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Abstract

Some of our earlier work (Allen et al., 1975) on the stability of amphiboles in andesite
and basalt at high pressures is subject to criticism because ofloss ofiron from the starting
material to the walls of the capsules (AgsoPdso) during the runs of/6, bufered over the range
of stability of magnetite. Analyses of fused run products show substantial loss of iron from
runs at magnetite-wiistite and nickel-nickel oxide conditions, but none from those at
magnetite-hematite conditions.

We have now redone our earlier work on the Mt. Hood andesite and l92l Kilauea olivine
tholeiite under N-NO conditions and with silver capsules. Analyses of fused run products
show no iron loss, and the reversed curve representing the maximum stability of the
amphiboles in the Mt. Hood andesite shows no change in location, although we now have
better control on the high-pressure part of this curve. The revised curve for the appetrance
of garnet is significantly lower in pressure, passing through 15.5 kbar/940'C and 14.5
kbar/9fi)'C. No orthopyroxene appeared in the run products, in contrast to the results of
our earlier work. The high-temperature segment of the amphibole-out curve for the
tholeiite is at least as high as 1040'C at 13 kbar and 1050"C at 16 kbar, and the high-pressure
part of this curve is at about 27 kbars, about 6 kbar higher than in our earlier work.
Amphibole is the sole silicate phase on the vapor-saturated liquidus in the andesite at
pressures below the garnet-in curve (<15.5 kbar), and it is accompanied by a minor amount
of an Fe-rich oxide. The revised phase relationships are consistent with the derivation of
andesite by amphibole-liquid equilibria in basaltic magma, and they reveal that the
amphiboles are stable to depths of nearly 100 km. The great depths to which amphiboles are
stable make it all the more probable that they are a source of H2O for partial melting in
deeply subducted oceanic crust.

Introduction

To understand the role of amphiboles in the genesis of
andesites, e.g.,by the fractionation of amphiboles from
hydrous basaltic magmas in orogenic zones, we (Allen el
al., 1975) experimentally established the stabilities of
amphiboles in a Mt. Hood andesite, a l92l Kilauea
olivine tholeiite, two other basalts, and an olivine nephe-
linite in the presence of nearly pure H2O vapor at values
of oxygen fugacity (fo,) approximately those of Fe3Oa-
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FezOr (M-H), Ni-NiO (N-NO), and FerOrFeO (M-W)
from l0 to 36 kbar. Later, we (Allen and Boettcher, 1978)
extended that investigation to lower and more realistic
values of /sr6 by using H2MO2 vapors and made all
runs at an;fs, approximately that of M-H. Our earlier
work (1975), conducted in the presence of nearly pure
H2O vapor, was subject to criticism (Stern and Wyllie,
1975) because of probable loss of iron from the starting
material to the walls of the capsules (AgsoPdso). As a
result, we determined the amount of iron lost in our
earlier experiments by analyzing the glass (quenched
liquid) with an electron microprobe analyzer. The results
indicated almost total loss of iron from those experiments
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Table l. Experimental run data

P, kbar T,'c tur a Dura-

hout a

597
619
602
2015
20t6
ttg4
tr90

**RweraaLa

R 2034 2o.o (see En #B 1194)
2 4 . 0  L , C f n , A D , c a , O p , q M

silver does not absorb iron from starting materials. The
experiments were accomplished with excess H2O and at
an/o, approximately that of N-NO. The same techniques
described in our earlier papers (1975 and 1978) were used
to analyze the run products. No loss of iron was detected.
All experiments used a piston-cylinder apparatus similar
to that described by Allen et al. (1975) and the same
furnace assembly and starting materials described by
Allen and Boettcher (1978). To reverse the amphibole-out
curves, two-stage runs were made in which temperatures
were initially held above and then lowered into the
stability field of amphibole, as tabulated in Table l. The
phases were identified by the techniques described by
Allen er al. (1975, p. 1072).

Results

Phase relationships

The phase relationships for the Mt. Hood andesite are
given in Table I and in Figure 1. A comparison of these

MT. HOOD ANDESITE

I
G a + [

A m + O p + L

900 ,t000 1100
TEMPERATURE ('C)

Fig. l. Crystallization sequence for Mt. Hood andesite. All
assemblages coexist with vapor. Abbreviations: Am =
amphibole; 6a : garnet; Op : opaque mineral; Cpx =

clinopyroxene; Ru = rutile; L = liquid. E Above liquidus; Z Op
+  L ;  l G a  + ! ; O A m  +  O p  +  L ; O A m  +  G a  *  O p  +  L .  O G a
+ Op + L; OAm -f Ga * Op + Ru + L; AAm + Ga + Op
+Cpx + Ru + L; AGa + Op + Cpx + Ru + L.

PlEee ass@bla8e*
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19
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20
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23
23
23
25

25

13

1 3 . 5

2 0

940 A 609
960 A 614
940 A 561
960 A 564
980 A 563
900 A 611
900 A 608
940 A 593
900 A 607
940 A 555
940 L 567
960 A 603
900 L 622
940 A 60r
900 A 62r
940 A 598
940 A 596
980 L 32

1000 A 33
900 a 617

1020 A 28
1 0 4 0  a , 2 9
1040 A 30
1060 A 3I
1 0 7 0  A  3 4

965 A 600
935

940
900

1020
1030
1040
1040

1040
r070
1040
1020
1045
1020
r060

r020
LO20

Ande6ite

3 . 0

2 4 . 0
24.2
24.0
2 4 . 0
) - )
) , )
3 . 0

100.0
2 4 . 0
9 9 . 0
24.O
24.0
24,0
24.O
24.0
8 . 0
8 . 0
8 . 0
8 . 0
8 . 0

**Reversals

L, Ao,0p, QU
L , o P , Q M
L, Io,  Op, qM
L,QM
L,QM
L, Ao, Op, QU
L,AE, Gs, Op, er,  QM
L, An, Op, QU
L, An, c€,Op,Ru,QM
L, An, @, Op, qM
L, .AD, Ga , Op , Qil
L, op, Qlt
L,  Am, C€, Cpx, Op, hr,  QIt
L , A o , G a , O p , Q M
L , G a , C p r , O p , R , Q M
L, Ca, Op, QIt
L, G6,0p, ql t
L,  ee, QM
L, QU
I , V , G a , R u , O p , q U
L r c a , Q U
L, QM
L, Ga, QM
L, Ga, Qlt
L,QU

(see run #A 564)
L, Ae, Op, Qlt

(see tun #A 608)
L , A n , o p ,  ( c a ) , Q u

(see run #A 596)
L,Ao, ca, Cpx, Op, Qlt

L , C p x , d m , O p , Q U
L, Cp(,Ad,0p,QM
L , C p x , A D , 0 p , Q M
L,Cpx,An,Op,QU

L, Cpx, An, cs,Op, qM
L, Cpr, !D, ce, Op, QM
L, Cpx, AD, ca, Op, qM
L, Cpx,Ar,Ca,Ru,Op, QU
L , C p x , G a , 0 p , Q U
L, Cpx, Ca, Op, &r,  qU
L, Cpx, Ga, Op, QM

900
900

6 . 3
1 6 . 6

2 4 . 0
2 4 . 5

2 4 . 0
1 0 0 , 0
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Abb"eoiatime: hn = @nphibole; Cpc = cli.tupVrorere; Ga : gwt;
7, - g1aes inte?Weted to be qrerched Liquil.; M = tiweow mLrercL;
op = opaque ninetal; Ru = rutile; Q = inte?pteted to lw|e c"Us-
talli.aed dtrlng the quach; ( ) = twee mwt
* ALL avs@blageo i.rcLude uapor

f ktn wbere preeeded by A anployed. andeeite @ a st@bing
tute"iaLj tToee preeeded bg B used. baeal.t.

** See teet for deeeLptin of wereal proce&ze

at M-W conditions, significant loss at N-NO conditions,
but no observable loss at M-H conditions. Thus, the
phase relationships reported in our recent investigation
(Allen and Boettcher, 1978) are satisfactory for they were
done at a sufficiently high/er, i.e.,M-H, but that part of
our earlier work (1975) done at anl6, lower than approxi-
mately M-H was in need of reinvestigation.

Experimental methods

To prevent loss of iron, we have used silver capsules in
our reinvestigation of the stability of amphiboles in a Mt.
Hood andesite and a 1921 Kilauea olivine tholeiite, for

t5

,t0
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Fig. 2. Crystallization sequence for l92l Kilauea olivine
tholeiite. All assemblages coexist with vapor. Abbreviations:
Am = amphibole; Ga : garnetl Op : opaque mineral; Cpx =
clinopyroxene;Ru = rutile; L = liquid. O Cpx + Am + Op + L;
OCpx + Am + Ga + Op + L; t rCpx + Ga+ Op + L;ACpx +
Am * Ga + Op + Ru + L; ACpx + Ga + Op + Ru + L.

relationships determined with Ag capsules with those
using Ag5sPd50 capsules (Allen et al., 1975) shows no
change in the reversed curve representing the stability of
amphibole in the andesite, and we now have better
control on the relatively flat slope, dPldT, of the high-
pressure part ofthis curve. However, the garnet-in curve
is 2 to 3 kbar lower in the present study. These results are
not unexpected, for the amphibole-out curve represents
the maximum stability of the amphibole with the highest
Me/(Me + Fe). Amphiboles with a lower Mg/(Mg + Fe)
would melt at lower temperatures, but this would have no
significant efect on the location of the high-temperature
part of the amphibole-out curve. Similarly, amphibole-
bearing assemblages with amphiboles that have a lower
Md(Mg + Fe) would transform to garnet-bearing assem-
blages at lower pressures, thereby shifting the garnet-in
curve to lower pressures, but this would have no signifi-
cant effect on the high-pressure part ofthe amphibole-out
curve, at least not in this relatively simple part of the
system with few crystalline phases. No orthopyroxene

was found in this study with Ag capsules, in contrast to
our earlier work.

The phase relationships determined in our reinvestiga-
tion of the l92l Kilauea olivine tholeiite are given in
Table I and in Figure 2. The melting of silver prevented a
complete determination of the melting relationships in
this system; however, the high-temperature part of the
amphibole-out curve for the tholeiite is at least as high as
l(X0'C at 13 kbar and 1050"C at 16 kbar. The actual
location of this part of the amphibole-out curve is proba-
bly not significantly higher, if at all, than the position
determined in our earlier study using AgsoPdso capsules,
for, in that study, there was only a small amount of
amphibole in the products from the runs at 1030'C and 13
kbar, and at 1040"C and 16 kbar. The high-pressure part
of the amphibole-out curve probably has a relatively flat
dPldT slope; amphibole-bearing assemblages start con-
verting to garnet-bearing assemblages at a pressure of
about 6 kbar higher than in our earlier study. The garnet-
in curve is also substantially higher (2 to 3 kbar) in this
study compared to our earlier one. The differences in the
location of these two curves compared to those in our
earlier work (1975) are not the same or as simple as in the
case of the andesite, for there are more complex, crystal-
line phases in a very complex silicate liquid in the
tholeiite compared to the andesite.

Chemical analyses

The chemical composition of clinopyroxenes, amphi-
boles, garnets and glasses were determined with an ARL-
Bux electron microprobe analyzer at UCLA in order to
(l) compare the compositions ofthese phases synthesized
in runs with no detectable loss of iron with those in our
earlier works (1975, 1978), and (2) determine the potential
of amphibole fractionation in these systems at high pres-
sures and high temperatures. The method of Bence and
Albee (1968) was used to compute the chemical analyses'
The structural formulae of the amphiboles were comput-
ed assuming Fe2O3/FeO = 0.4 to maintain consistency
with our earlier methodology. To use the classification of
Leake (1978), HzO in the amphiboles was arbitrarily
taken as 2.00 percent, and the structural formulae were
calculated using 24 oxygens; however, the structural
formulae in Table 3 were computed using 23 oxygens and
no H2O. Salient features of these analyses are as follows:

Clinopyroxene. A direct comparison of these data with
those in our earlier paper (Allen et al., 1975) is not
possible, for the clinopyroxene in the two investigations
were not all synthesized at precisely the same pressures
and temperatures; however, those conditions appear to
be close enough for a general comparison (this limitation
similarly applies to the amphiboles, garnets, and glasses).
Our current results (Table 2) are generally consistent with
our 1975 data, and they show little variation with changes
in pressure and temperature.

25
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Table 2. Clinopyroxene compositions from basalt runs

AElyBlB

Run f

I

R 577

2

B 577

3

B 595

4

B 595

5

B 595

6

R 597 R 597

I

B 602

9

B 602

P, kbar
T ,  " C
S102
T10z
Alz0g
Feo*
Mgo
lftr0
Ca0
Na20
Kz0

Total

s1
AT
T t
Fe
MS
Itr
Ca
Na
K
18/(lts+tFe)
la
Fe
Ca

16
1040

)u .6J
r . a f
4 . 3 4
7  . 1 0

1 5 . 6 6
0  . 1 7

1 9 . E 2
0 . 3 4
0 . 0 5

99.45

1  q 7 0

0 .189
0.032
o.220
0.863
0 .005
0 .785
o.o24
0 .002
0 .80

46.2
11 .8
42.O

16
1040

51 .96

3 , 5 2
6 . 9 9

1 5 . 4 9
0 , 1 6

20.56
0 . 3 4
0 . 1 1

9 9 . E 6

1 , 9 1 5
0.  r53
0 . 0 2 0
0 . 2 1 5
0.851
0 . 0 0 5
0 . 8 1 2
o.o24
0.005
0 . 8 0

4 5 . 3
1 1 . 4
43.2

22
1040

53 .23
0 .59
2 .40
6 . 7 7

15 .37
0 . 1 5

t i  1 t

o .47
0.1r .

99 .81

1  , 959
0,104
0 .016
0 .208
0,843
0.005
0 .817
0.034
0.005
0 .80

45 .1
1 1 . r
43.7

23
1040

53 .50
0 . 5 6
2 .28
7 .44

16 .00
0 .14

20 .58
0 .43
0  . 09

101.11

1 .951
0.098
0 .0 r5
o .226
0 .868
0.004
0.803
0 .031
0.004
0 . 7  9

45 .8
11  . 9
42.3

23
1040

52.O2
0 .59
3 .53
6 .91

L6.42
0 .15

2L .25
0 .48
o .L2

100.49

L.902
0 .152
0 .016
0 .2 r1
0 .840
0.00r'1
0 .833
0.034
0.006
0 .80

44,6
LL.2
44.2

22 22
1040 1040

5!. .E8 52.31
0 .63  0 .64
3 .32  2 .74
6 .58  6 .79

15.67 15.53
0 .14  0 .L2

20.97 20.80
o .49  0 .45
0 .08  0 .06

99.77 99.53

Catione/6 Ocygens

25 25
1040 1040

52.69  51 .70
0 . 4 4  0 . 6 0
2 . O 7  3 . 4 4
7 . O O  6 . 6 9

15.99  L5 .23
0 . 1 4  0 . 1 0

20.80  2L .69
o . 4 2  0 . 5 2
0 . 0 9  0 . 0 9

9 9 . 6 5  1 0 0 . 0 6

1.943 1 .898
0 . 0 9 0  0 . 1 4 9
0 . 0 1 2  0 . 0 1 6
0 . 2 1 6  0 . 2 0 5
0 . 6 7 9  0 . 8 3 3
0.004 0 .003
0.822 0 .853
0 . 0 3 0  0 . 0 3 7
0,004 0 .004
0 . 8 0  0 . 8 0

45.9  44 .L
1 1 . 3  1 0 . 8
42.9  45 .L

1.908 L.932
o.L44 0,119
0.016 0.018
0.202 0.210
0.859 0.850
0.004 0.004
0.826 0.823
0 .035  0 .032
0.004 0.003
0 .81  0 .80

45.5 45.4
10 .7  11 .1
43.5 43.5

* TotaL im 6 Eeq

Table 3a. Amphibole compositions and structural formulae

Analysls

Run /l

I

A 611

2
A 611

3
A 611

4

A 608

)
A 508

6

A 593

7 8

A 593 A 593

P,kbar
T ,  " C
s102
T102
4 1 r o e .
Fe203 t
Fe0
ugo
t{Il0
Ca0
Na20
Kzo
Hz o*

Total

S t
AlIV
AlVI
T t
f e -
l ' lg-+
F e ' '
lfn
Ca
Na
K
!{g/ (ug+rre)
l'tg/ (Ms+Fe'z1
Fe/l{g

CLasslf lcat lon**

L4
900

4 3 . 5 8
1 . 6 5

1 4 . 8 5
3 . 8 9
9 . 7 4

t2.66
0 . 1 8

10  . 30
2 . 6 9
0 . 5 0
2  . 0 0

102 .05

6 .209
I , 7 9 L
o . 7 M
o . t77
o.4L7
2.688
1  . 161
o . o 2 2
1 . 5 7 2
o . 7 4 3
0 . 0 9 1
0 . 6 3
0 . 7 0
0 .  5 9

Parg

L4
900

43.?.3
r . 9 7

74.26
3  . 68
9 . 2 r

t2.7 0
0.14

1 0 . 5 2
2 . 6 7
0 . 5 0
2 . O O

t00.88

6.225
L . 7 7  5
o .646
0 . 2 1 3
0 . 3  9 9
2 . 7  2 6
I  .109
0. 017
L.623
o . 7  4 5
n  n o t

o . 6 4
0 . 7 1
0 .  5 5

Parg

L4
900

44 .36
L . 8 2

13  . 81
3 . 8 0
9 .  5 1

L2.93
0 . 1 8

to.22
2 . 6 7
0 . 4 5
2  . 0 0

1 0 1 . 7 5

6.323
L . 6 7 7
o.643
0 . 1 9 5
0.4 08
2 . 7  4 7
1 .134
o.o22
1 . 5 6 1
0 . 7 3 8
0.  082
0 . 6 4
0 .  7 1
0 .  5 6

pa-hb

6 . 2 6 4
L , 7 3 6
0 .  566
0 .18  9
0 . 4 1 6
2 . 6 7  4
1 . 1 5 6
0 .021
1 .  609
o . 7 2 6
0 .  088
0 .  63
0 . 7  0
0 . 5 9

pa-hb

1 5
900

4 3 . 3 5
r. .65

L4.23
3 . 7 9
9 . 4 9

1 2 . 6 I
0 .  1 9

1 0 . 0 5
2 . 6 3
0  . 5 5
2 . 0 0

t00 .54

6.264
7 , 7 3 6
0 . 6 8 7
0 . L 7 9
o.4t2
2 . 7 L 6
L. I47
0. 023
1 . 5 5 6
o . 7 3 7
0.101
o . 6 4
0 . 7 0
0 .  5 7

pa-hb

1 5
940

4 3 . 8 4
L , 6 9

1 3 . 4 0
3 . 2 7
8 . 1 6

14.22
n  l q

1  0 . 1 5
2 . 6 3
0 . 5 2
2 . 0 0

100.03

6.322
r . 6 7 8
0.  599
0 . 1 8 3
0 . 3 5 5
3 . 0 5 6
0.984
0.  0L8
1 . 5 6 8
0 . 7 3 5
0 . 0 9 6
0 . 7 0
o . 7  6
o . 4 4

pa-hb

t5
900

43 .51
r . 7  5

r .4 .15
3 . 8 4
9  . 5 0

L2.46
0 . 1 7

r .0 .43
2 . 6 0
0  . 4 8
2 . O O

100.  99

Catlons/23 Oxygens

15 r.5
940 940

43.95  43 .7 I
r . 7 6  L . 7 2

L3.47  13 .20
3 . 2 7  3 . 1 6
8  . 1 7  7  . 9 0

14.54  14 .80
0 . 1 5  0 . 1 5

1 0 . 2 5  1 0 . 3 6
2 ; 6 7  2 . 7  2
0 . 5 4  0 . 4 9
2 . 0 0  2 . 0 0

100.77  100.21

6.294 6 .293
r . 7  0 6  L . 7  0 7
0 . 5 6 8  0 . 5 3 3
0 . 1 9 0  0 . 1 8 6
0.352 0 .342
3 . 1 0 4  3 . L 7 6
0 . 9 7 9  0 . 9 5 1
0.018 0 .0L8
L . s 7 3  1 . 5 9 8
o . 7 4 I  0 . 7 5 9
0 . 0 9 9  0 . 0 9 0
0 . 7 0  0 . 7 1
o . 7  6  0  . 7 7
0 . 4 3  0 . 4 1

pa-hb pa-hb
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Table 3a. (continued)

3 l l

Analysis

Run /l

9

A 607

10

A 607

I1

A  607

I2

B 595

1 1

B 595

I4

B 597

1 6f )

R 602 B 602

P, kbar

si02
T i0z
A l ,0q
f"rO. *

Fe0
l'lgo
Itn0
Ca0
Na20
K z 0
Hzo*

Total

S 1
AlIV
AlVI
T {

Fe3 
-

Ms
F e ' '
Mn
UA
Na
K
l"1gl (l4g+IFe)

I'.1gl (I,tg+Fe2+)

Fe/MC

Classif icat ion**

1 6
900

43 .28
t . 6 4

15 .28
5 . t J

9 . 3 4
t 2 . 5 5
o , 2 l

1 0 . t 8
2  . 8 r
0 . 5 2
2  . 0 0

r01 .54

6 . 1 8 6
1 . 8 1 4
0 , 7 6 L
0 . L 7 6
0.  401
2 , 6 7 4
r . 1 1 6
0.  025
f . ) ) v

0 . 7 7 9
0 . 0 9 5
0 . 6 4
0 . 7 1
0 .  5 7

parg

1 6
900

44 .o7
1 . 5 9

L3 .62
3 . 8 9
Y - t 4

L 2 . 9 4
0 . 2 2
9 . 4 9
2 . 6 6
0 . 4 0
2 . 0 0

L00 .  62

O . J ) U

1 . 6 5 0
0.  663
o . t 7 2
o . 4 2 2
2 . 7 7 9
r . t 7 4
0.027
I . 4 0 )

0 . 7 4 3
o . 0 7  4
o . 6 4
0 . 7  0
0 .  57

pa-hb

16
900

43 .52
r . / o

J . b 4

9  . 1 0
1 2  a A

0 .  14
1 0 . 3 9

2 . 6 5
0 . 4 8
2 . 0 0

100 .  51

6 . 2 7 4
L . t z o

0  . 7 3 3
0 . 1 9 1
0 . 3 9 5
2 , 6 5 6
1 . 0 9 7
0 . 0 1 7
1 .  605
0 . 7 4 1
0 .088
0 .  64
0 . 7 1
u . ) o

pa-hb

6  . 010
1 .  990
n  1  q o

0 . 4 7 6
o . 3 7  9
2 . 7  6 0
1  . 0 5 6
0  . 0 2 5
L . 9 5 0
0 . 7 4 5
0 . 1 4 1
0 .  6 6
o . 7  2
0 . 5 2

mg-ha

22
L040

40 .66
3 . 5 9

13 .81
4 . 1 0

LO.24
1 3  . 4 5

n 1 1
v . r o
2 . 3 8
o . 6 7
2  . 0 0

LOO.27

5  . 953
2 .047
0 . 3 3  6
0 . 3 9 5
u . 1 ) z
2 . 9 3 5
L . 2 J 4

0.  026
r . 4 3 7
o . 6 7  6
0 . 1 2 5
0.  63
0 . 7 0
0.  s8

ng-ha

23
1040

41.02
4 . O 2

L4 .2L
4 . 7 7

1 1 . 9 4
9 . 8 3
0 .  1 9
9 .  r 9
2 . 2 9
o . 7 , 5
2 . O O

100 .  21

6  . 050
1 . 9 5 0
0 .527
0 . 4 4 6
0 . 5 2 9
2 .T6 I
t . 4 7 3
0 .024
1  f . < 1

0 .  655
0 .  141
0 , 5 2
n K o
0 .  93

1040
4  0 . 1 8
4 . 2 3

12.19

8 . 4 4
] .2.38

0 . 2 0
1 2 . L 7

a \ 7

o . 7 4
2 . O O

98.47

Catlons/23 O<ygens

2 5  2 5
1040 1040

42 .08  41 .65
4 . 2 3  3 . 7 6

1 3 . 5 9  L 3 , 2 5
4  . 3 6  4  . 0 8

1 0 . 8 9  L 0 . 2 1
9 . 9 1  1 1 . 2 I -
0 . 1 5  0 . 1 7
9  . 8 4  9 . 8 3
2 . 3 5  2 . 5 0
0  . 1 .3  0 .26
2 . 0 0  2 . 0 0

100 .13  99 .42

6 . 1 7 4  6 . 1 4 8
L .826  L  . 852
0 . 5 2 4  0 . 4 5 3
0 .467  0 .4L7
0 . 4 8 1  0 . 4 5 3
2 .167  2 .466
L . 3 3 6  t . 2 6 0
0 . 0 1 9  0 . 0 2 1
L . 5 4 7  1 . 5 5 5
0 . 6 6 8  0 . 7 1 s
0 . 1 3 7  0 . 1 4 3
0 . 5 4  0 . 5 9
0 . 6 2  0 . 6 6
0 . 8 4  0 . 6 9

t s  t s

*
**

Estimate, see tert.
On the basie of 24 orygens, aceoyding to classifieation of Leake (L978)
Abbreliations: pa?g : p@galite; pa-Lb = pargasitic hornblerde; mg-Vtz. : trugnesio-hastingsite; te :
tsehennakite; A = Avtdesite; B : BasaLt

Annlyses 1-11 fron andesite; anaLyses 12-16 fz,on basaLt.

Amphiboles. Our 1975 data for amphiboles synthesized
from the andesite were significantly higher in SiO2 and
somewhat higher in MgO, about the same in Fe2O3 and
FeO, and significantly lower in Al2O3 at lower pressures,
but somewhat higher in FeO and Fe2O3 and lower in MgO
and CaO at higher pressure. Our present results (Table 3)
show a decrease in FeO and Fe2O3 and an increase in
MgO with an increase in temperature at a constant
pressure, but they show no significant change with varia-
tions in pressure. Our 1975 data for amphiboles synthe-
sized from the basalt were highly variable and significant-
ly lower in TiO2 and higher in Al2O3.

Garnets. Garnets synthesized from the andesite ale
significantly lower in SiO2 and higher in Al2O3 and FeO*
than in our 1975 study. The garnets in Table 4 show a
decrease in FeO* and an increase in MgO with an
increase in temperature at constant pressure.

Glasses. The variatlon in sodium among these rather

H2O-rich glasses (Table 5) is most likely to have been the
result of the volatilization of sodium. These analyses are
reported on an anhydrous basis; the totals before recalcu-
lation on this basis ranged from 74.98 to 91.80Vo. Al-
though the glasses were generally clear and free of
quench crystals, it is possible that minute grains, for
instance of opaque minerals, may be responsible for some
of the compositional variation. The glasses (Table 5)
formed from the andesite are richer in FeO, Fe2O3, MgO,
and Na2O than those in our 1975 study, but Mg/(Mg +
)Fe) is similar. Note that the glasses formed from the
basalt are significantly higher in SiO2, A12O3, and K2O,
and lower in the other major oxides than the parent
basalt. All of the glasses in Table 5 are quartz-normative.

Discussion

The results of our reinvestigation indicate that there is
no need to significantly alter the conclusions or applica-
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Table 3b. Normative composition (C.I.P.W.) of amphiboles in Table 3a

orthoclase
a lb i te
anor th l te
nephel lne
dlops ide

wo

o1 lvlne
fo

nagnet lte
ILEenite

2 . 9 6
1 0 . 3  6
27  , 00

o . t z

19  . 38
(  10  . 06 )
(  6 . 7 1 )
(  2 .6 r )
2 4 . 8 6

( 1 7 . 3 e )
(  7  . 4 7 )

) . b 4

3 . 1 3

2 . 9 6
9 , 9 t

25.45
6 . 8 7

2 L , 4 5
\ I I . I / , ,

(  7  . 5s )
(  2 .63 )
23. t7

(16 .80 )
(  6 . 3 7 )

5 . 3 4
3 . 7 4

z .  o o

13  . 34
2 4 . 3 7

5  . 0 1

( i l . .00)
(  7  . 45 )
(  z . t o 1
2 4 . 2 6

(L7  . 34 )
/  A  O r l

J . + O

2 . 8 4
11  . 17
z ) . ) L

5  . 8 7
21  . 09

(  10 .  9s )
(  7 . 3 3 )
(  2 . 8 1 )
2 3 . 6 2

( 1 6 . 6 r )
(  7  . 01 )

) .  ) t

3 . 3 2

3 . 2 5
LT.2L
25 ,40
5 .  9 8

1 9 . 6 6
(10 .  21 )
(  6 . 8 s )
(  2 .60 )
2 4 . 4 I

(r7 .2r)
(  7 . 20 )

5 .  5 0
J .  A J

3 . 0 7
L r  . 1 5
23 .22
6 . 0 2

2 L , 6 5
(11  . 33  )
(  8 . 0 e )
(  2 ,23 )
2 4 . 9 7

(1  e  . l s )
(  5 . 8 2 )

3 . 2 L

3 . 1 9  2 . 9 0
LO.24  9 .47
2 3 . 1 8  2 2 . 3 6

6 . 6 9  7 . 3 4
2 2 . 0 8  2 3 . L 4

(11 .  s6 )  ( L2 .L2 )
(  8 . 3 0 )  (  8 . 7 e )
(  2 .22 )  (  2 . 23 )
25 .32  25 .16

(1e . s6 )  ( Le .67 )
(  s . 7 6 )  (  5 . 4 e )

4 , 7 4  4 . 5 8
J . 5 +  5 . Z l

1 6I413T 211

or thoc lase
a lb i te
anor th i te
nephel.lne
d lopside

m
en
f s

o1 lv lne
fo

nagnet 1te
llnmlte

3 . 0 7
o  a 7

z l . ) )
7  q q

r o . c )
r a 5 0 \

(  6 . 4 4 )
(  2 .42 )
2 4 . 6 0

(17  , 39 )
(  7 .2 r )

)  . 4 r
3 . L 2

z . 3 b

1 5 . 3 9
2 4 . 0 4
3  . 8 6

I  I  q t

(  e . 62 )
(  6 .42 )
(  2 . 4 8 )

t q  7 9

( 18  . 08 )
(  7 , 7 0 )

5 . 6 4
3 . 0 2

2 . 8 4

2 6 . r 7
5  R O

20 .37
(10 .  60 )
(  7 .L9 )
(  2 .  s 8 )
23.07

( 1 6 . 5 3 )
(  6 . s 4 )

5 . 2 8
J . J C

4 . 3 7
0 . L 7

19 .54
11  . 69
32 ,40

(17  . 05 )
(12 .81 )
(  2 . s 4 )
15  . 38

<L2 .63 )
(  2 . 7  s )

4 . 8 9
8 . 0 3

3  . 9 6
8 . 2 6

25.02
6 . 4 4

I O . J J

(  8 . 5 3 )
(  6.02)
(  1 . 7 8 )

Z J . J L
a l  o  t q \

(  6 . 26 )
s  o q

6 . 8 2

4 . 4 3
1 3 . 3 4
2 6 . 2 8
3 . 2 7

I ) .  b I

(  8 . 0 6 )
(  ) . r r ,
(  2 . 4 4 )
20 .72

( 1 3 . 5 7 )
(  7 . 1 s )

6 . 9 2
7  . 6 4

4 , 3 1  4 . 4 9
1 4 . 6 0  1 r . 2 0
2 4 . 3 8  2 2 . 6 9
2 . 8 6  5 . 4 0

L9.66 20.9L
(10 .20 )  ( 10 .89 )
(  6 . 7 e )  (  7 . 4 8 )
(  2 . 6 7 )  (  2 . 5 4 )
L 7 , 9 6  1 9 . 6 8

( r2 . s4 )  ( r 4 .32 )
(  s . 4 2 )  (  s . 3 6 )

6 . 3 2  5 . 9 2
8 .  03  t  . L4

Table 4. Garnet compositions

Amlysls

RrD tI

1

A  622

2

A 601 A 62L A 598

5

A 598

6

A 615

7 A

A  5 9 6  A  5 9 6

9 1 0 1 1

A 615 A 6L7 B 602

P, kbar

S10z
TtOz
A1z 0g
Fe0*
t€0
Un0
Ca0
Na20
K z o

Total

18 18
900 940

4 0 . 3 5  4 0 . 0 5
1 . 3 5  L . 3 2

20 .24  2 t . 82
20.05 L9.77
7 . 4 8  9 . 2 8
0 . 7  5  0  . 5 5
9 . 8 s  9 . 7 9
0 .06  0 .06
0 . 1 5  0 . 0 7

19 19
900 940

37 .77  39 .33
L ,99  1 .08

) 1 U 1 " 1 1

20 .74  19 .51
7 . 0 4  9 . 4 3
0 .84  0 ,52

10 .63  9 .56
0 .04  0 .06
0 .14  0 .04

2 .892  2 ,92L
1 . 9 1 5  1 . 9 5 6
0 .115  0 .060
L .329  L .2L2
0 .803  L .044
0 .054  0 .033
0 .872  0 ,76 r -
0 .007  0 .o09
0 .013  0 .004
0 .38  0 .46

20 20
940 940

38 .17  39 ,26
2 . 4 0  1 . 9 6

20.33 20.64
20.o4 19.03
7  . 7 7  9 . 3 9
0 . 8 5  0 . 3 9
1 0 . 1 s  9 . 9 2
0 .06  0 .07
0 .14  0 .L4

99. 90 100,  78

2 .932  2 .957
r. .841 L.832
0 .139  0 .111
L .287  1 .199
0 .889  1 .054
0 .055  0 ,o25
0 .835  0 .800
0 .009  0 .010
0.014 0.0r .3
0 .41  0 .47

22 23 25
900 900 1040

38  . 51  38  . 40  40 .16
2 . 3 2  2 . 0 3  1 . 8 9

20.76 2L.07 20.38
20 .52  19 .16  15 .91
5 . 7 6  7 . 3 L  1 1 , 4 1
0 . 8 5  0 . 5 3  0 , 4 9

1 2 . B  1 1 . 3 6  1 0 . 2 0
0 .08  0 .10  0 .04
0 .08  0 .L2  0 .08

101.01 100.08 100.57

2 .947  2 .935  2 .990
1 .873  1 .899  L .789
0 .134  0 .117  0 .106
1 .313  L .225  0 .991
0 .657  0 .833  L .265
0 .0s5  0 .034  0 .031
0 .995  0 .930  0 .814
0 .012  0 .014  0 .006
0 .008  0 .012  0 .007
0 .33  0 .40  0 .56

19
940

40.04
r , 9 4

2L .29
1 9 . 7 8

9  . 3 5
o .64
9 . 7 7
0 .06
0 . 0 2

2 .960
1  . 855
0 .108
L . 2 2 3
1. 030
0. 040
0 . 7 7  4
0 .009
0. 002
o . 4 6

20
900

3 8 . 3 5
1 . 9 8

20.38
20.95
7 .04
0 .88

10 .41
0 .07
0 .07

100 .28  r02 .73  100 .39  101 .86  102 .89  100 .12

Catlons/ 12 O<ygens

s1  3 .084  2 .95a
A l  L .824  1 .900
T i  0 .078  0 .073
Fe L.282 L.22L
l4C 0.853 ! .022
r.h 0.049 0.035
Ca  0 .807  0 .775
Na  0 .009  0 .009
K  0 .015  0 .007
l€l (Ms+XFe)0.40 0.46

2 .950
r. .849
0 .115
1 .348
0 .807
0 .057
0 .8  s8
0 .010
0.005
0 .37

Iotal inon as Fe1,
Abbreui.ati.ore: A = Attdeeite; B = Basalt
Arwlyses L-10 fian andeeite; awlgsee 11 fz,on baealt,
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Table 5a. Composition of quenched liquids

3 1 3

Analysls

Run il

t

a 608

2

A 607

4

A 62I

)
B 597

o

B 597

7

B 602

P, kbar

s102
T10z
A1 z0s
Fe203  *
! e u

[€0
ItI0
Ca0
Na20
K z 0

Total

Ms/ (I.€+tFe)

L 6
900

o ) . d /

0 . 5 7
1 6  . 4 )

r . o o

4 . L 4
z  . 5 J

0 .  05
J . U J

1 . 9 0
0 . 0 0

100 .01

0 . 2 9

I 9
900

5 5 . 8 0
0 . 5 5

I D . ) /

0 . 8 6
2 . r 4
r . f c

0  . 00
4 , 5 0
) . 6 t

1  . 1 0

100 .03

0 . 3 4

l9
900

67  . t 4
0 . 4 4

o . 7 2
I  . 8 0
t , r 2
0 .  00
4  . 3 8
5 . 3 7
1 t 1

100 .01

0 . 3 1

Z J

1040
67  , L7
0  . 3 4

19.67

3 . 3 8
0 .  6 6
0 . 0 4
) . t u
0 , 3 6
1 . 3 3

100  . 0 r

o , 1 2

l )

900
6s .46
0 .  6 0

L7  . 49
0 . 6 7
1  . 6 6
1  ? A

0 , 0 3
5  , 41
6 . 2 6
1  . 01

99 .98

0 . 3 7

I J

1040
54 .08
r  . 4 1

1 9 . 0 1
I  r l

7 . 7 7
2 . 4 6
o . 2 6
9  . 0 0
I . 4 5
L . 4 4

oo  oo

0  . 1 8

2 5
1040

b J .  ) 4

I  . 8 1
1 9  . 9 0

0 . 8 5
2 . L 2
1  . 1 6
0  . 09
7  . 4 6
L . 2 L
I  . 84

9 9  . 9 8

0 . 2 8

Estinate, see tert,
Analyses 1-4 fron andesite; ana.Lyses 5-Z fz,on basatt.

tions discussed in our previous papers (Allen er al.,1975;
Allen and Boettcher, 1978). Our current study confirms
that the stability of amphiboles in andesites and basalts is
limited by melting reactions at high temperatures and by
transformation to garnet-bearing assemblages at high
pressures. Amphiboles in the basalt are stable to tempera-
tures greater than those of the vapor-saturated liquidus
for the andesite. The separation of low-silica amphiboles
(such as those synthesized from the tholeiite in this study)
from basaltic magmas by partial melting or fractional
crystallization in the presence of water would be an
efective process leading toward silica enrichment of the
liquid, such as proposed by Bowen (1928) and applied to
derivation of andesitic magmas by Boettcher (1977).
Nevertheless, recent investigations of orogenic-zone an-
desites (e.g., Gill, l98l) reveal that the genesis of such

rocks is far too complex to be modeled by such processes
alone.

The most important revelation of this work is that the
maximum depth to which amphiboles are stable in basal-
tic compositions is almost 100 km, which is significantly
greater than that suggested by our earlier work. These
great depths to which amphiboles are stable enhance the
likelihood that they are a source of H2O for partial
melting in deeply subducted oceanic crust.
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Table 5b. Normative composition (C.LP.W.) of liquids in Table 5a

quartz
or thoc lase
a lb l te
anorthlte
corundun
d lops ide

wo
en

hypersthene
en
f s

mgnet lte
llnenlte

13  . 01
) . t I

52.97
L6.64

0 .  0 0
8  . 1 0
4 .20 )

1  . 20 )
1  . 00
0 . 7 0 )
0 . 3 0 )
0 . 9 7
1 . 1 4

38  . 11
0 . 0 0

1 5 . 0 8
2 4 . 9 5

5  . 18
0 .  00
0 .  00
0 . 0 0
0 .  00

1 1  . 2 0
(  s . 8 0 )
(  5 . 4 0 )

2 . 4 L
1  . 08

16 .  9B
6 . 5 0

4 9  . 6 7
L5 .62
0 . 0 0
) . + )
2 . 8 0 )
r .  7o )
0 . 9 s )
J  , 5 q

2 . L 4 )
1 . 2 0 )
L . Z )

L . 2 4

1 9 . 3 2
7  . 5 L

+ ) . c +
20.63
0 .  00
0 .  90
0 . 4 5 )
0 ,26 )
0 . 1 8 )
4 , 3 3
2 . s3 )
1 . 8 0 )
1  . 04
0  . 8 4

44 .69
7  . 8 6
3 . 0 5

28.28
7  . 2 8
0 . 0 0
0 .  00
0 . 0 0
0 . 0 0
6  . 10

(  1 . 6 0 )
(  4 . so )

L . 9 7
0 .  5 5

13 ,46
8  . 5 1

L 2 . 2 7
41 .  11

0 . 0 0
2 . 8 0
1 . 4 0 )
0 . 5 0 )
0 . 9 0 )

L4 .40
5 .  50 )
8 ,  90 )
4 . ) I

2 , 6 8

1 1  q Q

1 0 . 8 7
LO.24
3 7  . 0 r

2 . 5 0

0 . 0 0
0 .  00
0 .  0 0
0 .  0 0
3 . 2 6

(  2 . 8 9 )
(  0 . 3 7 )

L . 2 3
3 . 4 4
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