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Abstract

The stabilities of amphiboles at high pressures in an andesite and a basalt have been
determined in the presence of H;0-CO, vapors for values of mole fraction of H,O in the
vapor (X¥H,0) of 1.0, 0.75, 0.5, and 0,25. The maximum thermal stability of amphibole in the
andesite is about 970°C in the range of 10 to 20 kbar and XVH,O of ~0.75. Comparable data
for the basalt are 1050°C from 10 to 15 kbar and XVH,O of 0.25. The maximum pressure
stability of amphibole is 21.5 kbar at XYH,0 ~1.0 in the andesite and 20.5 kbar at XVH,0
~1.0 in the basalt. Electron microprobe analyses are presented for orthopyroxenes, clinopy-
roxenes, amphiboles, garnets, and glasses synthesized over a range of pressures, temperatures,
XVH,0, and bs::x composition. Most of the amphiboles are nepheline-normative, calciferous,
and tschermatitic.

These dat: on the chemistry of amphiboles and the temperature-pressure conditions over
which they are stable are consistent with our hypothesis in which andesites of the circum-

Pacific zone are derived by amphibole-liquid equilibria from basaltic magma.

Introduction

Water plays a prominent role in the genesis and
evolution of andesites and kindred rocks in orogenic
zones at the sites of plate collisions involving oceanic
crust. Water in subducting oceanic crust is, to a ma-
jor degree, contained in amphiboles until the sub-
ducting plate attains a depth at which these phases
melt or transform to denser (e.g., garnel-bearing)

assemblages. In addition, the fractionation of amphi-

boles in hydrous magmas is, at least conceptually, a
mechanism by which andesites can evolve from basal-
tic magmas. Thus, it is of paramount importance to
understand the conditions under which amphiboles
exist.

As a first step in solving this problem, we (Allen et
al., 1975) experimentally established the stabilities of
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amphiboles in an andesite, three basalts, and an oli-
vine nephelinite in the presence of aearly pure H;O
vapor at values of oxygen fugacity (fO,) approxi-
mately those of Fe;O,-Fe,0,, Ni-NiQ, and Fey,Op~
FeO from 10 to 36 kbar. Although these experiments
are valuable in that they place certain limits on the
stability of amphiboles, these conditions of very high
H,O fugacity (fH,O) are not commonly attained in
deep-seated magmas. This study extends our inves-
tigation of the stability of amphiboles in andesitic
and basaltic magmas at high pressures to lower and
more realistic values of fH,O by using H,0-CO,
vapors. CO, is, of course, a major component in
many rocks (e.g., kimberlites), hut the main use of
CO, in these experiments is as a diluent, lowering the
JH:0. This method of lowering fH,O would mimic
conditions in nature where a vapor may not be pres-
ent, except that the vapor in our experiments does
incongruently dissolve small proportions of the crys-
talline phases.
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Fig. 1. Crystallization sequence for Mt. Hood andesite at XYH,0 ~ 1.0, 0.75, 0.5, and 0.25. All assemblages coexist with vapor.
Abbreviations: Am-amphibole; Cpx-~clinopyroxene; Ga-garnet; L-glass interpreted to be quenched liquid: M-micaceous mineral; Ol-
olivine; Op-opaque mineral; Opx-orthopyroxene; Pl-plagioclase; q-interpreted to have crystallized during the quench; ?-questionable;

( )-trace amount.

Experimental methods

Starting materials

Starting mixes were prepared from a Mt. Hood
andesite and a 1921 Kilauea olivine tholeiile, two of
the five materials used in our earlier experiments (see
Allen et al., 1975 for chemical compositions and
norms). The melting relationships of these rocks at
other conditions have been investigated by other
workers (for references, see Allen et al., 1975, p. 1070;
Helz, 1976). ‘

Capsules and buffer

All samples were crushed to —200 mesh under -

acetone, dried in an oven at 110°C, and stored in
sealed vials over KOH in a dessicator. The samples
were then encapsulated with 20 percent (weight) H,O
into welded Ag-Pd capsules of 1.5 mm L.D. for the
experiments with XYH,0 ~ 1.0, For experiments with
H,0-COQ, vapors, mixtures of H,O and Ag,C,0, ap-
propriate to yield the desired values of XVH,O were

sealed into welded Pt capsules of 1.5 mm L.D. Be-
cause our experiments were at near-liquidus temper-
atures, these XVH O values are only approximate,
resulting from the differential solubility of H;O and
CO; inssilicate melts. Hydrogen fugacity was buffered
at FeyO,~Fe,0;~-H;0 (M-H) conditions to prevent
the precipitation of carbon from the vapor that
would result in an unknown but higher H;0/CO,.
These techniques are described in detail by Boettcher
et al. (1973). Optical and X-ray diffraction techniques
were used to ensure that the M~H assemblage lasted
the duration of the experiments. Leaks in the inner
capsules during the experiment were determined af-
terward by comparing pre- and post-experiment cap-
sule weights and by puncturing and then reweighing
the capsule. Unpublished experimental evidence from
our laboratory reveals that loss of iron to the Pt
capsule is negligible under these conditions of high
JSO,, whereas at lower fO,, under M=W and N-NO
- buffer conditions, loss of iron is a serious problem
(Stern and Wyllie, 1975).



@+ cpx +opa L

Oam+cpx+PL+0p+ L

'Am+Cpx+0p+L
Oca+cpx+op+ L Om-
AGa+Cpx+0p+L

AM+Cpx+Ga+Dp+L

Fig. 2

@i+ Cpx+0par
Ga + Cpx + Op+ L

A c +Cpx +O0p+ L

1076 ALLEN AND BOETTCHER: AMPHIBOLES IN ANDESITE
Xii,0~0.75
1 L L 1 1 1
900 1000 1100 1200 900 1000 1100 1200
TEMPERATURE, *C

v v v
x“z" ~ 1.0 x“20 ~ 0,75 x“z° ~ 0.5 x,‘;zo ~ 0.25
Bor+1 Bor+1 BWor+1 Wop+L
OJcpx +0p+ 1 Ocex+o0p+1 COepx +ops L Ocpx+0p+ 1

Q@ +opxtoprt
Ooan+Cpx +PL+ Opx + 0p+ L
@ i+ Cpx +PL+OptL

AG&+CPX+OP+L

Crystallization sequence for 1921 Kilauea olivine tholeiite at X¥H,0 ~ 1.0, 0.75, 0.5, and 0.25. All .naumbl.lgcs coexist with

vapor, Tr.u.c. amounts of olivine occur in some runs (s=e Table I). See Fig. 1 for .:bbrcvmuons

Apparatus

All experiments-used a piston-cylinder apparatus
and furnace assembly similar to that described in
Allen er al. (1975), except that a Pyrex glass sleeve
was inserted between the talc and graphite cylinders,
and a single boron nitride cylinder replaced the boron
nitride and talc cylinders used in our earlier work.

Run procedure

A pressure of at least one kbar below that to be
maintained during the run was first applied to the
furnace assembly. Then the temperature was in-
creased to the appropriate value over a period of
about seven minutes, and the pressure was increased
to the desired value. Synthesis runs lasted between

three and 24 hours. To reverse the amphibole-out
curves, two-stage runs were made in which temper-
atures were initially held above and then lowered into

* the stability field of amphibole, as tabulated in Table

1.2 A similar procedure served to reverse the vapor-
saturated liquidi.

Identification and description of phases
See Part 1 (Allen et al., 1975, p. 1072).

¢ To obtain a copy of Table 1, order Document AM-78-089 from
the Business Office, Mineralogical Society of America, 1909 K
Street, NW, LL 1000, Washington, DC 20006, Please remit $1.00
in advance for the microfiche. Or write Dr. A. L. Boettcher,
Institute of Geophysics and Planetary Physics, UCLA, Los Angc-
fes, CA 90024,
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Results

Phase relationships

The results of experiments on the two starting ma-
terials are presented in Table 1, and the phase rela-
tionships are shown in P-T projection in Figures 1
and 2. Amphibole is stable in the 1921 Kilauea oli-
vine tholeiite (Fig. 2) under values of XVH,O from 1.0
to at least as low as 0.25, and in the Mt. Hood
andesite (Fig. 1) at XVH;0 values of approximately
1.0, 0.75, and 0.50, but not of 0.25, at least not above
the vapor-saturated solidus. The. amphibole-out
curves consist of a high-temperature segment with a
rather steep slope and a high-pressure one with a
relatively small slope (dP/dT). Amphiboles melt in
each of the starting materials at temperatures of the
steep segments, and amphibole-bearing assemblages
convert to garnet-bearing assemblages at pressures
greater than those of the high-pressure segments.
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Each of the segments of the amphibole-out curves
with a relatively small slope probably continues to
lower temperatures in the manner shown in Figure 2
(XYH,0 ~ 0.25).

The maximum thermal stability of amphibole in
the andesite is 970°C, which is attained at XVH,0 of
~0.75 (and at 0.50 at 10 kbar). Note that amphibole
in this andesitic melt persists to somewhat higher
temperatures under these conditions than under any
of the conditions reported on in our earlier study
using nearly pure H,O vapors over a wide range of
JO:z(Allen er al., 1975). Maximum pressure stability is
21.5 kbar at XYH;0 ~ 1.0. At a XVH;0 of ~0.75,
orthopyroxene is most abundant at lower pressures
and is present only in minor or trace amounts at
higher pressures. Clinopyroxene, stable at pressures
of 15 kbar and above at XVH,0 of ~0.75, increases in
abundance as orthiopyroxene decreases.

The maximum thermal stability of amphibole in

Table 2. Garnet compositions

Analysis
Rock

v

a0
P, Kbar
1,%

1

Andesite
~ 1,0
C 22

920

2

Andesite’

~ 1.0

22
920

3

Andesite

~ 0,75

22
940

4
Basalt

~ 0,75

20
980

5
Basalt

~ 0.75

20
980

6
Basalt

~ 0,50

21
1020

7
Basalt

~ 0,50

21
1020

8
Basalt

~ 0,50

21
1020

9
Basalt

~ 0,50

510

2

TiOz

A1,0,
Fe0*
Mg0
Mn0
Ca0

n.zo

K,0

41,23
0.43
20.58

15.11
12.45
0.94
10.78
0.01

0.05

40,62

0.51

20.79
14.17

13.35

1.47
10.01

0.03

39.82
0.71
20.82

16.45
11.06
0.66
9.90

0.05

41.92
0.80
20.50

12.40
15.08
0.63
7.24
0.12

0.04 "

42,72
0.91
19.65

12,60
14.22
0.72
7.98
0.12

0.02

40.00
0.94
21.49

14.88
13.41
0.57
7.72
0.04

0.01L

41.04
0.94
19.59

14.08
13.46
0.48
9.71
0.26

0.01

39.55
0.85
20.83

14.07
13.49
0.52
8.77
0.05

0.02

Na

Mg/ (Mg+EFe)

101.58

6.066
3.571
0.047
1.860
2.731
0.116
1.700
0.003
0.009

0.59

100.95

99.47

Cations/24 Oxygens

6.010
.3.705
0.080
2.078
2.489
0.084
1.602

0.010
0.54

98.73

6.186
3.568
0.089
1.531
3.319
0.078
1.145
0.035
0.008

0.68

98.94

6.305

3.419
0.100
1.556
3.130
0.089
1.262
0.033
0.003

0.67

99.06

5.974
3.785
0.105
1.860
2.987
0.072
1.236
0.010
0.001

0.62

99.57

6.113
3.442
0.105
1.754
2.990
0.060
1.551
0.076
0.002

0.63

98.15

5.969
3.707
0.096
1.776
3.035
0.066
1.418
0.015
0.003

0.63

_ATotal irvon _as Fel
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Table 3. Orthopyroxene compositions

Analysis 1 2 3
Rock Andesite Andesite Andesite
o % 0.75 ~ 0.50 ~ 0.25
2
P, Kbar 13 13 13
T,% 900 940 940
5102 49.56 51.09 49.68
-noz 0.46 0.55 0.53
.\1203 1.77 3.49 1.67
FeO* 22.67 22,29 24.75
Mg0 22.55 20.72 19.41
MnO 0.61 0.56 0.50
Ca0 1.58 1.82 1.74,
ano - 0.26 0.13
KZO 0.09 0.02 -
TOTAL 99,29 100.80 98.41
Cations/6 Oxygens
si 1.885 1.899 1.921
T™ 0.013 0.015 0.015
Al 0.079 0.153 0.076
Fe 0.721 0.693 0.800
Mg 1.278 1.148 1.119
Mn 0.020 0.018 G.016
Ca 0.064 0.073 0.072
Na - 0.019 0.010
K 0.004 0.001 =
Mg/ (Mg+EFe) 0.64 0.62 0.58

*Total iron as Fel.

the basalt is 1050°C, occurring at XVH,O of ~0.25
(and 0.50 at 13 kbar). The maximum pressure stabil-
ity is 20.5 kbar at XVH,0 of ~ 1.0 and decreases as the
XVH,0 is decreased.

The position and configuration of the vapor-satu-
rated silicate liquidi are a complex function of the
solubility of a complicated clinopyroxene solid solu-
tion in an equally complex silicate liquid. Although
the slopes and positions of these liquidi of the basalt
have been established by reversed experiments (Table
1), at this time we have no explanation for the
changes in slope of these curves as a function of /H,0
and fO, as shown in Figure 2.

Chemical analyses

The chemical composition of orthopyroxenes,
clinopyroxenes, amphiboles, garnets, and glasses
were determined with an ETEC electron microprobe
analyzer (Tables 2-6). In computing the chemical
analyses, the raw counts were corrected using the
method of Bence and Albee (1968). An APL program
prepared by V. J. Wall used Fe,O,/FeO = 0.8 to
compute the structural formulae of the amphiboles;
this value is not inconsistent with the amphibole anal-
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yses in Leake (1968). H;O in the amphiboles was
arbitrarily taken as 2.00 percent when computing the
structural formulae with 24 oxygens, to use the classi-
fication of Leake; however, the structural formulae in
Table 5b were computed assuming 23 oxygens and no
H,0. Salient features of these determinations are as
follows:

Garnet. Garnet occurs at high pressures in both the
andesite and the basalt. The chemical analyses of
these garnets (Table 2) indicate that Mg/(Mg+ZFe)
is generally proportional to that of the starting mate-
rial, ranging from 0.54 to 0.63 in the andesite and
from 0.62 to 0.68 in the basalt. This compares to
values of 0.33 to 0.44 for the same rocks under condi-
tions of lower fO, (N-NO) (Boettcher et al., 1973)
used in our previous investigation (Allen et al., 1975).

Orthopyroxene. Orthopyroxene was synthesized in
the andesite only at XYH,O ~ 0.75 or less. Although
it was found to be fairly abundant at pressures of 10-14
kbar, it diminished to minor or trace amounts above
IS kbar. The Mg/(Mg+ZFe) of the orthopyroxenes
synthesized from the andesite (Table 3) indicates that
they-are hypersthenes. Orthopyroxene was synthe- -
sized in the basalt only at XVYH,0 ~ 0.25, and then
only in trace amounts. ‘ o

Clinopyroxene. Near liquidus temperatures, clino-
pyroxene is the most abundant mineral in both the
andesite and the basalt, regardless of the XYH,0. For
the andesite, this is in contrast to the products synthe-
sized at N-NO conditions (Allen et al., 1975), when
clinopyroxene did not form. The chemistry of these
clinopyroxenes (Tabi= 4), which are dominantly au-
gites, indicates that th:ir Mg/(Mg+ZFe) reflects that
of the starting materiai.

Amphibole. Amphibole is present in only minor
amounts near the high-temperature part of the am-
phibole-out curve, but is increasingly abundant in
runs at successively lower temperatures. As is the case
with the other minerals, Mg/(Mg+ZFe) of the am-
phiboles (Table 5a) reflects the chemistry of the start-
ing materials, although there is some overlap in this
case. Otherwise, the amphiboles are all similar in
composition, especially in terms of their SiO; content
and total alkalis. Those synthesized from the andesite
are slightly higher in Al,O, and contain less than half
as much TiO. as the amphiboles synthesized from the
basalt. The difference between the Mg/(Mg+ZFe) of
the amphiboles synthesized under M-H conditions
(Table 5a) and those synthesized under N-NQO condi-
tions (Allen ez al., 1975) is similar to that previously
described for the garnets. _

According to the classification ‘devised by Leake
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Table 4. Clinopyroxene compositions

Analysis 1 2 4 5 6 7 8 9
Rogk. Andesite Andesite Basalt Basalt Basalt Basalt Basalt Basalt Basalt
40 ~ 0.50 ~ 0.50 ~ 1.0 ~ 1.0 %0,75 ~0.75. v0.75 A~ 0.75 A~ 0.50
2
P, Kbar 13 13 13 13 20 20 18 13 13
T, % 940 940 960 960 980 980 980 985 1010
s10, 50.98 48,29 50.79 52.30 50.32 49.38 - 49.03 44.47  44.69
T40, 0.88 0.61 0.55 0.84 1.59 0.96 0.62 2,25 3.05
A1,0, 1.32 2.19 2.78 2,99 6.82 8.58 7.79 8.48 8.01
FeO* 14,50 14.27 5.09 5.34 9.63 7.93 6.89 9.57  10.26
Mg0 14.47 13.66 15.70 15.56 13.59 10.80  13.33 13,70  12.56
MnO 0.43 0.35 0.08 0.14 0.20 0.21 0.18 0.22 0.26
- Ca0 18.48 18.95 23.35 22,94 17.17 19.03  20.84 20.29  19.91
nazo 0.36 0.20 0.33 0.30 0.80 1.31 0.88 0.60 0.62
K0 - 0.01 0.02 0.02 0.06 0.02 - 0.02 -
TOTAL 101.42 98.53 98,79 100.43 100.18 98.22  99.56 99.60  99.36
Cations/6 Oxygens
si 1.914 1.876 1.897 1.916 1.854 1.852  1.818 1.685  1.702
Al 0.058 0.100 0.122 0.129 0.296 0.379  0.340 0.379  0.360
Ti 0.025 0.018 0.018 0.023 0.044 0.027  0.017 0.064  0.087
Fe 0.455 0.464 0.159 0.164 0.297 0.249  0.213 0.303  0.327
Mg 0.810 0.791 0.874 0.849 ‘0.747 0.606  0.737 0.774 - 0.713
Mn 0.014 0.012 0.002 0.004 0.006 0.007  0.005 0.006  0.008
Ca 0.743 0.789 0.935 0.900 0.678 0.765  0.828 0.824  0.812
Na . 0.026 0.015 0.023 0.021 0.057 0.095  0.063 0.044  0.046
K - - 0.001 0.001 0.003 0.001 - = -
Mg .64 A i . A 0.
e TFe) 0.64 0.63 0.84 0 8 0.72 0.71 0.78 0.72 0.69
Mg 40.3 38.7 44.4 444 43.4 37.3 41.4 40.7 38.5
Fe 22,7 22.7 8.1 8.6 17.2 15.4 12.0 15.9 17.7
Ca 37.0 38.6 47.5 47.0 39.4 47.3 46.6 43.4 43.8

*Total ivon as Fel

(1968), these amphiboles straddle the calciferous-
subcalciferous boundary, although most are calci-
ferous as well as tschermakitic. Only seven, all syn-
thesized from the basalt, contain enough titanium to
_ justify the prefix titaniferous (0.25 Ti per 24 oxygens).
The amphiboles for which we have data, synthesized
from the andesite, become less magnesian with in-
creasing pressure at XVH,O ~ 1.0, similar to the
trend found by Mysen and Boettcher (1975) for am-
phibole in peridotite at high pressures; however, the
amphiboles synthesized from the basalt show no ap-
parent trend in this regard. All but two of the amphi-
boles (Table 5c) are nepheline-normative.

Glasses. Representative chemical analyses of
glasses produced from the andesite and basalt are
listed in Table 6. Analyses of glasses have been
normalized to 100 percent because of their large and

variable H;O contents. The total Fe was distributed
between FeO and Fe,0, according to the scheme
described above for the amphiboles. The glasses
formed from the andesite are higher in SiO, than
those from the basalt. All the glasses are high in
Al,O; and CaO and are quartz-normative. All but
one of the glasses contain less Na,O than the coexist-
ing amphiboles. Note that the glasses formed from
the andesite at XYH,O ~ 0.25 have significantly
higher Na,O than the other glasses, reflecting the fact
that amphibole is not stable under these conditions.
All but two of the glasses contain more K,O than
their associated amphiboles.

In Table 6a, the discrepancy between analyses 1
and 2 may result from inclusions of opaque material .
in the glass. In addition, some gradients in MgO and
FeO occur in glasses within ~30 um of amphiboles.
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Table 4. (continued)

Analysis
Rock

v
Xi1,0
P, Kbar
T, 9

10
Basalt

11
Basalt

12
Basalt

~ 0,50 " 0.50 ~ 0.50

13
1010

13

1010 10.

13
Basalt

~ 0.50

13
10

14
Basalt

15
Basalt

16
Basalt

17
Basalt

18
Basalt
~ 0,50 n~0.50 v 0.25

~ 0,25 v 0.25

21
1020

21
1020

13
1025

13
1025

13
1025

C
$1i0 43.98 48.35

2

T10 3.22 1.05

2

Al 8.29 6.52

203
FeO*
Mg0
¥n0
Ca0

Nazo

10.32
12.60
0.23
20.42
0.61

7.21
14.61
0.22
21.27
0.58

K,0 0.01 0.02

46.
2,
7.

8.
14.
0.
20.
0.

0.

96 50.15 48.84 49.00 48.98 50.40

02 1.57 0.75 1.36 1.00 1.52

27

65
24
27
23
57

9.43 10.50

8.56
11.34
0.06
18.05
2.06

5.05 6.50 4.73

9.73
9.70
0.18
16.08
1.64

9.81
16.79
0.20
18.58
0.63

9.06
15.90
0.20
19.16
0.64

10.89
14.76
0.17
18,75
0.46

02 0.19 0.01 0.04 0.01 0.01

TOTAL 99.68 99.83

100.23

98.67 100.17  101.46 101.45 101.69

Cations/6 Oxygens

Si
Al
Ti
Fe
Mg
Mn
Ca
Na
K

1.674
0.372
0.092
0.328
0.715
0.007
0.833
0.045

0.69

1.799
0.286
0.029
0.224
0.811
0.006
0.848
0.041

0.78

Mz
(Mg+LFe)
Mg
Fe
Ca

38.1
17.5
44,4

43.1
11.9
45.0

1.
0.
0.
0.
0.
0.
0.809
0.
0.

0.75
42,

14,
43,

752
320
056
270
792
008

1.868
0.414
0.044
0.303
0.539
0.006
0.642
0.119
0.009

0.64

1.799
0.456
0.021
0.264
0.623
0.002
0.713
0.147

1.805
0.219
0.038
0.302
0.922
0.006
0.733
0.045
0.002

0.75

1.797
0.281
0.028
0.278
0.869
0.006
0.753
0.046

1.853
0.205
0.042
0.335
0.809
0.005
0.738
0.033

04C
001

0.70 0.76 0.71
3
4

3

36.3
20.4
43.3

38.9
16.5
44.6

47.1
15.4
37.5

45.7
14.6
39.7

3.0
17.8
39.2

*Total irom a8 Fel

Discussion

Reducing XVH,;O does not change the basic config-
uration of the amphibole-out curves in the andesite
and basalt melts as compared to our studies carried
out in the presence of nearly pure H;O (Allen ez al.,
1975). However, varying XYH,O does bring about a
change in the location of the stability fields of the
ampbhiboles, and in the case of the andesite, if XYH,O
is reduced below ~0.25, amphibole is not stable
above the solidus. The thermal stability of amphibole
is increased somewhat by lowering XVH,O below 1.0,
alihough in the case of the andesite, this initial in-
crease in stability is reversed when XVH,O is de-
creased below ~0.75. This increase in the stability of
amphiboles brings about an increase in the depth at
which the amphibole-out curves would intersect an
oceanic geotherm, although this increase would only
amount to a kilometer or two. The fact that amphi-
boles are not stable in andesite with XVH,O ~0.25,
but do occur in some andesites, indicates that aH,O

must be fairly high at least in the later stages of the
ascent of some magmas in volcanic conduits, a con-
clusion reached by Anderson (1974).

These results are consistent with the results of our
earlier study in that the amphiboles in the basalt are -
stable to temperatures greater than the vapor-satu-
rated liquidus of the andesite, except at XVH,0 <
0.25, in which case amphibole is absent above the
andesite solidus. Separation of these low-silica am-
phiboles (41.5 to 45.0 percent SiO;) from basaltic
magmas by fractional crystallization or partial melt-
ing in the presence of water would be an effective
process leading toward silica’ enrichment of the lig-
uid, as proposed by Bowen (1928, p. 85-91) and ap-
plied to derivations of andesitic magmas in . sub-
duction zones by Boettcher (1977). Our data are, of
course, only directly applicable to amphibole frac-
tionation at high pressures, i.e., above 10 kbar, and
they do not rule out amphibole fractionation as an
effective process in the generation of andesites at
lower pressures as suggested by Cawthorn and
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*Estimate, See Text.
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Table 5a. Amphibole compositions
Analysis 1 2 3 4 5 6 7 8 9 10 1
Rock Andesite
X o ~ 1.0 ~ 1.0 ~ 1.0 ~ 1.0 ~ 1.0 %~ 1.0 ~ 1.0 ~ 1.0 ~ 1,0 ~ 0.75 ~ 0.75
l’.szar 13 13 13 17 17 17 17 17 17 13 13
T, % 920 920 920 920 920 920 920 920 920 900 900
510, 46,74 45.60 45.05 45.16 44.30 44,41 43.18 42.66 4449 41.72 44.06
140, 0.73 0.51 0.55 0.81 0.46 0.16 V.36 0.47 0.33 0.49 0.70
AL0, 13.64 12.88 13.34 11.71 14.07 14.33 16.75 17.41 14,27 17.10 12.78
Fe,0,* 3.69 3.66 3.70 5.83 4.53 5.01 5.43 5.28 4.86 5.01 6.35
Fe0 4.62 4,57 4.63 7.29 5.66 6.27 6.79 6.60 6.08 6.27 7.9
Mg0 16.61 16.69 16.23 13.62 15.24 15.63 12.86 13.25 14.74 14.47 16.53
Mn0 0.10 0.19 0.19 0.26 0.12 0.12 0.16 0.19 0.26 v.23 0.27
ca0 11.30 11.17 11.14 10.67 11.90 11.27 11.39 11.23 11.81 10.73 7.17
Na,0 2.31 1.87 1.80 1.66 2.24 2.31 2.08 2,27 2.41 2.26 1.62
K,0 0.31 0.33 0.34 0.41 0.48 0.44 0.46 0.44 0.47 0.57 0.39
u,0* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
TOTAL 160.05 99.47 98,97 99.42 101.00 101.95 101.46 101.80 101.72 100.15 99.81
Tug_:(gﬁ 0.79 0.79 0.78 0.66 0.74 0.72 0.66 0.68 0.72 0.71 0.68
Mg .
(Hg+l?ez+) 0.86 0.87 0.86 0.77 0.83 0.82 0.77 0.78 0.81 0.80 0.79
*Estimate, See Text.
Analysis 1z 13 14 15 16 17 18 19 20 21
Rock Andesite
’ x“vz" v0.75  ~4075 4075 %050 40.50 A~0.50 Vv0.50 A0.50 A0.50 ~0.50
' P, Kbar 13 13 13 13 13 13 13 13 13 13
1,% 900 900 900 925 925 925 . 925 925 940 940
_5102 40.63 41.13 41.27 41.28 43,43 43.04 41.73 41.24 40.47 41.41
T40, 0.62 0.93 0.70 1.40 1.56 1.03 1.33 1.03 0.83 1.1
AL,0, 17.54 16.31 15.72 16.03 17.15 17.09 17.37 16.10 15.25 14.61
“Fe, 0.* 4.96 5.78 4.33 4.22 4.00 4.04 4.54 4.46 5.50 5.49
Fe0 6.20 7.23 5.42 5.28 5.01 5.05 5.67 5.58 6.88 6.87
Mg0 16.02 14.24 16.98 16.33 15.31 16.06 15.08 17.63 14.69 14.65
Mn0 0.18 0.21 0.23 0.24 0.24 0.15 0.21 0.27 0.14 0.21
cad 10.20 9.60 11.02 10.50 10,03 9.29 10.72 11.04 11.12 10.18
lh20 5 2,43 2,62 2.11 2.42 2.42 2.24 2,49 2,40 2.00 2,04
K,0 0.48 0.46 0.56 0.38 0.43 0.43 0.44 0.37 0.40 0.47
1 0* 2.00 2.00 2.00 2.00 2.00 2.00 2,00 2.00 2.00 2.00
TOTAL 99,26 _ 100.41 100.34 100.08 101.58 100.42 101.58 102,12 99.28  99.05
Tnﬁm 0.70 0.67 0.76 0.76 0.76 0.77 0.73 0.77 0.69 0.69
Mg .
‘(Mgtre?) 0.80 0.78 0.85 0.85 0.84 0.85 0.83 0.85 0.79 0.79

Vi
7
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Table Sa. (continued)

Analysis 22 24 25 26 27 28 29 30
Rock Basalt Basalt Basalt Basalt Basalt Basalt Basalt Basalt

~ 1.0 ~ 0,75 ~ 0.75 ~ 0.75 ~ 0,75 ~ 0.75 ~ 0.50 ~ 0.50

13 13 18 18 18 18 13 13
960 985 980 980 980 980
45,00

1.37
12,27
3.04
3.81
17.69
0.19
1.41
2.00
0.38
n,0* 2.00
TOTAL 99.16

L ME

(Mg+LFe) 0.83
_Me

(Mg+Fe’t) 0.89

*fatimate, See Text.

Analysis 31 33 34 - 35 36 37 39
Rock *  Basalt Basalt Basalt Basalt Basalt Basalt Basalt

~ 0.50 ~ 0.50 ~ 0.50 ~ 0.50 ~ 0.25 ~ 0.25 ~ 0.25

13 13 13 13 13 13

*
Hy 0
TOTAL

Mg
(Mg+LFe)
Mg

(Mg+Fo2h) 0.88

4‘Egtimate, See Text.
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Table 5Sb. Chemical formulae (0-23) for amphiboles in Table 5a

Formula

Ca+Na+K
mg

Classi-
fication

Fe/Mg

0.39

Formula

17

Si

A1!V
vi

3+

2+

Ca+Na+K
ng

Classi-
fication*

Fe/Mg

6,070
1.930
0.913
0.109
0.429
3.375
0.596
0.018
1.404
0.612
0.077

2,093
8.76
t.

0.30

Formula

28

st
AlIV
AIVI
T

F93+

2+

Ca+Na+K
ng

Clagsi~
ficationt

Fe/Mg

6.273
1.727
0.792
0.106
0.385
3.165
0.535
0.016
1.833
0.570
0.108

2.511
0.77
p.he
0.29
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Table 5b. (continued)

Formula 35 36 37

st
alv

“vl
3+

2+

.306
79
h.

Ca+Na+k
=8

Classi-
fication®

Fe/Mg

P ON OO0H~OOWOOOKOO
" ON OO MOOWOOONW
" ON OO OOWOOONWU

" ON OO MOOWOOOR®OG

t. t.

o
w
w

0.25 0.34 0.38 0.38 0.38

p. = pargasits; t. = tachermakite; p.h. = pargasitic hormblende;
t.h - tuhamal’itic hormblende; f.p.h. = ferroan pargasitic homblmde,
m.h. = magnesio-hornblende

“On the basis of 24 oxygens, according to classification of Leake (1368’

O’Hara (1976). However, the conversion of amphi-
bole-bearing assemblages to garnet-bearing assem-
blages at higher pressures (Figs. | and 2) does set a
depth limit on the viability of amphibole-liquid equi-
libria in the generation of andesitic magma.

Our model is consistent with the abundances of Sc,
Cr, Ni, and probably Co in andesites in Chile (Lopez-
Escobar et al., 1976); it is also rather consistent with

similar data for K, Rb, Sr, and Ba if altered basalt is

considered (Lopez-Escobar et al., 1976; Frey et al.,
1974; Hart, 1969). However, this model is not consis-
tent with calculated REE and especially HREE abun-
-dances (Lopez-Escobar er al., 1976; Thorpe et al.,
1976). This supposed lack of consistency may be
more apparent than real, for the experimental parti-
tion coefficients for REE between amphibole/liquid
have been criticized on the basis of (1) possible im-
perfect phase separation for analysis, (2) failure to
achieve and demonstrate equilibrium, and (3) contin-
ued and variable loss of Fe to the noble-metal cap-
sules during experimentation with Fe-bearing natural
rock assemblages. Apted er al. (1977) are currently
conducting experiments to obtain data free of such
criticisms.

Ringwood (1974) states that amphibole fractiona-
tion would not “produce the tholeiite early iron-
enrichment trend,” for the Fe/Mg of amphibole is
comparable to the Fe/Mg of the magma. However,
. the Fe/Mg data in Table 5 do not support Ring-
wood’s thesis; this ratio for each of the amphiboles in
Table 5 is lower than that of the starting material.
Thus these data are in agreement with our earlier

data (Allen er al., 1975), and fractionation of these
amphiboles over a range of fO, and fH,O could very
well contribute to the tholeiitic trend of early iron
enrichment. Ringwood also states that amphibole
fractionation would not *‘greatly alter Na/K ratio of
residual liquid or partial melt” because Na/K of
amphiboles and the liquids from which they crystal-
lize are comparable. Comparison of Na/K of the
synthesized amphiboles (Table 5) and their parent
basalt reveals that almost all of the amphiboles have
a lower Na/K than the basalt; the reverse is true for
the andesite. ,
Applications of our experimental investigations of
the phase relationships of andesites and basalts to
volcanism in orogenic zones have been aired pre-
viously (Boettcher, 1973, 1977; Allen et al., 1975).
Our basic proposal is that amphiboles are a major
carrier of H,O in subducted oceanic slabs and that
crystal-liquid equilibria involving amphiboles are
prominent in the genesis of calc-alkaline magmas.
This model has been criticized, because Benioff zones
are commonly assumed to dip at 45° or greater, and
because melting is assumed to occur along these seis-
mic zones. This places the depth of magma genesis at
150-250 km -beneath active volcanic chains—much

.greater than the depth to which amphiboles are stable

under any known conditions. However, the dip of
downgoing slabs is commonly much shallower than
45° at oceanic-continental plate boundaries. In addi-
tion the zones of magma genesis are probably at
shallower depths, at the tops of the slabs, whereas the
seismic zones coincide with the cooler interior of the
slab where brittle, not plastic, behavxor prevails
(Boettcher, 1977). :

Recent data that can be interpreted in support of
this model are those of Barazangi and Isacks (1976)
for the ‘west coast of South America. Their com-
pilation of hypocenters reveals that the oceanic plate
descending beneath the continent is divided into five
segments. Three of these segments (0°-2°S,.15°-
27°S, and 33°-45°S) have dips onthe order of 25° to
30° and are regions of well-developed Quaternary
volcanism. The intervening segments (2°-15°S and
27°-33°S) have dips of about 10°, exhibit no high
attenuation of seismic waves in the underlying
mantle, and are devoid of Quarternary volcanism.

Barazangi and Isacks ascribed the correlation of
dip and volcanic activity to the apparent absence of
*“‘asthenospheric material” between the descending
slab and the continental plate in the two regions
overlying " the flat-lying slabs. An alternative ex-
planation is that in the three regions with dips of 25°~
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Table 5c. Normative compositions (C.1.P.W.) of arﬁphiboles in Table 5a

Norm ’ 1 2 3 4 5 6 7

orthoclase 1.83 1.95 2.01 2.84 2.60
albite 10.32 14.02 13.52 7.28 8.41
anorthite 25.94  25.78 27,32 26,92 27,43
nepheline 5.00 0.98 0.93° - 6.32 6.03
leucite 3 - - - - - -
.diaplide 23.71 23.35 22,03 23,57 25.40 22.57
wo (12.58) klZ.SB) (11,67) (12.38) (13.41) (11.89)
.en (10.06) (9.82) (9.24) {9.12) (10.33) (8.99)
fs (1.07) (1.15) 1.12) (2.08) .(1.66)' (1.69)
hyperathehe - - - 8,27 - - - - -
en : = - - (6.74) - - - - £
s ) - - - (1.53) - - - - -
olivine 24.52 25.12 24,77 15.83 22.80 25.33 22.57 23.48 26.66
fo (21.94) (22,24) (21.85) (12.66) (19,36) (20.98) (17.84) (18.86) (21.96)
fa 2.58) (2.88) (2.92) (3.17) (3.42) (4.35) €4.72) (4.62) (4.70)
magnetite 5.35 5.31 5.37 8.45 6.57 7.26 7.87 7.66 7.26
11ﬁen1tﬂ' 1.39 ' 0.97 1.05 1,54 0.87 0.30 0.68 0.89 0.93

Norm 11 12 13 15 - 16 17 18 20

orthoclase : 2.84 8 2.54 '2.54 2.60
albite 4,15 10.83 11.59 4.09
anorthite 35.54 34.67 35.31 34.92
" nepheline - -8.89 - §5.23 3.99 9.20
leucite ) - - ’ - -
diopside 7.24  11.94 11.87 8.49  14.40
wo (3.81) (6.29) (6.30) (4.50) (7.62)
en (2.83) (4.75) (5.07) (3.58) (6.00)
fs (0.60) (0.90) . (0.50) (0.41) (0.78)
- - hypersthene 15.58 - - - C e - - -
e (12.87) - - - - - - -
1 (2.71) .- - = & - = -
olivine : 21.99 25.54 26.00 27.96 26.54 25.69 28.69 25.26 28.95
fo (17.84) (21.14) (21.13) (24.37) (23.74) (23.17) (25.52) (22.11) (25.51)
fa (4.15) (4.40) €4.87) (3.59) (2.80) (2.52) (3.17) (3.15) (3.44)
magnetite 9.21 7.19 " B8.38  6.28 6,12 5.80 .5.86 6.58 6.47
ilmenite 1.33 1.18 1,77 . 1.33 2.66 2.96 1.96 2.53 1.96

Nornm . 21 22 23 24 25 .26 27 28 29

ot:hoclasg 2.78 2.25 2,13 2,66 3,61 4,26 3.49 3.49
albite 8.07 10.99 10,41 - 3.37° 7.80 6.22 7.05 6.10
anorthite 29.32  23.38 22,02 24.49 30.94 29.09  29.81 25.74
nepheline 4.98 3.22 4.04 8.81 - 4,39 5.80 5.62 5.36
leucite - - - - - - X - -
.diopside 16.78 . 26.02 23.77 24,56 18.21 20.72 23.31 23.26
wo (8.85) (13.87) (12.66) (13.10) (9.68) (11.04) (12.37) (12.41)
en (6.71) (11.48) (10.43) (10.87) (7.89) (9.06) (9.90) (10.35)
fs (1.22) (0.67) (0.68) (0.60) (0.64) (0.62) (1.04) (0.50)
hypersthene . 1> - - - - - - - -
en = - - .- - - - - -
fs = - - - - - - : - -
.olivine . 25.04 24.30 25.89 24,24 26.10 28.48 25.15 21.20 21.47
fo (20.86) (22.83) (24.15) (22.86) (23.83) (26.15) (23.39) - (19.01) (20.39)
fa . (6.18)  (1.47)  (1.74)  (1.38)  (2.27)  (2.33) (1.76)  (2.19)  (1.08)
magnetite 7.96 4.641 5.71 5.77 4,96 4.86 4,47 5.19 6.25
ilmenite 2,11 2.60 T 3,95 64.29 1.98 1.67 2.03 1.88 5.45
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Table Sc. (continued)

Norm

31

3z

33

34

35

37

orthoclase
albite
anorthite
nepheline
leucite
diopside

wo

en

fs

hypersthene

en

fs
olivine

fo

ta
magnetite
ilmenite

3.49
4.06
26.25
6.05
23.82
(12.70)
(10.51)
(0.61)

3.37
5.50
24.80
4.58
27.34
(14.58)
(12.148)
(0.62)
20.56
(19.47)
(1.09)
6.21
5.09

3.49
1.50
25.07
7.53
28.54
(15.22)
(12.61)
(0.71)
22.51
(21.18)
(1.33)
5.26
3.69

4.02
4.65
26.25
5.69

23.77

(12,68)
(10.53)
(0.56)

3.49
8.36
26,24
3.04
23.41
(12.47)
(10.27)
(0.67)
24.10
(22,47)
(1.63)
5.22
3.42

6.62

5.14
31.35%

6.16
14,29
(7.60)
(6.21)
(0.48)

24.71
(22.98)
(2.73)

6.47

4.63

23,53
(21.51)
(2.02)

6.74

4.60

Table 6a. Composition of quenched liquids (glass)

~1.0
13
920

13
920

22 13 13

A A

13 1

900 900 900 900 90

A A A
2

22 13

940 925

1 12
A A

1.0 .0 A0.75 0,75 0.7500,78 20,75 \0.75 ~0,5 0.3 *0.5

13 13

925 923

14
A

135
A

16 17 18 19 20

A A ] B B

2
B

22
3

23 2%
B B3

0.5 0,25 40,25 0,25 71,0 0,75 0,75 40,50 0,50 20,25 A0,25

13
925

13
940

13

940

13 18
940 940 960 980

13 13

985

13
1010

13
1010

13 .1

1025 1025

8.3
0.2
.4
0.8

0.7
0.2

99.8 100.1 100.0 100.1

g/ (Mg+i¥e) 0.32

63.1
0.4
20.2
2.0
2.3
4.6
0.3
s.5
0.8
0.7

T.6F

1.3 68.2
0.0
19.7
0.4

69.3
0.1
20.8

0.1
2.1
0.7
0.9
0.9

0.7
0.9
0.9
- 0.0
6.0
0.7
0.6

0.8

- 0.52

68.2 68.4
0.1 0.1
1.5 2.3
0.9
1.1
1.7

5.3
0.6
6 0.3

100.0 100.1 99.9 100.0 100.1
0.49 0.61 0.61 0.49 0.51

67.4 68.7
.4

66.3
0.2
23.5
0.8
1.0
0.9
0.1

0.7
20.0 19.9
1.3
1.7
1.7

1.4
1.8

5.7
0.7
0.9

4.1
0.7

1.3 0.7

67.0 71.2
0.2 0.3
22.2 19.6
0.8
0.9
1.4

1.0
1.2
1.0
- 0.0
5.8 5.2
1.0 0.2
0.7 0.3

70.3
0.4

n.?
0.4
18.3
1.3
1.6

16.1
1.4
1.8

1.1 1.8

0.2 -

5.3 3.9

1.0 0.4

0.7 0.6

57.2

0.4
0.1

15.3

2.9
0.1

61.3 64.0 62.8 61.8
0.1

66.6

0.1 0.8 0.7 0.6
23.1 211 23.1
0.4 0.4
0‘.5 0.6

0.1 0.3

19.0
1.6
2.0
3.3

20.8
1.0
1.3
1.6

1.0
1.2
0.9
- - - 0.0 -

7.6 7.1

3.0 0.5

9.4
4.6
0.5

%1 9.3
4.0 0.3

8.5 0.5 1.1 0.5

59.8
1.2
20.2
2.1
2.6
5.0
0.1
7.5
0.9
0.9

60.6
1.3
20.7
21
2.6
3.6
01
2.5
0.9
Q.9

66.2 65.5

1.2 1.0

20,4 19.6

1.5 107
21
2.4
- 00
IR
‘11 14

1.8 1.7

99.9 100.0100.0100.2 100.1 100.1 100.0 100.1 99.9100.1100.0 100.0 100.1 100.1 100.0
0.48 0.60 0.44 0.40 0.51 0.18 0.20 0.33 0.44 0.63 0.56 0.66 0.59 0.46 0.54

*Egtimate, sce

Text.
14 = Ml{tc. 3 = ‘zsait,

30°, where the volcanoes lie about 90 to 150 km
vertically above the seismic zone, amphibolite in the

descending oceanic crust becomes unstable at depths
of approximately 75 km, releasing H,O that becomes

available for melting. In the intervening regions with
nearly flat dips, pressure-temperature conditions re-
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Table 6b. Normative compositions (C.I.P.W.) of liquids in Table 6a

1 2 3 L] S L] ? [ ] ¢ 0 1

12 13 1 13 1 1 18 19 0 a a2 3] %

quarts 48.1 36.1 46.9 47,3 48.2 47.3 40,7 443 AB.O 442 A38
1.4 29 37 34 3T 3D
6.8 12,7 6.7 5.8 5.9 3.0
32.9 27.1 29.9 28.6 29.8 27,0 26,1

orthoclase
aldbite

3.0 5.6 4.0 A2
5.9 5.8 9.2 8.3
28,3 20.1 26.2 20,3

7.4 10.0 11.4

1.7

3.7

anorthite

corundun 8.0 9.6 8.1 9.8 10 .4

diopside - -

hypersthene 2.3 144 0.6
on (1.2)(11.3) ¢ =)

s (1.1) (2.9) (0.6)

3.2 33 5.2 5.4 5.6 S.1 )3 4D

(0.9) (1.1) (1.2) (1.1) (1.4) (0.8)
wollastonite = - - - - - - - - - -
1.0
0.1 0.2

maguetite 1.2 2.9 0.6 1.1 1.3

0.1

1.3 2.1 1.9

1.3

1.2 1.1

11menite 0.5 0.7 0.1 0.2 0.8 0.5 0.4

€2.3) (2.2) (4.0) (4.3) (4.2) (4.3) (2.3) (3.9) (2.4) (2.6) (4.8) -
€1.0) (0.8) (1.0) (1.5) (1.5) - - -

$6.0 42,2 S1.0 12,1 13,2 20,4 37.4 19.2 439 26,8 29.8 41.0 X9

1.5 4.2 2.9
1.9 8.6
23.7 26,3 29.4

9.6 6.3

3.3 0.5 31 31 1 e 5.6 5.5 10.6 9.8

3.6 24,3 39.0 33.4 227
$2.1 40.6 3.3 4&6.3

4.0 = - -

5.1
35.3 %)
5.0 =~ 6.4
2.4 -

46 2.4 7.6 95 %2
7.1 37.0 21,7 24.4
A1 46 8.6 69
1.3
(0.6) (0.7) 1.2) -~
(0.2) (0.3) (0.7) =~
(0.5) (0.4) (0.3) ~

1.4 1.7 - - - -
(.9 - - L
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€0.0) (1.2) (0.5) (1.3) (1.0) (0.2) (1.0)

8.8 A4 138 9.9 4 .0

- - - 9.3 1.9 1.6 - - - - - - -

1.4 1.8 2.1 05 06 0.6 1.4 2.4

1.3

1.5
P38 §

3.0
2.3

2.2 2.5

0.6 0.7 0.7 - 0.2 0.2 1.6 2.3 1.8
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Table .. Experimental Results
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** Reversals
(see run #474)
L,Cpx,Am, Op

‘(see run #550)
L,Cpx,0p,Ga,Am
(see run #431) .

L, Cpx?Am,Op,QM
(see run #432)
L,Cpx,Am,0p, QM
{see run #426)
L,Cpx,Am,Op

‘(see run #512) .
L,Cpx,Am,Ga,Op,QM :
(see run #82)
L,Cpx,Am,Op, QM
(see run #449)
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. 0.25 13 1225 B 587R

4.5 (see run {#481)
13 1195 3.5  L,Cpx,0p,QM
0.25 16 1225 .B 585R 4.0 . (see run #547)
16 1195 4.0 L,Cpx, Op; QM
0.50 13 1145 B 583R 3.8 (see run #374)
13 1115 - : 3.4 L,Cpx,0p,QM
0.50 16 1125 B 584R 4.6 (sée run #431)
16 1095 3.5 L,Cpx,0p, QM
0.75 10 1085 B 582R 5.0 ' (see run #436)
10 1055 3.5 L,Cpx,Op, QM
0.75 13 1105 B 581R 3.0 (see run #426)
13 1075 3.4 L,Cpx,0p,QM -
1.0 10 1085 B 588R 3.2 - (see rum #525)
10 ‘..1.055 : 3.3 L,Cpx,0p.QM
1.0 13 - 1085 B 586R 4.0 (see run #80)
. 13 1055 . 3.5 L,Cpx, Op, QM
Abbreviations: = amphibole; Cpx = clinopyrozene; Ga =

garnet L= gZass mterppeted to be quench- .
ed liquid; M = micaceous minevai; Ol = oli-
vine; Op = opaque mineral; Opx = orthopy-
roxene; Pl = plagioclase; q = interpreted

to have crystallized during the quench; ? =
.questionable; ( ) = tz'ace_ amount .

* ALl aasemblages inelude vapor

T Run numbers preceded by A employed andesite ds a- star'l:-
. ing matertal; those preceded by B used basalt.

** See text for deseription of reversai procedure




End of supplemental malerial,




