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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.O-CO. vapors for values of mole fraction of H.O in the
vapor (X"H.O) 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 10to 20 kbar and X"H.O of -0.75. Comparable data
for the basalt arc 1050°C from 10to IS kbar and X"H.O of 0.25. The maximum pressure
stability of amphibole is 21.5 kbar at X"H.O -1.0 in the andesite and 20.5 kbar at X"H.O
-1.0 in the basalt. Electron microprobe analyses are presented for orthcpyroxenes, clinopy-
roxenes, amphiboles, garnets. and glasses synthesized over a range of pressures. temperatures,
X"H.O, and bit::' composition. Most or the amphiboles arc nepheline-normative, calciferous.
and tschermakuic,

These dut'Aon 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 arc 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.e garnet-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
01. 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 nearly pure HaO
vapor at values of oxygen fugacity v02) approxi-
mately those of Fe,04-FeaO +¢ Ni-NiO, and Fe,04-
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
HaO fugacity (/HaO) 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 }HaO by using HaO-C02
vapors. CO: is, of course, a major component in
many rocks (e.g.» kimberlites), hut the main use of
CO:2 in these experiments is as a diluent, lowering the
}H20. This method of lowering }H20 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 X"H,O -

Abbreviations: Am-amphibole; Cpx-clinopyroxene;
olivine; Op-opaquc mineral;.Opx-orthopyroxene;
(' r-lrace amount.

Ga-garnet;

Experimental methods
Starting materials
Starting mixes were prepared from a Mt. Hood
andesite and a 1921 Kilauea olivine tholeiite, two of

the five materials used in our earlier experiments (see
Allen et 0lee 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 01e 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) HaO
into welded Ag-Pd capsules of 1.5 mm 1.0. for the
experiments with X"H20 - 1.0. For experiments with
H,0-COa vapors, mixtures of HaO and AgaC:0. ap-
propriate to yield the desired values of X"H20 were

1.0.0.75. 0.5. and 0.25.. All assemblages coexist with vapor.

L-glass interpreted to be quenchcd liquid; M-micaccous mineral; 01-
Pl-plugioclase; g-interpreted to have crystallized during the quench; 'I-questionabl~;

sealed into welded Pt capsules of 1.5 mm 1.0. Be-
cause our experiments were at near-liquidus temper-
atures, these X"HaO values are only approximate,

resultirig from the differential solubility of H20 and
CO; in silicate melts. Hydrogen fugacity was buffered

at FeaO.-FeaOa-HaO  (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
j02, whereas at lower iOJ' under M-W and N-NO
.buffer conditions, loss of iron is a serious problem
(Stern and Wyllie, 1975).



1076 ALLEN ANI> 1I0E7TCHER: AMPHIBOLES IN ANDESITE
Xi1,0-0.75
Ct~
——
10 [ ] S [ ]
7
X~.0-0.50
201-
10
1
’
900 1000 1200 900 1000
TEMPERATURE. -C
Xo0™ 10 X0 o7s X o 05 X: 0w 025
2 2 2 2
.Op+ L « op+ L .Op+ L |ii0p+ L
DCpx+op+L DCpx+op+L DCpx+Op+L Dcpx+op+L
eAm+CpX+OP+L eAm+CpX+OP+L eAm-tCpx+Op+l. eAm+CPX+0OP+L
OCa+cpx+OP+L OAm+ Cpx + Pi + Op+ L OAm Ca+Cpx+Op+L O Am+ Cpx + Pi + Opx + Op+ L
ACa+Cpx+Op+L Ac. +Cpx+Op+L eAm+Cpx+PI+0p+L
b"Am+ Cpx + Ca + Op+ L ACa+Cpx+Op-tL

Fig. 2. Crystallization sequence for 1921 Kilauea olivine tholeiite at X"H,0 - 1.0.0.75.0.5. and 0.25. Al.lassemblages coexist with

vapor. Trace amounts of olivine occur in some runs (see Table 1).

Apparatus

All experiments used a piston-cylinder  apparatus
and furnace assembly similar to that described in
Allen et 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

See Fig. | for abbreviations.

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 O/ phases
See Part | (Allen et 0le 1975, p. 1072).

'To obtain acopy of Table I, order Document AM-78-089 from
the Business Office, Mineruloglcal ~Society of America. 1909 K
Street. NW, LL 1000. Wushington. DC 20006. Please remit SI.OO
in advance for the microfiche. Or write Dr. A. L. Boettcher,
Institute of Geophysics and Planetary Physics. UCLA. Los Ange-
les. CA 90024.



ALLEN AND BOE7TCHER: AMPHIBOLES

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 I-igures |
and 2. Amphibole is stable in the 1921 Kilauea oli-
vine tholeiite (Fig. 2) under values of XVHaO 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

IN ANDESITE 1077

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
XV H,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 H20 vapors over a wide range of
jOi (Allen et 01. 1975). Maximum pressure stability is
21.5 kbar at XVH20 - 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 15kbar and above at XVHaO of -0.75, increases in

convert to garnet-bearing  assemblages at pressures abundance as orthopyroxene  decreases .
.greater than those of the high-pressure  segments. The maximum thermal stability of amphibole in
Tuble 2. Garnet compositions
Analysi8 1 2 3 -4 5 6 7 8 9
Rock Ande8ite Andesite- Andesite Basalt Ba8slt Basalt Baalilt Besdt Basalt
X220 0 1.0 0 1.0 ~ 0.75 0 0.75 100.75 ~0.50 v 0.50 10.50 1 0.50
P, Kbat" 22 22 22 20 20 21 21 21 21
T,oe 920 920 940 980 980 1020 1020 1020 1020
si0, 41.23 40,62 39.82 41.92 42.72 40.00 41.04 39.55 39.82
TiOZ 0.43 0.51 o.il .0.80 0.91 0.94 0.94 0.85 1.21
Aly04 20.58 20.79 20.82 20.50 19.65 21.49 19.59 20.83 20.54
FeO- 15.11 14.17 16.45 12.1,0 12.60 14.88 14.08 14.07 13.80
Kgo 12.45 13.35 11.06 15.08 14.22 13.41 13.46 13.49 14.22
11n0 0,94 1.47 0.66 0.63 0.72 0.57 0.48 .52 0.54
Cao 10.78 10.01 9.90 7.24 7.98 7.72 9.71 8.77 7.83
Ha,0 0.01 - - 0.12 0.12 0.04 0.26 0.05 0.17
-0 0.05 0.03 0.05 0.04 . 0.02 0.01 0.01 0.02 0.01
TOTAL 101.58 100.95 99.47 98.73 98.94 99.06 99.57 98.15 98.14
Cations/24 0Oxygens

5i 6.066 5.997 6.010 6.186 6.305 5.974 6.113 5.969 5.989
Al 3.571 3.620 . .3.705 3.568 3.419 3.785 3.442 3.707 3.642
Ti 0.047 0.056 0.0a0 0.089 0.100 0.105 0.105 0.096 0.136
Pe 1.860 1.750 2.078 1.531 1.556 1.860 1.754 1.776 1.736
Kg 2,731 2.939 2.489 3.319 3.130 2.987 2.990 3.035 3.190
lin 0.116 0.184 0.0a4 0.078 0.089 0.072 0.060 0.066 0.068
Ca 1.700 1.584 1.602 1.145 1.262 1.236 1.551 1.418 1.262
Ha 0,003 = - 0.035 0.033 0.010 0.076 0.015 0.048
It 0.009 0.005 0.010 0.00a 0;003 0.001 0.002 0.003 0.002
Mgl (Hg+EPe) 0.59 0.63 0.54 0.68 0.67 0.62 0.63 0.63 0.65
"Total i:ron as FeD
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Tuble J. Orthopyroxene compositions

Analy.b 1 2 3
Rock ""de.ice Ande.ite Andee Ite
X::20 " 0.75 " 0.50 0.25
p, Kbar 13 13 13
T,oC 900 940 940
S10, 49.56 51.09 49.68
TIOZ 0.46 0.55 0.53
0Uz0) 1.77 3.49 1.67
FeO: 22.67 22.29 24.75
HBO 22.55 20.72 19.41
HnO 0.61 0.56 0.50
Cao 1.58 1.82 1.74.
110,0 - 0.26 0.13
K,0 0.09 0.02
TOTAI 99.29 100.80 98.41
Catlona/6 ~ OxYSen8
S1 1.885 1.899 1.921
TI 0.013 0.015 0.015
ou 0.079 0.153 0.076
Fe 0.721 0.693 0.800
Kg 1.278 1.148 1.119
Hn 0.020 0.018 0.016
Ca 0.064 0.073 0.072
Na - 0.019 0.010
K 0.004 0.001
Kgl (Hg+tFe) 0.64 0.62 0.58

"Total iron as FeO.

the basalt is 10S0°C, occurring at X"H.O of -0.25
(and O.SCat 13 kbar). The maximum pressure stabil-
ity is20.5 kbar at XVVHaOof -1.0 and decreases as the
XYH.0 is decreased.

The position and configuration or 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 ofjH.O
and jo2 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 Benceand Albee (1968). An APL program
prepared by V. J. Wall used Fe20a/FeO = 0.8 to
compute the structural formulae of the amphiboles;
this value is not inconsistent with theamphibole anal-
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yses in Leake (1968). H.,0 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 Sbwere 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+l:Fe)
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 jo2 (N-NO) (Boettcher et al., 1973)
used in our previous investigation (Allen et 01.. 1975).

Orthopyroxene.  Orthopyroxene was synthesized in
the andesite only at X"H,0 - 0.7S or less. Although
it was found to be fairlyabundant at pressuresof 10-14
kbar, it diminished to minor or trace amounts above
IS kbar. The Mg/(Mg+.tFe) or the orthopyroxenes
synthesized from the andesite (Table 3) indicates that
they are hypersthenes. Orthopyroxene was synthe-
sized in the basalt only at XVH,0 - 0.25, and then
only in trace amounts. '

Clinopyroxene.  Near liquidus temperatures, clino-
pyroxene is the most abundant mineral in both the
andesite and the basalt, regardless of the X"H,0. For
the andesite, this is in contrast to the products synthe-
sized at N-NO conditions (Allen et 01 1975), when
clinopyroxene did not form. The chemistry of these
clinopyroxenes (Table 4), which are dominantly au-
gites, indicates that their Mg/(Mg+.tFe) reflects that
of the starting material.

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+l:Fe) of the am-
phiboles (Table Sa) 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 AlaOaand contain lessthan hair
as much Ti02 as the amphiboles synthesized from the
basalt. The difference between the Mg/(Mg+ .tFe) of
the amphiboles synthesized under M-H conditions
(Table 5a) and those synthesized under N-NO condi-
tions (Allen et 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 3 4 5 6 7 8 9

Rock. Andesite Andesite Basalt Baaelt Basslt Basalt Basalt Basalt Besalt

X::20 " 0.50 " 0.50 " 10 " 1.0 " 0.75 075 ™ 075 » 075 w 050

p. Kbar 13 13 13 13 20 20 18 U 13

T. °C 940 94C1 96C1 960 98C1 980 980 985 ICI10

s1C1, 50.98 48.29 5C1.79 52.30 50.32 49.38 49.CI3 44.47 44.69

T10, 0,88 Cl,61 0.us 0,84 1..59 0.96 0.62 2,25 3.05

Al,0q 1.32 2.19 2.78 2.99 6.82 B.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

HgO 14.47 13.66 15.70 15.56 13.59 10.80 13.33 13.70 12.56

MiICI 0.43 0.35 0.cl8 Cl14 0.20 0.21 0.18 0.22 0.26

Cacl 18.48 18.95 23.35 22.94 17.17 19.03 20.84 20.29 19.91

Naj0 0.36 0.20 0.33 0.30 0.80 1.31 0.88 0.60 0.62

) - 0.01 0.02 C1.02 C1.06 0.02 - 0.02

TOTAL 101.42 98.53 98.79 100.43 100.10 98.22 99.56 99.60 99.36

Cation./6 Oxygene

51 1.914 1.876 1.897 1.916 1.854 1.852 1.818 1.685 1.702

Al 0.Cls8 0.100 0.122 C1.129 0.296 0.379 0.340 C1379  0.36C1

Ti 0.CI25 0.018 0.018 C1.023 C1.044 0.027 0.017 0.064 0.087

Fe 0.455 0.464 0.159 0.164 0.297 0.249 0.213 C1303 0327

Hg 0.810 0.791 C).874 0.849 -0.747 0.604 0.737 0.774 0.713

Mmil 0.014 0.012 0.002 0.0Cl4 0.006 0.007 0.005 0.0Cl6  0.008

Ca 0.743 0.789 0.935 0.9C10 0,678 0.765 0.828 0.824 0.812

Na 0.CI26 0.015 0.023 0.021 0.057 0.095 0.cle3 0.044 0.046

K - - 0.001 ClL.ClOI 0.003 0.001

(~1:Fe) 0.64 0.63 0.84 0.84 0.72 0.71 0.78 0.72 0.69

Hg 40.3 38.7 44.4 44.4 43.4 37.3 41.4 40.7 38.5

Fe 22.7 227 8.1 8.6 17.2 15.4 12.0 15.9 17.7

Ca 37.0 38.6 475 47.0 39.4 47.3 46.6 43.4 438

"Total iron as FeO
(1968), these amphiboles straddle the calciferous- variable HaO contents. The total Fe was distributed
subcalclferous  boundary, although most are calci- between FeO and Fe:.Oa according 10 the scheme
ferous as well as tschermakitic. ~ Only seven, all syn-  described above for the amphiboles. The glasses
thesized from the basalt, contain enough titanium to  formed from the andesite are higher in Si0, than
justify the prefix titaniferous (0.25 Ti per 24 oxygens). those from the basalt. All the glasses are high in
The amphiboles for which we have data, synthesized AlaOs and CaO and are quartz-normative. All but

from the andesite, become less magnesian with in-
creasing pressure at XVHaO - 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

one of the glasses contain
ing amphiboles.
at XVHzO

the andesite

that amphibole

All but two of the glasses contain

less Na,0 than the coexist-
Note that the glasses formed from
- 0.25 have significantly
higher NazO than the other glasses, reflecting the fact

their associated amphiboles.
In Table 6a, the discrepancy between analyses |
and 2 may result from inclusions of opaque material

in the glass. In addition,

some gradients

FeO occur in glasses within -30

more

is not stable under these conditions.

KzO than

in MgO and
I'm of amphiboles.
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Table 4. (continued)

Analysis 10 11 12 13 14 15 16 17 18
Rock Bssalt Baselt Basalt Besall: Besalt Basalt Baselt Besalt Basalt

0 " 0.50 " 0.50 " 0.50 10 0.50 " 0.50 " 0.50 10 0.25 10 0.25 10 0.25
X;:2
p. Kbar 13 13 13 13 21 21 13 13 13
T. °c 1010 1010 1010 1010 1020 1020 1025 1025 1025
sio, 43.98 44.09 48.35 46.96 50.15 48.84 49.00 48.98 50;40
Tio, 3.22 2.84 1.05 2.02 1.57 0.75 1.36 1.00 1.52
Aly05 8.29 10.17 6.52 7.27 ~.43 10.50 5.05 6.50 4.73
FeO* 10.32 9.47 7.21 8.65 9.73 8.56 9.81 9.06 10.89
MgO 12.60 12.73 14.61 14.24 9.70 11.34 16.79 15.90 14.76
Milo 0.23 0.21 0.22 0.27 0.18 0.06 0.20 0.20 0.17
cao 20.42 20.24 21.27 20.23 16.08 18.05 18.58 19.16 18.75
Na,0 0.61 0.72 0.58 0.57 1.64 2.06 0.63 0.64 0.46
K,0 0.01 0.04 0.02 0.02 0.19 0.01 0.04 0.01 0.01
TOTAL 99.68 100.51 99.83 100.23 98.67 100.17 101.46 101.45 101.69

Cations/6  Oxygens
5i 1.674 1.653 1.799 1.752 1.868 1.799 1.805 1.797 1.853
Al 0.372 0.449 0.286 0.320 0.414 0.456 0.219 0.281 0.205
Ti 0.092 0.080 0.029 0.056 0.044 0.021 0.038 0.028 0.042
Fe 0.328 0.297 0.224 0.270 0.303 0.264 0.302 0.278 0.335
Mg 0.715 0.711 0.811 0.792 0.539 0.623 0.922 0.869 0.809
Mil 0.007 0.006 0.006 0.008 0.006 0.002 0.006 0.006 0.005
ca 0.833 0.814 0.848 0.809 0.642 0.713 0.733 0.753 0.738
Na 0.045 0.052 0.041 0.040 0.119 0.147 0.045 0.046 0.033
K - 0.002 - 0.001 0.009 - 0.002
-21L 0.69 0.71 0.78 0.75 0.64 0.70 0.75 0.76 0.71
(Mg+l:Fe)
Mg 38.1 39.0 43.1 42.3 36.3 38.9 47.1 45.7 13.0
Fe 175 16.3 11.9 14.4 20.4 16.5 15.4 14.6 17.8
ca 44.4 44.7 45.0 43.3 433 44.6 375 39.7 39.2
'Total ..ron as FeO.
Discussion must be fairly high at least in the later stages of the

Reducing X"H,0 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,0 (Allen et al.
1975). However, varying X"H,0 does bring about a
change in the location of the stability fields of the
amphiboles, and in the case of the andesite, if X"H.O
is reduced below -0.25, amphibole is not stable
above the solidus. The thermal stability of amphibole
is increased somewhat by lowering X"HaO below 1.0,
although in the case of the andesite, this initial in-
crease in stability is reversed when X"H.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 geotherrn, although this increase would only
amount to a kilometer or two. The fact that amphi-
boles are not stable in andesite with X"HaO -0.25,
but do occur in some andesites, indicates that aH.O

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 X"HaO <:
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 Si0» 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.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



AnalYllo

Rook

sio,
Tio,,
1203

Feouge

FeD

TOTAL

-1l
(Ifg+tF.)

s
(Mg+Fe2+)

P, Kbal

TOTAL

_ s
(Ifg+tF.)
==L
0(Ifg+Fe2+)

' 1.0
13

920
44.74

0.73
13.64
3.69
4.62
16.61
0.10
11.30
231
0.31
2.00

100.05

0.79

0.86

" 1.0
13

920
45.60

12.88

3.66

16.69
0.19
11.17
1.87
0.33
2.00

99.47

0.79

0.87

* 0.75
13
900

40.63
0.62

154

6.20
14.02
0.18
10.20
2.43
0.48

2.00
99.26

0.80
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10 1.0
13

920
45.05

0.55
13.34
3.70
4.6)
16.23
0.19
11.14
1.80
0.34

2.00
98.91

0.86

13

' 0.75
13
900

41.13
0.93

16.31

5.78

14.14
0.21
9.60
2.62
0.46
2.00

100~1

0.67

0.78

Table Sa. Amphibole compositions

" 1.0
17

920
45.16

0.81
11.71
5.83
7.29
13.62
0.26
10.67

1.66

2.00
9'9.42

0.66

0.77

14

' 0.75
Li
900

41.27
0.70

15.72

16.98
0.23
11.0~
211
0.56
2.00

100.34

0.76

0.85

Ande.ito
* 1.0 ' 1.0
17 17
920 920
44.30 44.41
0.46 0.16
14.07 14.33
4.53 5.01
5.66 6.27
15.24 15.63
0.12 0.12
11.90 11.27
2.24 231
0.48 0.44
2.00 2.00
101.00 101.95
0.74 0.72
0.83 0.82
15 16
And.lite

" 0.50 ' 0.50
13 13
925 925
41.28 43.43
1.40 1.56
16.03 17.15
4.22 4.00
5.28 5.01
16.33 15.31
0.24 0.24
10.50 10.03
2.42 2.42
0.38 0.43
2.00 2.00
100.08 101.58
0.76 0.76
0.85 0.84

IN ANDESITE

8

' 1.0 " 1.0
17 17
920 920
43.18 42.66
0.47

16.75 17.41
5.43 5.28
6.79 6.60
12.86 13.25
0.16 0.19
11.39 11.23
2.08 2.27
0.46 0.44
2.00 2.00
101.46 101.80
0.66 0.68
0.77 0.78
17 18
' 0.50 " 0.50
13 13
925 925
43.04 41.73
1.03 1.33
17.09 17.37
4.04 454
5.05 5.67
16.06 15.08
0.15 0.21
9.29 10.72
2.24 2.49
0.43 0.44
2.00 2.00
100.42 101.58
0.77 0.73
0.85 0.83

" 1.0
17

920
44.49

0.33
14.27
4.86
6.08
14.74
0.26
11.81
241
0.47
2.00

101.12

0.72

0.81

19

" 0.50
13
925

41.24
1.03

16.10

5.58
17.63
0.27
11.04
2.40
0.37
2.00

102.12

0.77

0.85

10

" 0.75
13

900
41.72

6.27
14.47
0.23

10.)3

0.57
2.00
100-~15

0.71

0.80

20

* 0.50
13
940

40.47
0.83

15.25
5.50
6.88

14.69
0.14

11.12

2.00

2.00
99.28

0.69

1081

11

' 0.75
13

900
44.06

0.70
12.78
6.35
7.94
16.53
0.27
7.17
1.62
0.39
2.00

99'.81

0.68

0.79

21

* 0.50
13
940

41.41
111

14.61
5.49
6.87

14.65
0.21

10.18
2.04
0.47
2.00

n:113"

0.69

0.79



1082

Analyals
Rock

PIn0

TOTAL

1.8..
(Hs+EFeJ

a

(Hs+Fe2+)

22

Baaalt

v 1.0

13

960

45.00

1.37

12.27

3.04

3.81

17.69

0.19

11.41

2.00

0.38

2.00

99.16

0.83

0.89

""Eatiwut6, See Tezt.

Analysi.
Rock

P, Kbar

5i0,
Tio,
A|203

Fap03

Hgo
PIn0

caD

TOTAL
1.8..
(Hs+EFe)

I's,
(H8+F,,2+)

31

8asalt

' 0.50

13

1010

4Z.80

1.68

13.22

3.51

4.39

17.99

0.12

11.42

1.80

2.00
99.52

0.81

0.88

""Estimate, See Te.:t.
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23

Basalt

' 0.75

13
985
43.67

2.08
11.93

3.94

4.93
18.02

0.31
10.55

211

0.36

2.00
99.90

0.87

32

Basalt

* 0.50

13
1010
42.34
2.68
12.42
4.28
5.35
16.03
0.09
12.04
1.65
0.57

2.00
99.45

0.76

0.84

24

Basalt

v 0.75

13

985

42.06

2.26

13.28

3.98

4.98

17.46

0.14

11.26

2.32

0.45

2.00

100.19

0.78

0.86

33

Basalt

0.¢50

13

1010

42.48

12.82

3.63

17.20

0.16

12.40

0.59

2.00
99.58

0.80

0.87

AMPHIBOLES

Table Suo (continued)

25
BaBalt

' 0.75

18

980

44.93

1.04

14.43

4.27

16.96

10.68
1.93
0.69
2.00

100.54

0.80

0.88

34
Baee It

' 0.50

13

1010
41.96
2.79

13.30

5.54
16.23
0.13

11.41

0.68

2.00
100.27

0.75

0.84

26
Basalt

' 0.75

18

9s0

44.79

0.88

15.09

3.35

4.19

18.15

10.91
1.88
0.61
2.00

101. 95

0.82

0.89

35

Baaalt

* 0.50

13

1010

43.60

1.80

12.97

3.60

17.00

0.26

11.31

1.65

0.59

2.00
99.27

0.80

0.87

IN ANDESITE
27 28
Basalt Baaalt
' 0.75 ' 0.75
18 18
980 980
43.97 43.92
1.07 0.99
14.73 14.95
3.08 3.58
3.84 4.48
17.04 14.87
0.09 0.13
11.19 11.98
2.00 2.06
0.72 0.59
2.00 2.00
99.73 99.55
0.82 0.77
0.89 0.85
36 37
Basalt Baee It
' 0.25 ' 0.25
13 13
1025 1025
42.06 41.63
2.44 2.56
15.47 15.91
4.46 4.71
5.57 '5.89
16.03 14.91.
0.11 0.10
10.39 9.99
1.94 1.95
0.92 . 1.12
2.00 2.00
101.39 100.7.7
0.75 0.72
0.84 0.82

29
Bee alt

13

1010

41.70

2.87

13.18

431

5.39

15.84

0.16

11.18

0.59

2.00
~9.11

0.84

38
Basalt

' 0.25

13

1025

43.75

2.36

16.58

4.24

5.29

13.57

0.22

9.87

1+76

1.30.

2.00
100.94

0.73 .

0.82

30

Baaalt
' 0.50

13
1010
43.68
1.65
12.60
357
4.46
17.75
0.20
11.30
1.59
0.53
2.00

9.9.33

0.80

0.88

39
Basalt

' 0.25

13

1025
41.52
2.42

11.02

14.71
0.16
10.45
1.90
1.22

2.00
101.86

'0.72

0.82
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Si
211V
V!
Ti
F.3+
H8
F.2+
Hn
Ca
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K

Cat+Ha+K

ng
Cl1188i-
ficatlOn

Fe/H&

For.ula
51
AllV
AlVI
TI
F.3+
H8
F.2+
Hn
Ca
Na-

K

Ca+Na+1t

118
Cleee |-
ficaeion-

F./H&
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. Si
Al

AIVI

Ti
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Hn
C.
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K
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Table Sbh. Chemical formulae (0-23) lor amphiboles in Tuble Sa

8

6.34& 6.485 6.443 6.543 6.287 6.225 6.125 6.030
1.652 1.515 1.557 1.457 1. 713 1. 775 1.875 1. 970
0.631 0.646 0.693 0.544 0.642 0.606 0.928 0.933
0.0.78 0.055 0.059 0.088 0.049 0.017 0.038 0.050
0.394 0.392 0.398 0.636 0.484 0.531 0.580 0.562
3.512 3.538 3.459 3.223 3.281 2.719 2.791
0.54& 0.544 0.554 0.883 0.672 0.738 0.806 0.780
0.012 0.023 0.023 0.032 0.014 0.014 0.019 0.023
1.718 1.702 1.707 1. 657 1.810 1. 701 1. 731 1. 701
0.635 0.516 0.499 0.466 0.616 0.631 0.572 0.622
0.056 0.060 0.062 0.076 0.087 0.079 0.083 0.079
2.409 2.278 2.268 2.199 2.513 2.411 2.386 2.402
0.79 0.79 0.78 0.65 0.73 0.72 0.66 0.67
t.h. t.h. t.h. I.h. f.p. h. t.h. e, e,
0.27 0.26 0.28 0.52 0.39 0.51 0:48

12 13 14 15 16 17 18 19
5.891 5.933 5.913 5.913 6.068 6.070 5.893 5.816
2.109 2.067 2.087 2.087 1.932 1.930 2.107 2.184
0.891 0.708 0.570 0.621 0.894 0.913 0.786 0.494
0.068 0.101 0.075 0.151 0.164 0.109 0.141 0.109
0.541 0.628 0.467 -0.455 0.421 0.429 0.483 0.474
3.030 3.040 3.626 3.486 3.188 3.375 3.174 3.705
0.752 0.872 0.649 0.633 0.585 0.596 0.670 0.658
0.022 0.026 0.028 0.029 0.028 0.018 0.025 0.032
1.585 1.484 1.692 1. 612 1.502 1.404 1.622 1. 668
0.683 0.733 0.586 0.672 0.656 0.612 0.682 0.656
0.089 0.085 0.102 0.069 0.077- 0.077. 0.079 0.067
2.357 2.302 2.380 2.353 -2.235 2.093 2.383 2.391
0.70 0.67 0.76 0.76 0.76 0.76 0.73 -0.76
e, [ e, t e, t t e,
0.43 0.49 0.31 0.31 0.32 0.30 0.36 0.31

23 24 25 26 27 28 29 30
6.245 6.031 6.318 6.209 6.237 6.273 6.058 6.260
.1.755 1.969 1.6J12 1.791 1. 763 1.727 1.942 1.740
0.257 0.277 . o.711 0.676 0.702 0.792 0.316 0.390
0.224 0.944 -0.110 0.092 0.114 0.106 0.314 0.178
0.424. 0;430 0.362 0.350 :0.329 0.385 0.471 0.385
3.841 3.731 3.554 3.750 3.602 3.165 3.429 3.791
0.590 0.597 0.502 0.486 0.456 -0.535 .0.655 0.535
0.038 0.017 0.023 0.012 0:011 0.016 0.020 0.024
1.617 1. 730 1. 609 1.621- i.701 1.833 1. 740 1.735.
0.585 0.645 0.526 0.505 0.55-0 0.570 0.532 0.442
0.066 0.082 0.174 0.108 0.130 0.108 0.109 0.097
2.268 2.457 2.259 2.2.34 2.3V 2.511 2.381 2.274
0.78 0.78 0.80 0.82 0.82 0.77 0.75 0.80
tb. t. t.h. t. t.h. e, t.h.
0.26 0.28 024 0.22 0.22 0.33 0.24

6.287
1.713
0.666
0.035
0.517
3.104
0.719
0.031
1.788
0.660
0.0g5

2.533
0.71
f.p.h.

31

6.137
1.863
0.373
0.181.
0.379
3.844
0.526
0.015
1-.755
0.500
0.108

2.363
0.81

e,
0.24

32

6.132
1.868
0.254
0.292
0.467
3:460
0.648
o.on
1.868.
0.463.
0.105

2.436
0.75

0.32:

1083

6.336
1.664
0.504
0.076
0.687
3. 543
0.955
0.033
1.105
0.452
0.072

1.629
0.68
t.h.

22

6.416
1.584
0.480
0.147
0.326
3.759
0;454
0.023
1.743
0.553
0-.069

2.365-
0.82
t.h.

33

6.120
1.880
0.299
0.210
0.394
3.693

-0.547

0.020
1.914
0.508
0.108

2.530
0.79

0.25
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Table 5b. (continued)

For.ula 34 35 36 37 38 39
51 6.033 6.28S 5.956 5.943 6.U0 5.867
AV 1.967 1.745 2.044 2,057 1.830 2133
ALVI 0.289 0.450 0.540 0.622 o.9lis 0.704
Tl 0.302 0.194 0.260 0.275 Q.250 0.257
Fe)+ 0.48) 0.389 0.476 0.506 0.4S0 0.495
K. 3.478 1.6ls 1,383 3.172 2.852 3.098
FeZ+ 0.666 0.539 0.660 0.703 0.624 0.687
Kn 0.016 0.032 0.013 0.012 0.026 0.019
C. 1.758 1.739 1.577 1.528 1.491 1.582
N. 0.499 0.459 0.533 0.540 0.481 0.521
0.125 0.108 0.166 0.204 0.234 0.220
Ca+Na+K 2.382 2.306 2.276 2212 2.206 2.323
[} ] 0.75 0.79 0.75 0.72 0.72 0.72
Clese I- e, t.h. e e, e, e,
Hcatlon*
J'e/HI 0.33 0.25 0.34 0.38 0.38 0.38
p. - patgaeit?: €. - tchJ"'mtJkiui [I.1t. - pargaitic hombz.nM;
th. - tchcrmal.:ieic  hornblende; ,.p.h e le'fPI"Oanparga.itic ho'l"z,Z..nd,;
w. hes  magrl."w-",.arnbL.nae
or tM basi" of 24 ozygtnUl, QCCDNing to cta .. ificatkm of tAab (1968

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 ofSc,
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.e 1976; Frey et al.e
1974; Hart. 1969). However, this model is not consis-
tent with calculated REE and especially HREE abun-
dances (Lopez-Escobar et 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 (I) 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 et 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

ALLEN AND BOE7TCHER: AMPHIBOLES IN ANDESITE

data (Allen et al.e 1975), and fractionation of these
amphiboles over a range of joa and}H20 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.e 1975).
Our basic proposal is that amphiboles are a major
carrier of HaO in subducted oceanic slabs and that
crystal-liquid equilibria involving amphiboles are
prominent in the genesis of calc-alkaline magmas.
This model bas 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, behavior prevails
(Boettcher, 1977).

Recent data that can be interpreted in support of
this model are those of Barazangi and lsacks (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 (00_2°S,.15°_
27°S, and 33°-45°S) have dips on the order of 25° to
30° and are regions of well-developed Quaternary
volcanism. The intervening segments (2°_I 50S 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 lsacks 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 isthat in the three regions with dips of 25°-
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Table 5c. Normative compositions (C.I.P.W.) or amphiboles in Table Sa

't
1.83
10.32
25.94
5.00

23.71
(12.58)
(10.06)

(1.07)

2452

(21. 94)
(2.58)
5.1S
1.39

11

2.31
13.71
26.45

7.24
(3.81)
(2.83)
(0.60)
15.58

(12.8n
(2.71)

1.95
14.02
25.78

0.98

23.35

(12.38)
(9.82)
(L1S)

25.12

(22.24)
(2.88)

5;31

, 0.97

12

2.84
4.15
35.54
,8.89

11.94
(6.29)
(4.75)
(0.90)

2.01
13.52
27.32

0.93

22.03

(11.67)
(9.24 )
(1.12)

24.77
(21.85)
(2.92)
5.37
LOS

13

2.72

7.11
31.39

8.16

12.90
(6.78)
(5.06)

'(1.06)

21.9925.5426.0027.96,

(17.84)

(4.15)
9.21
1.33

21

2.78
8.07
29.32
4.98

16.78
(8.85)
(6.71)
(1.22)

25.04
(20.86)

(4.18)
7.96
2.11

(21.14)
(4.40)
7.19
118

22

2.25
10.99
23.38

3.22

26.02

(13.87)

(11.48)
0.67 )

24.30
(22.83)

(1.47)
4.41
2.60

(21".13)
(4.87)
8.38
1.77

23

2.13
10.41
22.02

4.04

23.77

(U.66)

(10.43)
(0.68)

25.89
(24.15)

(1.74)
5.71
3.95

2.42
14. OS
23.29

23.57
(12.38)
(9.12)
(2.08)
8.27
(6.74)
(1.53)
15.83
(12.66)
3.17)
8.45
1.54

14

31. 77
9.67
0.17

18.07

(9.56)

(7.51)

(1. 00)

(24.37)
(3.59)
6.28
1.33

24

2.66
3.37
24.49
8.81

24.56
(13.10)
(10.87)

(0.60)

24.24
(22.86)

(1.38)
5.77
4.29

2.84
7.28
26.92
6.32

25.40
(13.41)
(10.33)
, (1.66)

22.80

(19.36)

(3.42)
6.57
0.87

IS

2.25
3.64
31. 76
9.12

16.00
(8.49)
(6.79)
(n.72)

26.54
(23.74)
(2.80)
'6.12
2.66

25

4.08
10.51
28.67

3.16

19.10

'(10.15)

(8.24)
0.71)

26.10
(23.83)

2.27)
,4.96
1.98

6

2.60
8.41
27.43
6.03

2257
(11.89)
(8.99)
(1.69)

25.33
(20.98)

(4.35)
7.26
0.30

16

2.54
10.83
34.67

5.23

11.87
(6.30)
(5.07)
(0.50)

25.69'
(23.17)
(2.52)
5.80
2.96

26

3.61
7.80
30.94
4.39

18.21
(9.68)
(7.89)
(0.64)

28.48

(26.15)

(2.33)
4.86
1.67

2.72
8.65
35.01
4.85

17.11
(8.98)
(6.56)
1.57)

2257
(17.84)
(4.72)
7.87
0.68

17

'2.54
11.59
35.31

3.99

8.49
(4.50)
(3.58)
(0.41)

28.69
(25.52)
3.17)
5.86
1.96

27

4.26
6.22
29.09
5.80

20.72
(11.04)
(9.06)
(0.62)

25.15

(23.39)

(1.76)
4.47
2.03

2.60
6.75
36.02
6.75

15.65
(8.22)
(6.08)
(1.35)

23.48
(18.86)

(4.62)
7.66
0.89

18

2.60
4.09
34.92
9.20

14.40
(7.62)
(6.00)
(0.78)

25.26
(22.11)
(3.15)
6.58
2.53

28

3.49
,7.05
29.81
5.62

23.31
(12.37)
(9.90)
(1.04)

21.20
(19.01)

(2.19)
5.19
1.88

2.78
7.75
26.73
6.85

25.26
(13.30)
(10.02)

(1.94)

22.68

(18.70)

(3.98)
7.05
0.63

19

0.36

32.07
11.00
1.44
17.89
(9.48)
(7.50)
(0.91)

28.95
(25.51)

(3.44)
6.47
1.96

19

3.49
6.10
25.74
5.36

23.26
(12.41)
(10.35)

(0.50)

21.47
(20.39)

(1.08)

,6.25
5.45

10

3.37
6.33
34.83
6.93

11.84
(6.23)
(4.70)
(0.91)

26.66
(21. 96)
(4.70)
7.26
0.93

20

2.36
2.74
31.45
7.68

18.80
(9.90)
(7.47)
(1.43)

24.69
(20.40)
(4.29)
7.97
1.58

30

3.13
8.18
25.68
2.86

23.81
(12.69)
(10.44)

(0.68)

25.36
(23.66)

. 70)
5.18
3.1

108S
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Table 5c. (continued)
110r. 31 32 33 34 35 36 37 311 39
orthocl eee 3,49 3.37 3.49 4,02 3,49 5.44 6,62 7.611 7.21
.1Uto 4.06 S.S0 1.50 4,65 8.36 4.78 5,14 11,23 2,16
.aorthit. 26.25 24.110 25.07 26.25 26.24 30.79 31.35 33.50 34.31
a.ph.Ua. 6.05 4.S11 7.53 5.69 3.04 6.31 6.16 1.98 7,54
1.ucU.
diop.1ldo 23.82 27.34 211.54 23.77 23.41 16.28 14.29 12.14 13.77
] (12.70) (14.S11) (15.22) (12.68) (12.47) (8.67) (7.60) (6.46) (7.32)
oa (10.51) (12.14) (12.61) (10.53) (10.27) (7.12) (6.21) (5.26) (5.94)
fa (0.61) (0.62) (0.71) (0,56) (0.67) (0.49) (0,48) 0.42) (0.51)
byp.r.tbh.a.
oa
f.
oUyia. 25.58 20.56 n.51 22.17 24.10 24.71 23.53 21.77 23,53
fo (24.03) (19.47) (21.18) (20.95) (22,47) (22.98) (21.67) (20.00) (21.51)
t. (1.55) (1,09 (1.33) (1.22) (1.63) (1.73) (1.86) @.77y (2.02)
eee a.tlto 5.09 6.21 5.26 6.44 5.22 6.47 6.83 6.15 6.74
11.o0alt. 3.19 5.09 3,69 5.30 3.42 4.63 4.86 4.48 4.60
Table 6a. Composition of quenched liquids (glass)
L[] 101112 13 14 1S 16 17 1119 202122 Z3 24
A A A A A A A A ° °
"i.O "1.0 '10.75'10.75'10.75'10.7510.75'10.75'10.5 '10.5'10.5 '10.5 '10.5 '10.25'10.25'10.25"1.0 '10.75'10.75'10.50'C.s0 '10.25'10.25
U 22 nNnun U 2 2 N N U U N U u u nu Uu 1 1 U U
T.'C 12D 920 20 ©O0 0 0 ©0 940 940 US 925 92S 925 940 940 940 940 960 980 9" 1010 1010 1025 1025
Ito, .1 171 71] "2 "3 "2 "4 674 617 66] 67.071.2 70.3 717 57.1 61] 64.0 62. 61.8 66.6 59.S 60.4 66.2 65.5
no, 0.2 04 00 01 01 01 01 .4 07 02 02 03 04 04 0.1 0.1 0107 0.6 .1.2 1.3 1.2 1.0
Alo. 21.4 10.2 It.7 1z.1 20, 11 21.3 20.0 19.9 U.S 22.219.6 11] 16.1 23.9 23.1 21.1 23.119.0 20.8 20.2 20.7. ZO.4 It
h,c 0.. 20 04 07 07 De Ot 14 13 0' 0' 1.0 13 14 03 04 04 10 16 10 21 21 15 17
10 25 os U. o' 1111 1' 17 10 09 12 16 I' 04 05 06 12 20 1] 26 26 19 21
0s 6.6 D D.I 16 1.7 17 1.7 09 14 10 11 1' 01 01 03 09 33 16 50 36 16 24
- 01 0] 0.0 01 - 00 02 - 00 0.1 0.1 0.0
e.0 eoe 55 .0 5. 6.0 54 S] 57 4.1 5] 5' 52 53 59 153 94 91 93 76 71 75 75 44 49
.0 07 o0' 15 0' 07 07 06 07 07 11 10 02 1.0 04 29 46 40 03 30 05 09 09 1.1 1.1
.0 02 07 0. 06 D. 06 05 09 13 07 07 03 07 06 01 05 OS 05 1.1 OS 09 09 L' 17
ICIFAI H.I 1GO.I1GO.QG0.1100.0100.1 H.t 100.0100.1 99.9 100.0100.0100.2 100.1100.1 100.0 100.1 99.9100.1100.0 100.0 100.1 100.1 100.0
"UIN+U.) 0.32 ~.,. - 0.52 0.49 0.610.61 0.49 0.51 0.41 0.60 0.44 0.40 0.51 0.11 0.20 0.N 0.44 0.63 0.$6 0.66 0.59 0.46 0.54

~ 2aL ! !
TA - AStdu( .. e 1 o

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-

main within the limits of amphibole stability, result-.
ing ill insufficient aH.O to incur melting.
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Table 6b. Normative composition. (C.I.P.W.) of liquidl in Table 6a
0 n 12 13 14 1S 1 7w u w ab z 1z u a
n ||__ ! '
1 Ha 473 A 473 "7 UuJ .0 A &\] HO ..a "0 121 la

Jr 37 14 17 JJ 1O Je 77 40 41

ZO.. y7~ Ita 41 n' @, '1.0 )7.
13 %@ 33 o J1 Jl Jl .3 Ay gr td 100 an

,"St, J.7 e 127 7 J. J. JO J¢ J.! %a 1. W ). UJ JILO N.» 27 ni 4. 74 7 *J *7
rt"". J20 271 &) H n 270 at1 nJ 201 @.@ HJ ZJ7 261 n' Jal ‘0 HJ "J "J "J )71 )7.0 al.7 24
co"'. 0 '3 3 gt o1 .. 103 fU DO 111 o 0 o3 40 = - = JO - W 40\ '.' 0w
13 14 2 = 17
1 C@, Co.71(l.a) = co." -
1] Co.U co)) CO.7) = CO.7) =
r. cO.n CO.)CO.S! = cCO.1l =
20 I 0 Ja JJ sa S4 S. Jl JJ e, J' 1 - ZJ 11 10 111 41 1'0
1" n.mu.» C-) C2.,) C2.a) G-O) c=,) C',~) o=,) (2)) U.S! (2+) ca’) c,.) - (2J) C7.6)U.en)  CL'1 U~) "0l
r. Clil ca” co.) co.) (111 (1.) nn (14) co.,) nO) CO.)(1.0) un nn - CO.0p.n con Cl)) (1.0) cO.3) (1.0)
_llatoDIt. = - - - - - - - - - - - - - el
.petlt. 1.1 a., 06 10 11 ' LI al |.l la 11 1' 1+ 1 o' 06 o0 le 2' 1J JO JO la aJ
1bn"" 0J 07 01 oa 01 01 o0a 0! 1.J 0J 04 o 0.7 0.7 - oa o.a |’ 1.1 1.\ aJd 26 al N
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Pres
Kbars

Table

Temp Run Dura-
DC Numbert tion
hours

Andesite

800 A 499 22.3
820 A 501- 22.8
860 A 503 22 0
900 A 505 21.5
920 A 508 21.8
940 A 507 22.2
1080 A 502 5.5
1100 A 498 5.3
1120 A 500 5.8
820 A 420 23.0
860 A 509 4.0
860 A 504 22.0
880 A 510 4.0
880 A 506 21.7
900 A 381 3.0
900 A 524 23.5
940 A 376 3.3
980 A 364 30
1020 A 386 3.3
1060 A 389 3.0
1100 A 393 3.0
1120 A 421 3.0
940 A 391 3.2
960 A 399 3.3
980 A 405 3.5
1000 A 491 4.5
1020 A" 380 3~3
1040 . A.377 3.4
920 A 365 3.0
940 A 366 3.1
960 A 281 3.0
980 A 357 3.0
-1000 A 372 3.0
1020 A 353 3.0
1040 A 349 3.0
920 A 388 3.0
900 A 390 3~3
920 A 490 4,5
940 A 492 . 3.8
960 A 383 3.5
980 A 379 3.0
900 A 489 3.5
920 A 398 .3.2
940 A 386 3.3

Experimental Results

Phase
Assemblage*

P1,0px,Cpx,0p
P1,0px,Cpx,0p
P1.0px,Cpx,0p, (Q~1)
P1.0px,Cpx,0p,QM
L,P1,0px,Cpx,0p
L,P1,0px.Cpx,0p.

L,P1,0p, (Cpx), (Opx) .

L,P1,0p, (Cpx),?0px
L,Op
P1.0px,Cpx,0p
P1,0px,Cpx,0p
P1,0px;Cpx,0p
P1.0px., .CpRp
P1,0px,Cpx,0p
L,PI,0px,Cpx.0p
L,P1,0px,Cpx;0p
L,PI1.0px,Cpx.0p
L,P1.0px,Cpx,0p
L,P1,0px,Cpx.0Op-
L,P1,0px,Cpx.0p

L

L
L,Am,P1,0px.Cpx,0p
L,Am,P1,0px,Cpx,0p
L,P1,0px,Cpx.0p
L,P1,Cpx,0p, QW)
L,P1,0p,QM

L.Op, QM
L,Ani,P1.0px.Cpx.0p
L,Am.P1.0px. Cpx,0Op
L,P1.0px,Cpx.0p
L,P1.0px,Cpx.0p
L,PI1,Cpx.Op,QH ..*
L,PI;Cpx,0p

L
L
L
L
L

~Am,Opx.Cpx.0p

,Am,P1.0px,0p,QM

,Am,P1,0px,0p,QM-

1Am10pxiop1QM
L,Am.Opx,0P_QM
L-Op, QM
L,Am,Opx,0p,QM
L~Am,Opx,0p
L;Am.Opx,0p,QM

26



27

0.75 13 940 A 486 22.5 L,Am,Opx,0p,QM

0.75 13 960 A 370 3.0 L,Am,Opx,0p,QM

0.75 13 980 A 375 3.0 ;t.,0p,QM

0.75 14 920 A 493 6.3 L,Am,Opx,0p,QM

0.75 15 920 A 494 5.5 L,Am,0px.0p, (Cpx) ,QM
0.75 16 940 A 460 23.5 L,Am,Cpx,0px,0p, (QM)
0.75 16 980 A 456 2.5 L,O0p,QM

0.75 17 960 A 495 1.5 .L,Am,Cpx,0px,0p,QM
0.75 18 940 A 458 24.0 L,Am,Cpx,0p, (Opx),QM
0.75 19 940 A 487 3.2 L,Am,Cpx,0p,0px,QM
0.75 20 940 A 459 24.3 L,Am.Cpx,0p.(Opx),QM
0.75 21 940 A 457- 22.0 L,Ga,Cpx,0p, (Opx),QM
0.75 22 940 A 455 22.5 L,Ga,Cpx,0p,QM

1.0 10 940 A 227 3.0 L.Am.Op,QM

1.0 10 960 A 222 3.0 L,Op,QM

1.0 13 880 A 72 5.2 L,Am,P1,0p

1.0 13 920 A 68 3.2 L,Am,0p

1.0 13 940 A 70 4.0 L,Am,0p.QM

1.0 13 960 A 223 4.3 L,O0p,QM

1.0 16 960 A 452 24.2 L,O0p,QM

1.0 17 920 A 519 3.0 L,Am,0p.QM

1-0 18 920 A 522 3.0 L,Am.,.Op,QM

1.0 19 920 A 448 22.0 .L,Am.,0p, (Cpx)

1.U 20 920 A 453 23.3 L,Am.,Cpx,0p,QM

1.0 21 920 A 454 23.5 L.Aui,Cpx.0p.QM

1.0 22 920 A 450 23.5 L,Ga,Cpx.-Op,QM

*%
Reversals

0.50 13 1000 A 531R 4.5, (see run 11372)

13 925 5.5 L,Am,P1,Cpx,0px,0p
0.75 13 980 A 532R 3.3 (see run 11375)

13 945 3.0 L,Am,0Opx,0p
0.75 21.5 940 A 533R 21.8 (see run 11457).

19.5 940. 22.0 L, cpx,0p,Am,Ga,Opx
1.0 13 960 A 534R 2.1 (see run 11223)

13 925 4.0 L,Am. .Op,QM
1.0 .22.5 920 A 535R -23.0 (see run 1450)

20.5 920 23.8 L,Am.,Ga~Cpx,0p,QM
0.25 13 1125 A 590R. 3.1 (see .run "421) .

13 1095 4.2 L,Cpx,0p~ (PI)
0.50 -13 1045 A 589R 3.3 (see run 11349)

13 1015 4.0 L,Cpx,0p,P1

Basalt

0.25 10 1020 B 465 23.0 .L.Am,Cpx,P1,0p, (Opx) , (QU)
0.25 10 .1040 B 473 22.5 L.Am,Cpx.0P. (QW)
0.25 10 1060 B 475 22.5 L,Cpx,0p, (QW)
0.25 10 1180 B 488 6.0 L,Cpx.0p,QCpx
-0.25 10 1200 B 484 7.0 L,0p,QCpx
0.25 10 1220 B 483 6.0 .L,0p,QCpx ;
0.25 13 960 B 441. 22.7- L,Am,Cpx,P1;0p, (Opx) ,(QM)
0.25 13 1000 B 439 3.0 L,Am,Cpx.P1,0p, (01), (Opx), (QW) .



L,Am,Cpx,P1,0p,(01), (Opx)~(QM)
L,Am,Cpx,P1,0p,(01), (Opx), (QM)
L,Am,Cpx,0p, (O1), (QM)
L.Cpx,0p, (QW)

L,Cpx,0p, (QW)

L,Cpx,0p, (QW)

1,Cpx,0p, (QM)

L,Cpx,0p, (QM)

L,Cpx,0p, (QM)

[EEN

w

[EEN

o

(2]

o

o

SN

~

[N
NN NN NN

[EEN

w

[EEN

N

o

o

o

SN

~

oo
CQOIPROIOIRPNONNNWNWNN

0.25 1
0.25 .5
0.25 7
0.25 .5
0.25 .6
0.25 5
0.25 5
0.25 5
0.25 .3
0.25 13 1220 B 481 .0 L,0p,QCpx
0.25 13 1240 B 479 11.0 L,0p,QCpx
0.25 15 1000 B 553 .5 L,Cpx,Am,P1,.0p
0.25 15 1020 B 554 .5 L,Cpx,Am,P1,0p
0.25 15 1040 B 555 0 .L,Cpx,Am,P1,0p
0.25 15 1060 B 556 .0 L,Cpx,0p,(01),(P1)
0.25 16 1020 B 551 -5 . L,Cpx,Ga,0p"
0.25 16 1040 B 548 5.5 .L,Cpx,Ga,0p
0.25 16 1060 B 541 5.3 L,Cpx,0p
0.25 16 1200 B 544 4.0 L, Cpx, Op.QCpx
0.25 16 1220 .B 547 4.3 L,0p~QCpx
0.25 16 1240 B 545 .4.3 L,0p,QCpx
.0.25 17 1020 B"546 25.5" .L,Cpx,Ga,0p
0.25. 18 1020 B 543 22.5 L,Cpx,Ga,0p
0.25 19 1020 B 550 22.5 L,Cpx,Ga.0p
0,50 10 1000 B 387 3.1 L;Am, CPJ:C, .0p
0.50 .10 1020 B 392 3~0 L.Am,Cpx,0p,QM
0.50 10 1040 B 382 3.0 ..L,Cpx,0p,QM
0,50 10 1120 B 402 3.3 L,Cpx,0p
0.50 10 1140 B 404 3.5 L,Cpx,0p
0.50 10 1160 B 410 3.3 L,0p,QCpx,QM
0.50 13 100P B 360 3.0 L.Am,Cpx,0p,QM
0.50 13 1040 B 361" 3.0 L.Am, .Cpx,0p,(01),QM
0.50 13 1060 B 369 3.0 L,Cpx.Op,QM,QAm :
0.50 13 1100" B 371 3.0 L,Cpx,0p.QM,QAm
0.50 13 1120 B 378 3.0 L.Cpx,0Op . &M
:0.50 13,1140 B 374 3.1 L,Op;QCpx~
0.50 16 1020 B 433 -2i.5 L,Am._Cpx,0p,QM
"0.50 .16 1040. B 440" :3.0 L.Cpx.Op,QM
,0.50 j6 ".1060 B "428 3.0 L,Cpx,0p,QM
0.50 16 1100 B 441 3.0 L,Cpx,0p,QM
0.50 16 1120" B 431" 3.0 .L,0p.QCpx,Q~1
0.50 17 1020 B 422 22.0 .L.Cpx.Am,Ga,0p,Qlol
0.50" 18 *. 1020. B 432 22.0 L,Cpx,Ga,0p,QM
0.50 19 1020".B "414.-:22.0 L~Cpx,Ga,O0p~QM
0.50 21° "1020 B 409 22.7 .L,Cpx,Ga,0p,QM
0.75 10 .9~0 B.437 3.0 .L,Am,Cpx,0p,QM
0~75 10: .71000" "B4.35 .3~0 L,Cpx.Op,QM
0.75 "Hj 1060" B 438 . 3.0 L,Cpx,0p,QM

, 0.75 :io. .;,1085pv436 132 -,L,0p,QCpx,QAm.QM
*0.75 :10 ,1100, 'B 434 -3~0 ,L,01",QCpx,QAm,QM
0~75 .13 980 ".B4i5 .3.4 ~,Am, Cpx;P1,0p~QIll
0.75 ".13 ".1000 B 418-.: 1.3 L,Anl;Cpx,0p,QM.

. ;. 0~75" "13 ;",1020B,413" 3.1 L,Cpx,0P.QM,QCpx
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3
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0
1
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3
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3
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R~versals

8

19.3°

L,Cpx,0p,QM,QCpx, QAm
i,Cpx,0p,QM,QCpx, QAm
L,0p,QM,QCpx, QAm
L,Am,Cpx,0p
L,Am,Cpx,0p
L,Cpx,0p, (QM)
L,Am,Cpx,Ga,0p
L,Cpx,Ga,0p
L.Cpx.Am.Op.QM
L.Cpx.0p.QM
L.Cpx,0p,QM
L,Op,QM

L,Op,QM
L,Cpx,Am.Op.QM
L.Cpx.Am.Op
L.Cpx.0Op
L.Cpx.0p
L,Cpx,0p,QM
L.Cpx,0p,QM,QAm
L.Op.QM.QCpx, QAm
L,Cpx,0p.QM
L.,Am,Cpx,0p,QM
L.Am.Cpx,0p,QM

.L,Cpx,Ga,0p,QM.

(see run 11474)
L.Cpx,Am,0Op

-(seerun 11550)
L,Cpx,0p,Ga,Am
(see run 11431).
L, Cpx,Am,0p,Ql-1
(see run 11432)
L,Cpx,Am.Op.QM
(see run 11426)
L.Cpx,Am,Op

(see run 1512)
L,Cpx,Am~Ga,Op,QM
(see run 1182)
L,Cpx,Am,Or, - ,QM

(see run iM49)
L,Cpx,Am,0p,QM
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0.25

0.50

0.50

0.75

0.75

1.0

1.0

Abbreviations:

13
13

16
16

13
13

16
16

10
10

13
13

10
10

13
13

1225
1195

1225
1195

1145
1115

1125
1095

1085
1055

1105
1075

1085
.1055

1085
1055.

Am = amphiboZe;

gaPnet; L = glass

B .587R

.B 585R

B 583R

B 584R

B 582R

B 581R

B 588R

B 586R

ed Uquid;

vine;
roeene;

.questionabZe;

w

4
3
4
4
3
3
4
3.
5
3
3
3
3
3
4

O W ~O IO U1 MO OO Giol

* AZt, assembZages ineZude vapor .
t Run numbers preeeded by A empZoyed andesite as a-start-

ing materiaZ;
** See text

for descriptiOn

30

(see run 11481)
L,Cpx,0p,QM

(see run fJ547)
L,Cpx,0p,QM

(see run 11374)
L,Cpx,0p,QM

(see run 1J431)
L,Cpx,0p,QM

(see run 0436)
L,Cpx,0p,Q~1

(see.run 11426)
L,Cpx,0p,QM

(see run 11525)
L,Cpx,0p~QM

(see run D8o)
L,Cpx,0p-QM

cpx = cZinopyro3.ene; Ga —
interpret,!d  tI' be quench-

1 = mioaaeoue miriei>ai,; Ol:= oZi-
Op = opaque mineraZ; Opr: = orthopy..; .
Pl: = ptagiocZase; g = inte:rpreted-
to haVe erystazZized dur>ingthe quench; ?

() = traee amount

those preceded by Bused basaZt. -
~f reversaZ procedUre



End or supplemental mnterial



