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Experimental phase-equilibrium study of Al- and Ti-contents of calcic amphibole in

MORB—A semiquantitative thermobarometer
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ABSTRACT

Calcic amphiboles were synthesized from a natural mid-ocean ridge basalt (MORB) in
39 experiments representing 24 sets of pressure-temperature (P-T') conditions ranging from
650-950 °C, 0.8-2.2 GPa, at f,, controlled by the fayalite-magnetite-quartz (FMQ) buffer,
and P, ... qua = P Experiments lasted up to 1630 h at low temperatures; in all cases,
synthesized hornblendes were coarse-grained (5-7 X 10-15 um) and chemically homo-
geneous. Over the investigated pressure range, Ca-amphibole coexisting with phases rich
in Al and Ti gradually changes composition from sodic-calcic, Si-rich at low temperatures
to calcic, Si-poor at high temperatures: it is barroisite at 650 °C, edenite at 700 °C, and
pargasite at 800-950 °C. Electron microprobe data were combined with 41 comparable
analyses from the literature for Ca-amphiboles synthesized from MORBs at intermediate
fo,in order to erect a petrogenetic grid for the experimental range 0.0-2.2 GPa, 450-1050
°C. Isopleths for Al,O, in Ca-amphibole exhibit markedly negative P-T slopes, indicating
increasing ALO, contents with both P and T. In contrast, TiO, isopleths are nearly inde-
pendent of P, demonstrating that TiO, in Ca-amphibole increases almost exclusively as a
function of T. For natural metabasaltic assemblages that contain coexisting Al-rich and Ti-
rich phases, and closely approached chemical equilibrium under crustal or uppermost man-
tle conditions, this semiquantitative petrogenetic grid allows the simultaneous assignment
of attendant P and T employing Ca-amphibole ALO, and TiO, contents. However, during
slow cooling, natural Ca-amphiboles may exsolve TiQ, as rutile, titanite, and/or ilmenite,
but in general do not redistribute Al,O,, so this thermobarometer must be applied with

caution to inhomogeneous specimens.

INTRODUCTION

Calcic amphibole-bearing metabasaltic rocks are an
important and, in some cases, dominant lithology in meta-
morphosed portions of both continental and oceanic crust.
Because of its volumetric importance and broad range of
natural occurrences, information concerning the crystal-
chemical behavior of Ca-amphibole in metabasaltic rocks
as a function of the attending conditions of recrystalli-
zation is critical for the determination of the state vari-
ables P and T. Numerous studies have dealt with para-
geneses of Ca-amphiboles in mafic igneous rocks (e.g.,
Shido and Miyashiro 1959; Engel and Engel 1962; Deer
et al. 1963; Leake 1965; Ernst 1972a, 1979; Thompson
1981; Robinson et al. 1982; Wones and Gilbert 1982;
Graham and Powell 1984; Blundy and Holland 1990;
Holland and Blundy 1994). These studies make it clear
that, with increasing metamorphic grade, Ca-amphiboles
exhibit increases in Mg/(Mg+Fe), and Ti, Al, Na, and K
contents, and commensurate decreases in Si and total
Fe+Mg+Mn*Ca. These changes reflect increases in the
tschermakitic, pargasitic, and edenitic substitutions as a
consequence of net-transfer reactions as well as exchange

* E-mail: ernst@pangea.stanford.edu

0003-004X/98/0910-0952%$05.00

equilibria. Serious difficulties in relating Ca-amphibole
chemistry to the conditions of metamorphism reflect the
fact that its crystal structure includes several rather com-
pliant cation sites, capable of accommodating elements
having a wide range of ionic radii and valences. More-
over, in many metabasalts, associated neoblastic phases
are few, thus the buffering capacity of low-variance as-
semblages is not commonly realized. Accordingly, Ca-
amphiboles, which contain 6-10 essential components
(Leake 1978), in general mirror the bulk-rock composi-
tion of the parental metabasalt itself.

Because mafic igneous rocks are nearly ubiquitous in
crustal terranes, and are relatively uniform in bulk com-
position, experiments on MORBs under controlled labo-
ratory conditions (P, 7, f,,) have the capability of yield-
ing important constraints on the metamorphic stability
relations of this rock type, including the chemical vari-
ability of constituent Ca-amphiboles. Unfortunately, vir-
tually all experimental attempts to demonstrate equilib-
rium by reaction reversal remain equivocal, reflecting the
complicated nature of gradational, multicomponent reac-
tions with changing P and 7, as well as the sluggish rates
of recrystallization. Because of such difficulties, few such
phase-synthesis studies actually have been carried out.
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TasLE 1. Chemical compositions (gravimetric analyses) of MORBs and experimental bulk compositions
Oxide No. 1 No. 2 No, 3 This study No. 4 No. 5 No. 6 No. 7 No. 8

Sio, 50.68 50.93 50.19 50.10 49.7 50.44 49.43 52.38 49.11
Al,O, 15.60 15.15 14.86 14.80 12.8 13.37 15.97 16.93 12.74
Fe,O, 1.48 1.55 1.70 1.89 1.95 2.23 2.09 — 3.23
FeO 8.37 8.02 9.63 10.72 9.95 11.27 7.55 10.29* 8.40
MgO 7.69 7.69 7.10 7.00 9.04 6.58 8.50 7.13 10.31
MnO = — — 0.22 0.21 0.18 —_ 0.17
TiO, 1.49 1.19 1.77 1.25 1.54 1.79 1.62 — 2.51
CaO 11.44 11.84 11.44 11.10 10.9 10.95 10.73 10.05 10.73
Na,O 2.66 2.32 2.66 2.57 1.93 3.76 2.87 3.21 1.97
K,O 0.17 0.14 0.16 0.14 0.06 0.19 0.18 — 0.49
P,O; 0.12 0.10 0.14 —_ 0.20 0.15 —_ 0.27

Total 99.70 98.93 99.65 99.79 99.28 100.75 99.27 99.99 99.93

CIPW normative minerals

Quartz 1.1 1.0
Orthoclase 1.0 0.8 1.0 0.8 0.4 1.1 1.1 2.9
Albite 226 19.8 22.6 21.8 16.7 315 26.0 27.2 16.7
Anorthite 30.2 30.8 28.2 285 26.7 18.9 30.2 31.8 24.7
Nephetine
Diopside 21.1 22.7 228 22.0 233 278 17.8 14.9 22.0
Hypersthene 17.6 19.9 17.4 18.0 26.1 13.4 201 19.8
Olivine 2.2 1.9 3.8 13,7 6.1 4.0 7.3
Magnetite 2.2 2.3 25 2.8 2.9 3.2 22 22 1.2
limenite 2.8 2.3 3.4 2.4 3.0 3.4 2.2 4.8
Apatite 0.3 0.2 0.3 0.0 0.4 0.3 0.6

Note: No. 1 = Mid-Atlantic Ridge (Melson et al. 1976); No. 2 = Indian Ocean Ridge (Meison et al. 1976); No. 3 = East Pacific Rise (Melson et al.
1978); No. 4 = Liou et al. (1974); No. 5 = Apted + Liou (1983); No. 6 = Spear (1981); No. 7 = Poli (1993); No. 8 = Helz (1979).

* Total iron, XRF analysis.

Nonetheless, carefully controlled, long-duration experi-
ments in some cases have produced Ca-amphiboles suf-
ficiently large to obtain a high-quality electron microprobe
analysis (EMPA), thus affording the opportunity to check
for phase homogeniety, a necessary but insufficient con-
dition of chemical equilibrium.

It is well known that Al tends to replace Si in tetrahedral
coordination in Ca-amphibole with increasing 7, whereas Al
substitutes for Mg+Fe in the M2 octahedral site to progres-
sively greater extents with increasing P (Raase 1974; Haw-
thorne 1981; Gilbert et al. 1982; Robinson et al. 1982; An-
derson and Smith 1995). Accordingly, it seems likely that
the ALO, content of Ca-amphibole increases as a function
of both P and T (e.g., Moody et al. 1983). Titanium is also
increasingly accommodated in the amphibole M2 site as
temperature rises (Raase 1974), but this cation should be
less favored by increasing P because of its relatively larger
ionic radius compared with Al. For this reason, it seems
probable that Ti concentration in Ca-amphibole will track
positively with 7, but perhaps slightly negatively with P.
Thus, in rocks that contain a Ti-rich phase such as ilmenite,
titanite, or rutile, and are therefore saturated in Ti—which,
in addition, carry appropriate, highly aluminous phases such
as plagioclase, epidote, or garnet—the isopleths for AlLO,
and TiO, in Ca-amphibole will display contrasting behavior.
Ideally, for metabasalts of typical MORB-like chemistry, the
P-T conditions of metamorphism should be obtainable, at
least approximately, from analysis of the constituent Ca-
amphibole, if we knew how Al and Ti vary with physical
conditions. In the present paper, we explore this relationship
quantitatively, and report a promising measure of success.

EXPERIMENTAL TECHNIQUES
Starting materials

We used natural basaltic glass and a crystal mixture
synthesized from the glass as starting materials for all
experiments. The glass, dredged from the Juan de Fuca
Ridge off the coast of Oregon, is homogeneous and con-
tains minor crystallites (<1%) of pyroxene, plagioclase,
and ilmenite, judging from optical microscopy and elec-
tron microprobe backscattered electron (BSE) imagery.
The chemical composition and CIPW norm of the glass
as well as those of typical MORBs, some of which have
been employed in other experimental phase equilibrium
studies, are listed in Table 1. It is important to note that
the norm calculation is sensitive to the Fe’* content of
the basalt: the glass used in our experiments is slightly
olivine normative assuming Fe**/Fe, = 0.15, but quartz
normative assuming Fe*+/Fe, = 0.25.

The glass was crushed in a tungsten carbide ball mill and
ground under ethanol in an agate mortar for 3 h, followed
by drying in an oven at 130 °C for 24 h. Most experiments
were not seeded with crystals. However, in order to over-
come the difficulty of nucleation, for some experiments ap-
proaching phase boundaries, or at subsolidus temperatures,
small amounts of seed (less than 0.5% by weight) of syn-
thetic almandine-grossular garnet (Alm,,Gro,,), and/or nat-
ural lawsonite and clinozoisite, were added to the starting
mixtures. The amounts of seed crystals added were small,
so the bulk composition of the system remained essentially
unchanged. The compositions of the garnet seeds were dif-
ferent from those of the synthesized products, hence they
were readily identified using BSE imagery.
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TaBLE 2. EMPA Ca-amphiboles synthesized in this study
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Duration (h) 119 144 95 99 95 305 94 73 330 288
T (°C)y/P (GPa) 950/1.0 950/1.1 950/1.2 900/0.8 900/1.0 900/1.1 900/1.2 900/1.4 800/0.9 800/1.0
No. of analyses (10) 51 18 45 21 36 10 22 16 13 3
Sio, 40.72 (51) 40.50 (57) 40.54 (85) 41.88(89) 41.64(55) 40.81(34) 41.02(61) 4143(84) 41.83(83) 42.05(28)
ALLO, 14.62 (53) 14.57 (45) 14.77 (77) 14.32(58) 14.24(64) 14.23(25) 15.12(62) 15.16(62) 12.98(52) 14.02(52)
FeO 1521 (55) 15.71(34) 14.65(48) 16.11(55) 16.47(43) 15.46(36) 16,22(43) 15.80(71) 16.72(60)  16.30 (25)
MgO 11.18(33) 10.85(30) 11.06(29) 10.13(53) 10.36(26) 10.94(25) 10.14(19) 10.34(33) 9.65(35)  9.75(06)
MnO 0.18(04) 0.15(05) 0.15(05) 0.24(03) 0.24(02) 0.10(02) 0.18(06) 0.12(04) 0.26(06)  0.27(03)
TiO, 3.35(21) 2.75(23) 2.68(26) 256(12) 262(14) 217(08) 242 (22) 2.17(20) 2.04(18) 1.91 (21)
CaO 10.14 (43) 10.04 (53) 10.05(81) 10.83(49) 10.74(51) 10.60(16) 10.19 (37) 9.99(28) 11.22(45) 10.88 (07)
Na,O 310(25) 2.81(17) 289(23) 241(15) 2.38(16) 266(12) 273 (10) 292 (11) 2.32(15) 2.40 (08)
K,O 0.11(06) 0.13(02) 0.14(02) 0.13(01) 0.13(01) 0.15(01) 0.14(01) 0.15 (02) 0.14 (02) 0.10 (02)
Total 98.60 (77) 97.51(85) 96.93(83) 98.61(68) 98.82(53) 97.13(98) 98.14(95) 98.09 (89) 97.16 (114) 97.67 (22)
Formula proportions of cations based on 23 O atoms
Si 599 (068) 6.03(06) 6.04(10) 6.16(11) 6.09(02) 612(08) 607(07) 6.11(09) 628(09) 6.25 (05)
Al 253 (09) 2.56(08) 2.60(14) 248(10) 251(04) 247(11) 264(10) 264(09) 2.30(08)  246(09)
Fe2+ 169(90) 1.77(04) 1.65(08) 1.79(07) 1.74(04) 1.83(05) 1.81(05) 176(09)  1.88(08) 1.83 (03)
Ees* 0.18(00) 0.19(00) 0.18(00) 0.19(00) 0.19(00) 0.20(00) 020(00) 0.19(00) 0.20 (00) 0.20 (00)
Mg 2.45(09) 2.41(06) 246(06) 222(12) 244(06) 2.27(05) 223(04) 227(07) 216(07) 2.16 (01)
Mn 0.02(00) 0.02(01) 002(01) 003(00) 0.01(00) 0.03(00) 002(01) 002(01) 003(01)  0.03(00)
Ti 0.37(02) 0.31(03) 030(03) 028(01) 024(01) 029(02) 027(08) 024(03) 023(02) 0.21(02)
Ca 160 (06) 1.60(0B) 1.61(07) 1.71(08) 1.70(03) 169(08) 1.61(06) 1.58(05)  1.80(08) 1.73 (01)
Na 0.88(07) 0.81(04) 084(07) 069(04) 077(03) 068(04) 078(03) 0.84(03) 068(04)  068(02)
K 0.02(01) 003(00) 0.03(00) 0.02(01) 003(00) 0.02(01) 0.03(01) 0.03(00) 0.03(00) 0.02 (00}
Sum 1574 (05) 15.71 (04) 1570 (08) 15.58(09) 1572(03) 15.61(05) 1566 (04) 15.67(06) 15.60(09) 1557 (04)
TaBLE 2—Continued
Duration (h) 240 765 1172 959 398 1118 720 1220 168 549
T (°C)/P (GPa) 700/1.4 700/1.4 700/1.4 700/1.4 700/1.6 700/1.6 700/1.6 700/1.6 700/1.8 700/1.8
No. of analyses (10) 6 14 56 50 24 45 16 45 25 60
Sio, 43,04 (24) 43,55 (46) 44.66 (78) 43.90(56) 44.56(82) 43.79(83) 43.31 (94) 44.25(72) 4584 (86) 4532 (72)
ALO, 13.47 (28) 13.39 (91) 12.79(58) 13.52(63) 13.18(60) 15.01(109) 13.73 (76) 13.33(64) 12.64 (56) 13.49 (47)
FeO 14.95 (76) 16.20 (57) 15.53(53) 15.52(40) 15,77 (60) 15.46 (45) 15.44 (63) 15.97 (49) 14.92 (86) 15.35 (46)
MgO 9.47 (23) 951 (24) 9.77(34) 949(33) 969(42) 9.31(42) 9.40 (49) 9.66 (31) 10.10(90) 9.90 (21)
MnO 0.29 (05) 0.26 (02) 0.24(04) 0.23(04) 0.24(05) 0.24 (02) 0.20(03) 0.27(03) 0.23(08) 0.18 (06)
TiO, 1.03 {(19) 1.37 (49) 1.17 (35) 1.21 (29) 1.22 (58) 1.33 (36) 1,04 (25) 1.10 (34) 1.09 (37) 1.04 (28)
Ca0 9.87 (32) 10.79(54) 10.12(38) 11,15(31) 9.94(78) 9.82 (44) 10.68 (67) 10.22 (34)  9.01 (35) 9.07 (28)
Na,O 294 (17) 2.42(49) 286(21) 229(18) 287(42) 2.96(48) 297 (76) 3.23(18) 3.03(26) 3.36 (24)
KO 0.20(03) 0.17(02) 0.18(01) 0.16(01) 0.16(07) 0.23 (03) 0.16 (01) 0.20(02) 0.18 (09) 0.21 (03)
Total 95.25 (71) 97.65(78) 97.33(82) 97.48(72) 97.64(92) 98.15 (67) 96.94 (96) 98.22 (62) 97.04 (146) 97.93 (89)
Formula proportions of cations based on 23 O atoms
Si 6.49 (03) 6.44(12) 659(10) 6.48(07) 656(08) 6.40(14)  6.44(10) 6.50(09) 6.73(08)  6.62 (06)
Al 240(06) 234(25) 223(09) 235(11) 229(10) 259(23) 241(12) 231(12) 219(07)  2.32(08)
Fe?+ 170 (09) 1.81(08) 1.73(07) 1.73(06) 1.75(08) 1.71(05) 1.73(08) 1.77(06) 1.65(12) 1.69 (06)
Fe3 0.18(00) 020(00) 0.19(00) 0.19(00) 0.19(00) 0.18(00)  0.19(00) 0.19(00) 0.18(00)  0.18(00)
Mg 213(05) 210(09) 2.15(07) 2.09(08) 213(09) 2.03(13)  208(07) 2.12(07) 221(18)  2.15(05)
Mn 0.04 (01) 0.03(00) 003(01) 003(01) 003(01) 0.03(00)  0.03(00) 003(00) 0.03(01)  0.02(01)
Ti 0.12(02) 0.15(03) 0.13(04) 0.13(06) 0.14(06) 0.15(04)  0.12(03) 0.12(04) 0.12(04)  0.11(03)
Ca 160(05) 171(07) 1.60(07) 1.76(06) 157 (13) 1.54(08) 1.70(12) 1.61(05) 1.42(06) 1.42 (04)
Na 0.86(05) 069(06) 0.82(06) 066(05) 082(12) 084(14)  0.86(22) 092(05 0.86(07)  0.95(07)
K 0.04 (01) 003(01) 0.03(00) 0.03(00) 0.03(01) 0.04(01)  003(00) 0.04(00) 0.03(02)  0.04(01)
Sum 1555 (04) 1550 (05) 1550 (09) 15.46 (06) 1549(06) 15.51(10) 1559 (12) 15.61(07) 15.42(10) 1551 (07)
Apparatus cated with dry MoS,. Pressure corrections resulting from

Experiments were conducted in a piston-cylinder ap-
paratus using a 2.54 c¢m diameter furnace assembly for
experiments at P = 2.0 GPa, and a 1.91 cm diameter
assembly for those at P > 2.0 GPa. A NaCl-pyrex glass-
graphite furnace assembly was employed for experiments
at T > 850 °C, and a NaCl-graphite assembly was used
for those at T < 800 °C. The furnace assembly design
ensures isotropic pressure distribution and a smooth ther-
mal gradient. To minimize friction between the assembly
and pressure vessel, lead foil was wrapped around the
furnace/sample cell, and the cylinder walls were lubri-

the strength of the assembly and friction between the as-
sembly and cylinder are negligible. Pressures were cali-
brated against the phase transitions albite jade-
ite+quartz (Liu and Bohlen 1995) and quartz coesite
(Bohlen and Boettcher 1982). Temperatures were mea-
sured with Pt-Pt,,Rh,, thermocouples isolated from the
capsule by a platinum shield. No pressure correction was
applied to the emf of the thermocouples. The precision
of P and T measurement is =10 MPa, and =2 °C, and
accuracy is estimated to be *50 MPa, and =10 °C, re-
spectively. For all experiments, temperatures were main-
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TaBLE 2—Continued
241 262 284 217 138 336 669 573 500 500 264
800/1.2 800/1.4 800/1.6 800/1.8 800/2.0 750/1.0 700/0.8 700/1.0 700/1.2 700/1.2 700/1.2
34 45 14 20 18 22 32 29 5 14
42.23 (90) 41.75(82) 42.32 (69) 42,63 (51) 43.27(38) 45.02(111) 43.96(51) 43.47(72) 43.62(86) 44.05(63) 42.67 (62)
1468 (82) 1579 (85) 15.17(72) 15.01(79) 14.43(72) 11.82(105) 11.93(73) 12.84(97) 13.70(87) 12.50(82) 13.27 (22)
16.07 (64) 15.72(68) 15.26(56) 15.45(68) 15.99(61) 16.34(54) 16.78(33) 16.50(52) 16.22(71) 16.99(95)  15.28 (56)
915(34) 866(27) 9.43(55) 9.41(48)  9.43(41)  9.82(33) 9.67(31) 951(30) 9.27(29) 9.50(12) 9.17 (35)
0.25 (05) 0.23 (04) 0.25 (06) 0.22 (03) 0.23 (06) 0.25 (06) 0.20 (07) 0.15 (04) 0.16 (04) 0.21 (08) 0.27 (04)
1,73 (31) 1.73(40)  1.52(24) 1.30(37) 1.23(16)  1.35(30) 1.19(27)  1.26(41) 124(27) 1.40(23) 1.25 (46)
10.57 (39)  10.19 (41)  10.07 (29) 9.44 (26) 8.64(62) 11.29(26) 11.52(32) 11.68(28) 11.19(27) 11.28(51) 11.04 (42)
2.04 (12) 246 (13)  2.64 (22) 299 (47) 278(19)  1.89 (24) 1.71(09) 1.89(28) 2.16(25)  1.81(06) 2.33 (39)
0.14 (02) 0.15(03)  0.16 (02) 0.16(04) 0.16(02)  0.15(08) 0.14(02) 0.14(01) 0.15(03)  0.11(03) 0.14 (04)
96.86 (84) 96.68 (69) 96.81(117) 96.62(77) 96.15(79) 97.93(71) 97.11(68) 97.44(74) 97.71(93) 97.84(117) 95.42(81)
Formula proportions of cations on 23 O atoms
6.29 (10) 6.22(10)  6.29 (06) 6.34(08) 6.45(05) 6.63(13) 6.56 (07) 6.46(10) 6.44(06)  6.52(09) 6.45 (04)
2.58 (15) 278(12) 266 (11) 263(14) 254(12)  2.05(91) 210(12) 2.25(18) 2.39(04) 2.18(15) 2.37 (12)
1.81 (08) 1.77(09)  1.71(07) 1.74(01) 1.80(07) 1.82(06) 1.89(04) 1.85(07) 1.81(06)  1.90(09) 1.74 (12)
0.20 (00) 0.19 (00)  0.18 (00) 0.19(00)  0.19(00)  0.20 (00) 0.20(00) 0.20(00) 0.20(00)  0.20(00) 0.19 (00)
2.03 (08) 1.92(06)  2.09 (10) 2.09(11) 210(10) 2.16(07) 215(07) 211(06) 2.04(06) 210(07) 2.07 (05)
0.03 (01) 0.03(01)  0.03(01) 0.03(00) 0.03(01) 0.03(01) 0.03(01)  0.02(00) 0.02(01)  0.03(00) 0.04 (01)
0.19 (03) 0.19 (04) 0.17 (03) 0.15 (04) 0.14 (03) 0.15 (03) 0.13(03) 0.14 (04) 0.14 (05) 0.16 (03) 0.14 (03)
1.69 (07) 1.63(07)  1.60 (05) 1.50 (04) 1.38(10)  1.78(03) 1.84(05) 1.86(04) 1.77(07)  1.79(05) 1.79 (08)
0.59 (04) 0.71(04)  0.76 (06) 0.86(14) 0.80(06)  0.54 (07) 0.50(03) 0.55(09) 062(12) 052(07) 0.68 (02)
0.03 (00) 0.03(01)  0.03(01) 0.03(01) 0.03(01)  0.03(02) 0.03(00) 003(00) 0.03(01) 0.02(01) 0.03 (01)
15.44 (06) 15.47 (06) 15.52 (05) 15.55 (06) 15.46 (06) 15.38 (09) 1542 (03) 15.46 (06) 15.45(10) 15.41(07) 15.49 (05)
TABLE 2—Continued
720 1101 741 552 1392 1630 840 1392
700/1.8 700/1.8 700/2.0 650/2.2 650/2,2 650/2.2 650/2.2 650/2,2
46 45 15 6 18 3 3 6
45.20 (68) 44.99 (52) 45.05 (83) 48.18 (85) 48.25 (52) 48.56 (50) 48.11 (146) 49,10 (80)
12.41 (61) 12.84 (58) 13.98 (65) 11.71 (101) 11.29 (84) 11.68 (74) 11,76 (133) 11.45 (59)
15.59 (55) 15.33 (52) 15.74 (133) 16.49 (57) 15.28 (102) 15,52 (123) 14,01 (188) 14.31 (198)
9.73 (37) 9,97 (25) 9.81 (73) 10.83 (60) 10.86 (41) 10.89 (32) 10.21 (86) 10.32 (93)
0.24 (05) 0.21 (05) 0.17 (06) 0.24 (01) 0.23 (03) 0.24 (05) 0.18 (03) 0.21 (04)
0.98 (28) 1.04 (30) 0.91 (18) 0.80 (57) 0.60 (23) 0.57 (05) 0.72 (47) 0.59 (15)
8.97 (35) 8.99 (35) 8.79 (28) 6.80 (68) 6.45 (82) 6.32 (131) 8.03 (135) 7.67 (174)
3.44 (27) 3.56 (24) 3.87 (53) 3.15 (21) 3.37 (25) 3.43 (30) 3.44 (80) 3.74 (23)
0.23 (02) 0.24 (03) 0.18 (02) 0.29 (04) 0.27 (04) 0.22 (05) 0.26 (08) 0.21 (06)
96.84 (82) 97.18 (90) 98.50 (101) 98.47 (136) 96.60 {84) 97.43 (25) 96.71 (47) 97.62 (73)
Formula proportions of cations based on 23 O atoms
6.70 (09) 6.63 (06) 6.56 (08) 6.94 (11) 7.05 (07) 7.03 (07) 7.01 (16) 7.08 (08)
217 (13) 2.23 (09) 2.40 (10) 1.99 (15) 1.94 (14) 1,99 (13) 2.02 (23) 1.95 (08)
1.74 (09) 1.71 (06) 1,73 (17) 1.79 (08) 1.68 (13) 1,70 (16) 1.54 (25) 1.56 (28)
0.19 (00) 0.18 (00) 0.19 (00} 0.19 (00) 0.18 (00) 0.18 (00} 0.17 (00) 0.17 (00)
2.15(12) 2.19 (06) 2.13 (15) 2.33(12) 2.36 (09) 2.35 (06) 2.22 (20) 2.22 (22)
0.03 (01) 0.03 (01) 0.02 (01) 0.03 (06) 0.03 (00) 0.03 (01) 0.02 (00) 0.03 (01)
0.11 (03) 0.12 (03) 0.10 (02) 0.09 (00) 0.07 (03) 0.06 (01) 0.08 (05) 0.06 (02)
1.42 (09) 1.42 (05) 1.37 (06) 1.05 (11) 1.01(13) 0.98 (20) 1.25 (20) 1.19 (35)
0.99 (11) 1.02 (07) 1,09 (14) 0.88 (06) 0.95 (07) 0.96 (09) 0.97 (22) 1.05 (09)
0.04 (00) 0.05 (01) 0.03 (00) 0.05 (01) 0.05 (01) 0.04 (01) 0.05 (01) 0.04 (01)
15.53 (11) 15,57 (06) 15.62 (11) 15.35 (06) 15.33 (04) 15,32 (02) 15.33 (10) 15.34 (07)

tained within *2 °C. Pressures fluctuated as reaction pro-
ceeded; whenever detected, P was adjusted to the original
value. The maximum variation of pressures in these ex-
periments was 40 MPa.

Oxidation state

Oxygen fugacity was buffered using the standard dou-
ble-capsule technique (Eugster 1957), with either 3.0 mm
outside diameter (0.d.) Ag,,Pd,, or 1.6 mm o.d. Ag,Pd,,
as the inner capsule, 5.0 mm Au as the outer capsule, and
fayalite-magnetite-quartz (FMQ) plus a small amount of
H,O (4 wt%) as the buffer assemblage. By controlling the

oxidation state, we attempted to simulate the environment
of the upper part of subducting, relatively unaltered oce-
anic crust; appropriate conditions are thought by many
investigators to approximate that defined by FMQ (Wood
and Virgo 1989; Wood et al. 1990). Fayalite was synthe-
sized by reacting equimolar Fe and natural, HNO,-
leached Brazilian quartz. Optical, X-ray diffraction, and
EMPA indicate that the fayalite is homogeneous and stoi-
chiometric. Fayalite, natural Brazilian quartz, and reagent
grade Fe,O, were mixed in the molar ratio 1:1:1.5. At the
conclusion of every experiment, the buffer assemblage
was checked microscopically to ensure the presence of
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FIGURE 1. Petrogenetic grid for the amphibolite to eclogite

transformation in the MORB basalt-H,O system, after Liu et al.
(1996). Abbreviations: amp = amphibole; coe = coesite; grt =
garnet; hbl = hornblende; pl = plagioclase; gtz = quartz.

all buffer phases, including water (buffer assemblages
were damp).

At pressures greater than the equilibrium faya-
lite+quartz = ferrosilite (Bohlen et al. 1980; Bohlen
1984), ferrosilite replaced fayalite; at pressures greater
than the quartz = coesite transition (Bohlen and Boettcher
1982), coesite replaced quartz in the buffer assemblage.
The phase transitions affect the f, only slightly: the fu-
gacity of O, for ferrosilite-magnetite-quartz is 0.1 to 0.2
log units greater than that defined by FMQ, and the fu-
gacity of O, for ferrosilite-magnetite-coesite is 0.1 to 0.2
log unit less than that defined by the assemblage ferro-
silite-magnetite-quartz.

Fluid

Estimated contents of H,O are 1-2 wt% in hydrated
basalt and amphibolite (Thompson 1992), 3 wt% in
greenschist, and up to 6-7 wt% in lawsonite-bearing
blueschist (Peacock 1990, 1992). Petrologic studies sug-
gest that some hydrous minerals including clinozoisite,
phengite, and amphibole are primary metamorphic phases
at high pressures, and that H,O or saline aqueous solution
is the most important fluid constituent in eclogite-facies
metamorphism (Emst 1972b; Holland 1979; Sorensen
and Grossman 1993; Selverstone et al. 1993). A total of
4 wt% of H,0O was used in most experiments to simulate
closely conditions during subduction under subsolidus
and near-solidus conditions. We loaded 0.80 to 1.20 ml
H,O together with 20-30 mg of starting mixture into sil-
ver-palladium capsules. Welded capsules, together with
the buffer, were put into 5.0 mm o.d. gold capsules that
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were then welded shut. Weight loss of water, determined
after drying the synthesized products, confirmed that all
experiments were H,O saturated.

Experimental duration

Due to slow reaction rates in the basalt-H,O system
under the P-T conditions investigated, experiments were
conducted on average 4, 7, 30, and 50 d at 900, 800, 700,
and 650 °C (see Table 2), in contrast to most previous
studies reported in the literature, which lasted several
hours to 1-2 d. We conducted experiments at the same
P-T conditions over different lengths of time to monitor
the change in modal proportion and compositions of min-
erals in the synthesized products. Long experiments were
found to be necessary to obtain consistent phase relations,
especially at subsolidus temperatures. Such durations also
ensured that all minerals were sufficiently coarse-grained
that they could be identified optically and analyzed by
the electron microprobe. Compositional homogeneity was
evaluated using BSE imagery, X-ray maps, and line-pro-
file analyses.

Analytical methods

All phases were positively identified by optical mi-
croscopy and a JEOL 8900 electron-microprobe analyzer.
Samples were mounted in epoxy, and were polished for
4 h using 6 to 0.3 pm diamond paste. The microprobe
was operated at 15 kV, with a focused beam 1-2 pm in
diameter, operating at a current of 12 or 15 nA. Neither
compositional zoning of phases nor Fe loss to the AgPd
container walls was detected.

Phase equilibrium results

Amphibolite transforms to eclogite with increasing aque-
ous fluid pressure through three continuous equilibria: crys-
tallization of garnet, breakdown of plagioclase, and decom-
position of Ca-amphibole (Liu et al. 1996; Liu 1997). These
reaction boundaries divide P-T space into four regions cor-
responding to the amphibolite, garnet-amphibolite, horn-
blende-eclogite, and eclogite facies, as illustrated in Figure
1. Condensed mineral assemblages (plus a Ti-phase) char-
acterizing the four P-T regions with increasing P are (1) at
T = 700 °C, plagioclase+amphibole+quartz, garnet+
plagioclase +amphibole+quartz, garnet+amphibole *clino-
pyroxene+quartz, and garnet+clinopyroxene+quartz or
coesite; and, (2) at T = 750 °C, plagioclase+amphibole+
clinopyroxene+melt, garnet+plagioclase+amphibolex
clinopyroxene+melt, garnet+amphibole+clinopyroxene
+melt, and garnet+clinopyroxene+melt. The H,0O-satu-
rated solidus of the system is located between 700-750
°C at 1.0-2.2 GPa.

Accessory titanite, ilmenite, and rutile are Ti-rich
phases coexisting with the silicates and/or melt. Synthesis
fields for these Ti-phases are delineated in Figure 2: rutile
is stable at high pressures (P > 1.6 GPa at T = 800 °C,
P > 1.4 GPa at 700 °C), ilmenite is stable at low pres-
sures and high temperatures (P < 1.6 GPa at T = 800
°C), and titanite is stable at relatively low pressures and
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FIGURE 2. Synthesis fields and presumed stability relations
of Ti-phases for the MORB basalt-H,O system, after Liu et al.
(1996).

low temperatures (P < 1.4 GPa at 700 °C). Inasmuch as
these phases have different compositions, the field bound-
aries shown must be multivariant zones of finite but un-
measured P-T width; these zones should be sensitive to
bulk-rock compositional variations, especially the
activities of Mg, Fe, Ca, Si, H, O, and C. The P-T region
depicted for titanite growth in Figure 2 appears to be
unrealistically broad, based on petrologic experience.
However, the fields illustrated are topologically consistent
with natural occurrence of Ti-phases: rutile, ilmenite, and
titanite are common in eclogite+hornblende-eclogite,
granulite+high-rank amphibolite, and greenschist+low-
rank amphibolite facies, respectively.

Compositions of synthesized amphiboles produced in
this study are listed in Table 2. Compositions of coexist-
ing synthetic phases are presented in appendices as fol-
lows: Appendix 1, garnet; Appendix 2, plagioclase; Ap-
pendix 3, clinopyroxene; and Appendix 4, melt.

GARNET-IN PHASE BOUNDARY

The crystallization of garnet is a pressure-sensitive re-
action. At subsolidus temperatures, garnet may be pro-
duced by consumption of anorthite and pargasite com-
ponents of Ca-amphibole, producing albite-rich
plagioclase and tremolite-rich amphibole along with gar-
net (Méder and Berman 1992):

anorthite+pargasite = garnet+tremolite+albite.

At supersolidus temperatures, garnet is produced by con-
sumption of amphibole and plagioclase through the re-
action (Wolf and Wyllie 1993):

plagioclase+amphibole = garnet=*clinopyroxene+melt.
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At low pressures (P = 1.0 GPa) and high temperatures
(T = 800 °C), incongruent melting of plagioclase and Ca-
amphibole produces clinopyroxene and melt by a tem-
perature-sensitive reaction (Spear 1981; Wolf and Wyllie
1993):

plagioclase+Ca-amphibole = clinopyroxene+melt.

PLAGIOCLASE-OUT PHASE BOUNDARY

At subsolidus temperatures and increasing pressures,
plagioclase is consumed by reaction with Ca-amphibole:

Plagioclase+Pargasite = Garnet+Edenite+Quartz.

Clinopyroxene was not produced at 700 °C, 1.4 GPa, for
example, where plagioclase breaks down. Instead, a gar-
net+Ca-amphibole+rutile+quartz assemblage replaces a
garnet+plagioclase+Ca-amphibole +titanite (+quartz)
assemblage. This reaction is different from the plagio-
clase-out reaction in the anhydrous system (Green and
Ringwood 1967), where plagioclase breaks down to yield
jadeitic pyroxene and quartz. The plagioclase-out bound-
ary in the hydrous MORB system therefore does not rep-
resent the boundary for eclogite facies.

At supersolidus temperatures, formation of clinopyrox-
ene by the incongruent melting of plagioclase and Ca-
amphibole results in the decomposition of plagioclase:

plagioclase+Ca-amphibole +H,0 = clinopyroxene-+melt.

Plagioclase disappears between 1.0 and 1.1 GPa at 900
°C, between 1.2 and 1.4 GPa at 800 °C, and between 1.2
and 1.4 GPa at 700 °C. The P-T slope of the plagioclase-
out curve above the solidus is negative (Fig. 1), indicating
the consumption of aqueous fluid during the production
of hydrous melt; this curve is consistent with the results
of Hill and Boettcher (1970) and Wolf and Wyllie (1993).

CA-AMPHIBOLE EQUILIBRIA

Ca-amphibole transforms to anhydrous solids+H,O over
a relatively narrow P-T range in a continuous but abrupt
fashion at subsolidus temperatures, whereas it diminishes
slowly over a broad range of conditions at supersolidus tem-
peratures. At 700 °C, for example, Ca-amphibole starts to
break down at 1.6-1.8 GPa to yield jadeitic pyrox-
ene+garnet, and has decomposed completely at 2.2 GPa. In
contrast, Ca-amphibole dehydrates gradually over a broad
range of conditions at supersolidus temperatures. At 800 °C,
for example, it begins to devolatilize at 0.8 GPa, and has
decomposed completely at 2.0 GPa. An important amount
of H,O is released at subsolidus temperatures in a rather
narrow pressure range; this devolatilization may have a sig-
nificant effect on initiating partial melting of the upper man-
tle, and on catalyzing the amphibolite — eclogite transition.
As shown in Figure 1, the assemblage gar-
net+clinopyroxene+Ca-amphibole +quartz breaks down to
garnet+clinopyroxene+quartz+H,O at subsolidus tempera-
tures, and garnet+clinopyroxene+Ca-amphibole+melt
transforms to garnet+clinopyroxene+melt+H,O at super-
solidus temperatures. Ca-amphibole decomposes between



958

1.2 and 1.4 GPa at 950 °C, between 1.4 and 1.6 GPa at 900
°C, between 1.8 and 2.0 GPa at 800 °C, between 2.0 and
2.2 GPa at 700 °C, between 2.2 and 3.0 GPa at 650 °C, and
<3.0 GPa at 600 °C.

Of critical importance is the fact that high-pressure ex-
periments have defined a negative P-T slope of —2.8
MPa/°C for the amphibole-out reaction. This negative P-
T slope reflects the fact that the higher entropy assem-
blage garnet+clinopyroxene+minor aqueous fluid pos-
sesses a smaller aggregate volume than the equivalent
amount of Ca-amphibole. We performed two-stage ex-
periments at 800 °C to reverse the amphibole-out reac-
tion. The amphibole-bearing assemblage of gar-
net+clinopyroxene+Ca-amphibole+melt was synthesized
at 1.8 GPa, then P was raised isothermally to 2.0 GPa
and held for 5 d. The Ca-amphibole decomposed com-
pletely, yielding garnet+clinopyroxene+melt. However,
it proved much more difficult to reverse the reaction and
to produce Ca-amphibole from the high-pressure side (the
amphibole-in reaction). Ca-amphibole failed to crystallize
at 1.8 GPa in experiments lasting 4 to 8 d from an am-
phibole-free crystalline assemblage synthesized at 2.0
GPa. This may reflect the difficulty of nucleation of am-
phibole from the crystalline materials. At a lower pres-
sure of 1.6 GPa, Ca-amphibole did grow from an amphi-
bole-free assemblage synthesized at 2.0 GPa. This
bracket, although wide, is consistent with the lengthy syn-
thesis experimental results.

CA-AMPHIBOLE COMPOSITIONS

Amphibole crystals synthesized at 650-950 °C are eu-
hedral, prismatic, coarse-grained (5—-7 X 10-15 pm), and
pleochroic from pale green to greenish brown. Petro-
graphic and electron-microprobe studies have document-
ed its chemical homogeniety.

Recalculation of amphibole structural formulas

The structural formulas of synthetic amphiboles were cal-
culated on an anhydrous basis assuming 23 O atoms per
half unit cell, with the general form A, ,B,C,T;0,,(OH),,
where A = a single 10-12 fold-coordinated A site, B = 2
six to eightfold-coordinated M4 sites, C = 5 M1, M3, and
M2 octahedral sites, and T = 8 tetrahedral sites (Leake
1978; Leake et al. 1997). This expression represents one
formula unit.

The IMA classification utilizes values of both Mg/
(Mg+Fe?+) and Fe**/(Fe**+Al) as discrimination param-
eters. Because the electron microprobe cannot distinguish
between Fe?+ and Fe’+, it is necessary to estimate the
amounts of these cations in order to characterize the am-
phibole solid solutions (see below for our solution to this
problem). We followed the IMA scheme for site assign-
ment of cations: (1) tetrahedral (7') sites: sum 7 to 8.00
using Si, then Al, then Ti; (2) octahedral (M1+M2+M3)
sites: sum C to 5.00 using excess Al, Fe**, Ti, Mg, Fe?*,
and Mn; (3) M4 sites: sum B to 2.00 using excess Fe?*,
Mn, Mg, then Ca, then Na; and (4), A site: excess Na
from (3), then all K.
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Ficure 3. Compositional variation of synthetic Ca-amphi-
boles at 0.8—2.2 GPa as a function of temperature: (a) 650 °C;
(b) 700-950 °C. Data are from Liu (1997). Cation proportions
are shown for one formula unit. Amphibole classification is that
of Leake et al. (1997).

Assuming all Fe is Fe*', we calculated the structural
formula of the synthesized Ca-amphiboles using the
above cation assignment scheme. An analysis was reject-
ed if one of the following criteria could not be met: tet-
rahedral site occupancy = 8.00 = 0.02; octahedral site
occupancy = 4.98; excess octahedral cations+Ca occu-
pancy =< 2.02; or A site occupancy < 1.02. For the sur-
viving data, we calculated amphibole structural formulas
by adjusting their contents of Fe?* and Fe**. Several such
recalculation schemes for amphiboles are in common us-
age: (1) assume no Fe’-, all Fe considered as Fe*'; (2)
total cations (excluding Ca, Na, and K) = 13 ; and (3),
total cations (excluding Na and K) = 15. These recalcu-
lation schemes yield different values of Fe?*/Fe** for the
synthesized amphiboles. Of the three methods, (1) pro-
vides the minimum Fe** content (zero) and involves no
adjustment of Fe2*/Fe** for the EMPA; (2) has an implicit
assumption that no Fe?*, Mg, or Mn occurs in the M4
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site, a good approximation for many Ca-amphiboles [al-
though electron absorption spectra presented by Aldridge
et al. (1982) demonstrate the presence of Fe?* in the M4
sites of some Ca-amphiboles]; and (3) is appropriate for
Fe-Mg amphiboles, where Ca and Na contents are low,
and no Na occupies M4, and for Fe-Mg-Ca amphibole
solid solutions (including many Ca-amphiboles). In ad-
dition to these approaches, Papike et al. (1974) proposed
a fourth recalculation scheme that averages the Fe** ob-
tained from (1) and (3) to derive an intermediate value.

We tested all these recalculation schemes. Schemes (1),
(2), and the method of Papike et al. yielded consistent
results for synthetic Ca-amphiboles, whereas scheme (3)
gave high Fe** contents for barroisites. Spear (1981) mea-
sured the Fe** content of synthetic Ca-amphibole in one
experiment at 707° C, 100 MPa, with fozdeﬁned by the
FMQ buffer in a basaltic system: the derived value of
Fe*t/(Fe**+Fe’*) was 0.125. Popp et al. (1995) measured
the Fe** content of a Ti-rich pargasite treated experimen-
tally at 100 MPa employing the FMQ buffer: the Fe*/
(Fe*++Fe**) value was 0.15 at 700 °C, and 0.20 at 900
°C. Accordingly, we adopted 0.125 as the Fe,0,/FeO; ra-
tio for recalculation of amphiboles in our experiments.
Table 2 lists averages, standard deviations, and the num-
ber of analyses of amphibole (for simplicity, iron oxide
is reported as FeO). The standard deviation, defined by
20 = [(X,— X)n — 1], reflects the compositional vari-
ation of synthetic amphiboles.

The synthetic amphiboles change in composition from
the sodic-calcic variety barroisite at 650 °C, 2.2 GPa, to
Ca-amphibole at T = 700 °C (Fig. 3). The Si content of
the Ca-amphibole decreases progressively with increasing
temperature, from about 6.6 cations pfu in edenite at 700
°C to 6.3 in pargasite at 800 °C and above (at 900-950
°C, Si ~6.0-6.1). The Ti content of the amphibole in-
creases with increasing temperature, from 0.07 cations
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FIGURE 5. Correlation of “Al and Ti contents of synthetic
Ca-amphiboles. Data are from Liu (1997). Cation proportions are
shown for one formula unit.

pfu at 650 °C, to 0.10-0.14 at 700 °C, 0.15-0.22 at 800
°C, 0.23-0.27 at 900 °C, and 0.30-0.35 at 950 °C.

Substitution mechanisms in the synthetic Ca-amphiboles

The compositional variations of amphiboles are de-
scribed following Leake et al. (1997) and Thompson et
al. (1982). Starting from the additive component tremo-
lite, Ca,Mg.Si,0,,(OH),, amphibole compositions can be
described by four coupled-exchange vectors:

(1) the edenite substitution: “INa*Al#[]-118i-1

(2) the tschermakite substitution: FAIMAI Mg-14151-1

(3) the Ti-tschermakite substitution: ©Ti*AlL
©Mg_,“1Si_,

(4) the glaucophane substitution: ™/Na®Al
™MaCa- 16 Mg- 1

and four single-ion-exchange vectors:

(5) Fe** Mg_,
(6) Mn Mg_,
(7) Fe’+ Al_,
(8) K "INa-1.

The isobaric Al and Ti contents of synthetic Ca-am-
phiboles increase with increasing T (Figs. 4 and 5). At
constant 7, the saturation value of Ti in amphibole de-
creases very slightly with increasing P (Fig. 6). The Al
and Ti concentrations in synthetic amphibole are strongly
correlated, as illustrated in a plot of ®Al vs. Ti (Fig. 5).
Because the computed WAl and Al proportions of
phases such as Ca-amphiboles are sensitive functions of
both the normalization procedures and the EMPA for Si
(a small percentage error in Si propagates as a large per-
centage error in the amphibole “A1/©Al), in practice we
chose to consider total AlL,O, contents rather than either
“A] or ®Al The ALO, and TiO, contents of amphibole
are therefore potential thermometers.

Where Al substitutes for Si in the tetrahedral sites of
amphibole through edenite, tschermakite, and Ti-tscher-
makite substitutions, the “/Al content of amphibole should
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be equal to A site occupancy+©'Al+Fe**+2Ti. On a plot
of WAl vs. A site occupancy+©Al+Fe** +2Ti (not illus-
trated), our synthetic Ca-amphiboles fall on a straight line
with a slope of unity that passes through the origin. The
linear relationship demonstrates that the reaction mecha-
nism in amphibole tetrahedral (and other) sites with in-
creasing T involves edenite-, tschermakite-, and Ti-tscher-
makite-substitutions, a conclusion also reached by Spear
(1981) on the basis of his experiments at P < 0.5 GPa,
500-920 °C.

The glaucophane substitution, on the other hand, is the
major mechanism for the compositional variation of am-
phibole as P increases. The amounts of M“Na and ®Al in
the Ca-amphibole both increase with increasing P. In a
plot of ©IA]l+™4Na vs. P, all experimental data fall on a
straight line, as shown by Figure 7. This substitution ac-
counts for the generation of Na-Ca amphiboles at elevated
pressures rather than Ca-amphiboles: barroisite at 650 °C
vs. edenite solid solution at 700 °C. The glaucophane sub-
stitution is obviously disfavored by elevated tempera-
tures, where pargasitic amphiboles are stable (Fig. 3b).

Comparison with other Ca-amphibole barometers and
thermometers

In the subsolidus region where experiments produced
coexisting quartz+plagioclase+Ca-amphibole (Fig. 1),
our data may be compared with the geothermometer of
Blundy and Holland (1990). Using their formulation, and
the analyzed compositions of Ca-amphibole and plagio-
clase (Table 3; Liu 1997) synthesized in our experiments
at 700 °C, we obtained the following nominal tempera-
tures of crystallization (+38 °C): 699 °C at 0.8 GPa; 708
°C at 1.0 GPa; and 656 and 670 °C for two experiments
at 1.2 GPa. Clearly, the Blundy and Holland (1990) ex-
pression faithfully reproduces our phase-equilibrium re-
sults within their stated temperature error limits. We
judge that our analytical data are insufficiently accurate
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to justify employing the more sophisticated hornblende
solid-solution model thermometer of Holland and Blundy
(1994).

In similar fashion, but over a much broader P-T range,
we evaluated the garnet-hornblende thermometer of Gra-
ham and Powell (1984). Utilizing their formulation, tem-
perature disparities between experimentally controlled
and calculated values were somewhat greater for seven
coexisting synthesized mineral pairs, as follows: 950-909
°C at 1.2 GPa; 800-765 °C at 1.2 GPa; 800-875 °C at
1.4 GPa; 800-920 °C at 1.8 GPa; 800-898 °C at 2.0 GPa;
700-713 °C at 1.8 GPa; and 650-604 °C at 2.2 GPa. A
portion of these differences may be attributable to impre-
cision in our microprobe analyses, and/or failure to
achieve the equilibrium composition, especially for the
garnet.

COMBINATION OF NEW DATA WITH PREVIOUS WORK

Comparable experimental investigations on natural
rocks of basaltic bulk-rock chemistry that produced Ca-
amphiboles have been carried out by numerous workers,
employing similar, controlled f,, ranges (Ni-NiO; FMQ).
In an attempt to maximize the use of equilibrium assem-
blages, only experiments of relatively long duration were
selected. Phase equilibrium and Ca-amphibole analytical
(Al+Ti) data are available for investigations of MORB-
type bulk compositions as follows: Helz (1973, 1979);
Liou et al. (1974); Spear (1981); Apted and Liou (1983);
and Poli (1993). In all, 41 data sets were obtained from
the literature, and corresponding values for Al and Ti are
summarized in Table 3. Ca-amphiboles crystallized from
natural andesitic/dacitic bulk compositions or from ba-
salts subjected to extremely oxidizing or reducing labo-
ratory conditions, or to P-T values well above solidus
temperatures were not considered because compositional
variations (including high proportions of melt) appear to
influence the partitioning of Al,O, in the coexisting Ca-
amphibole.
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TasLE 3. AlLO, and TiO, contents of Ca-amphiboles
synthesized from MORB

Tin°C Pin GPa wit% ALO, wt% TiO,
Liou et al. (1974)
457 0.2 3.0 0.1
480 0.2 34 0.2
507 0.2 4.0 0.1
550 0.2 41 0.2
597 0.2 43 0.3
Apted and Liou (1983)
525 0.5 5.1 0.4
650 0.5 7.8 0.6
525 0.7 3.8 0.2
675 0.7 10.2 0.6
Spear (1981)
599 0.1 6.6 08
651 0.1 7.3 0.7
707 0.1 77 1.1
750 0.1 7.8 14
802 0.1 9.0 1.8
850 0.1 9.7 22
551 0.3 52 0.4
610 0.3 57 0.5
655 0.3 7.2 0.8
699 0.3 83 1.0
763 0.3 8.3 1.4
710 0.5 9.3 1.1
Liu (1997)
700 0.8 11.9 1.2
900 08 14.3 26
700 1.0 12,8 1.3
750 1.0 11.8 1.4
800 0.9 13.0 2.0
800 1.0 14.0 1.9
900 1.0 14.2 26
950 1.0 14.6 3.4
900 1.1 14.2 22
950 11 14.6 28
700 1.2 132 1.3
800 1.2 147 1.7
900 12 15.1 24
950 1.2 14.8 27
700 1.4 133 1.2
800 1.4 15.8 1.7
900 14 15.2 2.2
700 1.6 13.8 1.2
800 1.6 15.2 1.5
700 1.8 12.8 1.0
800 1.8 15.0 1.3
700 20 14.0 09
800 20 14.4 1.2
650 22 11.6 0.7
Poli (1993)
640 1.0 107
550 1.2 9.0
650 1.2 13.0
550 14 9.5
640 1.4 11.5
650 1.6 13.3
650 1.7 12.8
650 1.8 12,5
650 2.0 127
Helz (1979)
1000 0.50 12.2 32
955 0.78 12.3 2.8
1050 0.80 141 5.2
Helz (1973)
700 0.52 76 11
725 0.49 97 15
750 0.50 11.4 14
824 0.49 11.9 2.2
876 0.47 12.0 2.6
928 0.51 122 28
968 0.49 125 3.1
1000 0.50 12.3 4.0

For those literature experiments conducted at pressures
<0.7 GPa , externally heated hydrothermal pressure ves-
sels and/or internally heated pressure vessels were em-
ployed. Literature experiments done at pressures >0.8
GPa were performed in a piston-cylinder apparatus (Ul-
mer 1971), similar to the one used in this study. In most
cases, experimental aqueous fluid pressures were equal to
total pressures. Values of f, were controlled by employ-
ing the buffer technique of Eugster (1957). Starting ma-
terials were similar in composition to the basalt used in
the present study. However, although the P-T range of
some experiments overlapped those of the present work,
most pressures and temperatures differed significantly.
Accordingly, combining all 65 data sets (analyzed Ca-
amphiboles synthesized at specific P-T conditions) into
one petrogenetic diagram allows the range 0.0-2.2 GPa
and 450-1050 °C to be surveyed. Variations in Al,O, and
TiO, contents of Ca-amphibole in basaltic rocks as a
function of temperature and pressure are presented as Fig-
ures 8 and 9, respectively. Synthesized Ca-amphiboles are
associated with a Ti-rich mineral (ilmenite, rutile, or ti-
tanite) and an aluminous phase (garnet, omphacite, or Ca-
plagioclase); analyzed amphiboles are thus Ti-saturated
and presumably approach Al-saturation as well. However,
Ca-amphiboles crystallized from an aluminous basalt pro-
tolith (i.e., different from the MORB bulk-rock compo-
sition considered in this report) would be expected to ex-
hibit higher contents of ALO, than the amphiboles
produced in the present experiments.

A substantial amount of scatter is evident from these
diagrams, possibly reflecting modest differences in bulk-
rock compositions used in the various experiments (Table
1). Furthermore, compositions of the Ca-amphiboles must
be a complex function of the coexisting phases, especially
melt. Nevertheless, the hypothesized chemical variation
of Ca-amphibole with changing physical conditions is
largely supported. Our experimental and analytical data
are not sufficiently numerous to identify P-T slope
changes in the isopleths, which must occur as a function
of phase assemblage; P-T inflections are not illustrated
where isopleths intersect mineralogic field boundaries be-
cause the latter merely indicate appearance-disappearance
limits among continuously changing phase proportions.

It is apparent that total Al in Ca-amphibole increases
with both pressure and temperature (Fig. 8). Although
poorly constrained by the experimental data at high P and
low T, the rate of increase of Al,O,in Ca-amphibole grad-
ually diminishes with rising pressure as greater amounts
of garnet join the phase assemblage. Evidently Al is
strongly partitioned into garnet relative to amphibole, as
is also demonstrated in high-pressure systems containing
Al-rich orthopyroxene (MacGregor 1974) and Al-rich talc
(Massone 1995). It should be noted in passing that Na,O
isopleths for these synthetic Ca-amphiboles are similar in
P-T disposition to the AlO, curves illustrated in Figure
8, reflecting an increase in pargasitic substitution with
elevated temperature, and increased glaucophanic substi-
tution with elevated pressure. Because the amphiboles are
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FIGURE 8. AL, contents of synthetic Ca-amphiboles in
weight percent as a function of T and P. Data from: open square
= Helz 1973, 1979 ; cross = Liou et al. 1974; X = Spear 1981;
filled diamond = Apted and Liou 1983; open triangle = Poli
1993; filled circle = present work. AlL,O, isopleths visually esti-
mated employing moving averages.

not saturated with respect to Na, their Na contents, like
those of Al, are also a sensitive function of variations in
bulk-rock composition and phase assemblage.

The Ti content of Ca-amphibole correlates positively
with increasing temperature but is nearly independent of
pressure (Fig. 9). The Ti content thus represents a rela-
tively quantitative geothermometer at temperatures above
500 °C, where the solubility of Ti in Ca-amphibole be-
comes substantial (Table 3). The observed slight decrease
in TiO, with increasing pressure over the 2.2 GPa range
investigated experimentally suggests that the compliance
of the Ca-amphibole octahedral sites accommodating Ti
as well as Mg, Fe, and Mn is not greatly diminished at
high pressure; perhaps Ti also resides in M1+M3 rather
than being confined exclusively to M2 as initially
supposed.

The combined Al,0, and TiO, isopleths, shown in the
P-T diagram of Figure 10, constitute a semiquantitative
Ca-amphibole thermobarometer for metabasaltic rocks. It
seems to be especially applicable at crustal pressures (i.e.,
up to ~1.2 GPa) and subsolidus temperatures, where the
angles of intersection between the Al,O.and TiO, iso-
pleths are large.

APPLICATION TO NATURAL PARAGENESES

Amphibolite-facies metabasalts characteristically con-
sist of 3—5 phases in an 8-10 component system. Obvi-
ously, such high-variance assemblages are not well-con-
strained, and differences in extensive properties (e.g.,
bulk-rock composition) will be reflected in changes in
phase chemistry independent of P and 7. Natural occur-
rences that closely match the experimentally determined
phase assemblages can be assigned to a P-T field (Figs.
1 and 2). For enhanced accuracy, what is needed is a
measure of the intensive properties, e.g., chemical poten-
tials of specific components, such as would proxy for the
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FIGURE 9. TiO, contents of synthetic Ca-amphiboles in
weight percent as a function of T and P. Data from: open square
= Helz 1973, 1979 ; cross = Liou et al. 1974; X = Spear 1981;
filled diamond = Apted and Liou 1983; filled circle = present
work. TiO, isopleths visually estimated employing moving
averages.

state variables at the time of metamorphic recrystalliza-
tion. Concentrations of constituents in Ca-amphiboles of-
fer an approximate solution to this problem. Assuming
that the experimentally calibrated Ca-amphibole is satu-
rated with Ti and that the concentration of this component
in the amphibole is nearly independent of other chemical
parameters (= ideal solid-solution behavior), Figure 9
shows that the TiO, contents of naturally occurring, ho-
mogeneous Ca-amphiboles provide petrologists with a
useful geothermometer. Moreover, provided host meta-
basalts are MORB-like in composition, the Al,O, contents
of Ca-amphiboles (Fig. 8) can serve as P-T indicators.
The influences of Mg/Fe and f,,, on Ca-amphibole chem-
istry were not assessed because these parameters were
held constant in the experiments. Even so, as demonstrat-
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from Figures 8 and 9.
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TaBLE 4. Performance of semiquantitative thermobarometer on analyzed Ca-amphiboles from various parageneses

Original P-T estimates New homblende isopleths

Occurrence Reference Avg. T, °C Avg. P, GPa Avg. T, °C Avg. P, GPa*

Sanbagawa Belt, Central Shikoku: Ernst (1972)

zone il 400 0.7 560 1.6 (5)

zone |-l boundary 325 0.6 430 0.6 (6)
Gruppo di Voltri, W Liguria: Ernst (1976)

hornblendes 440 1.0 480 1.4 (10)

actinolites 300-375 0.2-0.5 365 0.4 (11)
Central Mountain Range, E Taiwan: Liou et al. (1981)

amphibolites 670-710 0.5 680 1.1(12)

greenschists 350-475 0.5 375 0.3 (10)
Archean Basement, NE China: Ernst (1988)

high-grade amphibolites 700 = 50 0.5-0.7 635 0.7

lower grade greenschists 400 = 50 0.1-0.3 365 0.2 (6)
Central Klamaths, N California: Ernst et al. (1991),

relict igneous Hacker et al. (1992) ~900 0.2-0.3 890 0.7 (8)

metamorphic inner aureole 550 0.3 620 1.3 (1)

metamorphic outer aureole 350 0.3 400 1.0 (1)
White-Inyo Range, E California: Ernst (1997)

relict igneous ~875 0.3 880 0.4 (2)

hornblendes 550 *+ 50 0.3 525 1.1 (4)

actinolites ~350 0.3 350 0.2 (4)

*( ) = number of rocks from which naturally occurring clinoamphiboles were analyzed.

ed by the data of Table 1, the bulk compositions of ba-
saltic rocks employed as starting materials for the 65 sets
of experiments show considerable variation without in-
validating the phase diagram, and isopleths of Figures 8
and 9. The normative mineralogy of the phase-equilibri-
um starting materials show the following ranges: Quartz
0.0-1.1; Albite 16.7-31.5; Anorthite 18.9-31.8; Diopside
14.9-27.8; Hypersthene 0.0-26.1; and Olivine 0.0-13.7.
None of the bulk-rock compositions investigated were
Nepheline normative.

Application of the new Ca-amphibole thermobarometer
to natural assemblages for which the attendant physical
conditions are reasonably well known allows for an as-
sessment of its general utility. Such a test of the ther-
mobarometer was performed utilizing electron-microprobe
data for 86 Ca-amphiboles from metabasaltic rocks stud-
ied by the first author. These analyzed Ca-amphiboles
come from a variety of plate-tectonic settings and P-T
regimes: occurrences include eclogite-blueschist-green-
schist assemblages from Shikoku and the Ligurian Alps;
an amphibolitic continental margin island arc, eastern Tai-
wan; an Archean basement terrane, northeastern China;
an oceanic island arc, northern California; and contact-
metamorphosed mafic dikes transecting an Andean-type
margin, eastern California. Putative conditions of crys-
tallization are listed in Table 4, according to (1) prior
estimates based on phase equilibria and geologic/tectonic
constraints, and (2) the new semiquantitative Ca-amphi-
bole thermobarometer. Compared with the earlier P-T es-
timates, a broad scatter in ALO,- and TiO,-isopleth-de-
rived conditions for the higher grade Ca- amphibole-bearing
metabasalts is evident, with computed pressures system-
atically high. In contrast, the lower grade, actinolitic par-
ageneses yield more reasonable temperatures and pres-
sures of metamorphism, sensibly identical to those

published previously. Part of this discrepancy may reflect
errors in the original P-T estimates.

Temperatures for the low-grade rocks derived from the
Ca-amphibole AlO, and TiO, isopleths show the best
agreement with previous estimates. This agreement might
reflect sluggish reaction rates that inhibited re-equilibra-
tion (including exsolution of Ti-bearing phases) of the
amphibole on cooling. On the other hand, amphibolite-
and granulite-facies Ca-amphiboles probably had suffi-
cient time at high temperatures for titanite, rutile, and/or
ilmenite to exsolve, resulting in a substantially lower ap-
parent temperature of amphibole formation in some cases.
We note in passing that hornblendes from high-grade
metabasalts tend to contain abundant exsolved Ti=Fe in-
clusions, whereas actinolites from more feebly recrystal-
lized mafic rocks generally exhibit fewer inclusions. In
this regard, Mider et al. (1994) demonstrated that, for
Kapuskasing high-grade gneisses, intermediate Fe-Mg-Ca
amphibole solid solutions tended to re-equilibrate, yield-
ing somewhat lower calculated amphibole-garnet temper-
atures compared with biotite-gamet and clinopyroxene-
garnet pairs. In contrast to the behavior of Ti, structurally
bound Al appears not to have re-equilibrated appreciably
during cooling and annealing. For this reason, high-grade
Ca-amphiboles exhibit low Ti contents for a given com-
plement of Al, such that the indicated apparent pressures
of recrystallization are displaced to unrealistically high
values. This kinetic phenomenon represents a serious
complication, prohibiting the application of the Ca-am-
phibole geothermometer to slowly cooled natural rocks
unless a correction is made for the exsolved Ti-bearing
phase(s). Broad-beam EMPA might be effective in cor-
recting for this phenomenon.

Taking into account these provisos, newly presented
and previous experiments demonstrate that, for metabas-
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altic assemblages that contain coexisting Al-rich and Ti-
rich phases, and closely approached chemical equilibrium
under crustal or uppermost mantle conditions, AL,O, and
TiO, contents of natural Ca-amphiboles can be utilized to
estimate semiquantitatively the attendant P and T.
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APPENDIX TABLE 1.

ERNST AND LIU

EMPA of garnet

: Ca-AMPHIBOLE Al AND Ti THERMOBAROMETER

Experiment no. 112 103 105 158 107 57 59
T (°C)/P (GPa) 950/1.1 950/1.2 950/1.4 950/1.6 900/1.1 900/1.2 900/1.4
No. of analyses (10) 11 40 46 43 10 14 8
SiO, 38.29 (41) 38.43 (41) 38.43 (60) 38.88 (52) 38.21 (42) 38.32 (38) 38.53 (61)
ALO, 22.03 (36) 21.18 (71) 20.89 (80) 22.25 (53) 20.99 (20) 21.41 (60) 21.29 (63)
TiO, 0.82 (16) 1.07 (33) 1.39 (47) 0.75 (33) 0.80 (15) 1.46 (25) 1.60 (09)
FeO 22.21 (38) 21.58 (34) 21.51 (63) 21.26 (50) 22.46 (29) 23.13 (49) 23.32 (72)
MgO 7.91 (28) 8.24 (27) 8.02 (52) 8.62 (48) 7.07 (31) 6.83 (31) 7.52 (45)
MnO 0.92 (07) 0.65 (16) 0.58 (15) 0.52 (05) 0.63 (05) 0.73 (28) 0.71 (16)
CaO 8.51 (39) 8.57 (47) 8.98 (60) 8.64 (65) 9.39 (29) 9,37 (30) 8.56 (30)
Total 100.70 (105) 99.71 (84) 99.82 (120) 100.92 (100) 99.56 (76) 101.25 (155) 101.52 (97)
Formula proportions of cations based on 12 O atoms
Si 2.93 (01) 2.95 (03) 2.96 (03) 2.95 (02) 2.96 (01) 2.93 (02) 2.93 (06)
Al 1.99 (02) 1.93 (05) 1.89 (06) 1.98 (04) 1.92 (01) 1.93 (03) 1.92 (05)
Ti 0.05 (01) 0.06 (02) 0.08 (03) 0.05 (02) 0.05 (01) 0.08 (01) 0.09 (01)
Fe 1.42 (02) 1.39 (02) 1.38 (04) 1.35 (02) 1.46 (02) 1.48 (02) 1.49 (04)
Mg 0.90 (03) 0.95 (03) 0.92 (05) 0.97 (05) 0.82 (03) 0.78 (03) 0.85 (05)
Mn 0.06 (00) 0.04 (01) 0.04 (01) 0.03 (05) 0.04 (00) 0.05 (02) 0.05 (01)
Ca 0.70 (03) 0.71(04) 0.74 (05) 0.70 (05) 0.78 (03) 0.77 (02) 0.70 (03)
Sum 8.04 (01) 8.02 (02) 8.01 (02) 8.02 (02) 8.03 (01) 8.02 (01) 8.02 (03)
APPENDIX TABLE 1—Continued
Experiment no. 131 185 187 190 193 160 95
T (°C)/P (GPa) 700/1.2 700/1.4 700/1.4 700/1.4 700/1.6 700/1.8 700/1.6
No. of analyses (10) 3 32 24 34 17 32 15
Sio, 38.55 (58) 38.27 (40) 38.25 (37) 38.12 (39) 38.48 (58) 38.27 (71) 38.51 (49)
ALO, 20.83 (27) 20.38 (29) 20.02 (38) 20.18 (45) 20.57 (33) 21.33 (38) 20.71 (57)
TiO, 0.88 (08) 1.07 (25) 1.44 (50) 1.25 (56) 0.82 (15) 0.85 (16) 1.19 (22)
FeO 22.16 (82) 22.30 (57) 22.04 (208) 21.19 (85) 23.09 (63) 23.90 (80) 22.64 (132)
MgO 2.36 (27) 3.13(23) 2.82 (44) 2.59 (25) 2.70 (36) 3.01 (25) 3.16 (34)
MnO 1.99 (68) 1.54 (19) 1.28 (43) 1.76 (34) 1.75 (34) 1.41 (49) 1.75 (48)
Cao 13.86 (39) 12.94 (62) 14.06 (126) 14.65 (66) 13,29 (79) 11.87 (49) 12.28 (68)
Total 100.64 (70) 99.64 (80) 99,92 (57) 99.75 (75) 100,70 (56) 100.62 (119) 100.24 (101)
Formula proportions of cations based on 12 O atoms
Si 3.01 (03) 3.01 (01) 3.00 (02) 3.00 (02) 3.01 (03) 2.98 (03) 3.01 (03)
Al 1.92 (02) 1.89 (02) 1.86 (02) 1.88 (02) 1.89 (03) 1.96 (02) 1.90 (04)
Ti 0.05 (01) 0.06 (01) 0.08 (03) 0.07 (01) 0.05 (01) 0.05 (01) 0.07 (01)
Fe 1.45 (06) 1.47 (03) 1.44 (15) 1.40 (04) 1.51 (05) 1.56 (05) 1.48 (04)
Mg 0.27 (03) 0.37 (02) 0.33 (05) 0.30 (03) 0.31 (04) 0.35 (03) 0.37 (03)
Mn 0.13 (04) 0.10 (01) 0.09 (03) 0.12 (02) 0.12 (02) 0.09 (03) 0.11 (03)
Ca 1.16 (04) 1.08 (04) 119 (11) 1.23 (05) 1.11 (06) 0.99 (04) 1.03 (04)
Sum 7.98 (02) 7.99 (01) 7.98 (02) 8.00 (02) 8.00 (02) 7.99 (02) 7.97 (02)
APPENDIX TABLE 2. EMPA of plagioclase
Experiment no. 55 67 70 133 101 97 131 129
T (°C)/P (GPa) 900/1.0 800/1.0 800/1.2 750/1.0 700/0.8 700/1.0 700/1.2 700/1.2
No. of analyses 8 2 3 3 6 8 3 10
Sio, 54.39 57.06 59.68 58.03 58.85 59.24 61.67 57.75
ALO, 27.42 27.06 25.92 24.60 23.43 25.57 24.28 25.43
FeO 0.63 0.62 0.62 0.83 1.40 0.57 0.79 0.56
MgO 0.04 0.08 0.12 0.24 0.55 0.15 0.34 0.03
CaO 11.01 9.96 8.67 8.89 9.30 8,00 6.51 8.83
Na,O 4.88 4.18 3.86 5.92 4,55 6.92 7.68 5.75
K,0 0.04 0.00 0.08 0.06 0.14 0.04 0.12 0.08
Total 98.40 98.96 98.95 98.55 98.22 100.47 101.39 98.43
Formula proportions of cations based on 8 O atoms
Si 2.49 2.57 267 2.64 2.68 2.64 271 2.61
Al 1.48 1.44 1.37 1,32 1.26 1,34 1.26 1.38
Fe 0.02 0.02 0.02 0.03 0.05 0.02 0.03 0.02
Mg 0.00 0.01 0.01 0.02 0.04 0.01 0.02 0.00
Ca 0.54 0.48 0.42 0.43 0.45 0.38 0.31 0.43
Na 0.43 0.37 0.34 0.52 0.40 0.60 0.66 0.51
K 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0,00
Sum 4.98 4.89 4.82 4.96 4,90 4.99 4,99 4,96
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APPENDIX TABLE 1—Continued

162a 61 64 99 70 71 73 175 75 133
900/1.6 900/1.6 900/1.8 800/1.0 800/1.2 800/1.4 800/1.6 800/1.6 800/1.8 750/1.0
16 14 14 8 20 25 12 12 18 4

38.98 (43) 3851 (45) 39.02(48)  38.47(45) 37.96(54) 38.17(55) 38.14(33) 38.26(50)  38.14 (48)  38.03 (62)

22.32 (68) 21.39(50)  21.02(97) 21.10(48) 21.29(25) 21.39(48) 21.39 (60) 2176 (48)  21.73(34) 19.88(95)
0.68 (35) 1.72 (22) 1.25 (52) 1.03 (18) 1.24 (13)  1.32(31) 1.16(24) 1.08 (54) 1.31(47)  0.88(16)

22.17 (99) 2314 (74)  2123(86) 21.35(57) 2279 (45) 2214(72) 21.61(80) 2269 (91)  21.51(139) 22,41(83)
8.21 (47) 6.82 (60) 7.50 (43) 3.84 (21) 3.96(26) 4.51(49) 579(32) 5.70 (58) 553 (107)  2.87 (46)
0.50 (09) 0.53 (21) 0.36 (14) 1.75 (09) 1.60 (26) 099 (34)  0.51(15) 0.57 (21) 0.49(13)  2.32(13)
8.23 (65) 9.41 (43) 9.72(83) 1278(78) 11.19(46) 11.41(57) 10.59 (39) 10.14 (54) 11,30 (67)  12.50 (184)

101.09 (117) 101.52(74) 100.11 (80) 100.32 (48) 100.03 (79) 99.91(70) 99.20 (136) 100.20 (99) 100.02 (84) 98.90 (209)
Formula proportions of cations based on 12 O atoms

2.96 (02) 2.94 (03) 2.99 (03) 2.96 (01) 2.96(03) 2.98(03) 2.96(03) 2.95 (02) 2.95 (02) 3.02 (02)
1.97 (04) 1.93 (04) 1.90 (07) 1.89 (06) 1.96 (03) 1.94 (03) 1.96 (03) 1,98 (02) 2.00 (03) 1.86 (03)
0.04 (03) 0.09 (02) 0.07 (03) 0.08 (04) 0.07 (01)  0.06 (01)  0.07 (01) 0.07 (03) 0.07 (03) 0.05 (01)
1.46 (06) 1.47 (04) 1.36 (05) 1.42 (13) 1,49 (03) 1.39 (04) 1.49 (03) 1.46 (05) 1.39 (10) 1.49 (07)
0.90 (06) 0.79 (08) 0.85 (04) 0.84 (05) 0.46 (03) 0.45(02)  0.46 (03) 0.65 (07) 0.65 (12) 0.34 (05)
0.03 (01) 0.03 (02) 0.02 (01) 0.02 (00) 0.11(02) 0.12(01)  0.11(02) 0.04 (02) 0.03 (01) 0.16 (01)
0.65 (06) 0.76 (05) 0.80 (07) 0.81 (11) 0.94 (03) 1.05(05)  0.94 (03) 0.84 (05) 0.92 (06) 1.06 (13)
8.01 (03) 8.01 (01) 7.99 (01) 8.02 (01) 7.98(02) 7.99(02)  7.98(02) 7.99 (02) 7.99 (02) 7.99 (01)
APPENDIX TABLE 1—Continued
188 189 192 184 140 176 177 178 179 181
700/1.6 700/1.6 700/1.6 700/1.8 650/2.2 650/2.2 650/2.2 650/2.2 650/2.2 650/2.2
63 18 14 47 7 70 8 8 16 24
38.25 (53) 38.55 (34) 38,37 (22)  38.00 (49) 37.47 (50) 37.65 (28) 37.87 (22) 37.81 (20) 37.45 (63) 37.71 (32)
20.90 (48) 20.27 (27) 20.61(37) 20.59 (57) 21.58 (28) 21.65 (27) 21.79 (15) 21.85 (15) 21.52 (23) 21,79 (33)
0.90 (26) 1,14 (23) 1.08 (25) 0.82 (22) 0.78 (16) 0.81 (28) 0.79 (23) 0.84 (07) 0.76 (20) 0.61 (13)
23.66 (91) 21.66 (68) 21.99 (90)  24.08 (132) 26.91 (55) 26.17 (57) 25.87 (11) 25.97 (38) 25.81 (27) 25,82 (94)
3.16 (18) 2.93 (21) 2.78 (08) 3.06 (34) 2.73(18) 3.06 (27) 3.13 (24) 2.93 (15) 3.00 (15) 3.29 (47)
1.86 (41) 1.50 (24) 1.93 (23) 1.47 (48) 1.66 (07) 1,35 (36) 1.11 (15) 1.21 (14) 1.28 (17) 0.91 (21)

12.18 (64) 14.51 (64)  13.86 (70)  11.84 (68) 10.09 (27) 9.41(32) 10.11(26) 1005(19)  10.13(38)  10.05(39)
100.92 (84)  100.55(65) 100.62(72) 99.86(101) 101.27(84) 100.14(64) 10074 (30) 100.73 (40) 100.01(70)  100.23 (94)

Formula proportions of cations based on 12 O atoms

2.98 (03) 3.00 (01) 299 (02)  3.00 (03) 2.94 (02) 2.96 (02) 2.96 (01) 2.96 (00) 2.96 (02) 2.96 (02)
1.92 (04) 1.86 (02) 1.90(03)  1.91(04) 1.99 (01) 2.00 (03) 2.01 (01) 2,01 (01) 2.00 (02) 2.01 (02)
0.05 (01) 0.07 (01) 0.06 (01)  0.05(01) 0.05 (01) 0.06 (04) 0.05 (01) 0.05 (00) 0.04 (01) 0.04 (01)
1.55 (06) 1.41 (04) 1.43(06)  1.58 (04) 1.76 (04) 1.72 (03) 1.69 (01) 1.70 (03) 1,70 (02) 1.71(07)
0.37 (02) 0.34 (02) 0.32(01)  0.36(03) 0.32 (02) 0.35 (02) 0.36 (01) 0.34 (02) 0.35 (02) 0.37 (05)
0.12 (03) 0.10 (02) 0.13(01)  0.10(03) 0.11 (00) 0.09 (02) 0.07 (01) 0.08 (01) 0.09 (01) 0.06 (01)

(
1.02 (06) 1.21 (05) 1.16(06)  1.01 (04) 0.85 (03) 0.79 (03) 0.85 (02) 0.84 (02) 0.85 (03) 0.84 (03)
8.01 (02) 8.00 (01) 8.00 (01)  8.00 (02) 8.02 (01) 7.99 (02) 8.00 (01) 7.99 (01) 8.00 (01) 8.00 (02)
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ApPeENDIX TABLE 3. EMPA of clinopyroxene

Experiment no,
T (°C)/P (GPa) 103 105 158 107 59 61 64 73
No. of analyses ~ 950/1.2 950/1.4 950/1.6 900/1.1 900/1.4 900/1.6 900/1.8 800/1.6
(10) 10 32 45 6 6 30 34 g
Sio, 47.19 (76) 48.13 (95) 50.43 (79) 46.67 (60) 48.15 (76) 49.47 (125) 51.17 (59) 49.07 (72)
ALO, 7.63 (91) 7.23 (114) 4.61(118) 7.96 (51) 9.11 (97) 8.82 (145) 5.78 (192) 7.57 (102)
TiO, 1.12 (28) 0.97 (15) 0.68 (20) 1.10 (11) 0.97 (19) 0.91 (26) 0.59 (19) 0.90 (45)
FeO 10.95 (41) 11.27 (61) 12.66 (73) 10.30 (44) 10.52 (57) 10.43 (86) 11.68 (95) 9.74 (73)
MgO 11.76 (55) 11.18 (75) 9.88 (58) 12.68 (49) 12.62 (106) 10.40 (83) 9.10 (100) 9.43 (73)
MnO 0.23 (04) 0.18 (06) 0.12 (02) 0.17 (02) 0.22 (08) 0.11 (06) 0.09 (03) 0.15 (07)
Ca0o 18.35 (34) 18.84 (80) 20.10 (44) 20.03 (33) 17.22 (109) 18.01 (62) 19.23 (66) 20.12 (46)
Na,O 0.83 (04) 1.08 (10) 1,04 (41) 0.79 (03) 1.26 (21) 1.91 (18) 1.78 (54) 1.43 (15)
Total 98.07 (59) 98.87 (68) 99,52 (88) 99.69 (82) 100.07 (91) 100.06 (71) 99.42 (84) 98.40 (65)
Formula proportions of cations based on 6 O atoms
Si 1.82 (03) 1.84 (02) 1.89 (02) 1.78 (01) 1.81(02) 1.83 (04) 1.91 (03) 1.88 (03)
Al 0.34 (04) 0.31 (04) 0.21 (05) 0.36 (03) 0.40 (04) 0.39 (07) 0.25 (09) 0.31(07)
Ti 0.03 (01) 0.03 (00) 0.02 (01) 0.03 (00) 0.03 (01) 0,03 (01) 0,02 (00) 0.02 (01)
Fe 0.63 (02) 0.65 (03) 0.71 (04) 0.59 (02) 0.59 (03) 0,57 (05) 0.65 (06) 0.58 (05)
Mg 0.38 (02) 0.35 (02) 0.31 (02) 0.41 (02) 0.40 (03) 0.33 (03) 0.28 (03) 0.29 (01)
Mn 0.01 (00) 0.01 (01) 0.00 (00) 0.01 (00) 0.01 (01) 0.00 (00) 0.00 (00) 0.00 (00)
Ca 0.76 (01) 0.77 (03) 0.81 (02) 0.82 (01) 0.69 (04) 0.72 (02) 0.77 (03) 0.82 (01)
Na 0.06 (00) 0.08 (01) 0.08 (03) 0.06 (00) 0.09 (02) 0.14 (01) 0.13 (04) 0.10 (02)
Sum 4.02 (00) 4.02 (02) 4.02 (01) 4.04 (00) 4.02 (01) 4.01 (01) 4.01 (01) 4.00 (01)

ApPeENDIX TABLE 4. EMPA of quenched glass

Experiment no. 116 112 103 105 158 53 55 99
T (°C)YP (GPa) 950/1.0 950/1.1 950/1.2 950/1.4 950/1.6 900/0.8 900/1.0 900
No. of analyses 2 3 6 7 5 4 2 4
SiO, 54.13 56.31 57.18 58.72 57.03 58.04 58.43 56.07
AlLLO, 18.01 18.06 18.37 17.64 14.94 17.24 17.26 17.3
TiO, 1.13 0.96 0.88 0.62 1.38 0.99 0.69 1.04
MgO 0.94 0.77 0.27 05 1.18 0.74 1 0.76
MnO 0.19 0.10 0.05 0.03 0.06 0.14 0.16 0.05
FeO 10.11 5.68 3.23 2.65 4,72 4.9 5.65 7.87
CaO 47 5.65 4.74 4.47 5.56 5.76 6.31 5.69
Na,O 1.31 0.57 0.47 0.66 0.54 0.33 0.77 0.24
K.O 0.31 0.28 0.25 0.33 03.2 0.23 0.24 0.27

Total 90.81 88.37 85.42 85.62 85.72 88.36 90.48 89.28
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75 184 183 197 176 177 178 179 181 140
800/1.8 700/1.8 700/1.8 700/2.0 650/2.2 650/2.2 650/2.2 650/2.2 650/2.2 650/2.2
27 24 68 46 14 20 6 25 8

50.84 (67)  52.14(52) 5229 (43) 51.69(55) 52.40(92) 53.41(94)  5245(72)  52.24(56) 53.61(77) 52.66 (82)
7.11 (91) 8.18 (124)  8.26(87) 843(95) 10.18(95)  9.65(89)  10.05(100) 10.28(75)  11.61 (99) 9.80 (64)
0.69 (34) 0.62 (33) 0.58 (29) 0.52 (24) 0.63 (35) 0.37 (11) 0.84 (58) 0.81 (64) 0.35 (14) 0.34 (05)
10.81 (58) 8.26 (55) 8.07 (46) 9.42 (56) 7.27 (58) 8.66 (98) 8.09 (72) 7.69 (55) 7.38 (70) 7.52 (30)
7.76 (36) 9.28 (65) 9.30 (66) 7.74 (94) 9.18 (65) 6.88(134)  8.37 (75) 8.10 (95) 6.76 (93)  10.26 (49)
0.07 (02) 0.15 (04) 0.16 (05) 0.09 (04)  0.20(03) 0.09 (06) 0.10 (03) 0.14 (04) 0.09 (03) 0.23 (02)
19.14 (98)  16.56(107)  16.38(61)  18.00 (66) 13.79(73) 15.19(89)  14.07(98)  14.60 (46) 13.42(72)  14.08 (96)
2.15 (57) 4.38 (49) 4.34 (54) 3.79 (47) 5.33 (41) 5.03 (61) 5.12 (38) 5.09 (22) 6.09 (42) 4.93 (42)

98.57 (57) 99.58 (61) 99.39 (51) 99.67 (77) 98.96 (70) 99.29 (91) 99.09 (52) 98.96 (86) 99.30 (85) 99.81 (105)
Formula proportions of cations based on 6 O atoms

1.90 (02) 1.93 (02) 1.94 (01) 1.91 (01) 1.94 (03) 1.95 (03) 1.95 (03) 1.88 (03) 1.92 (03) 1.94 (01)
0.29 (06) 0.36 (05) 0.36 (04) 0.37 (04)  0.45(04) 0.42 (03) 0.41 (04) 0.35 (05) 0.32 (07) 0.43 (03)
0.02 (01) 0.02 (01) 0.02 (01) 0.02(01)  0.02(01)  0.01(00) 0.02 (01) 0.02 (02) 0.02 (01) 0.01 (00)
0.62 (04) 0.46 (03) 0.45 (03) 052 (03)  0.40 (03) 0.46 (06) 0.41 (03) 0.57 (05) 0.60 (06) 0.41 (02)
0.25 (01) 0.29 (02) 0.29 (02) 024 (03)  0.28(02) 0.24 (03) 0.32 (02) 0.28 (05) 0.25 (04) 0.32 (02)
0.00 (00) 0.00 (00) 0.01 (01) 0.00 (00)  0.01(00) 0.00 (00) 0.01 (00) 0.01 (00) 0.00 (00) 0.01 (00)
0.78 (04) 0.66 (05) 0.65 (03) 0.71(03)  055(03)  0.59 (05) 0.50 (02) 0.72 (02) 0.69 (03) 0.56 (04)
0.14 (04) 0.31 (03) 0.31 (04) 027 (03)  0.38(03) 0.35 (04) 0.38 (05) 0.18 (02) 0.21 (04) 0.35 (03)
4.00 (01) 4.03 (02) 402(01)  4.03(01)  401(01)  4.01(01) 4.01(02) 401(01)  4.01(01) 4.02 (01)

APPENDIX TABLE 4—Continued

57 59 162 61 63 149 122 146 75 144
900 900/1.4 900/1.4 900/1.6 900/1.8 800/2.2 800/2.4 800/2.0 800/1.8 750/2.2
2 5 3 4 2 8 2) 5 3 1
60.81 65.14 56.03 64.02 60.64 67.04 66.6 66.19 64.07 69.04
17.06 17.12 13.06 16.09 15.3 13.41 14.14 13.84 14.12 12.51
0.63 0.62 0.79 0.47 0.68 0.27 0.26 0.24 0.21 0.17
0.48 0.69 1.28 0.43 0.31 0.38 0.74 0.23 0.11 0.12
0.04 0.03 0.09 0.01 0.01 0.03 0.06 0.01 0.02 0
3.37 2.9 6.7 1.99 1.58 1.39 1.55 0.88 0.61 0.73
4.53 278 571 2.3 3.01 1.85 249 1.41 1.58 1.57
0.48 0.72 0.94 1.02 1.7 1.37 3.18 225 4.27 0.35
0.27 0.40 0.26 0.43 0.47 0.82 0.66 1.16 0.43 0.94

87.67 90.41 84.85 86.76 83.7 86.56 89.65 86.23 85.41 85.43






