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High — Pressure Synthesis and Chemistry of Amphibole
Solid Solutions along the Join Tremolite — Tschermakite
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ABSTRACT : Calcic amphiboles along the tremolite (Tr)—tschermakite(Ts) join were

synthesized using a piston-cylinder apparatus. At 750—850°C and 12—21 kb, amphibole +corun-
dum coexist with zoisite(+ talc, chlorite, and Mg-staurolite), but with anorthite(+ chlorite, spi-
nel, pyroxenes, and sapphirine) at lower P. At 900°C, amphibole+ corundum -+ clinopyroxene(*
anorthite, forsterite, sapphirine, and garnet) are stable over the P range 12—18 kb. These amphi-
bole-bearing assemblages are replaced at high P by clinopyroxene +talc +chlorite+ zoisite at 650
—750°C, and at higher temperatures by garnet+clinopyroxene(+ zoisite, orthopyroxene, and
Mg-staurolite). Synthetic amphiboles with Ts> ~45 mol % contain as much as 0.15 excess cati-
ons per formula unit(pfu) based on 23 oxygens{anhydrous formula), whereas less tschermakitic
ones are deficient in cation occupancy by up to 0.18 pfu. This trend is attributed to the di/
trioctahedral substitution in Ca-amphiboles. Compositions of synthetic amphiboles display
systematic changes with P and T governed by coexisting mineral assemblages. The Ts content
(=[8—Si—Nal/2) increases with increasing T (8Ts/9T =~0.1 mol % K" in the range 750—850
°C, but remains nearly constant at 850—9007C. Pressure dramatically affects the Ts content of
Ca-amphiboles : it increases with P at 8—12 kb (6Ts/6P=2~3 mol % kb '), but significantly de-
creases at 12—21 kb(@Ts/oP=—2.5 mol % kb"‘).-Hence, the most tschermakitic amphiboles, con-
taining 60+5 mol % Ts, or 1.2+0.1 tetrahedral Al, occur at 12 kb and 850—900C. Compositions
of Ca-amphiboles defined by a simple reaction, 3 Tr+2 zoisite+ 7 corundum + H,0=5 Ts, are re-
versed and used to estimate thermodynamic parameters of tschermakite assuming ideal mixing
of T1r-Ts solid solutions. Predicted standard molal entropy and enthalpy of tschermakite are : §°
=566.9+13.7 ) mol 'K, And ' = —12518.36+15.17 k] mol. '
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INTRODUCTION

Experimental phase equilibrium studies of
tschermakitic amphiboles have been carried out
by several previous workers: Oba (1978) claimed
the synthesis of end-member tschermakite at 10—
24 kb and 750—8507C ; Jenkins (1988), however,
concluded that solid solution exists only in the
composition range of Tso—Tss at 12 kb and 850
C, decreasing to Tsw—Tsw at 3kb and 850C. The
earlier synthesis work on the Tr—Ts join by
Jasmund and Schafer (1972) also suggested a
maximum limit of the Al solubility in amphiboles
which amounts to 55 mol % Ts at pressures of 2 to
10 kb. As is common in synthesis experiments of
amphiboles, extremely fine grain-size of run prod-
ucts hinders direct chemical analysis of
tschermakitic amphiboles using the microprobe.
Consequently, there are no reliable thermody-
namic parmeters for tschermakite and mixing
properties of Tr—Ts solid solutions. This study
adopts a simple model system, CaO—MgO—Al,
0; —SiO,~H,0, to investigate P —T — X rela-
tionships along the join Ca, Mg, Si; O,(OH), (Tr)
—~Ca, Mg; AL'AL]'Si, O»(OH), (Ts). Emphasis
has been placed on determining compositions of
Tr—Ts amphiboles synthesized with or without
seed crystals of natural tremolite. Furthermore,
the compositions of amphiboles coexisting with
zoisite and corundum are reversed, and used to
calculate thermodynamic parameters of tsch-
ermakite.

EXPERIMENTAL METHODS

All experiments were done using a conven-
tional piston-cylinder apparatus. A 2.54-cm-diam-
eter furnace assembly consisting of NaCl, pyrex,
graphite, BN and MgO was used. Temperatures
were measured with Pt, — Pty Rh g thermocou-
ples placed at the top of a capsule. Temperature
uncertainty is within+10°C. Rapid quenching to
room temperature was obtained by shutting off
electric power to the furnace.

Five different starting mixtures ranging in
their composition from Tsgto Ts,ywere prepared
by combining gels and crystaline phases. Natural,
analyzed F-and Cl-free, stoichiometric end-mem-

ber tremolite was employed as seed crystals in
some experiments, which facilitated nucleation
and growth of tschermakitic amphiboles. Experi-
mental charges lacking tremolite seed crystals
gave a fine-grained mixture of amphibole prisms
typically less than 15 #m long, whereas those with
seed tremolite generally produced newly grown
tschermakitic amphibole crystals as well as
tschermakitic rims around seed tremolite. The
products of each experiment were examined with
the petrographic microscope and immersion oils,
X-ray diffractometer, and electron microprobe.
One run product was also examined by Dr. J. H.
Ahn using a high-resolution transmission electron
microscope (HRTEM).

RESULTS

Seventy experiments were done at tempera-
tures ranging from 650C to 950C and at pres-
sures of 8 to 24 kb. Figure 1 summarizes various
mineral assemblages synthesized at each experi-
mental condition. Synthetic amphiboles occur
with other phases in all amphibole-producing ex-
periments. The identities and compositions of
these extraneous phases vary with P, T, and bulk
composition.

The phase compatibilities observed in
synthesis experiments are largely divided into
three amphibole-bearing assemblages as well as
others lacking amphibole (Fig. 1). At 650—850C
and 8—12 kb, amphibole*corundum coexist
with anorthite (+chlorite, talc, pyroxenes, spinel
and sapphirine), but at pressures of 12—21 kb,
amphibole+corundum coexist with zoisite (%
talc, chlorite, kyanite and Mg-staurolite). At 900
‘C, amphibole+corundum+clinopyroxene (+an-
orthite, forsterite, sapphirine and garnet) are sta-
ble over the pressure range 12—18 kb, These am-
phibole-bearing assemblages are replaced at high
pressure by clinopyroxene + talc + chlorite + zoi-
site at 650—750C, and at higher temperatures by
garnet+clinopyroxene( £ zoisite, ortho-pyroxene
and Mg-staurolite).

The stability range of phase assemblages con-
taining Tr—Ts amphibole solid solutions is delin-
eated as approximately defined by the dashed
curves of Fig. 1. Taken in conjunction with the
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Fig. .. P ..«—T diagram illustrating various
mineral assemblages synthesized at each experimental
condition. Dashed curves approximately define P—T
limits for the stability of phase assemblages containing
tschermakitic amphiboles. The dot-dashed curves
schematically show the boundaries between different
amphibole-bearing assemblages. Various breakdown
assemblages are also shown for each amphibole-absent
P—T region. Abbreviations : Amp, amphibole ; An, an-
orthite ; Chl, chlorite ; Cor, corundum ; Cpx, clinopy-
roxcene ; Fo, forsterite ; Gt, garnet ; Ky, kyanite ; Opx,
orthopyroxene ; Sa, sapphirine; Sp, spinel; St, Mg-
staurolite ; T, talc ; Zo, zoisite.

experimental result of Cao et al. (1986) for the
upper thermal stability limit of tschermakitic am-
phiboles at low pressures, it is evident that
tschermakitic amphiboles synthesized from Tsg,
to Ts,ybulk compositions are stable over a broad
P—T range. They show a wedge-like stability
field diminishing with increasing pressure. At
Pressures greater than 21—24 kb and tempera-
tures of 750—~850°C, tschermakitic amphiboles ul-
timately disappear.

AMPHIBOLE CHEMISTRY

Synthetic amphiboles are at least ternary
solid solutions, and show wide compositional var-
iations primarily due to three independent intr-
acrystalline exchange components represented by
the tschermakitic (Al1Y'Al'Y Mg_, Si_,), sudoitic
(ALY ]YMg_; = Sud, where [_| denotes vacant
site) and cummingtonitic (CaMg_,=Cum) substi-
tutions. Sudoitic substitution in amphibole is
newly defined in this study by analogy with di/
trioctahedral exchange in the six-fold coordinat-
ed sites of clinochlore (Mgs AI'Si;AI" O, (OH);)
— sudoite (Mg,[]"AI';Si;A1"0,,(OH);) solid so-
fution.

Compositions of amphiboles synthesized at
temperatures of 750, 850, and 900C, respectively
are shown in Fig. 2, which is a plot of Ts mol %
versus(a) Sud mol % and(b) cation sum based on
23 oxygens pfu. A little wider scatter in Fig. 2b
than Fig. 2a is apparent, because total cations for
Ca-amphiboles from seeded experiments are gen-
erally greater by about 0.05 cations than those
from unseeded experiments due to minor Na and
Fe compoments from natural seed crystals. Also
shown in Fig. 2 are electron microprobe analyses
of synthetic tschermakitic amphiboles reported
in the literature (Oba, 1978 ; Cao et al., 1986 ; Ellis
and Thompson, 1986).

Fig. 2a suggests a positive correlation be-
tween Ts and Sud substitutions. The Sud substitu-
tion in the Tr—Ts solid solutions exhibits a signif-
icant variation, ranging from +18 to —15 mol %.
Hence, the total number of cations in the amphi-
bole also varies due to the nature of Sud substitu-
tion involving vacant octahedral sites. This rela-
tion (Fig. 2b) indicates a progressive increase in
the cation sums of synthetic amphiboles with Ts
content. Calcic amphiboles with Ts>45 mol %
may contain as much as 0.15 excess cations pfu,
whereas less tschermakitic amph;boles are defi-
cient in the cation occupancy by as mu:.h as 0.18
pfu. Thus, any normakzat(on scheme for. amiphi-

bole formula, assumii ‘a canon sum equal to'15.
0, may yield mislea i‘ng redults for estlmatmg the
Fe'* content in a
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Fig. 2 Compositions of Ca-amphiboles syn-
thesized at 750, 850, and 900°C, respectively, poltted in
terms of mol % Ts versus (a) mol % Sud, and (b} cation
sum. Typical uncertainties in mol % Ts or Sud, and
cation sum of each spot analysis are 2 mol % Ts or
Sud, and cation sum of each spot analysis are 2 mol %
and 002 cations, respectively. The solid line denotes
the ideal Tr—Ts solid solution ignoring the Sud com-
ponent (i. e, Al''= AI"),

tant to note that the number of total cations may
exceed 15.0 for Ts-rich solid solutions. These ex-
cess cations must be assigned to the A-site, be-
cause the I-beam structure is essentially close-
packed. Consequently, a small number of Ca cati-

ons(up to 0.15) apparently may occupy the A site
of the amphibole structure, analogous to the oc-
currence of interlayer Ca cations in margarite.

The average Cum content of amphiboles in
each experiment varies from 4 to 11 mol %. No
systematic variation in Ca content is observed at
low pressures (<10 kb), or at a temperature of
750°C. However, at higher P and T, the Cum con-
tent generally increases with both P and T. In par-
ticular, at 900TC, the average X ., consistently in-
creases with pressure(®Cum/aP = 0.7 mol % kb' ).
The increase in Cum content with increasing P
can be accounted for by the volume reduction ac-
companying replacement,of Ca by Mg.

Finally, stoichiometric deviation in synthetic
amphiboles may be due partly to structural disor-
der producing single or multiple chains in con-
junction with normal amphibole double chains.
For example, Ca contents and cation sums may
increase by the presence of single chains, but de-
crease by multiple chains in structurally disor-
dered amphiboles. The amphibole compositions
of this study do not fall along the join between
talc and tschermakitic clinopyroxene including
biopyriboles. Structural disorder in synthetic am-
phiboles of this study are thus inferred to be very
limited in extent. Independent evidence for limit-
ed structural disorder is obtained by examining
the run product of an unseeded experiment at 10
kb and 751C, using HRTEM. Except for the
minor occurrence of triple chains, no structural
disorder was found. Hence, the effect of structural
disorder on Ca and Mg compositions of amphi-
boles is insignificant in tschermakitic amphiboles
synthesized at high pressures in this study.

DISCUSSION

Compositions of tschermakitic amphiboles
change systematically with P and T. Solid solu-
tion relationships are shown in Fig 3 in terms of
mol % Ts. The compositions of amphiboles were
also reversed at seven different P and T, and are
shown simultaneously at each experimental con-
dition in Fig. 3. The Ts content first increases with
increasing T (9Ts/aT = ~0.1 mol % K ' ) at 750—
850°C, then remains nearly constant at 850 — 900
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Fig. 3. Py, —T diagram illustrating isopleths
for the mol % Ts of Ca-amphiboles in various as-
semblages of run products. Isopleths in mol % Ts
are calculated for the assemblage Amp+Zo+Cor
+H,0, assuming ideal mixing of Tr—Ts solution
and the activity-composition relationship of aq, =
X1, (thin lines ; dotted when isopleths are meta-
stable).

‘C. Pressure dramatically affects the Ts content
of Ca-amphiboles : it increases with P at 8—12 kb
(8Ts/aP = 2—3 mol % kb ™), but significantly de-
creases at 12—21 kb (9Ts/oP = —2.5 mol kb™').
Hence, the most tschermakitic amphibole, con-
taining 605 mol % Ts, occurs at 12 kb and 850—
900°C. Such compositional variations are due to
the change in mineral assemblages.

Compositions of Ca-amphiboles coexisting
with corundum and zoisite at 12—21 kb and 750—
850C are defined by the simple degenerate reac-
tion :

3 (tremolite) »,,, + 2 z0isite + 7 corundum + H,0
= 5(tschermakite) s 1)

Six reversal experiments for reaction (1) were
done at 750 and 850°C (Fig. 3), and used to esti-
mate thermodynamic paramerters of tscherma-
kite assuming ideal mixing of Tr—Ts solid solu-
tions. Various numbers of exchangeable cation
sites were employed to fit the experimental
brackets, in conjunction with thermodynamic
data set of THERMOCALC(Holland and Powell,
1990). The most consistent result was obtained by
a simple activity—compositon relationship of ap,
= X4, . Calculated isopleths have gentle positive
P/T slope as shown in Fig. 3, and account for the
observed decrease in Ts content with increasing
pressure. Standard molal entropy and enthapy of
tschermakite are predicted from the linear pro-
gramming method : S’ 1, =566.9+13.7)J mol 'K ™
and H ;= —12518.36+15.17kJ mol ~'. The latter

value is greater than 532 J mol 'K 'estimated
from the structural algorithm incorporating coor-
dination number of Al. Apparent discrepancy in
the entropy value is attributed to the cation disor-
dering in synthetic tschermakitic amphiboles, be-
cause they are virtually free of structural disor-
ders as revealed by the TEM study.

A similar trend of decreasing Ts content with
increasing P is also evident at 900°C and P>12kb.
The exact reaction governing amphibole compo-
sition varies with P, because the observed mineral
assemblages (+Amp-+Cor) change from anor-
thite +sapphirine +-forsterite to clinopyoxene+
garnet. On the other hand, at low P and T, the Ts
content increases systematically with both P and
T, buffered by various anorthite-bearing assem-
blages (+Cor). For example, compositions of am-
phiboles coexisting with anorthite and chlorite
define the maximum Ts solubility at a given P
and T, governed by the simple reaction,

(tremolite) o, + 8 anorthite +
2 (clinochlore)y,-cy

= 5(tschermakite) o, + 4H,0. )
One reversal of this equilibrium has been ob-
tained at 8kb and 750C (Fig. 3). In conjuction
with my unpublished data on the Amp+An+Chl
assemblage at low pressures, synthetic amphi-
boies increase in Ts content with both P and T,
consistent with the negative P—T slope of reac-
tion (2) calculated based on thermodynamic data
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of Holland and Powell (1990).
CONCLUSIONS

Thermal stabilities of tschermakitic amphi-
boles have been determined at temperatures of
650—900C for bulk compositions ranging from
Tssto Ts, These amphiboles show a wedge-like
Puia — T stability field, diminishing with increas-
ing P; amphibole-bearing associations are re-
placed by eclogitic analogue assemblages at P>
18—24 kb. The presence of octahedral vacancies
(= dioctahedral component) in synthetic amphi-
boles is experimentally suggested, and delineated
in terms of sudoitic substitution which shows a
negative correlation with tschermakitic exchange.
Compositions of tschermakitic amphiboles syste-
matically change with P and T. In particular, the
Ts contents of Ca-amphiboles coexisting with
zoisite and corundum have been reversed at six
different P—T conditions; Ts solubility signifi-
cantly decreases with increasing P (3Ts/oP = —2.
5 mol % kb ") for the assemblage Amp+Zo+Cor
+H,0. The maximum Al-solubility of 1.2+0.1
tetrahedral Al equivalent to 60+5 mol % Ts oc-
curs at 12 kb and 850—900C
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