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An experimental determination of calcic amphibole solid solution along
the join tremolite-tschermakite
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Ansrucr

Calcic amphiboles along the tremolite (Tr)-tschermakite (Ts) join in the system CaO-
MgO-AlrOr-SiOr-HrO were synthesizedat Pn"ia : 8-21 kbar and at Z: 750-900 "C.
Reactions were reversed at seven P-I locations within the tschermakitic amphibole field
of stability. In some experiments, natural stoichiometric end-member tremolite, for which
analyses showed F and CI to be absent, was employed as seed crystals to facilitate nucle-
ation and growth of tschermakitic amphiboles. Synthetic amphiboles occur in various
corundum-bearing assemblages that define the maximum Al content in Tr-Ts solid solu-
tions at a given P and T. At 750-850 oC and 12-21 kbar, amphibole * corundum coexist
with zoisite + HrO (+ talc, chlorite, and magnesium staurolite); at lower P, amphibole
coexists with anorthite * HrO (+ chlorite, corundum, spinel, pyroxenes, and sapphirine).
Amphibole * corundum * clinopyroxene * HrO (+ anorthite, forsterite, sapphirine, and
garnet) are stable at 900 "C over the Po,,o range 12-18 kbar. These amphibole-bearing
assemblages are replaced at higher P by clinopyroxene + talc + chlorite * zoisite + HrO
at 650-750 "C, and at higher temperatures by garnet * clinopyroxene * HrO (+ zoisite,
orthopyroxene, and magnesium staurolite).

All condensed phases were analyzed with an electron microprobe. Pyroxenes vary sig-
nificantly in total Al content (-0. l-0.5 cations per formula unit, pfu, based on 6 O atoms),
whereas garnet is nearly constant in its composition, PyrnGrr,. Composition of magnesium
staurolite varies from 7.80 to 7.94 Si and 3.65 to 3.78 Mg cations pfu based on 46 O
atoms (anhydrous formula). Synthetic amphiboles are at least ternary solid solutions and
contain 4-l I molo/o MgrSirOrr(OH)r. Calcic amphiboles with Ts > about 45 molo/o contain
as much as 0.15 excess cations pfu based on 23 O atoms (anhydrous formula), whereas
less tschermakitic ones are deficient in cation occupancy by up to 0.18 pfu. This trend is
attributed to an AlrtrMg-, substitution in octahedral sites of calcium amphiboles, as is
found in the 2:l layer ofclinochlore-sudoite solid solutions. Yariable dioctahedral occu-
pancy in the amphibole structure further complicates amphibole site assignment based on
electron microprobe analyses.

Compositions of synthetic calcic amphiboles change systematically with P and Z gov-
erned by coexisting mineral assemblages. The Ts content [: (8-Si-Na)/2] increases with 7'
(0Ts/07: -0. I molo/o K ') in the range 750-850 "C, but remains nearly constant at 850-
900 "C. Pressure dramatically affects the Ts content of calcic amphiboles: it in-
creases with Po",o at 8-12 kbar (dTs/dP : 2-3 molo/o kbar-'), but significantly decreases at
12-21 kbar (0Ts/6P : -2.5 molo/o kbar '). Hence, the most tschermakitic amphibole,
containing 60 + 5 molo/o Ts, i.e., 1.2 t 0. I I4rAl, occurs at 12 kbar and 850-900 "C. This
Al value is identical to that of synthetic magnesium chlorite and may represent a funda-
mental limit to Ts solubility in the 2: I layer of biopyriboles. The Al content of Tr-Ts
amphibole is a function of mineral assemblages as well as P and 7" and cannot be used to
deduce physical conditions without identifying appropriate reaction assemblages.

INrnooucrroN

The Al content of calcic amphiboles in metabasites
generally increases with metamorphic grade from green-
schist through amphibolite to lower granulite facies (Rob-
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inson et al., 1982). A1,", in hornblende of calc-alkalic plu-
tonic rocks increases with increasing pressure in cases
where a low-variance magmatic, near-solidus mineral as-
semblage occurs together with hornblende (Hammar-
strom and 7nn, 1986:' Hollister et al., 1987). This P de-
pendence of Al in hornblende has been investigated
recently in the laboratory (Johnson and Rutherford, 1989;
Thomas and Ernst, 1990), but few phase equilibrium data
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Fig. l. Phases encountered in this study ofthe system CaC-

MgO-AlrOr-SiOr-HrO. The diagram is a projection from AlrO,
and HrO onto the CaO-MgO-SiO, plane in mol0/0. Stoichiomet-
ric end-members are illustrated by filled squares, binary solid
solutions by heavy lines. Abbreviations: Amp, amphibole; An,
anorthite; Chl, chlorite; Cor, Corundum; Cpx, clinopyroxene;
Fo, forsterite; Gr, grossular; Ky, kyanite; Opx, orthopyroxene;
Py, pyrope; Sa, sapphirine; Sp, spinel; St, magnesium staurolite;
Tc, talc; Tr, tremolite; Ts, tschermakite;Zo,zoisite.

exist for calibrating the subsolidus change of amphibole
composition with P and f (e.g., Spear, l98l; Pluysnina,
1982; Jenkins, 1988, 1989). This scarcity ofexperimental
data may reflect, not only difficulty in the synthesis of
amphiboles, but also the complexity of amphibole solid
solutions. In addition, activity-composition relations of
calcic amphiboles are poorly understood, as is apparent
by the controversy concerning the existence of a misci-
bility gap between actinolite and hornblende or pargasite
(Oba, 1980; Graham and Navrotsky, 1986; Ghent, 1988;
Cho et al., 1988). In this study, we adopt a simple model
system, CaO-MgO-Al,O3-SiOr-HrO (CMASH), to inves-
tigate P-T-X relationships along the join Ca,Mg,Sir-
Orr(OH)r(Tr)-Ca2Mg3r6]Al2Si6ro1Al,O,2(OH)r(Ts) using a
piston-cylinder apparatus. Emphasis has been placed on
determining compositions of Tr-Ts amphiboles synthe-
sized with or without seed crystals of natural tremolite.

TABLE 1. Compositions of five Tr-Ts amphibole starting mixtures

CHO AND ERNST: THE JOIN TREMOLITE-TSCHERMAKITE

Phases encountered in this study are shown in Figure l,
which is a projection from corundum and HrO onto the
CaO-MgO-SiO, plane.

Experimental phase equilibrium studies of tschermaki-
tic amphiboles have been carried out by many previous
workers (Jasmund and Schiifer, 1972, Oba, 1978; Cao et
al., 1986; Ell is and Thompson, 1986;Jenkins, 1988). A1-
though Oba (1978) claimed the synthesis of end-member
tschermakite at 10-24 kbar and 750-850 'C, Jenkins
(1988) concluded that solid solution exists only in the
composition range of Tsoo-Tsro at 12 kbar and 850 "C,
decreasing to Tsoo-Ts,o at 3 kbar and 850 lC. The earlier
synthesis work on the Tr-Ts join by Jasmund and Schiifer
(1972) also suggested a maximum limit of the Al content
in amphiboles that amounts to 55 molo,6 Ts at pressures
of 2-10 kbar Po,,o. As is common in synthesis experi-
ments of amphiboles, extremely fine grain size of exper-
imental products hinders direct chemical analysis of
tschermakitic amphiboles using the microprobe. Conse-
quently, there are no reliable thermodynamic parameters
for tschermakite and mixing properties of Tr-Ts solid so-
lutions.

The present study aims primarily at determining the
maximum Al content in Tr-Ts amphiboles over the hy-
drothermal P-T range of 8-24 kbar and 650-950 "C. This
study f,rst defines the upper and lower P-Z limits of
tschermakitic amphiboles, using five different starting
mixtures with compositions in the range of Tsro-Ts,oo.
The compositions of synthesized amphiboles are then in-
vestigated as a function of P, T and bulk composition.

ExprnrprnNTAl METHoDS

General procedures

All experiments were conducted at UCLA using a con-
ventional piston-cylinder apparatus (Boyd and England,
1960). Further details on experimental procedures are
available in Sen (1985), Cao et al. (1986), and Thomas
and Ernst (1990). A furnace assembly 2.54 cm in diam-
eter and consisting of NaCl, pyrex, graphite, BN, and MgO
(Boettcher et al., l98l) was employed. Pressure was cal-
ibrated using the reaction high albite : jadeite + quartz
(Johannes et al., 197 l; Holland, 1980). No pressure cor-
rection for friction was required, as described by Boett-
cher et al. (1981). The uncertainty in pressure is estimat-
ed to be +500 bars, including P fluctuations during an

Comoositions based on 23 O atoms
Starting
mixture Starting material Mg

Hb
Hbc
HbX
HbT
TS

gel
Hb gel + natural Chl
Hb gel + natural Chl + synthetic An
natural Tr + natural Chl + synthetic An
Hb gel + synthetic Chl + synthetic An

7.00
6.91
6.55
6.28
6.00

2.00
2.10
2.93
3.44
4.00

4.00
4 . 1 1
3.50
3.31
3.00

2.00
1.92
2.00
1.94
2.00

15.00
15.04
14.99
14.99
15.00

0.002
0.005
0.02

Note.'All compositions are calculated on the basis of 23 O atoms, using the analyzed compositions of natural tremolite and chlorite [fabb 2). Natural
tremolite and chlorite used in the starting material are the source of trace amounts of Fe and other elements such as Na (not listed).
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TABLE 2. Compositions of natural tremolite and chlorite used in the starting mixtures

987

Cations based on
Tremolite

Oxide wto/" o : 2 3 o :  1 4

sio,
Tio,
Al2o3
Cr2O3
FeO-
MnO
Mgo
CaO
Naro
KrO

Total

58.90 + 0.31
0.02 + 0.02
0.08 + 0.17
O.O2 + O.02
0.17 + 0.03
0.03 + 0.03

24.30 + 0.18
13.44 + 0.08
0.25 + 0.06
0.06 + 0.03

97.26 + 0.24

29.54 + 0.81
0-03 + 0.02

23.95 + 0.10
0.01 + g.g1
0.48 + 0.05
0.01 + 0.01

32.13 + 0.70
0.01 + 0.01

n.d.'"
0.01 + 0.01

86.17 + 0.62

8.014 + 0.026
0.002 + 0.002
0.013 + 0.028
0.002 + 0.002
0.019 + 0.004
0.003 + 0.003
4.928 + 0.027
1.959 + 0.013
0.065 + 0.015
0.010 + 0.005

15.015 + 0.017

2.760 r 0.064
0.002 + 0.001
2.638 + 0.'127
0.001 + 0.001
0.038 + 0.005
0.001 + 0.001
4.476 + 0.071
0.001 + 0.001

0.000
0.002 + 0.001
9.919 + 0.012

Si
Ti
AI

Fe
Mn
M9
Ca
Na
K
Sum

Note-'Cl and F contents in both minerals were below detection limits. One standard deviation of 12 individual analyses form several different grains
are listed. Tremolite was obtained from the Stanford University Mineral Collection (SUMC 5122). Chlorite of sheridanite composition (Royal Ontario
Museum Collection no- M12696) was kindly provided by John M. Allen.

'Total Fe as FeO.
-'The abbreviation n.d. : not detected.

experiment (smaller than +300 bars). In most experi-
ments, two or three Au capsules (3 or 3.5 mm O.D.)
containing different starting mixtures together with l0-
20 wo/o HrO were nrn simultaneously. Test experiments
with the same starting mixture gave identical results, not
only in mineral assemblages but also in amphibole com-
positions. Temperatures were measured with Pt,oo-
PteoRhro thermocouples placed at the top of the capsule.
Temperature was maintained within +2 'C of the exper-
imental I using a Eurotherm controller; the uncertainty
in temperature measurements is believed to be within
+ l0 'C. All experiments were first pressurized at room
temperature to l-2 kbar below the desired value, then
heated to experimental temperature, and finally adjusted
to the desired pressure. Durations of individual experi-
ments varied from 48 to 292 h, depending on tempera-
ture; cumulative duration for reversal experiments ranged
up to 330 h. Rapid quenching to room temperature was
obtained by shutting offelectric power to the furnace. At
the conclusion of the experiments, capsules were weighed
to check for weight loss, indicating possible HrO leakage
during the experiment, then punctured, and dried at 130'c.

Starting materials

Five diferent starting mixtures were prepared by com-
bining gels and crystalline phases (Table l). The starting
gel (Hb) of the Tsro composition is identical to that used
by Cao et al. (1986), who confirmed its stoichiometry by
both X-ray fluorescence and electron microprobe tech-
niques. Three starting mixes (Hb, HbX, and TS) lie along
the join tremolite-tschermakite, but two others (HbC and
HbT) contain 3 or 4 molo/o Mg,SirOrr(OH),(Cum). Excess
Mg was introduced in the latter mixes in order to test the
suggestion of previous workers (e.g., Wones and Dodge,
1977;' Cao et al., 1986; Ellis and Thompson, 1986; Jen-
kins, 1987, 1988) that synthetic amphiboles are enriched
in Cum component by approximately 5-10 molo/0.

Natural and synthetic tremolite, chlorite, and anorthite

were used as starting materials. Compositions of natural
tremolite and chlorite used for preparing HbX, HbC, and
HbT mixes are listed in Table 2. Both tremolite and chlo-
rite are free of F and Cl and contain only negligible
amounts of impurities such as Fe and Na. The starting
anorthite was synthesized hydrothermally from an oxide
mix at 700 "C and 3 kbar for 25 d. Magrresium chlorite
synthesized at 669 "C and 2 kbar from an oxide mix of
the clinochlore composition (sample 53 of Cho and Faw-
cett, 1986) was used to prepare the TS mix. The com-
position of this starting material, corresponding to Tsr00,
was obtained by mixing Hb gel, synthetic clinochlore,
and anorthite in a l:l:4 ratio.

Numerous attempts were made to synthesize Tr-Ts
amphibole solid solutions using either gels or oxide
mixtures at low fluid pressures (<3 kbar) in cold-seal
pressure vessels. Although experiments were made within
the stability field of tschermakitic amphiboles (Cao et al.,
1986), the yield of synthetic amphibole was commonly
less than 800/0, and synthetic amphibole occurred with
other phases such as pyroxenes, talc, and anorthite. A far
greater yield of amphibole was obtained by introducing
seed crystals of tremolite into the starting mix. It is thus
apparent that amphiboles may have a smaller nucleation
rate relative to other competing phases. In addition, the
crystal size of amphiboles was $eatly enhanced in seeded
experiments, as displayed in backscattered electron im-
ages of two experimental products (Fig. 2).

Experimental charges lacking tremolite seed crystals
yielded a fine-grained mixture of amphibole prisms typ-
ically less than 15 pm long and 2 pm wide. Figure 2a
shows an unseeded synthetic charge (HbC2 at 12 kbar
and 750 'C) in which prismatic zoisite and corundum
crystals are present in an extremely fine-grained matrix
of amphibole and chlorite. On the other hand, experi-
mental charges with seed tremolite generally produced
newly grown tschermakitic amphibole crystals as well as
tschermakitic rims around seed tremolite (Fig. 2b).
Thickness of Ts-rich rims increases from a few microme-
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Fig. 2. Backscattered electron photomicrographs of experi-
mental products. (a) A typical experimental charge containing
no seed crystals of tremolite (experiment HbC2 at 12 kbar and
750 'C). Prismatic zoisite (light) and corundum (gray) crystals
grow in extremely fine-grained matrix, primarily consisting of
amphibole and chlorite (dark patches). Scale bar is 10 pm. (b)
An experimental charge with seed tremolite, in which newly
grown tschermakitic amphibole (Tsn._r.) coexists with chlorite
(dark) (experiment HbTT at l2 kbar and 850 'C). Large grains of
amphibole consist of thin tschermakitic rims and Al-free cores
inherited from seed tremolite crystals. Scale bar is l0 pm.

ters at low P and, T to much greater than l0 pm at high
P and T. Figure 2b represents a seeded experiment (HbT7
at 12 kbar and 850 'C) in which tschermakitic amphi-
boles (Tsou_rr) grew, replacing chlorite of the starting mix-
ture. A wide range in Ts content is apparent, partly be-
cause of composite seed * overgrowth compositions.

Analytical methods

The products of each experiment were examined with
the petrographic microscope and immersion oils, X-ray
diffractometer (XRD), and electron microprobe. One ex-

perimental product was also examined by J. H. Ahn at
Arizona State University using a high-resolution trans-
mission electron microscope (HRTEM). Because of the
fine-grained nature of most products, the identification of
phases was based primarily on XRD, complemented by
electron microprobe techniques. Automated XRD units
with Ni-filtered, CuKa radiation were used to examine
smear mounts on glass slides. All mounts were scanned
aI l" 20 min ' to evaluate the yield of synthetic amphi-
boles and to identify associated phases.

Most products obtained using the HbT starting mix
show significant splitting in amphibole peaks due to the
coexistence of newly grown tschermakitic amphibole and
relict seed tremolite. In particular, d.,o peaks of the co-
existing amphiboles are distinct and their intensity ratios
provided useful information to estimate the extent of re-
actions forming tschermakitic solid solutions. It is evi-
dent from intensity ratios listed in Table 3 that the max-
imum yield of tschermakitic amphibole occurs at 12-15
kbar Po",o and 900 'C. Furthermore, the d'o spacing is
sensitive to changes in the composition of synthetic am-
phibole, as determined by Jenkins (1988). For the HbT-
series experiments, d'o of tschermakitic amphibole was
measured by scanning over the region 28.4-29.0 20 at
0.2 20 min ', using d'o (: 3.124 + 0.002 A) of seed
tremolite as an internal standard. The selection of trem-
olite as a standard is justified because compositions of
seed tremolile, analyzed by electron microprobe, are
identical before and after experiments throughout the P-
l"-time range of this study.

The d'o value was also measured for some tschermaki-
tic amphibole samples synthesized from the starting mix-
es (Hb, HbX, and TS) lacking seed tremolite. Corundum
was present in most experimental products but not at
concentrations where it could be used as an internal stan-
dard. Accordingly, quartz was added to some products
for this pulpose. The XRD results are listed in Table 3
and shown in Figure 3, along with average Ts contents of
synthetic amphiboles analyzed by electron microprobe.
For most experiments, no variation in d'o values of new-
ly synthesized amphiboles was detected as a function of
starting material crystallinity (seeded vs. unseeded mix).

Jenkins (1988) determined Ihat d'o of amphibole syn-
thesized at 12 kbar and 850 "C decreases systematically
with starting bulk compositions, ranging from Tsoo to Tsro
(Fig. 3); in contrast, he found an essentially constant d.,o
value for amphiboles synthesized from starting mixes in
the compositional range of Tsro-Ts,oo. Jenkins concluded
that at 12 kbar, solid solution exists near the composi-
tional range Tsoo-Tsro but neither precisely on nor along
the entire Tr-Ts join. The result of this study is in good
agreement with Jenkins'calibration when the uncertainty
in his d.,o values, ranging up to +0.005 A, is taken into
account. We have shown (Fig. 3) that the value of d'o
decreases with increasing Ts molo/o of synthetic amphi-
boles where Ts <60 molo/0. In conjunction with our un-
pubtished d.,ovalue of synthetic tremolite (3.119 A), all
of our data fit a second-order polynomial:
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TABLE 3. Summary of experimental data

Experiment no.. P (kbar)".
Dura-

Irc) tion, (h) Remarkst

989

t,
(Ts/Tr)+ 4,0^.0

Ts
mol%

HbX2
HbTg
Hb17A$
HbTgA
HbXSA
HbT15
HbX13
HbXl
Hb19
HbXS
HbTl 8
HbX15
HbT3
HbX6
Hbc2
HbTSA
HbX6A
HbXl 6A
HbTT
Hbxg
HbTl9
HbT2O
HbX16
TS1
HbT26
Hb24
HbT6
HbXl 1
HbT6A
HbT19A
HbT28
TS lA
HbX18
HbT23
TS3
Hb17C$
HbT22
HbX17
HbT14
HbX12
HbT14A
HbT2OA
HbT16
HbT16A
TS9
HbT19B
Hbr24
TS2
HbT25
TS4
Hb17D$
HbT17
HbX14
HbT17A
TS1 0
TS3A
HbT29
HbX14A
Hb27

7.96 + 0.12
8.0 + 0.13
8.0 + 0.13

8.04 + 0.07
8.04 + 0.07
7.93 + 0.37
7.93 + 0.37

10.02  +  0 .10
10.02 + 0.10
10.09 + 0.17
10.07 + 0.27
10.07 ! 0.27
12.01 + O.14
12.01  +  0 .14
12.01 + 0.14
11.96  +  0 .16
11.96  +  0 .16
11.96  +  0 .16
11.99 + 0.07
11.99 + 0.07
12.20 + 0.22
12.20 + 0.22
12.20 + 0.22
12.20 + 0.22
11.92  +  0 .10
11.92  +  0 .10
14.96 + 0.06
14.96 + 0.06
15.1 a 0.3
15.1  +  0 .3
15.0  +  0 .15
15.0  +  0 .15
15.0  +  0 .15

14.96 + 0.05
14.96 + 0.05
14.96 + 0.05
17.91 + 0.24
17.91 + O.24
17.8 + 0.24
17.8 + 0.24

17.54 + 0.26
17.54 + 0.26
17.8 + O.2

17.82 + 018
17.82  +  0 .18
17.82 + 0.18
18.08 t 0.29
18.08 + 0.29
20.90 + 0.3
20.90 + 0.3
20.90 t 0.3

21
21

20.7 + 0.14
20.7 + 0.14
20.7 + 0.14

23.85 + 0.24
23.85 + 0.24
23.85 + 0.24

700 292
750 215
750 215
750 233
750 233
850 207
850 207
651 287
751 141
800 114
850 206
850 206
750 140
750 140
750 140
750 144
750 144
750 144
850 115
850 115
900 120
900 120
900 120
900 120
950 72
950 72
750 137
750 137
750 193
750 193
850 156
850 156
850 156
900 93
900 93
900 93
650 90
650 90
750 113
750 113
750 161
750 161
8s0 90
850 120
850 120
850 120
900 72
900 72
750 117
750 117
750 117
850 19
850 19
850 74
850 74
850 74
850 48
850 48
850 48

0.25 3.0982
3.105

0.7 3.1005
3.0957

0.5 3.096
3.09711

3.096
3.0s5ll
3.094
3.0923

1.0 3.0975
3.09911
3.0esll

1.s 3.0983
3.0992
3.0929

0.9 3.096
3.09611

2.7 3.095
2.2 3.094

3.0s4ll
3.09511

0.5 3.0983
3.093

1.7 3.096
3.0948
3.0960

3.2 3.0945
3.0931
3.0944

0.9 3.1012
3.1027

An > AmP - Chl >> CPx = Tc
A m o > C h l > A n > C o r
Amo > An
A m p > A n > C h l > C o ( ? )
A m o > A n > C o r
Amp > An > Sp > tr. (Opx + Cor)
A m p > A n > S p > O p x
An > Amp > Chl >> Cpx - Tc > tr. Cor
Amo > An
A m p > A n > C o r
Amp > An > Cor > tr. Sa
Amp > An > tr. Cor (+ tr. unknown?)
A m p > C o r > Z o
Amp > Cor > Zo > tr. Chl
A m p > Z o - C h l - C o r
A m p > C o r > Z o
Amp > Zo - Cor; Chl ot HbXO absent
Amp > An(?)
A m o > A n > C o r
A m o > A n E C o r
Amp > Cor > Cpx > tr. An
Amp > Cor - Cpx > tr. Sa
A m p > C p x > C o r
Amp > Cpx > Cor > tr. Fo(?)
Cpx > Sp > Opx (+ unknown?)
Cpx > Opx > tr. Fo (+ melt)
A m p > C o r > Z o
A m p > C o r > Z o
A m p > Z o > C o r
A m p > Z o > C o r
A m p > Z o E C o r
Amp > Zo > tr. Cor
Amp > tr. (Zo + Cor)
A m p > C p x r C o r
A m p > C p x - C o r
A m p > G t > C p x
Chl > Tc > Zo (> metastable Tr)
T c > C h l > Z o > C p x
Amp > Cor x Zo> Chl > tr. Ky
A m o > T c > C h l > Z o
A m p > Z o - C o r
Amp > Zo - Cor > tr. Ky
A m p > C o r - Z o
A m p > C o r r Z o
A m o > G t * Z o > C o r
Amp > Gt > Cor (+ tr. relict Cpx)
G t > C p x - A m p > C o r
Gt > Cpx > Cor (+ tr. unknown ?)
Amo > Chl > St - Zo > tr. Cor
Z o > T c > C h l
Amo > Chl  >Tc -  Zo
Amp > Cor x ls * qtJartz(?)
Amp > Opx E Cor - Zo> Cpx
Amp > Cor r Zo, Gt, Cpx (?)
G t > O p x > C p x
A m p > C o r c Z o c G t
Gt > Opx * Zo - Cpx e St (+ metastable Amp)
Gt > Cpx > Opx * Zo(+ tt. St, quartz?)
O p x > C p x > Z o > G t > t r . S t

1 . 2 3.0996

3.0947

1.0 3.0955

3.107

3.10811
0.6 3.097

3.099

3 1 . 1
36.1
45.3
37.8
45.0

41.2

54.6
53.1
41 .8

42.8
35.8
53.8
59.7

59.5
57.1
58.4
s6.0

51.2
42.7
46.9
49.7
42.3
49.2
47.9
49.5
50.8
46.2

28.6
31 .6
29.2
36.2
49.6
41.1
43.2
49.6
41.3

19 .0

42.2
37.9
34.6

33.9

' Each experiment number is prefixed according to the starting mixture employed. See Table 1 tor further details on the starting mixture. Reversal
experiments using the previous experimental product as starting material are indicated by a suffix A or B attached to the number of previous experiments.

-- The listed one standard deviation refers to the Pfluctuation measured during an experiment.
t Crystalline products are listed in order of decreasing intensity ot their strongest characteristic XRD peaks, although the relative proportions of the

phases identified could not be estimated reliably due to the preferred-orientation effect. Trace (tr.) indicates those phases that are present in small
amounts detectable only by electron microprobe or optical microscope technrques.

+ Intensity ratios of the (310) peak of newly grown tschermakitic amphibole relative to that of seed tremolite.
$ The product of Hb1 7 (Amp + An + Cpx + Opx), synthesized at 2 kbar, 750 €, and 27 d, was used for experiments Hb1 7A to Hb1 7D.
ll The 410 value measured without an internal standard, but believed to be accurate to 10.003 A.
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C')

3.105

3.100

3.095

3.090

3.085

Mol To Ts

Fig. 3. Molo/o Ts vs. d'o of calcic amphibole along the
pseudobinary join Tr-Ts. Ditrerent symbols represent seeded
(HbT) and unseeded (TS, HbX, and Hb) experiments, respec-
tively. All of the data, including d'o value of synthetic tremolite
(dot with a dash), can be described by a second-order polynomial
formulation shown as the solid line. The dotted line represents
the Ts-d.,0 relationship determined by Jenkins (1988). The av-
erage uncertainties (lo) in our measurements of Ts and d'o val-
ues are 6 molo/o and 0.001 A, respectively. Refer to Table 4 for
the standard deviation ofaverage Ts content in each experiment.

d ' o :  3 .12 -  8 .10  x  l 0 -a  x  Ts  *  6 .35  x  1Q o  x  (Ts ) , ,
12 :  0 .87 (n:  34 ' )

where d.,o and Ts are in A and molo/0, respectively. This
relationship is applicable only when the Ts content is less
than about 65 molo/0. A straight line fit is not used in
order to optimize the fitting to the well-defined d'o values
of tremolite and most tschermakitic amphiboles. Al-
though the Ts content of synthetic amphiboles may be
easily estimated by determining d'0, its uncertainty can
be large, particularly for amphiboles with Ts content >40
molo/o that display small variation in d,,0. Further uncer-
tainty arises from the unknown effect of other substitu-
tions (e.g., AlrtrMg 3, as will be detailed farther on) in
amphibole solid solutions. Thus, inasmuch as the am-
phibole grains are big enough to be analyzed with the
electron microprobe, we prefer to use the quantitative
chemical analytical data.

Most of the experimental products were examined by
electron microprobe to determine the chemical compo-
sition of amphiboles and coexisting phases. Fragments of
products were mounted with epoxy on a glass slide, pol-
ished on one side, and analyzed using a Cameca electron
microprobe at UCLA. Operating conditions were l5 kV
acceleration voltage, 15 nA beam current, and l-2 p.m
beam diameter. Amphiboles from unseeded experiments
(e.g., Fig. 2a) are commonly very fine-grained, giving low
analytical totals. The sizes of synthetic amphibole grains

grown from mixes at high temperatures (850-900'C) were
typically greater than l5 pm long and 3 pm wide, allowing
high-quality analyses. On the other hand, even for rela-
tively low-temperature experiments, analyses of amphi-
boles from seeded experiments (HbT) produced excellent
stoichiometries and wto/o totals, although they were sub-
ject to contamination by relict seed tremolite. A large
number of analyses were required, particularly at low Po"'o
and 1", to obtain a reproducible composition for tscher-
makitic amphiboles. Extreme care was taken to avoid
amphibole grains containing fine granules of aluminous
phases such as corundum, zoisite, and anorthite, which
may cause an overestimate of the Ts content in amphi-
bole. The amphibole compositions obtained from un-
seeded experiments at high temperatures completely
overlap those obtained from the seeded experiments, cor-
roborating the conclusion that our analytical method is
internally consistent and that charges closely approached
equil ibrium phase compositions.

Rrsur,rs
Seventy experiments were performed at temperatures

ranging from 650 'C to 950 "C and at pressures of 8 to
24 kbar. Experimental results are listed in Table 3; Figure
4 summarizes various mineral assemblages synthesized
at each experimental condition. Synthetic amphibole oc-
curs with other phases in all amphibole-producing exper-
iments, including those from the slightly Mg-enriched
starting compositions (cf. Jenkins, 1988). The identities
and compositions of these extraneous phases vary with
P, T, and bulk composition.

The phase compatibilities observed in synthesis exper-
iments are largely divided into three amphibole-bearing
assemblages, as well as others lacking amphibole (Fig. a).
At 650-850 "C and 8-12 kbar, amphibole + corundum
coexist with anorthite * HrO (+ chlorite, talc, pyroxenes,
spinel, and sapphirine), but at 750-850'C and 12-21
kbar, amphibole * corundum coexist with zoisite + HrO
(+ talc, chlorite, kyanite, and magnesium staurolite). At
900'C, amphibole * corundum * clinopyroxene * HrO
(+ anorthite, forsterite, sapphirine, and garnet) are stable
over the fluid pressure range 12-18 kbar. These amphi-
bole-bearing assemblages are replaced at high pressures
by clinopyroxene + talc + chlorite * zoisite + HrO at
650-750 'C, and at higher temperatures by garnet * cli-
nopyroxene + HrO (+ zoisite, orthopyroxene, and mag-
nesium staurolite).

Compositions of calcic amphiboles coexisting with
corundum and zoisite are defined by the simple degen-
erate reactron

3 (tremolite)"^, * 2 zoisite * 7 corundum
+ H,O : 5 (tschermakite)o-o- (l)

This reaction relationship is shown by the pseudobinary
colinearity of the Zo-Ts-Tr join in Figure l. Six reversal
experiments for Reaction I were conducted at 750 and
850'C. Figure 5 shows the result of reversal experiments
in terms of experiment duration and average Ts content
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Fig. 4. Po".-T diagram illustrating various mineral assem-
blages synthesized at each experimental condition. When min-
eral assemblages vary depending on starting bulk compositions,
those of aluminous starting materials (i.e., HbX, HbT, or TS
mix) are shown. Dashed curves approximately define P- I limits
for the stability of phase assemblages containing tschermakitic
amphibole. The dot-dashed curves schematically show the
boundaries between different amphibole (Amp)-bearing assem-
blages. Various breakdown assemblages are also shown for each
amphibole-absent P-T region. The upper thermal stability of
tschermakitic amphibole at low pressure is adopted from Cao et
al. (1986). Abbreviations: Gt, Garnet; see the caption ofFigure
I for other abbreviations.

(+one standard deviation) of each experiment (Table 4).
Products containing tschermakitic amphibole synthe-
sized at 900 "C and 12-15 kbar (Table 3) were used as
starting material to obtain a compositional bracket from
the Al-rich side. It is apparent that Al-rich amphibole
first grows metastably, converting to less aluminous am-
phibole with increasing duration. This observation cor-
roborates the suggestion ofJenkins (1988) that metasta-
ble, Al-rich amphibole rapidly nucleates in the Al-rich
starting mixtures and then reacts to produce aluminous
phases such as Cor and An in order to more closely ap-
proach the less aluminous equilibrium composition. Sim-
ilar occurrences of metastable, aluminous pyroxenes have
been observed in our own and many other experiments
(e.g., Danckwerth and Newton, 1978; Lane and Ganguly,

( b )  8 5 0 ' c

o  l oo  200  300  0  100  200

T i m e  ( h r s ) T i m e  ( h r s )

Fig. 5. Experimental time vs. molo/o Ts of synthetic calcic
amphibole, coexisting with corundum and zoisite (+ HrO), in
six reversal experiments at (a) 750 oC and (b) 850 €. Open
symbols are for experiments starting with products containing
tschermakitic amphibole synthesized at 900 'C and 1 2- l5 kbar;
closed symbols are for those with seed tremolites or without any
seed crystal of calcic amphibole. Circles and squares represent
seeded and unseeded experiments, respectively. Error bars rep-
resent one standard deviation for the analyzed Ts content.

1980; Wood, 1979; Hansen, l98l; Perkins et al., 1981;
Wang and Greenwood, 1988).

Reversal experiments from the less aluminous side of
Reaction I were made from various starting mixtures with
or without tremolite seed crystals (Table 3). No signifi-
cant discrepancy was observed because of the difference
in starting materials. It may be noted from Figure 5 that
uncertainities generally decrease with increasing experi-
ment duration, indicating progressively closer approach-
es toward equilibrium. The large apparent uncertainty in
the Al-rich side bracket of reversal experiments results
simply from the difficulty in distinguishing between seed-
ed and newly grown tschermakitic amphibole. Systematic
variation of amphibole compositions with P and 7" as
well as chemical reproducibility of amphiboles from dif-
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TABLe 4. Average compositions of analyzed amphibole in each experiment

Experi- P Total
ment no. (kbaD f rc) n* wlo/" Si At Fe CaMg

Cation
sum

Hb17,A
HbTgA
HbXSA
HbT15
HbX13
Hb1 I
HbTl 8
Hbx15
HbT3
HbT3A
HbX6A
HbX16A
HbTT
HbTl9
HbT2O
HbXl 6
TS1
HbT6
Hbxl  1
HbT6A
HbT19A
HbT28
TSlA
HbX18
HbT23
TS3
Hb17C
HbTl4
Hbx12
HbT14A
HbT2OA
HbT16
TS9
HbT16A
HbTl 98
Hbr24
HbT25
HbT17
HbX14
HbT17A
TS3A
HbT29

8.0 750
8.0 750
8.0 750
7.9 850
7.9 850

10.0 751
10.0 850
10.0 850
12.0 750
12.0 750
12.O 750
12.0 750
12.0 850
12.2 900
12.2 900
12.2 900
12.2 900
15.0 750
15.0 750
15.1 750
15.1 750
15.0 850
15.0 850
15.0 850
15.0 900
15.0 900
15.0 900
17.8 750
17.8 750
17.5 750
17.5 750
17.8 850
17.8 850
17.8 850
17.8 850
18.1 900
20.9 750
21.O 850
21.0 850
20.7 850
20.7 850
23.9 850

92.9 7.37
95.6 7.23
89.3 7.09
97.8  7 j6
81.4 7 .10
95.0 7.17
96.4 6.87
92.6 6.92
94.0 7.15
97.3 7.11
94.3 7.28
95.6 6.92
95.6 6.73
95.7 6.77
95.5 6.82
96.2 6.83
96.1 6.85
97.0 6.94
89.0 7.14
96.1 7.03
97.1 6.97
96.8 7.12
96.8 6.98
96.7 7.O4
96.6 6.97
97.5 6.96
97.1 7.07
95.7 7.40
97.3 7.35
96.2 7.37
95.9 7.24
95.4 6.97
96.1 7.12
96.0 7.11
96.7 6.97
97.1  7 .12
96.5 7.58
96.0 7.12
94.2 7.24
96.6 7.27
97.3 7.32
96.3 7.38

0.00 4.31
0.00 4.33
0.00 4.04
0.00 4.50
0.00 4.23
0.00 4.09
0.00 4.14
0.00 4.10
0.00 4.17
0.00 4.16
0.00 4.26
0.00  4 .10
0.00 3.96
0.00 3.9s
0.00 4.13
0.00 4.03
0.00 4.10
0.00 4.11
0.00 3.93
n.a. 4.30
n.a .  4 .14
0.00 4.17
0.00 4.14
0.00 4.1'l
0.00 4.12
0.00 4.17
0.00 4.'t8
0.00 4 27
0.00 4.31
0.00 4.28
0.00 4.23
0.00 4.19
n.a. 4.15
0.00 4.22
0.00 4.12
0.00 4.28
0.01 4.49
0.00 4.30
0.00 4.42
0.00 4.31
0.00 4.47
0.01 4.51

7
b

5
2
2
7

2
8
8
3

1 6
1 6

5
1 0
1 5

J

3
o
c

1 1
a

1 9
8

1 7
1 1
8
4

1 1
1 0
o

1 1
1 Q

I
3
7
3
I' t2
1

1.34
1 .54
1 .95
1 .54
1 .82
1 .77
2 .13
2 . 1 1
'1.75

1 .77
1 .55
2 . 1 1
2.39
2.37
2 . 1 9
2.30
2.20
2.04
I  O l

1 .90
2.01
1 .78
1 .98
1 .94
2.03
2.O5
1.89
1 .35
1.38
1 .36
1 .59
2.01
1 .87
1 .80
2.O2
1 .76
0.96
1 .73
1 .60
1.53
1.36
1 .27

0.00
0.03
0.01
0.03
0.01
0.00
0.03
0.01
0.03
0.03
0.01
0.01
0.03
0.03
0.03
0.01
0.01
0.03
0.01
n.a. t*
n.a.
0.03
0.01
0.01
o.02
0.00
0.00
0.03
0.01
0.03
0.02
0.04
n.a.
0.03
0.02
0.03
0.03
0.03
0.01
0.03
0.00
0.03

1.93 0.01 0.01 14.97
1.84 0.05 0.01 15.03
1.84 0.01 0.00 14.94
1.80 0.09 0.01 15. ' t2't .84 0.01 0.01 15.00
1.90 0.00 0.00 14.94
1.87 0.04 0.00 15.08
1 .89 0.01 0.00 15.01
1.88 0.02 0.00 14.99
1 .91 0.03 0.00 15.02
1 .85 0.01 0.00 14.96
1 .89 0.01 0.00 15.04't.92 0.07 0.00 15.10
1 .90 0.04 0.00 15.07
1 .90 0.04 0.00 15.1 1
1 .85 0.00 0.00 15.03
1 .87 0.03 0.00 15.06
1 .90 0.03 0.00 15.06
1 .91 0.01 0.00 14.91
1.78 0.03 n.a. 1 5.04
1.90 0.04 n.a. 15.06
1 .88 0.04 0.00 15.02
1 .90 0.04 0.00 15.05
1 .88 0.00 0.00 15.00
1.85 0.04 0.00 15.04
1 .81 0.02 0.00 1s.02
1 .83 0.01 0.00 14.99
1 .86 0.03 0.00 14.95
1.89 0.01 0.00 14.97
1.90 0.04 0.00 14.97
1 .87 0.04 0.01 14.99
1 .79 0.04 0.00 15.04
1 .81 0.02 n.a. 14.96
1 .83 0.04 0.00 15.01
1.89 0.04 0.00 15.04
1 .79 0.05 0.00 15.03
1 .85 0.04 0.00 14.96
1.82 0.04 0.00 15.04
1.69 0.00 0.00 14.96
1.81 0.04 0.00 14.99't.82 0.01 0.00 15.00't.78 0.04 0.01 15.01

/vote.'One standard deviations (1o) estimated from individual spot analyses of each sample are listed.. The abbreviation n: number of analyses.
". The abbreviation n.a. : not analvzed.

ferent starting mixtures indicate a close approach to the
stable phase assemblage. In addition, the reversed com-
positions of amphiboles document the equilibrium con-
figuration.

Only a few attempts were made to define and reverse
the univariant P-Z curves bounding the observed phase
assemblages. Instead, we tried to delineate the stability
range of phase assemblages containing Tr-Ts amphibole
solid solutions, as approximately defined by the dashed
curves ofFigure 4. Taken in conjunction with the exper-
imental result of Cao et al. (1986) for the upper thermal
stability limit of tschermakitic amphiboles at low pres-
sures, it is evident that tschermakitic amphibole synthe-
sized from Tsro to Ts,oo bulk compositions are stable over
a broad P-T range. They show a wedge-like stability field
diminishing with increasing pressure. At fluid pressures
greater than 2l-24 kbar and temperatures of 750-850
oC, tschermakitic amphibole ultimately disappears. The
high-pressure boundary for tschermakitic amphibole was

reversed at23.8 kbar and 850 "C in HbXl4A, which gave
the amphibole-free assemblage, Gt * Cpx + Opx * Zo
+ St + HrO, identical to that of synthesis experiment
(HbT29). This result is in contrast with that of Oba (1978),
who reported tschermakitic amphibole (+ Gt + Cpx +
Opx) at 24 kbar and 800-850 "C.

The low-Z stability limit of tschermakitic amphibole
is deflned by the appearance of the amphibole-free as-
semblage, Cpx * Tc + Chl + Zo,attemperatures of 650-
700 'C and pressures of I 0- I 8 kbar. These P- 7 estimates
are compatible with those determined at pressures below
l0 kbar by Cao et al. (1986) for the appearance ofa low-Z
assemblage, Cpx + Tc + Chl + An, at the expense of
tschermakitic amphibole (+ An + HrO).

It should be emphasized that boundary curves delim-
iting the occurrence of tschermakitic amphibole are mul-
tivariant because of compositional variations of some of
the phases involved in the breakdown reactions. More-
over, the stability field of tschermakitic amphibole shown
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TABLE 4-Continued

in Figure 4 is applicable only to an SiOr-undersaturated
system whose bulk composition ranges from Tsro to Ts,oo.
Synthetic amphibole occurs with various corundum-
bearing assemblages, defining the maximum Al content
in Tr-Ts solid solutions at a given set of physical condi-
tions. These tschermakitic amphiboles will be less stable
in SiOr-saturated bulk compositions. In addition, the co-
existence of amphibole with other aluminous phases sug-
gests that the compositions of amphiboles are less tscher-
makitic than those of the bulk compositions. This
inference is verified by direct chemical analyses of syn-
thetic amphiboles, as described in the next section.

MrNnn-Lr- cHEMrsrRY

Among the minerals produced in experiments on the
Tsro-Ts,oo bulk compositions, corundum, zoisite, and an-
orthite are essentially pure and represent nearly stoichio-
metric end-member compositions. Chlorite in the exper-
imental products show a composition virtually identical

to that of the starting material (Table 2). Orthopyroxene,
garnet, magnesium staurolite, sapphirine, and talc show
minor compositional variations. However, the composi-
tions of amphiboles and clinopyroxene significantly change
with Po". and T. Emphasis in this work has been placed
on amphibole compositional variations.

Amphibole

Solid solutions. Synthetic amphiboles are at least ter-
nary solid solutions and show wide compositional vari-
ations primarily because of three independent intracrys-
talline exchange components (Thompson et al., 1982)
represented by the tschermakitic (t6lAlr4rAlMg-'Si-,), su-
doitic 1t0t41rtettrMg-, : Sud), and cummingtonitic (CaMg-'
: Cum) substitutions. Very minor substitutions such as
ANar4lAlA! 'Si ' (: Ed) are present because of Na and Fe
trace components in natural seed tremolite and chlorite.

Sudoitic substitution in amphibole is newly defined in
this study by analogy with the diltrioctahedral exchange
in the sixfold coordinated sites of the talc-like 2:l layer
in clinochlore [Mg5t6rAlsirtatA1O,o,O")'] and sudoite

[Mg2t6rtrl6lAlrsi:t+rA1O,o,O")'] (Fransolet and Schreyer,
1984). We have experimentally demonstrated the signif-
icant role of sudoitic substitution in tschermakitic am-
phibole solid solutions. Compositions are described in
terms of (hypothetical) end-member components: Ts, Sud,
Cum, and Tr (Table 4). Their mole fractions were cal-
culated from the number of cations on the basis of 23 O
atoms pfu (anhydrous formula), following the simplified
scheme: Xr": (8 - Si - Na)/2;X.,o: (Al - Na - 4X'.)/
2 : Si - 8 + (Al + Na)/2; Xcu^ : Q - Ca)/2; and, X,,
: (8 + Ca - Si - Al - Na)/2. Note that this calculation
scheme is applicable only to the CMASH system con-
taining negligible Na or Fe content.

Tschermakitic substitution. Total and tetrahedral Al
contents of amphiboles synthesized at750,850, and 900
"C, respectively, are plotted in Figure 6. Tetrahedral Al
is calculated as the difference between 8.0 cations and the
number of Si cations, assuming that tetrahedral sites are
fully occupied. The majority of synthetic amphiboles
contain 1.0 to 2.6 total Al cations, which corresponds to
25-65 molo/o Ts for stoichiometric Tr-Ts solid solutions.
No compositional gap was found in our synthesis of
tschermakitic amphiboles, in contrast to a solvus between
tremolite and pargasite [NaCarMgoAl3Si6Orr(OH)J ex-
perimentally determined by Oba (1980). The variation in
Ts contents with P and T will be discussed in a subse-
quent section.

The compositional trend of the CMASH amphiboles
synthesized with other aluminous phases (Cor, Zo, An,
and Chl) apparently does not lie along the binary, stoi-
chiometric join connecting tremolite and tschermakite
end-members (Fig. 6). The least squares-fitted line for all
data points is

r+rAl : 0.57 A1,., - 0. 12, 12 :0.94 (n : 388).

The number (r) of amphibole data is so large that the
exclusion of some outliers at Al-rich compositions hardly

Ts Cum
(mol%) (mol%)

Sud
(mol%)

Tr
(mol%)

31 .1  +  5 .8
36 .1  +  11 .4
45.3 + 3.3
37.8 + 9.6
45.0 + 2.5
4't.2 + 7.3
54.6 + 10.2
53.1 + 9.5
41 .8  +  8 .6
42.8 + 5.6
35 .8  +  11 .1
53.8 + 8.1
59.7 + ' , t2.2
59.5 + 5.4
57.1 + 2.1
58.4 + 3.5
56.0 + 5.5
51.2 + 6.3
42.7 ! 0.4
46.9 + 1.6
49.7 + 2.2
42.3 + 5.2
49.2 + 6.',1
47.9 + 4.4
49.5 + 2.2
50.8 + 5.2
46.2 + 7.7
26.6 + 7.5
31 .6  +  5 .7
29.2 + 1.9
36.2 + 3.5
49.6 + 6.1
43.2 + 4.5
41 .1  +  3 .8
49.6 + 2.2
41.9 + 4.0
19 .0  +  2 .4
42.2 + '1O.5

37.9 + 10.7
34.6 + 4.7
33.9 + 8.4

29.1

3.7 + 3.3
8.0 + 3.3
8.2 + 2.4

19.2 + 4.5
8.0 r  0.2
4 . 9  +  3 6
6.5 + 2.0
6.1 + 0.7
6.2 + 4.9
4 .6  +  1 .7
7.6 + 4.7
5.6 + 2.5
3.8 + 2.7
5 .0  +  1 .3
5.1 + 2.3
7 .4  +  1 .7
6.7 + '1.7

5.1 + 2.6
4.5 + 3.9

1',t.2 + 6.2
5.2 + 0.6
6 .0  +  1 .8
5 .1  +  1 .9
5.9 + 1.8
7.4 + 1.2
9 .4  +  1 .4
8.6 + 2.1
7.2 + 3.6
5.4 + 3.3
5.2 + 3.9
6.6 + 3.5

10.3 I  3.5
9.6 + 2.7
8.5 + 3.7
5 .5  +  1 .1

10 .8  +  1 .8
7.4 + 4.9
9.0 + 4.4

15 .5  +  2 .1
9.3 + 3.7
8 .8  +  1 .3

10 .9

4.4 + 3.8
2.5 + 10.8
6.8 + 5.2

-2 .8  +  1 .1
0.6 + 2.2
6.1 + 5.7

-4.5 + 6.1
-0.1 + 6.8

2.9 + 6.9
1 .2  +  2 .7
5.2 + O.4

-2.6 + 6.4
-3.9 + 8.6
-2.4 + 5.2
-6 .8  +  1 .4
-2.2 + 3.2
-3.1 + 3.0
-2.3 + 4.0

9.8 r  4.6
-O.4 + 3.2
-1 .0  +  2 .0

2.5 + 5.3
-0.7 + 3.2

1 . 1  +  1 . 8
0 .7  +  1 .3

-0.1 + 2.1
1 . 9  +  1 . 8
8.6 + 3.4
5 .1  +  4 .1
7.4 + 3.6
5.3 + 4.9

-0 .6  +  1 .9
5.9 + 2.7
4.0 l  3.9

-0.4 + 2.2
3.0 + 1.9
8.0 + 4.1
0.4 + 3.7
4.2 + 5.7
5.2 + 3.6
1.4 + 2.5

3.1

60.5 + 3.7
59.9 + 18 6
39.5 + 9.6
50.6 + 15.7
46.1 + 0.1
47.7 + 11.2
41.7 + 6.0
40.6 + 1.8
48.2 + 7.7
49.7 + 4.5
51 .0  +  13 .2
42.9 + 4.3
35.9 J 7.1
35.8 + 7.1
42.4 + 3.1
36.3 + 3.0
39.2 + 4.5
44.4 ! 4.2
42.8 + O.7
40.8 + 7.2
44.3 + 1.7
47.3 + 4.9
44.7 + 4.8
44.8 + 3.8
40.3 + 3.1
38.7 + 4.5
42.9 + 7.4
54.1 + 7.8
57.3 + 6.0
56.3 + 4.8
50.1 + 8.8
39.0 + 7.4
40.3 + 7.4
42.7 + 8.1
43.2 + 3.4
42.4 + 8.7
63.6 + 3.8
46.5 + 9.8
42.2 + 8.O
49.0 + 5.4
55.9 + 6.9

54.9
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Totat Al

Fig. 6. Tetrahedral Al plotted against total Al of calcic
amphibole samples synthesized at 750, 850, and 900 "C, respec-
tively. Precisions of individual spot analyses are smaller than
the size of symbol. Short-dashed and dot-dashed lines defining
the possible limits of maximum Al contents in natural calcic
amphibole are from Leake (1971) and Doolan et al. (1978), re-
spectively. Compositional trend ofhornblendes from five calc-
alkalic plutonic complexes determined by Hammarstrom and
Znn (1986) is also shown as the heavy dotted line. The regression
line ofthis study is illustrated in rhe solid line. The thin dotted
line denotes the ideal Tr-Ts solid solution.

affects the estimated slope in Figure 6. The departure
from the stoichiometric composition (t4rAl : 0.5 A1,",) is
attributed to the sudoitic substitution in tschermakitic
amphiboles: positive Sud exchange in Ts-rich amphi-
boles results in excess A1,., (16rAl > I4lAl), whereas negative
Sud in tremolitic amphiboles yields deficient A1,., (t61Al
< t4lAl). Similar deviation is also apparent in the com-
positional lines that define the possible limit of maximum
Al contents in natural calcic amphibole described by
Doolan et al. (1978) and Leake (1971); slopes of rheir
lines in the plots of t"rAl/Al,., are 0.59 and0.62, respec-
tively. Clearly, synthetic amphiboles plot beyond these
limits, but the compositional trend is virtually identical
to that of most Al-rich natural amphiboles.

Hammarstrom and Znn (1986) analyzed compositions
of natural calcic amphiboles in a common magmatic
mineral assemblage (plagioclase, hornblende, biotite, po-
tassium feldspar, quartz, sphene, magnetite or ilmenite,
+ epidote) fiom five calc-alkalic plutonic complexes from
both low- and high-P regimes. In spite of large compo-
sitional variations, ranging from magnesiohornblende
through edenite to pargasite, they found a tightly clus-
tered trend,

t4rAl : 0.69 A1,", + 0.15, 12 :0.97 (n -- 272)
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which is also shown in Figure 6. It is interesting that the
trend ofNa-, Fe-, and Ti-bearing natural hornblendes is
similar to that of synthetic Tr-Ts amphiboles. In other
words, the Al trend observed in natural amphiboles can
be achieved by adding 0.33 to 0.45 t4rAl to that of syn-
thetic amphiboles via the Ed and potassium edenite
(AKI4IAIA! ,Si ,) subslitutions.

The observation that Ed does not increase significantly
with increasing Ts content in natural hornblende is in
agreement with the thermodynamic calibration of the re-
action, tremolite + albite : edenite I 4 quartz, as a
function of P, T, and XEd by Graham and Navrotsky
(1986). Their calculation suggests that a limited range of
Tr-Ed solid solutions (Xuo : 0.3-0.5) is in equilibrium
with plagioclase and quartz over a wide range of P and
Z. This Xro range will be further restricted for the natural
calcic amphiboles detailed by Hammarstrom and Zen
(1986), which formed over a small temperature interval
and equilibrated with a relatively uniform plagioclase
composition (andesine to oligoclase). For example, under
the restricted P-T range of 2-8 kbar and 700-800 "C, X^
ranges from 0.345 to 0.40 or 0.40 to 0.485 using a con-
stant activity of albite equal to 0.5 or 1.0, respectively
(cf. Fig. 7 of Graham and Navrotsky, 1986).

We speculate from observations described above that
the Sud substitution may also occur in natural calcic am-
phiboles. Unfortunately, the difficulty in estimating Fe3*
contents from electron microprobe analyses does not
warrant a further attempt to determine the extent of Sud
substitutions in natural amphiboles.

Sudoitic substitution. Compositions of amphiboles
synthesized at temperatures of 750, 850, and 900 "C, re-
spectively are shown in Figure 7, which is a plot of Ts
mol0/o vs. (Fig. 7a) Sud molo/o and (Fig. 7b) cation sum
based on 23 O atoms pfu. A little wider scatter in Figure
7b than in Figure 7a is apparent because total cations for
calcic amphiboles from seeded experiments are gener-
ally greater by about 0.05 cations than those from un-
seeded experiments because of minor Na and Fe com-
ponents from natural seed crystals. Analytical uncertainty
for the cation sum is +0.02 cations pfu, based on repli-
cate analyses of seed tremolite on many different micro-
probe setups and grain mounts.

Also shown in Figure 7 are electron microprobe anal-
yses of synthetic tschermakitic amphiboles reported in
the literature (Oba, 1978; Cao et al., 1986; Ellis and
Thompson, 1986). All of these amphibole compositions
except those of Oba (1978) are restricted to Ts < 45
molo/0. Cao et al. (1986) used a TrroTsro starting compo-
sition identical to our Hb mix, which naturally prohibits
the occurrence of more Ts-rich amphiboles in the pres-
ence of other aluminous phases such as anorthite. They
used the diamond substrate technique to analyze ex-
tremely fine-grained crystals of synthetic amphiboles, in
contrast to our conventional electron microprobe tech-
nique. Compositional data of these two studies complete-
ly overlap each other. On the other hand, Ellis and
Thompson (1986) used various starting bulk composi-
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Oba (1978)
Cao et al. (1986)
Ellis & Thornpson (1986)

tions containing excess quar"tz, which significantly sup-
presses the Ts solubility in amphiboles. Finally, Oba
(1978) reported two amphibole analyses close to end-
member Ts composition, as shown in Figure 7. However,
it is difficult to determine the quality of his analytical data
in the absence of oxide wto/o values, and the reported
coexistence ofgarnet, clinopyroxene, and trace quartz with
the two analyzed Ts-rich amphiboles contradicts chemi-
cal constraints on the amphibole composition from mass
balance considerations. This apparent discrepancy may
reflect the hypothesized metastable formation of Ts-rich
amphiboles prior to growth of stable, less tschermakitic
amphiboles.

Figure 7a suggests a negative correlation between Ts
and Sud substitutions. The Sud substitution in the Tr-Ts
solid solutions exhibits a significant variation, ranging
from + 18 to - 15 molo/0. Hence, the total number of
cations in the amphibole also varies because of the nature
ofSud substitution involving vacant octahedral sites. This
relation (Fig. 7b) indicates a progressive increase in the
cation sums of synthetic amphiboles with Ts content.
Calcic amphiboles with Ts > 45 molo/o may contain as
much as 0. l5 excess cations pfu, whereas less tschermaki-
tic amphiboles are deficient in cation occupancy by as
much as 0.18 pfu. Note that the extents of the maximum
and minimum Sud substitutions are provided by com-
positional data ofOba (1978) and Cao et al. (1986), re-
spectively. The general agreement between our compo-
sitional data and those of previous workers seems to
reinforce our conclusion on the dioctahedral substitution
in calcic amphiboles.

Assuming 2(OH) pfu in Tr-Ts solid solutions, we con-
clude from Figures 6 and7 that the Sud substitution ac-
counts for the observed compositional variation in syn-
thetic amphiboles. By this exchange mechanism,
octahedral vacancies may occur in calcic amphiboles
analogous to the dioctahedral micas without violating
crystal-chemical principles, as originally suggested by
Thompson (1978). Thus, any normalization scheme for
amphibole formulae, assuming a cation sum equal to 15.0,
may yield misleading results for estimating the Fe3" con-
tent in amphiboles. It is also important to note that the
number of total cations may exceed 15.0 for Ts-rich solid
solutions. These excess cations must be assigned to the
A site, because the I-beam structure is essentially close-
packed (Hawthorne, 198 l). Consequently, a small num-
ber of Ca cations (up to 0. I 5) apparently may occupy the
A site of amphibole structure, analogous to the occur-
rence of interlayer Ca cations in margarite.

Cummingtonitic substitution. The presence of the Cum
component in synthetic tremolite has been observed by
many previous workers (e.g., Troll and Gllbett, 1972;'
Wones and Dodge, 1977; Jenkins, 1987). Based on a rig-
orous study, Chatterjee (personal communication, 197 l,
to Wones and Dodge, 1977) concluded that tremolite syn-
thesized at 750 oC contains 5-10 molo/o Cum. Jenkins
(1987) also suggested that synthetic tremolite is enriched
in Mg content uniformly by - l0 molo/o Cum substitution

60
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Fig. 7. Compositions of calcic amphibole samples synthe-

sized at 750, 850, and 900'C, respectively, plotted in terms of

molo/o Ts vs. (a) molo/o Sud, and (b) cation sum. Typical uncer-

tainties in mo10/o Ts or Sud, and cation sum of each spot analysis

are 2 molo/o and 0.02 cations, respectively. The solid line denotes

the ideal Tr-Ts solid solution ignoring the Sud component (i.e.,
t6lAl : I4rAl). Synthetic amphibole compositions from previous

works (Oba, 1978; Ellis and Thompson, 1986; Cao et al.' 1986)

are also shown. One tschermakitic tremolite (X'": 0.149; T-l 190)

of Ellis and Thompson (1986) which has an exceptionally high

Sud content (27.1 molo/o) is not shown, because the analytical

total is relatively low and the Cum content is anomalously high

(18.4 molo/o). If included, however, it will further strengthen the

negative correlation between Ts and Sud substitutions.
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over the P-T range of6-13 kbar and 750-850.C; how-
ever, the small grain size of synthetic tremolite did not
allow him to obtain high-quality compositional data us-
ing electron microprobe techniques. Synthetic amphi-
boles along the join Tr-Ts are also depleted in Ca due to
the Cum substitution, ranging mostly from 4 to l0 molo/o
(Cao et al., 1986; Ellis and Thompson, 1986; Jenkins,
1988). No previous studies, however, found any system-
atic change in Cum contents of synthetic amphiboles with
pressure and temperature.

The average Cum content of amphibole in each exper-
iment (Table 4) varies from 4 to I I mol0/0, in good agree-
ment with previous works. No systematic variation in Ca
content was observed at low pressures (<10 kbar) or at
a temperature of 750 "C. However, at higher p and Z, the
Cum content generally increases with both p and Z. In
particular, at 900 "C, the average X.". consistently in-
creases with pressure (6Cum/0P: 0.7 molo/o kbar-r). The
increase in Cum content with increasing p can be ac-
counted for by the volume reduction accompanying re-
placement of Ca by Mg.

Another factor to be considered in discussing Mg en-
richment in synthetic amphibole is the possible occur-
rence of M(4) vacancies that are typically assumed to be
nonexistent in calculating Cum contents. In particular,
for tschermakitic tremolite, Xs"o may range up to t0. 15,
producing 0.15 pfu ofoctahedral vacancies. Ifvacancies
preferentially occur at the more highly coordinated M(4)
site, rather than the smaller sixfold-coordinated M(l),
M(2), or M(3) sites, the simple scheme of X."* : (2 -
Ca)/2 may overestimate X."- by an amount of X""o/2,
when X."o is positive. Consequently, the minimum Cum
content may reach zero in amphiboles containing signif-
icant vacancies at low pressures or at 750 "C. The ob-
served scatter at low P and T"alternatively may be attrib-
uted to the occurrence of vacancies in M(4). Note that
the combination of Cum and Sud substitutions is equiv-
alent to the Eskola substitution in clinopyroxene,
trorAlCa orMg , (e.g., Gasparik, 1986).

Finally, stoichiometric deviation in synthetic amphi-
boles may be due partly to structural disorder producing
single or multiple chains in conjunction with normal am-
phibole double chains (Maresch and Czank, 1988). For
example, Ca contents and cation sums may increase by
the presence of single chains but decrease by multiple
chains in structurally disordered amphiboles. The am-
phibole compositions of this study do not fall along the
join between talc and tschermakitic clinopyroxene in-
cluding biopyriboles. Structural disorder in synthetic am-
phibole of this study is thus inferred to be very limited
rn extent.

Independent evidence for limited structural disorder is
obtained by examining the experimental product of an
unseeded experiment at l0 kbar Po,,o and 751 .C (Hbl9),
using HRTEM. Except for the minor occurrence of triple
chains, no structural disorder was found. The disordered
regions in many grains of Hbl9, estimated from widths
in the [010] direction relative to that of double chains as

CHO AND ERNST: THE JOIN TREMOLITE-TSCHERMAKITE

a whole, seem to be less than a few percent. Hence, the
effect of structural disorder on Ca and Mg compositions
of amphiboles is insignificant in tschermakitic amphi-
boles synthesized at high pressures in this study. Al-
though not examined with HRTEM, amphiboles from
experiments seeded with tremolite, or synthesized at
higher 7 and P than those of Hb 19, are probably equally
well crystallized with negligible structural disorder.

Pyroxenes

Clinopyroxene and orthopyroxene occur as thin pris-
matic (<300 pm) or finer stubby (<20 pm) crystals, com-
monly coarser than coexisting amphiboles. Both pyrox-
enes typically show significant variations in Al contents
and less importantly, in Ca and Mg contents, suggesting
that the equilibrium composition is only approximated.
Some individual grain analyses are given in Table 5.'

The total number of Al cations based on 6 O atoms
ranges from 0. 14 to 0.51 pfu in Cpx, and 0.09 to 0.37
pfu in Opx. The total Al content may vary by as much
as0.22 cations pfu within one experiment (e.g., TSI). Al-
rich compositions apparently fall within the composi-
tional gap between aluminous clinopyroxene and ortho-
pyroxene coexisting with garnet or spinel, determined by
Perkins and Newton (1980) and Sen (1985), respectively.
This Al enrichment is attributed to the high rrnr2o, buf-
fered by corundum-bearing assemblages in most experi-
mental products of this study.

No pronounced dependence of pyroxene Al contents
on Pn,io and Z is apparent when all the data are consid-
ered. However, the Al content of Cpx coexisting with
amphibole and corundum at 900 "C slightly decreases
from 0.36 to 0.44 at l2kbar to 0.32 at l8 kbar, in concert
with the decreasing Ts content in amphiboles from Tsuo
to Tso, (see below). An exceptionally high Al content of
0.51, observed in HbT23 synthesized at 14.96 kbar and
900 'C (Table 5), is attributed to an overstepping of the
equilibrium composition. The occurrence of Al-rich py-
roxenes as metastable precursors to less aluminous py-
roxenes has been commonly observed in HrO-saturated
experiments by many previous workers (e.g., Perkins et
al., 198 l; Wang and Greenwood, 1988).

Garnet

Garnet of the pyrope-grossular (Py-Gr) solid solution
series occurs in experimental products synthesized at l5-
24 kbar and 850-900 'C. It commonly grew as large eu-
hedral to subhedral crystals ranging from 50 to 300 pm
in maximum dimension, with only negligible composi-
tional zonation (Table 5). The analyzedcompositions vary
from PyroGrro to PyrrGrrr. Gr contents of these garnets
are greater than the PyruGr,o composition reported for the
garnet + clinopyroxene + orthopyroxene assemblage oc-

I A copy of Table 5 may be ordered as Document AM-91-459
from the Business Ofrce, Mineralogical Society of America, I130
Seventeenth Street NW, Suite 330, Washington, DC 20036,
U.S.A. Please remit $5.00 in advance for the microfiche.
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curring over the P-T range l5-40 kbar and 900-l 100'C
(Perkins and Newton, 1980). This apparent discrepancy
is attributed to the more Ca-rich bulk composition in-
vestigated by us, which-at high pressures-produced
calcic amphibole, clinopyroxene, and corundum in ad-
dition to garnet.

Magnesiurn staurolite

Euhedral laths of magnesium staurolite ranging up to
80 pm in maximum dimension occurred in three exper-
iments at 2l and 24 kbar fluid pressure. The appearance
of magnesium staurolite only at high P is consistent with
experimental results ofprevious workers (Schreyer, I 968;
Schreyer and Seifert, 1969; Hellman and Green, 1919).
Compositions of magrresium staurolite listed in Table 5
are normalized on the basis of 46 O atoms for the an-
hydrous formula, to facilitate comparisons with previous
compositional data (e.g., Griffen et al., 1982).

Magnesium staurolite is almost pure, with minor Fe
(0.04-0.05 cations pfu) and Ca (0.01-0.02 cations pfu).
Si contents range from 7.80 to 7.94 pfu, in contrast to
the excess Si (8.03-8.57) in magnesian staurolite synthe-
sized from olivine tholeitic starting material by Hellman
and Green (1979). The Si values for magnesium stauro-
lite of this study are close to 7 .7 4-7 .92 cations pfu mea-
sured for staurolite in garnet-corundum rocks and eclo-
gites from eastern China (Enami and Zang, 1988). The
high Si values ofstaurolite in both synthetic and natural
corundum-bearing assemblages contradicts the reason-
able suggestion by Grew and Sandiford (1984) that low
Si contents of staurolite reflect SiOr-undersaturated host-
rock bulk compositions.

The Mg content of staurolite synthesized in this study
ranges from 3.65 to 3.78 cations pfu. These values are
smaller than the sum of Fe, Mg, and Zn in any other
natural magnesian staurolite except for values from two
analyses reported by Grew and Sandiford (1984). Hence,
our data for end-member magnesium staurolite do not
support the conclusion of Enami and Zang (1988) that
the Fe + Mg + Mn (+ Ti, Mn, Co, Ni, Li) content in-
creases with increasing Mg/(Fe + Mg + Mn) ratio in
staurolite.

Sapphirine

Sapphirine occurs as a minor phase in two HbT ex-
periments and was detected only by electron microprobe
techniques. Sapphirine coexists with Amp * An * Cor
at 10. I kbar and 850 'C, but with Amp + Cpx + Cor at
12.2 kbar and 900 "C. These occurrences are consistent
with the stability field of the sapphirine * corundum as-
semblage experimentally determined by Ackermand et al.
(r97 s\.

The composition of synthetic sapphirine lies along the
solid solution join between MgoAlrSirOro (2:2: I sapphir-
ine) and MgrAl,oSiOro (3:5:l sapphirine). These binary
end-members are related by the tschermakitic substitu-
tion. Synthetic sapphirine of this study is close to end-
member 2:2:l sapphirine, but its content of 3:5:1 sap-

phirine ranges up to 13 molo/o at 10. I kbar (Table 5). In
addition, the Si content of sapphirine at 12.2 kbar is
slightly in excess of 2.0 based on 20 O atoms pfu. This
deviation is consistent with the general tendency for nat-
ural sapphirine toward more Si-rich compositions (e.g.,
Schreyer and Abraham , 197 5). Hence, our compositional
data for synthetic sapphirine corroborate the substitution
proposed by Schreyer and Abraham (1975), Si + 0.5tr :
t4rAl + 0.5Mg, which would produce vacant octahedral
sites at higher Si contents. The occurrence ofSi-rich sap-
phirine at high pressures in this study is also consistent
with the suggestion that the 2:2:l end-member is stable
only at high P, whereas more aluminous sapphirine is
stable at pressures less than about 7 kbar (Schreyer and
Abraham, 1975; Higgins et al., 1979, and references
therein).

Other phases

Talc. Talc occurs as thin euhedral plates less than l0
um in maximum dimension and contains small amounts
of Al and Ca (Table 5). Because of its fine-grained nature,
microprobe analyses of talc are commonly low in oxide
totals or are affected by neighboring grains, or both. How-
ever, the minor tschermakitic substitutions deduced from
most analyses reported here have also been found by pre-
vious workers (Fawcett and Yoder, 1966; Newton,1972;
Evans and Guggenheim, 1988).

Zoisite. Zoisite occurs as aggregates of euhedral prisms
ranging up to about 200 pm and characteristically shows
typical rhombic cross sections within the fine-grained
matrix of tschermakitic amphibole (Fig. 2a). Zoisite is
very close to the end-member composition except for a
minor Mg content, which ranges from 0.02 to 0.09 cat-
ions pfu on the anhydrous basis of 12.5 O atoms (Table
5). The occurrence of Mg in natural epidote has also been
reported in low-grade metabasites (Cho and Liou, 1987).

Anorthite. Anorthite occurs as aggregates ofsubhedral
crystals ranging up to 30-40 rrm and is characteristically
free of crystalline inclusions. It is close to ideal end-mem-
ber composition (Table 5).

Corundum. Corundum usually forms aggregates of fine
granules (< l0 pm) and less commonly tabular prisms up
to 50-100 pm long (Fig. 2a). No significant composition-
al deviation from stoichiometric Al,O. was found.

DrscussroN

P-I dependence of Al content in
tschermakitic amphiboles

The Ts-solubility limit in tschermakitic amphiboles was
not well established until the reinvestigation of the Tr-Ts
join by Jenkins (1988). His experimental results at 12
kbar and 850'C indicate a solid solution existing only
over the composition range Tsoo-Tsro. Jenkins did not
find any significant dependence of Ts solubility on co-
existing phases (+ quartz) such as corundum, anorthite,
or clinopyroxene, as can be seen in his Figures 4 and 5
depicting equal Ts contents of amphiboles for various
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Fig. 8. Po".-Z diagram illustrating isopleths for the mo10/o Ts
of calcic amphibole in various assemblages of experimental
products. For mineral assemblages and symbols, see the legend
of Figure 4. Seven pairs of reversed amphibole compositions are
shown at each experimental P-7 condition. The maximum ob-
served Ts content of 60 molo/o (unreversed) occurs at 12 kbar
and 850-900 'C. Isopleths in molo/o Ts are calculated for the
assemblage Amp + Zn + Cor + HrO, assuming ideal mixing of
Tr-Ts solution and the activity-composition relationship of a.,
: Xr" (thin lines; dotted when the isopleth is metastable).

amphibole-bearing assemblages. This observation is in-
consistent with the thermodynamic calculations of Irger
and Ferry (1989), who showed an appreciable variation
in Al contents depending solely on mineral assemblages.

Most of our experiments yielded amphibole-bearing
products together with corundum aI 8-21 kbar Po,,o and
750-900 "C. Hence, these analyses should represent the
maximum Al content in Tr-Ts solid solutions under the
given physicochemical conditions. We have found that
compositions of tschermakitic amphiboles display sys-
tematic changes with both P and T. Solid solution rela-
tionships are shown in Figure 8 in terms of molo/o Ts. The
ditrerent symbols denote various amphibole-bearing as-
semblages as summarized in Figure 4. The compositions
of amphibole were also reversed at seven different P and
I locations and are shown simultaneously at each exper-
imental condition in Figure 8.

The Ts content first increases with increasine Z (dTs/
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df : - 0. I molo/o K-') at 750-8 50 "C, then remains nearly
constant at 850-900 oC. Pressure dramatically affects the
Ts content of calcic amphiboles: it increases with P at
8-12 kbar (0Ts/0P : 2-3 molo/o kbar '), but significantly
decreases aI 12-21 kbar (dTs/dP : -2.5 molo/o kbar ').

Hence, the most tschermakitic amphibole, containing 60
+ 5 (1o) mo10/o Ts, occurs at 12 kbar and 850-900 "C.
Such compositional variations are caused by the change
in mineral assemblages as described below.

Compositions of calcic amphiboles coexisting with
corundum and zoisite (+ HrO), defined by Reaction l,
were reversed at six diferent P-Tconditions (Figs. 5 and
8). Reversed compositions of the synthetic amphiboles
have been used to estimate thermodynamic parameters
of tschermakite; the details are to be presented elsewhere
(Cho, unpublished data). The most consistent result fit-
ting the experimental brackets was obtained by the sim-
ple activity-composition relationship of ar": Xr". Cal-
culated isopleths have gentle positive P/T slope as shown
in Figure 8 and account for the observed decrease in Ts
content with increasing pressure.

A similar trend of decreasing Ts content with increas-
ing P is also evident at 900 'C and P > 12 kbar. The
exact reaction governing amphibole composition varies
with P, because the observed mineral assemblages (+ Amp
* Cor + HrO) change from anorthite + sapphirine +
forsterite to clinopyroxsns + garnet. Moreover, several
phases in these assemblages show signif,cant composi-
tional deviation from the end-members. Further studies
are needed to define adequately the change in Ts content
in terms of specific mineral assemblages and state vari-
ables.

On the other hand, at low P and T, the Ts content
increases systematically with both P and T, buffered by
various anorthite-bearing assemblages (+Cor). For ex-
ample, compositions of amphiboles coexisting with an-
orthite and chlorite (+ HrO) define the maximum Ts
solubility at a given P and T, governed by the simple
reaction

(tremolite)o-o + 8 anorthite + 2 (clinochlore)r.-.n,
: 5 (tschermakite)o-o + 4 HrO. (2)

One reversal of this equilibrium has been obtained at 8
kbar and 750 "C, using both tremolite and tschermakite-
rich (Tso, based on our d.,o-Ts calibration) amphiboles
synthesized at l0.l kbar Po",o and 800 "C (Fig. 8). Even
for an experiment of 233 h, tight compositional brackets
were not obtained because ofsluggish reaction rates (Ta-
ble 3). In conjunction with our unpublished data on the
Amp * An + Chl assemblage at low pressures, synthetic
amphiboles increase in Ts content with both P and T,
consistent with the negative P-Z slope ofreaction 2 cal-
culated based on thermodynamic data of Holland and
Powell (1990).

In summary, Figure 8 shows the dependence ofTs con-
tent on mineral assemblages as well as P and ?n. The
extent of Tr-Ts solid solution increases with fluid pres-
sure up to approximately 12 kbar, but decreases at higher



P. Therefore, the most aluminous amphibole occurs at
-l2kbar, and the maximum Ts solubility in synthetic
amphibole of the CMASH system is limited to 60 + 5
(1o) molo/o Ts.

The solid solution series between tremolite and tscher-
makite is more restricted in nature, as shown by Boyd
(1959), Colvil le et al. (1966), and Cao et al. (1986). The
compilation of amphibole compositions by Cao et al.
(1986) suggests that natural Tr-Ts solid solutions almost
free of Fe are limited to approximately Tr,ooTsoo to
TrroTsro. However, when the MgFe , substitution is taken
into account, the possible Al solubility increases signifi-
cantly, ranging up to about 3.0 total Al pfu, equivalent
to 75 molo/o Ts (cf. Fig. I of Cao et al., 1986).

The limited extent of solid solution observed in tscher-
makitic amphibole can be rationalized by examining
its crystal structure, consisting principally of mica
[Mg.SioO,o(OH),] and pyroxene (CarMgrSioO,r) modules
(Thompson, 1978, l98l). Tschermakitic substitution oc-
curs in both modules; however, Al is strongly ordered in
the T(l) and M(2) sites, which belong to mica and py-
roxene modules, respectively (Hawthorne, 198 l). The
tetrahedral double chains contain Al and Si in tetrahedral
coordination, whereas the M(I,2,3) sites of the octahedral
strip contain Mg and Al. Thus, the stability of amphibole
is limited by the fit of the octahedral and tetrahedral lay-
ers analogous to other biopyriboles.

Incomplete tschermakitic substitution has been ob-
served in other rock-forming minerals, including mag-
nesium chlorite (Cho and Fawcett, 1986; Jenkins and
Chernosky, 1986), mica (Hazen and Wones, 1972;Bai-
ley, 1984), and orthopyroxene (e.g., Ganguly and Ghose,
1979). Synthetic magnesium chlorite along the join
MguSioO,o(OH)r-MgAloSirO,o(OH), exhibits limited sol-
id solution, reaching l ll to 1.20 I4rAl in the 2:l layer
(Cho and Fawcett, 1986; Jenkins and Cheronsky, 1986).
Aluminous orthopyroxenes show restricted Ts substitu-
tion to about 20 molo/o following the Al-Al avoidance rule
(Ganguly and Ghose, 1979). However, synthetic clino-
pyroxenes along the join CaMgSirOu-CaAlrSiO. form a
complete solid solution (Gasparik, 1986). Thus, it seems
Iikely that the maximum Ts solubility in the alkali-free
calcic amphibole structure is governed by the Al sub-
stitution in the mica module or the T(1) site of the tet-
rahedral layer. This suggestion is further supported by
agreement between the Ts-solubility limit in magnesium
chlorite solid solution and the maximum tetrahedral Al
content (1.2 + 0. l) observed in synthetic tschermakitic
amphiboles.

Application to natural amphiboles

The limited solid solution of synthetic amphiboles along
the tremolite-tschermakite join fails to account for the
high Al contents observed in natural calcic amphiboles.
This discrepancy is attributed to the effect of other ele-
ments, most importantly Na and Fe in the natural sys-
tem. For example, our preliminary data along the join
tremolite-aluminous pargasite or sadanagaite (Schima-
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zaki et al.. 1984) indicate that the A-site of aluminous
pargasite coexisting with zoisite and corundum is fully
occupied by Na through the edenitic (or pargasitic) sub-
stitution. Thus, t+l{1 may range up to 2.2-2-4, which can
be described by the coupled substitutions of 60-70 molo/o
Ts along the Tr-Ts binary join together with 100 molo/o
Ed along the Tr-Ed join. On the other hand, the Ed sub-
stitution in amphiboles coexisting with the common
magmatic assemblage of Hammarstrom and Znn (1986)
extends only to approximately 45 molo/o as described ear-
lier. Therefore, it is evident that Al contents of calcic
amphiboles are a function of the coexisting mineral as-
semblage.

Many attempts have been made to correlate amphibole
compositions with physical conditions of metamorphic
and igneous processes (e.g., Spear, I 98 l; Laird and Albee,
l98l; Hammarstrom and Zen, 1986)' Recent empirical
calibration of the hornblende geobarometer by Hammar-
strom and Znn (1986) and Hollister et al. (1987), refined
by subsequent experimental work (Johnson and Ruther-
ford. 1989: Thomas and Ernst, 1990), has been encour-
aging. Our experimental results in the simple CMASH
system further demonstrate that amphibole Ts content is
highly dependent upon the mineral assemblage- In par-

ticular, the amphibole compositions in equilibrium with
either anorthite or zoisite at 750 and 850 "C show an
opposite relationship between P and the Ts content as
described for Cor-bearing associations' Hammarstrom and
Zen (1986) did not detect any effect on the Al content of
hornblende due to the presence of epidote at a P of 8
kbar, but it is probably technically unwarranted to ex-
trapolate linearly their empirical geobarometry to higher
P. However, recent experimental calibration of the horn-
blende geobarometer by Thomas and Ernst (1990) indi-
cates that the presence of zoisite, instead of plagioclase,

at 10-12 kbar Po",o does not greatly influence the Al con-
tent of hornblende in cases where the common magmatic
assemblage is stable.

Nevertheless, any attempt to calibrate amphibole com-
position as a function ofP and I should explicitly take
the mineral assemblage into account. Thus, comparison
of the dAl/dP values of natural and synthetic amphiboles
based on ditrerent assemblages (e.g., Jenkins, 1988) may
be only approximately colTect. Further experimental work
is essential prior to applying synthetic results from simple
systems to natural rocks, particularly in the absence of an
internally consistent thermodynamic data set for end-
members and information on the activity-composition
and order-disorder relations of amphibole solid solu-
trons.

CoNcr,usroNs

1. Tschermakitic amphiboles large enough to be ana-
lyzed by conventional electron microprobe techniques
were synthesized using seed crystals of natural tremolite
close to end-member composition (and synthetic Ts-rich
solid solutions). In addition, the high Po,,o (> l0 kbar) of
this study greatly enhanced the yield of synthetic amphi-
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bole in the experiments. Characterization of one experi-
mental product with HRTEM indicates that these syn-
thetic amphibole samples are almost free of structural
disorder except for minor proportions of triple chains.

2. Both lower and upper thermal stabilities of tscher-
makitic amphiboles have been approximately deter-
mined at temperatures of 650-900 'C for bulk compo-
sitions ranging from Tsro to Ts,oo. These amphiboles show
a wedge-like Po",o-T stability field, diminishing with in-
creasing P; amphibole-bearing associations are replaced
by eclogitic analogue assemblages at P > l8-24kbar.

3. The presence ofoctahedral vacancies (:dioctahedral
component) in synthetic amphiboles is experimentally
suggested and delineated in terms of a new exchange
component, AlrtrMg ,. This sudoitic substitution shows
a negative correlation with tscharmakitic exchange. Hence,
octahedral or M(4) vacancies up to 0. 18 pfu may occur
in tschermakitic tremolite, whereas tremolitic tscherma-
kite contains as much as 0. l5 excess cations pfu.

4. Compositions of tschermakitic amphiboles system-
atically change with P and Z. In particular, the Ts con-
tents of calcic amphiboles coexisting with zoisite and
corundum have been reversed at six different P-T con-
ditions; Ts snlubility significantly decreases with increas-
ing P (dTs/dP : -2.5 molo/o kbar ') for the assemblage
Amp + Zo * Cor + HrO. The maximum Al content of
1.2 + 0.1 tetrahedral Al equivalent to 60 + 5 molo/o Ts
occurs at 12kbar and 850-900 "C. The instability of more
tschermakitic amphiboles is attributed to geometric con-
straints between tetrahedral chains and octahedral strips
in biopyriboles.
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