suggested that
the incorporation of Ca on the M4 site of the amphibole
structure increases the small-scale structural order rela-
tive to iron magnesium manganese amphiboles. How-
ever, this observation contradicts our results on synthetic
calcic amphiboles, which exhibit significant structural de-
fects similar to those in iron magnesium manganese or-
thoamphiboles. Hence, the high microstructural homo-
geneity of synthetic calcic amphiboles reported by Skogby
and Ferrow (1989) is attributed to their use of 6 wt%
natural seed actinolite.

The effect of pressure on the structural defects in syn-
thetic amphibole is difficult to assess because our exper-
iments varied not only in temperature and starting com-
positions but also in experiment duration. However, even
with its short experiment duration, Hb19 synthesized at
10 kbar and 751 °C contains fewer structural defects than
the low-pressure hydroxyl tremolite. This observation, in
conjunction with the rare occurrence of structural defects
in synthetic glaucophane (Koons, 1982), suggests that ei-
ther high experimental pressure or high Al content en-
hances the structural order of synthetic amphiboles.

Defect density vs. aspect ratio of crystals

Among the four hydroxyl tremolite samples, Tr2 shows
the greatest average aspect ratio. Tr5-18 contains more
elongated crystals than Trl-21, and it has a lower 4'(2)
value. The sequence of hydroxyl tremolite with increas-
ing A'(2) values (Fig. 10) is consistent with decreasing
aspect ratio, Tr2 > Tr5-18 > Tr1-21 = Tr6, i.e., crystal
elongation appears to be approximately proportional to
the concentration of chain-width errors. Indeed, crystals
of Tr19-1 having an 4'(2) value of 1.0 are far less elon-
gated than the other products.

Ampbhiboles break along chains of anomalous width as
well as along stacking faults and cleavage planes (Veblen
et al.,, 1977; Veblen, 1980). The former type of break
would enhance the elongate morphology of structurally
disordered amphiboles. Hence, the aspect ratio of chain-
silicate minerals can be related to structural defects as
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well as to chain mutiplicity; amphiboles containing wide-
chain structures generally show more elongate crystal
habits than single-chain pyroxenes. The synthetic triple-
chain silicate reported by Tateyama et al. (1978) exhibits
a far more elongated morphology than that of Tr2 (see
their Fig. 2). Such TEM results agree with our observa-
tion that aspect ratios are closely related to the structural
perfection in synthetic amphiboles. This relationship can
also be seen in many TEM investigations of asbestiform
amphiboles, which commonly show intergrowths with
wide-chain pyriboles (Chisholm, 1973; Hutchison et al.,
1975; Veblen et al., 1977; Veblen 1980; Yau et al., 1986;
Dorling and Zussman, 1987; Ahn and Buseck, 1991). At
least some of the intergrown wide-chain pyriboles in those
asbestiform amphiboles were produced by primary growth
rather than by alteration processes.

Implications of HRTEM data for the thermal
stability of synthetic amphiboles

In addition to structural defects, factors such as Jiz00
grain size, and composition have been suggested as causes
for the differences in the thermal stabilities of natural and
synthetic tremolite (Jenkins and Clare, 1990). Our
HRTEM investigation shows that synthetic tremolite may
differ significantly from natural tremolite in defect struc-
ture and hence stoichiometry, and widespread disordered
intergrowths of single- and wide-chain slabs in synthetic
tremolite could be a major cause of contrasting thermal
stabilities.

Intergrown wide-chain lamellae cause the bulk com-
position of synthetic tremolite crystals to deviate from
the ideal tremolite composition. Specifically, the wide-
chain structures result in a more hydrous composition,
and the Ca/Mg ratio is smaller than the ideal value of
0.40. Structure refinement of clinojimthompsonite (Veb-
len and Burnham, 1978) indicates that in triple-chain
structures, Ca is restricted to M5 sites because of its larger
cation radius than Mg; amphibole with triple-chain and
other wide-chain structures provides fewer crystallo-
graphic sites appropriate for Ca than does ideal tremolite.
TEM data indicate that the amount of intergrown pyrox-
ene, which can provide more structural sites for Ca, is
minor relative to the intergrown wide-chain slabs (Table
2; Fig. 10), and the abundant intergrowth of wide-chain
structures contributes to lower Ca/Mg ratios in synthetic
crystals. Nonetheless, the abundance of wide-chain de-
fects is insufficient to account for the decidedly low Ca/
Mg ratios (0.346-0.356) encountered in the synthetic
tremolite (Jenkins, 1987; Graham et al., 1989). For ex-
ample, synthetic tremolite consisting of 90% double-chain,
9% triple-chain, and 1% quadruple-chain structures re-
sults in a Ca/Mg ratio of 0.375, calculated according to
the method of Veblen and Buseck (1979) and assuming
full occupancy of the outer M sites by Ca (e.g., M4 for
amphibole). Although this ratio is lower than that of ideal
tremolite (0.40), it is not low enough to match the Ca/
Mg ratio observed for synthetic tremolite. For the chain-
width percentages mentioned above, a synthetic tremolite
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sample must have 5% of the outer M sites occupied by
Mg rather than Ca to have a Ca/Mg ratio of 0.356.

Structural defects in minerals are important in con-
trolling diffusion properties and chemical reactions
(Buseck and Veblen, 1978; Veblen, 1985). Structural dis-
order caused by random intergrowths of various chain-
silicate structures will increase the Gibbs free energy of
synthetic amphiboles relative to defect-free natural ones,
at least within the amphibole stability field. Besides the
compositional aspect, the structural disorder caused by
the intergrowth of various chain widths can play a critical
role in modifying thermodynamic properties of synthetic
amphiboles.

The extent to which the variation in chain-width de-
fects influences the thermodynamic properties of syn-
thetic tremolite cannot yet be quantified. It is clear from
the current study that synthetic tremolite contains a greater
percentage of defects than does most natural tremolite.
The effects of these chain-width defects on the thermo-
dynamic properties of synthetic tremolite will need to be
addressed in future studies of amphibole stability and
phase relations.

CONCLUSIONS

Chain-width defects are common in synthetic tremolite
and hornblende. Triple-chain structures predominate
among the defects, the chain widths of which vary from
one to six. Single- and triple-chain structures occur in
amphibole crystals either as isolated slabs that are one
chain wide or as thicker packets. The 4'(2) and A'(3) val-
ues of synthetic tremolitic amphiboles show a negative
correlation, suggesting that the triple-chain silicate is the
most important precursor to amphibole.

Temperature is the most important factor governing
the presence of chain-width defects in synthetic amphi-
boles. Crystal habits are correlated with the degree of
structural perfection of synthetic tremolite; crystals with
a higher aspect ratio tend to contain more abundant chain-
width defects. We suggest that the widespread inter-
growths of chain-width defects in synthetic tremolite, and
the consequent change in composition and degree of
structural disorder, explain the apparent lower thermal
stability of synthetic tremolite relative to naturally oc-
curring tremolite.
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