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Amphiboles in andesite and basalt: II. Stability
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amphiboles in an andesite, three bdsalts, and an oli-
vine nephelinite in the presence of nearly pure HrO
vapor at values of oxygen fugacity (/Or) approxi-
mately those of FerOr-FerOs, Ni-NiO, and FerOn-
FeO from l0 to 36 kbar. Although these experiments
are valuable in that they place certain l imits on the
stabil ity of amphiboles, these conditions of very high
HrO fugacity (/HrO) are not commonly attained in
deep-seated magmas. This study extends our inves-
tigation of the stabil ity of amphiboles in andesitic
and basaltic magmas at high pressures to lower and
more realistic values of JH"O by using H2O-CO,
vapors. CO, is, of course, a major component in
many rocks (e.9., kimberlites), but the main use of
COz in these experiments is as a diluent, lowering the

fi1"O. This method of lowering /HrO 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-
ta l l ine phases.

AND A. L. BorrrcHuR

Institute of Geophysics and Planetary Physics
and The Department of Earth and Space Sciences
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Abstract

The stabi l i t ies of amphiboles at high pressures in gn andesite and a basalt have been
determined in the presence of HrO-CO, vapors for values of mole fract ion of HzO in the
vapor (XvHrO) of 1.0, 0.75, 0.5, and 0.25. The maximum thermal stabi l i ty of amphibole in the
andesite is about 970'C in the range of l0 to 20 kbar and XvHrO of -0.75. Comparable data
for the basalt are 1050"C from l0 to l5 kbar and XvHrO of 0.25. The maximum pressure
stabi l i ty of amphibole is 21.5 kbar at XvHzO -1.0 in the andesite and 20.5 kbar at XvHrO
-1.0 in the basalt.  Electron microprobe analyses are presented for orthopyroxenes, cl inopy-
roxenes, amphiboles, garnets, and glasses synthesized over a range ofpressures, temperatures,
XvH2O, and bulk composit ion. Most of the amphiboles are nepheline-normative, calciferous,
and tschermakit ic.

These data on the chemistry of amphiboles and the temperature-pressure condit ions over
which they are stable are consistent with our hypothesis in which andesites of the circum-
Pacif ic zone are derived by amphibole-l iquid equi l ibr ia from basalt ic 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 coll isions involving oceanic
crust. Water in subducting oceanic crust is, to a ma-
jor degree, contained in amphiboles unti l the sub-
ducting plate attains a depth at which these phases
melt or transform to denser (e.g., 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
exlst.

As a first step in solving this problem, we (Allen e/
al., 1975) experimentally established the stabil it ies of
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Fig.  l .  Crystal l izat ion sequence for  Mt.  Hood andesi te at  XvHzO -  1.0,0.75,0.5,  and 0.25.  Al l  assemblages coexist  wi th vapor.

Abbreviat ions:  Am-amphibole;  Cpx-c l inopyroxene; Ga-garnet ;  L-glass interpreted to be quenched l iquid;  M-micaceous mineral ;  0 l -
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(  ) - t race amount.
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Experimental methods

Starting materials

Starting mixes were prepared from a Mt. Hood
andesite and a l92l Kilauea olivine tholeiite, 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 l10oc, and stored in
sealed vials over KOH in a dessicator. The samples
were then encapsulated with 20 percent (weight) HrO
into welded Ag-Pd capsules of 1.5 mm I.D. for the
experiments with XvHrO - 1.0. For experiments with
H,O-CO, vapors, mixtures of HrO and AgrCrOn ap-
propriate to yield the desired values of XvHrO were

sealed into welded Pt capsules of 1.5 mm I.D. Be-
cause our experiments were at near-l iquidus temper-
atures, these XvHrO values are only approximate,
resulting from the differential solubil ity of HzO and
CO, in sil icate melts. Hydrogen fugacity was buffered
at FerOr-Fe2Os-H2O (M-H) conditions to prevent

the precipitation of carbon from the vapor that
would result in an unknown but higher H2O/COr.
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

.,f l)r, whereas at lower./)2, under M-W and N-NO
buffer conditions, loss of iron is a serious problem
(Stern and Wyllie, 1975).
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Fig 2 Crystal l izat ion sequence for  l92l  Ki lauea ol iv ine thole i i te at  XvH,O -  I  0,  075,0 5,  and 0 25 Al l  assemblages coexist  wi th
vapor.  Trace amounts of  o l iv ine occur in some runs (see Table I  )  See Fig.  I  for  abbreviat ions.

Apparatus

All experiments used a piston-cylinder apparatus
and furnace assembly similar to that described in
Allen el al. (191 5), except that a Pyrex glass sleeve
was inserted between the talc and graphite cylinders,
and a single boron nitride cylinder replaced the boron
ni t r ide and ta lc  cy l inders used ln our  ear l ier  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 init ially held above and then lowered into
the stabil ity f ield of amphibole, as tabulated in Table
l. '  A similar procedure served to reverse the vapor-
saturated l iqu id i .

Identification and description of phases

See Part I (Allen et al., 1975, p. 1072).

'To obtain a copy of  Table l ,  order Document AM-78-089 f rom
the Business Of l lce,  Mineralogical  Society of  America,  1909 K
Street ,  NW, LL 1000, Washington,  DC 20006. Please remit  $1.00
in advance for  the microf iche Or wr i te Dr A L.  Boettcher,
Inst i tute of  Geophysics and Planetary Physics,  UCLA, Los Ange-
les.  CA 90024.
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Results

Phase relationships

The results of experiments on the two starting ma-
terials are presented in Table l, and the phase rela-
tionships are shown in P-T projection in Figures I
and 2. Amphibole is stable in the l92l Kilauea oli-
vine tholeiite (Fig. 2) under values of XvHrO from 1.0
to at least as low as 0.25, and in the Mt. Hood
andesite (Fig. l) at XvHzO 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/dD. 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.

AMPHIBOLES IN ANDESITE IO77

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
(xvH,o - 0.25).

The maximum thermal stability of amphibole in
the andesite is 970oC, which is attained at XvHzO of
-0.75 (and at 0.50 at l0 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 H2O vapors over a wide range of

/Oz (Allen et al.,1975). Maximum pressure stability is
21.5 kbar at XvHzO - 1.0. At a XvHzO 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 I 5 kbar and above at XIH.O of -0.75, increases in
abundance as orthopyroxene decreases.

The maximum thermal stability of amphibole in

Table 2.  Garnet  comoosi t ions

AnaIys i,s
Rock

vV.'n^0
z

P,  Kbar

r r  u

1
Andesite

t u  1 . 0

22

920

Andeslte

t u  1 , 0

22

920

J +

Andesi te Basal t

t u  0 . 7 5  ^ ,  0 , 7 5

22  20

940 980

20 2r
980 1020

2L 2T 2T

]-020 1020 1020

5 6 7 8 9
Basal t  Basal t  Bas4l t  Basal t  Baoel t

t

t u  0 .75  t u  0 ,50  ^ ,  0 . 50  t u  0 .50  t u  0 ,50

si02

T102

[zog

Fe0*

ugo

l{n0

Ca0

Naro

Kzo

41 .23

0 . 4 3

20 .  58

1 5 .  1 1

1 2 . 4 5

o . 9 4

1 0 .  7 8

0 . 0 1

0 .0s

40.62

0 .  5 1

7 i  7 0

1 4 . I 7

1 3  . 3 5

L . 4 7

10 .  01

0 . 0 3

39 .82

0 .  7 1

20 .82

1 6 . 4 5

11  . 06

0 . 6 6

9 .  9 0

0 .  0s

4 t . 9 2

0 .  8 0

20.  50

1 2 . 4 0

1 5 . 0 8

0 .  6 3

7  . 2 4

0 .  1 2

0.  04

0 .  9 1

1 9  . 6 5

1 2 . 6 0

1 4 . 2 2

o . 7 2

7  . 9 8

o . L 2

0 . 0 2

40.00  4r .o4

o . 9 4  0 . 9 4

2 r . 4 9  1 9 . 5 9

1 4 . 8 8  1 4 . 0 8

1 3 , 4 1  L 3 . 4 6

0 . 5 7  0 . 4 8

7  . 7 2  9 . 7 I

0 . 0 4  0 . 2 6

0 . 0 1  0 . 0 1

39.ss  39 .82

0 . 8 5  I . 2 l

20 .83  20 .54

L 4 . 0 7  1 3 . 8 0

1 3 . 4 9  t 4 , 2 2

0 . 5 2  0 . 5 4

8 . 7 7  7 . 8 3

0 . 0 5  0 . 1 7

o . 0 2  0 . 0 1

S t
A1
Ti
Fe
Mg
l{n

Na
K

Mg/ (Mg+IFe)

101  . 58

6 .066
3 . 5 7 1
o.o47
1  . 8 6 0
2 . 7 3 I
0 .  1 1 6
1 . 7 0 0
0 . 0 0 3
0.009

0 .  s 9

100.  9s

5 .997
3.620
0.  0s6
L . I ) U
,  a ? o

0. t-84
r . 5 8 4

0.  005

0 ,  6 3

6,  010
3 . 7 0 5
0 . 0 8 0
2 . O 7 8
2 . 4 8 9
0.  084
t . 6 0 2

0 . 0 1 0

u .  ) 4

99 .47  98 .73  98 .94

CaxLons/24 Oxygens

9 9 . 0 6  9 9 . 5 7

5.974 6 .1r .3
3 . 7 8 5  3 . 4 4 2
0 . 1 0 5  0 . 1 0 5
1 . 8 6 0  L . 7 5 4
2.987 2 .990
0 . o 7 2  0 . 0 6 0
t . 2 3 6  r , 5 5 1
0 . 0 1 0  0 . 0 7 6
0 . 0 0 1  0 . 0 0 2

0 . 6 2  0 . 6 3

9 8 .  r s  9 8 . 1 4

5 . 9 6 9  5 . 9 8 9
3 . 7 0 7  3 . 6 4 2
0.096 0 . r -36
L . 7 7 6  r . 7 3 6
3 . 0 3 5  3 . 1 9 0
0 . 0 6 6  0 . 0 6 8
1 , 4 1 8  L . 2 6 2
0.015 0 ,048
0.003 0 .002

0 . 6 3  0 . 6 s

6 . 1 8 6  6 . 3 0 5
3 . 5 6 8  3 . 4 1 9
0 .  089  0 .  r _00
1 . 5 3 1  1 , 5 5 6
3 . 3 1 9  3 . 1 3 0
0 . 0 7 8  0 . 0 8 9
1 . L 4 5  r . 2 6 2
0 . 0 3 s  0 . 0 3 3
0 . 0 0 8  0 . 0 0 3

0 . 6 8  0 . 6 7

*TotaL iron as Fe1
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Table 3. Orthopyroxene composil ions

AMPHIBOLES IN ANDESITE

yses in Leake (1968). H,O in the amphiboles was
arbitrari ly taken as 2.00 percent when computing the
structural formulae with 24 oxygens, to use the classi-
f ication of Leake; however, the structural formulae in
Table 5b were computed assuming 23 oxygens and no
HrO. Salient features of these determinatrons 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+2Fe)
is generally proportional ro 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 /O2 (N-NO) (Boettcher et al., 1973)
used in our previous investigation (Allen et al.,1975).

Orthopyroxene. Orthopyroxene was synthesized in
the andesite only at XVH2O - 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
l5 kbar .  The Mg/(Mgf  )Fe)  of  the or thopyroxenes
synthesized from the andesite (Table 3) indicates that
they are hypersthenes. Orthopyroxene was synthe-
sized in the basalt only at XVH2O - 0.25, and then
only in  t race amounts.

Clinopyroxene. Near liquidus temperatures, clino-
pyroxene is the most abundant mineral in both the
andesite and the basalt, regardless of the XvHrO. 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 (Table 4), which are dominantly au-
gites, indicates that their Mg/(Mg*)Fe) 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
wi th the other  minerals ,  Mgl(Mg+)Fe) 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 AlrO, and contain less than half
as much TiOz as the amphiboles synthesized from the
basalt. The difference betweeir the Mgl(Mg*)Fe) 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

Analysis
RocL

"2 '

P, Kbar

1
Andea ite

t u  0 . 7 5

13

900

2
Andesite

r  0 . 5 0

l3

940

3
Andesite

\  o . z 5

13

940

si02
Ti02

Izo3

Fe0*

Mgo

lfn0

Ca0

Na20

*20

4 9  . 5 6

0 . 4 6

1 . 7 7

2 2 . 6 7

2 2 . 5 5

0 . 6 1

1 .  5 8

0 .  0 9

51.  09

0 . 5 5

3 . 4 9

a r  r o

2 0 . 7 2

0 .  5 6

t , a 2

o . 2 6

0 .  0 2

49.68

0 . 5 3

t . 6 7

2 4 , 7 5

79.4r

0 . 5 0

r . 7  4 ,

0 . 1 3

TOTAL

Ti
A1
f'e

Ug
Mn
Ca
Na
K

Me/ (Mg+IFe)

1 . 8 8 5
0.  013
0 . 0 7 9
o . 7 2 L
| , 2 7 8
0 . 0 2 0
0 . 0 6 4

0 . 0 0 4

o . 6 4

9 8  . 4 1

I . 9 2 L
0 . 0 r 5
0 . 0 7 6
0.  800
1 . 1 1 9
0 . 0 1 6
o . o 1  2
0  . 0 1 0

0 . 5 8

Catioos/6 Oxygens

1 . 8 9 9
0 . 0 1 5
0 . 1 5 3
Q . 6 9 3
1 . 1 4 8
0 . 0 1 8
0 . 0 7 3
0 . 0 1 9
0.  001

0 . 6 2

*Total  iyon as Fe).

the basal t  is  l050oC, occurr ing at  X\ lH2O of  -0.25
(and 0.50 at  l3  kbar) .  The maximum pressure stabi l -
ity is 20.5 kbar at XvH2O of - 1.0 and decreases as the
XvH2O is decreased.

The position and configuration of the vapor-satu-
rated sil icate l iquidi are a complex function of the
solubil ity of a complicated clinopyroxene solid solu-
tion in an equally complex sil icate l iquid. Although
the slopes and positions of these liquidi of the basalt
have been established by reversed experiments (Table
l), at this time we have no explanation for the
changes in slope ofthese curves as a function of ftfzO
and /O" as shown in Figure 2.

Chemical analyses

The chemical composition of orthopyroxenes,
clinopyroxenes, amphiboles, garnets, and glasses
were determined with an Errc electron microprobe
analyzer (Tables 2-6). ln 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 FerOa/FeO : 0.8 to
compute the structural formulae of the amphiboles;
this va,lue is not inconsistent with the amphibole anal-
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Table 4.  Cl inopyroxene composi t ions

lo79

Analysis
Rock-

vV']{^0
z

P, Kbar

t o "

1
Andesi te

tu  0 .50

1 3

940

z
Andesite

'v 0.  50

I J

940

3
Basal t

t u  1 . 0

I J

960

4
Basal t

' u  1 . 0

l 3

960

s 6 7 8 9
Ba6a1t Basalt Basal-t Basalt Basalt

t u  0 .75  t u  0 ,75  t u  0 .75  t u  0 .75  t u  0 .50

20 20 18

980 980 980

13 13

985 1010
s102

Ti02

A1^0^

Fe0*

Mgo

l,ln0

Ca0

Naro

50 .  98

0 .  88

t . 3 2

l - 4 . . ) U

1 4 . 4 7

0 . 4 3

1 8 . 4 8

0 .  3 6

48 .29

0 .  6 1

2 . t 9

L 4 . 2 7

1 3 . 6 6

0 .  3 5

18 .  95

0 . 2 0

50 .79

0 .  6 5

2 . 7 8

5 .  0 9

L5 .70

0 .  08

23.35

0 .  3 3

) 2 .  J u

0 .  84

t  oo

5 .  34

l ) .  ) b

0 .  14

2 2 . 9 4

0 .  3 0

5 0 . 3 2

1 .  5 9

6 . 8 2

9 . 6 3

1 3  . 5 9

o . 2 0

1 7  . L 7

0 . 8 0

49 .38  49 .03

0 . 9 5  0 . 6 2

8 . 5 8  7 . 7 9

7 . 9 3  5 . 8 9

1 0 . 8 0  1 3 . 3 3

o . z L  0 . 1 8

19 .03  20 .84

1 , 3 r  0 . 8 8

4 4 , 4 7  4 4 . 6 9

2 . 2 5  3 . 0 5

8 . 4 8  8 . 0 1

9 . 5 7  L 0 . 2 6

1 3 , 7 0  L 2 . 5 6

0 . 2 2  0 . 2 6

20 .29  19 .91

0 . 6 0  0 , 6 2

Cations/5 Oxygens

S i
A1
Ti
Fe
Mo

I4n

Na
v

Mo
(Mg+IFe)

Mg
Fe
Ca

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

0 .  64

4 0 .  3
2 2 . 7
5 t . u

L . 8 7 6
0 .  r 00
0.  018
0 . 4 6 4
0 . 7 9 1
0 . 0 1 2
0 . 7 8 9
0 . 0 1 5

0 .  6 3

J 6 , t
) t  a

3 8 .  6

r . 8 9 7
0 . r 2 2

1 . 9 1 6
0 .L29

1 . 8 5 4
0 . 2 9 6
0 . 0 4 4
0 . 2 9 7
0 . 7 4 7
0 .  006
0 .  6 7 8
0 . 0 5 7
0 . 0 0 3

o , 7  2

43 .4

r . 852
0 . 3 7 9
0 .027
0 .249
0 .604
0 .  007
0 , 7 6 5
0 .  09s
0.  001

0 . 7 L

? ?  2

L5.4

t .  818
0 . 3 4 0
0 .  017
0 ,2L3
o . 7  3 7
0 .  005
0 . 8 2 8
0 .  063

0 . 7 8

4L.4
L 2 . O
4 6 . 6

0 . 1 5 9
0 . 8 7 4
0 . 0 0 2

0 . 1 6 4
0 . 8 4 9
0 .004

0 . 0 1 8  0 . 0 2 3

1 . 6 8 5  r . 7 0 2
o , 3 7 9  0 . 3 6 0
0 . 0 6 4  0 . 0 8 7
0 . 3 0 3  0 . 3 2 7
0 . 7 7 4  0 . 7 1 3
0 . 0 0 6  0 . 0 0 8
0 . 8 2 4  0 . 8 1 2
0 .044  0 .046

0 , 7 2  0 . 6 9

4 0 . 7  3 8 . 5
r ) . 9  r t . t
43 ,4  43 .8

0 . 9 3 5  0 . 9 0 0
0 .  023
0 . 0 0 1

0 .  8 4

4 4 , 4
8 . 1

+ t . )

0 .  0 2 1
0 .001

0 . 8 4

4 4  . 4
8 . 6

+  I  . V 3 9 . 4  4 7  . 3

*Total iyon as EeO

(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 t itaniferous (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 X1H2O - 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. Allbut 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 HrO contents. The total Fe was distributed
between FeO and FerO, 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
AlrO, and CaO and are quartz-normative. All but
one of the glasses contain less NarO than the coexist-
ing amphiboles. Note that the glasses formed from
the andesite at XVH2O - 0.25 have significantly
higher NarO than the other glasses, reflecting the fact
that amphibole is not stable under these conditions.
All but two of the glasses contain more KrO than
their associated amphiboles.

In Table 6a, the discrepancy between analyses I
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 pm of amphiboles.
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Table 4.  (cont inued)

Analysls 10
Rock Basalt

' {  ^  tu o '50

P, Kbar 13

T, 
oc 

loto

L 2  1 3
Basal t  Basal t

t  0 . 5 0  ^ ,  0 . 5 0

1 3 13

1010 1010

l )  r o
Basal t  Basal t

t u  0 .50  t u  0 .25

21 13

1020 1025

r7  18
Basal t  Basal t

\  0 . 2 5  t u  0 . 2 5

13  13

1025 t025

11
Basalt

t u  0 .50

13

1010

I4
Basalt

t u  0 .50

2L

1020

si02

T102

Izo3

Fe0*

Mgo

Mn0

Ca0

Naro

Kzo

43 .98

3 . 2 2

8 . 2 9

10 .  32

L 2 . 6 0

o . 2 3
20 .42

0 .  6 1

0 . 0 1

44 .09

2 . 8 4

1 0 . t 7

9 . 4 7

1 2 , 7  3

0 .2 r
20.24

0 . 7  2

0 . 0 4

4 8 . 3 5

1 .  0 5

6 . 5 2

7  . 2 L

1 4 . o r

0 . 2 2

2 L . 2 7

0 . 5 8

0 . 0 2

46 ,96

2 . O 2

7  . 2 7

8 .  6 5

L C . Z q

0 . 2 7

20.23

0 .  5 7

o , o 2

5 0 .  1 5

L . 5 7

9 . 4 3

o  7 ?

9 , 7 0

0 .  18

L6  . 08

r . 6 4

0  . 1 9

48 .84  49 .00

0 . 7 5  1 . 3 6

1 0 . 5 0  5 . 0 5

8 . 5 6  9 . 8 1

1 1 , 3 4  L 6 . 7 9

0 . 0 5  0 . 2 0

1 8 , 0 5  1 8 . 5 8

2 . 0 6  0 , 6 3

0 . 0 1  0 . 0 4

4 8 . 9 8  s 0 . 4 0

1 . 0 0  L . 5 2

6 . 5 0  4 . 7 3

9 . 0 6  1 0 . 8 9

15 .90  14 .76

0  , 2 0  0 , 1 7

1 9 . 1 6  1 8 . 7 5

0 . 6 4  0 . 4 6

0 . 0 1  0 . 0 1

TOTAL 9 9 . 6 8

L . 6 7  4
0 . 3 7  2
0  . 092
0 . 3 2 8
0 . 7 1 5
0. 007
0 . 8 3 3
0. 045

0 .  6 9

3 8 . r
t 7 . 5
44 ,4

100. 51

1 .  6 5 3
0 .449
0 .  080
0 .297
0 . 7 1 1
0 .  006
0. 8 l -4
0 .  052
0. 002

0 .  7 1

3 9 .  0
1 6  . 3

99 .83  100 .23  98 .67

Catlons/6 oxygens

r00 .17  LOL .46  101 .45  101 .69

S i
Al-
T1
Fe
Mo

Mn

Na

Mg
(Mg+IFe)

l,lc
Fe
Ca

t . 7 9 9  r . 7 5 2
0 . 2 8 6  0 . 3 2 0
0 .029  0 .056
0 , 2 2 4  0 . 2 7 0
0 . 8 1 1  0 , 7 9 2
0 .006  0 .008
0 .848  0 .809
0 . 0 4 1

0 .  7 8

4 J . I

1 1 .  9
4 5 . 0

0 .  040
0 .00L

0 .  7 5

4 2 . 3
r c  . 4

4 J .  J

1 .868
0 .4L4
0 .o44
0 ,  303
0 .  539
0 .  006
0 . 6 4 2
0 .  119
0. 009

0 . 6 4

3 6 .  3
20.4
4 3 , 3

1 . 7 9 9  1 . 8 0 5
0 .455  0 .2L9
0 . 0 2 1  0 . 0 3 8
0 .264  0 .302
0 , 6 2 3  0 . 9 2 2
0 . 0 0 2  0 . 0 0 6
0 . 7 1 3  0 . 7 3 3
o . r47  0 .045

-  0 . 0 0 2

0 . 7 0  0 . 7 5

3 8 . 9  4 7 . L
1 6 . 5  1 5 . 4
4 4 . 6  3 7 , 5

t . 7 9 7  1 . 8 5 3
0 . 2 8 1  0 . 2 0 5
0 . 0 2 8  0 . 0 4 2
0 . 2 7 8  0 . 3 3 5
0 . 8 6 9  0 . 8 0 9
0 .006  0 .005
0 . 7 5 3  0 . 7 3 8
0 .046  0 .033

0 . 7 6  0 . 7 1

4 5  . 7  4 3  . 0
1 4 . 6  1 7 . 8
39 ,7  39 .2

*Iotal iron ae Fe1

Discussion

Reducing XvH2O 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 H2O (Allen et al.,
1975). However, varying XvH2O does bring about a
change in the location of the stabil ity f ields of the
amphiboles, and in the case of the andesite, if XVH2O
is reduced below -0.25, amphibole is not stable
above the solidus. The thermal stabil ity of amphibole
is increased somewhat by lowering XVH2O below 1.0,
although in the case of the andesite, this init ial in-
crease in stabil ity is reversed when XvHrO is de-
creased below -0.75. This increase in the stabil ity 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 XvHrO -0.25,

but do occur in some andesites, indicates that aH2O

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 l iquidus of the andesite, except at XvHrO <
0.25, in which case amphibole is absent above the
andesite solidus. Separation of these low-sil ica am-
phiboles (41.5 to 45.0 percent SiOz) from basaltic
magmas by fractional crystall ization or partial melt-
ing in the presence of water would be an effective
process leading toward sil ica enrichment of the l iq-
u id,  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 l0 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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Table 5a.  Amphibole composi t ions

l08l

Analys 1s

Rock

'Ir o
2

P, Kbar

t u  1 . 0

l 3

920

tu  r .0

r3

920

t u  1 , 0  !  1 , 0

13 L7

920 920

Andesite

t  1 . 0  t u  I . 0

L 7  7 7

920 920

I  1 . 0  r  1 . 0

L7 17

920 920

t u  1 . 0  r  0 . 7 5  r  0 . 7 5

T 7 13 13

920 900 900
si02

T102

Nzo3

^ -2 '3

Fe0

Mgo

Mn0

Ca0

Naro

Kzo

"2 '

4 r !  ,7  4

0 . 7 3

1 3 .  6 4

3 . 6 9

4  . 6 2

1 6 .  6 1

0 .  r 0

1 1 .  3 0

2 . 3 L

0 .  3 1

2 . 0 0

4 ) ,  O U

0 .  5 1

1 2 . 8 8

3 . 6 6

L6.69

0 . 1 9

1 1 . 1 7

1  , 8 7

0 . 3 3

2  . 0 0

4 5 . 0 5  4 5 . L 6

0 . 5 5  0 . 8 1

1 3 , 3 4  1 1 . 7 1

3 .  7 0  5 .  8 3

4 . 6 3  7 . 2 9

L6.23  L3 .62

0 . 1 9  0 . 2 6

1 1 .  L 4  1 0 . 6 7

1 . 8 0  1 , 6 6

0 . 3 4  0 . 4 1

2 . O O  2 . 0 0

44.30  44 .4r

0 . 4 6  0 . 1 6

L 4  . O 7  1 4 . 3 3

4 . 5 3  5 , 0 1

5 . 6 6  6 . 2 7

1 5 . 2 4  1 5 . 6 3

o . r 2  0 . 1 2

11.90  I I .27

z .  z q  a .  J L

0 . 4 8  0 . 4 4

2 . 0 0  2 . o o

43.18  42 .66

0 . 3 6  0 . 4 7

76.75  I7 .4L

5 . 4 3  5 . 2 8

6 . 7 9  6 . 6 0

L2,86 13.25

0 . 1 6  0 ,  1 9

1 1 . 3 9  1 1 . 2 3

2 . 0 8  2 . 2 7

0 , 4 6  0 . 4 4

2 . O 0  2 . 0 0

44.49  4L .72  44 .06

0 . 3 3  0 . 4 9  0 , 7 0

L 4 . 2 7  1 7 . 1 0  L 2 . 7 8

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

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

14.74  14 .47  16 .53

0 . 2 6  0 . 2 3  0 . 2 7

1 1 . 8 1  1 0 . 0 3  7 . L 7

2 . 4 L  2 . 2 6  r . 6 2

0 . 4 7  0 . 5 7  0 . 3 9

2 . O O  2 . O 0  2 . O O
TOTAL

(1.{s+tFe)

t t

r00 .  05

0 . 7 9

0 . 8 6

99.41

0 . 7 9

0 . 8 7

94.97  99 .42 1 0 1 , 0 0  1 0 1 . 9 5 1 0 1 . 4 6  1 0 1 . 8 0 roL.72 100.15 99.81

0 .  7 8

0 . 8 6

0 .  6 6

0 , 7 1

o . 7  4

0 . 8 3

o . 7  2

o . 8 2

0 . 6 6

o . 1 7

0 . 6 8

0 .  7 8

( ) . 72

0 .81

0 .  7 1  0 ,  6 8

0 . 8 0  0 . 7 9

*Esti.mte, See Teet,

Analysis

Ro ck

^"ro

P, Kbar

T , o c

L 71 6t5

a  0 . 7 5  !  0 . 7 5  t u  0 . 7 5

13 13  13

900 900 900

Andesit e

t  0 . 5 0  I  0 . 5 0  !  0 , 5 0

13 13  13

q ? 5  0 r r .  o t (

t u  0 . 5 0  !  0 . 5 0  r  0 . 5 0  r  0 . 5 0

13 13  13  13

925 925 940 940

st02

Ti02

Izo3

' - 2 "3

Fe0

Mgo

lln0

Ca0

Naro

K2o

40.63

o . 6 2

L 7  . 5 4

4 . 9 6

6 . 2 0

].4.o2

0 , 1 8

r 0 .  2 0

2 . 4 3

0 . 4 8

2 .  0 0

4L.L3

0 . 9 3

1 6 . 3 1

5 . 7 8

7  . 2 3

14,L4

o . 2 r

9 .  6 0

2 , 6 2

0 . 4 6

2 . 0 0

4t .27

0 . 7  0

15.7  2

4 . 3 3

5 , 4 2

1 6 .  9 8

o . 2 3

1 1 . 0 2

2 . I T

0 .  s 6

2  , 0 0

47.28

r  . 4 0

1 6 . 0 3

4 . 2 2

5 .  2 8

I O .  J J

0 .24

10 .  50

2 . 4 2

0 .  38

2 . 0 0

43.43

r .  ) b

L 7  . L 5

4 .00

5 .  0 1

1 5  . 3 I

o , 2 4

1 0 . 0 3

2 . 4 2

o , 4 3

2 . O O

43,O4

r .03

L 7  . O 9

4 , O 4

5 .  0 5

1 6 . 0 5

u . t )

9 . 2 9

2 . 2 4

0 . 4 3

2 . 0 0

4L.73

1 . 3 3

4 . 5 4

5 . 6 7

1 5 . 0 8

0 , 2 1

r0 .7  2

2 . 4 9

0 . 4 4

2 . O 0

4L.24

1  , 0 3

1 6 . 1 0

4 . 4 6

5 . 5 8

I 7 . 6 3

o . 2 7

1 1 , 0 4

2 . 4 0

o . 3 7

2 . 0 0

40.47

0 . 8 3

15.25

5 . 5 0

6 . 8 8

L4.69

0 . 1 4

r l  .12

2 . 0 0

0 . 4 0

2 . 0 0

4L.4 I

1 . 1 1

L4.6L

5 . 4 9

6 . 8 7

1 4 . 6 5

0 . 2 L

10.  18

2 . O 4

o . 4 7

2 . 0 0H

9 9 . 2 6

0 . 7  0

1 0 0 . 4 1 .

-.......L

(Mg+XFe)

1ug+re2+1

*Estimate, See fe&t.

0 . 7 I

0 . 7  6

0 . 8 5 0 . 8 5

o . 7 6 o . 7 7 0 . 7  3 o . 7 7 0 . 6 9 o . 6 9

0 . 8 0 0 , 8 4  0 . 8 5  0 . 8 3  0 . 8 5 0 . 7 9  0 . 7 9
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Tab lc  5a  (cont inued)

Analysis

Ro ck

" 2 -

P, Kbar

25

Baaa l t

t u  0 . 7 5

1 8

980

r3

1010

22 23 24

Basa l t  Basa l t  Basa l t

t  1 . 0  !  0 . 7 5  t u  0 . 7 5

2 6  2 7

Basalt Basalt

t u  0 , 7 5  !  0 . 7 5

18 18

980 980

28 29 30

Basa l t  Basa l t  Basa l t

r u  0 . 7 5  t u  0 . 5 0  !  0 . 5 0

18 13

980 1010

L3 I 3

960 98s  985

13

s io^  45 .00  43 .67  42 ,06  44 .93  44 .79  43 .97  43 .92  47 ,70  43 .68

T t 0 2  7 . 3 1  2 - 0 8  2 - 2 6 1 . 0 4  0 . 8 8  ] . 0 7 0 . 9 9  2 . 8 7  1 . 6 5

A1203

Fer0r*

(Mg+IFe)  0 .83  0 .79

(Mg+Fe2+)  0 .89  0 .87

*Estircte, See Tert.

o . 7 5  0 . 8 0

0 . 8 4  0 . 8 8

1 2 . 2 7  1 1 . 9 3  1 3 . 2 8  7 4 . 4 3  1 5 . 0 9  ] . 4 , 7 3  1 4 . 9 5  1 3 ' 1 8  1 2 . 6 0

3 .  0 4  3 . 9 4  3 .  9 8  3 . 4 2 3 . 3 5  3 . 0 8  3 . 5 8  4 , 3 L  3 . 5 7

F e O  3 . 8 1  4 . 9 3  4 . 9 8 4 . 2 7  4 . L 9  3 . 8 4 4  . 4 8  5  , 3 9  4 . 4 6

M g O  L 7 . 6 9  1 8 . 0 2  1 7 . 4 6  1 6 . 9 6  1 8 . 1 5  I 7 . O 4  L 4 . 8 7  1 5 . 8 4  l 7  ' 7 5

M n o  0 , 1 9  0 , 3 1  0 , 1 4 0 . 1 9  0 .  r 0  0 , 0 9 0 , 1 3  0 , 1 6  0 . 2 0

CaO 11 .41  10 ,  55  l I  .26  10 .  68  10 .  91  11  .  19  11  .  98  11  .18  11  .30

Na20 2 , 0 0  2 , 1 1 2 . 3 2  1 . 9 3  1 . 8 8  2 . O O  2 , 0 6 1 . 8 9  1 , 5 9

0 . 5 9  0 . 5 3K z o  0 . 3 8  0 . 3 6  0 . 4 5 0 , 6 9  0 . 6 1  0 . 7  2  0 . 5 9

" 2 0 "  
2 . 0 0  2 . o o  2 . 0 0  2 , o o  2 . 0 0  2 , o 0  2 . o o  2 . 0 0  2 . o o

ro rA l  99 . ) , 6  99 .90  100 .19  100 .54  101 .95  99 .73  99 .55  99 . . 11  99 .33

0 . 7 8  0 , 8 0  0 . 8 2  0 . 8 2  0 . 7 7

0 . 8 6  0 . 8 8  0 . 8 9  0 . 8 9  0 . 8 5

Analy s is

Ro ck

\ o" 2 -

31  32

Basa l t  Basa l t

t u  0 . 5 0  !  0 . 5 0

1 3  1 3

1010 1010

3 3  3 4

Basa l t  Basa l t

!  0 . 5 0  !  0 . 5 0

1 3  1 3

1010 1010

3 5  3 6

Basa l t  Basa l t

!  0 . 5 0  \  o , 2 5

1 3  1 3

1010 1025

38 39

Basalt Basalt

N  0 , 2 5  t u  0 . 2 5

3 1

Basa l t

t u  0 , 2 5

1 3  1 3  1 3

to25 L025 1025

si02

Ti02

I zog

Ferot  ̂

Fe0

Mgo

Mn0

ca0

Naro

Kzo

tro*

4 2 . 4 8

L . 9 4

\ 2 . 8 2

3 . 6 3

4 . 5 4

1 7  . 2 0

0 .  1 6

L2.40

L . 8 2

0 . 5 9

2 . O O

4t .96

2 . 7 9

1 3 .  3 0

4  . 4 4

5 . 5 4

t6 .23

0 .  1 3

1 1  . 4 1

r . 7  9

0 .  6 8

2  . 0 0

4 3 , 6 0

1  . 8 0

1 2 . 9 7

3 .  6 0

4 . 4 9

1 7  , 0 0

0 . 2 6

1 1 . 3 1

1 . 6 5

0 .  5 9

2  . 0 0

4 2 , 0 6

2 . 4 4

1 5 . 4 7

4  . 4 6

5  . 5 7

1 6 . 0 3

0 .  1 1

1 0 .  3 9

r . 9 4

o . 9 2

2 . 0 0

4r .63

2 . 5 6

r 5 .  9 1

4 . 7 L

5 . 8 9

1 4 . 9 I

0 .  1 0

9 . 9 9

L . 9 5

t . 1 , 2

2 . O 0

4 2 . 8 0  4 2 . 3 4

1  .  6 8  2 . 6 8

1 3 . 2 2  L 2 . 4 2

3 . 5 1  4 , 2 8

4 . 3 9  5 . 3 5

1 7 . 9 9  1 6 . 0 3

o  , L 2  0 . 0 9

L r . 4 2  L 2 . O 4

1 . 8 0  1 . 6 5

0 . 5 9  0 . 5 7

2 . O O  2  .  0 0

4 3  . 7  5  4 L . 5 2

2 . 3 6  2 . 4 2

1 6 . 5 8  L 7 . O 2

4 . 2 4  4 . 6 5

5 . 2 9  5 . 8 1

1 3 , 5 7  1 4  . 7 r

0 . 2 2  0 ,  1 6

9  . 8 7  1 0 . 4 5

r . 7  6  1 . 9 0

1 . 3 0  L , 2 2

2  . 0 0  2  . 0 0

TOTAL

(Mg+tFe)

(Ms+Fe- )

0 .  8 r

0 . 8 8

o . 7  6

0 .  84

9 9 , 5 8

0 .  8 0

0 . 8 7

roo.27

0 .  7 5

0 .84

9 9  . 2 7

0 . 8 0

0 . 8 7

10 r .  39

o . 7  5

0 . 8 4

).oo.77

o . 7 2

o . 8 2

1 0 0 , 9 4  1 0 1  . 8 6

0 . 7 3  0 . 7 2

0 . 8 2  0 . 8 2

aEetLmate See IeEt.
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Table 5b. Chemical formulae (0-23) for amphiboles in Table 5a

l0E3

F o r n u l a 1 11 0

< {

^ '  r V

A l V I

T 1
? +

! e

_ 2 +
! e

Mn

C a

N a

K

6 . 3 4 8

|  . 6 5 2

0 .  6 3 1

0 . 0 7 8

o . 3 9 4

3  , 5 ] - 2

0 . 5 4 8

0 . 0 1 2

1 . 7 1 8

0 . 6 3 5

0 . 0 5 6

6 , 5 4 3

0 . s 4 4

0 . 0 8 8

0 . 6 3 6

2 . 9 4 7

0 . 8 8 3

0 , 0 3 2

7 . 6 5 7

0  . 4 6 6

0 . 0 7 6

o . 4 6 )  O . 4 4 J

1 . 5 1 5  r . 5 5 7

o . 6 4 6  0 , 6 9 3

0 . 0 5 5  0 . 0 s 9

o . 3 9 2  0 . 3 9 8

3 . 5 3 8  3 . 4 5 9

o . 5 4 4  0 . 5 5 4

0 . 0 2 3  0 . 0 2 3

r . 7  0 2  7 . 7  0 7

0 . s 1 6  0 . 4 9 9

0 . 0 6 0  0 . 0 6 2

2 . 2 7 8  2 . 2 6 8

o , 7 9  0 , 7 8

t . h .  t . h .

o . 2 6  0 . 2 8

6 , 2 8 7  6 . 2 2 5

1 . 7 1 3  7 . 7 7 5

0 . 6 4 2  0 . 6 0 6

0 . 0 4 9  0 . 0 1 7

o . 4 8 4  0 . 5 3 1

3 . 2 2 3  3 . 2 8 7

o . 6 7 2  0 , 7 3 8

0 . 0 1 4  0 .  0 1 4

1 . 8 1 0  1 . 7 0 1

0 . 6 1 6  0 . 6 3 1

0 . 0 8 7  0 . 0 7 9

6 . r 2 5  6 . 0 3 0

1 , 8 7 5  r . 9 7 0

0 . 9 2 8  0 . 9 3 3

0 , 0 3 8  0 . 0 5 0

0 .  5 8 0  0 . 5 6 2

,  7 1 0  7  1 4 1

0 . 8 0 6  0 , 7 8 0

0 . 0 1 9  0 . 0 2 3

1 . 7 3 1  1 . 7 0 1

0 . 5 1 2  0 . 6 2 2

0 , 0 8 3  0 . 0 7 9

2 , 3 8 6  2 . 4 0 2

o  . 6 6  0  . 6 7

0 . 5 1  0 , 4 8

6 . 2 8 7  s . 9 8 3  6 . 3 3 6

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

0 . 6 6 6  0 . 8 7 6  0 . 5 0 4

0 . 0 3 5  0 . 0 s 3  0 . 0 7 6

0 . 5 1 7  0 . 5 4 1  0 . 6 8 7

3 , 1 0 4  3 . 0 9 3  3 . 5 4 3

o . 7 L 9  0 . 7 5 2  0 . 9 5 5

0 . 0 3 r  0 . 0 2 8  0 . 0 3 5

1 . 7 8 8  1 . 5 4 1  1 . 1 0 5

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

0 , 0 8 5  0 . r 0 4  0 . o 7 2

2 . 2 7 3  r . 6 2 9

0 . 7 0  0 . 6 8
+ i L

0 . 4 2  0 . 4 6

C a + N a + K  2 . 4 O 9

m g  0 , 7 9

C l a s s l -  *  t . h .
f l c a t l o n

F e  / M s  0 . 2 7

2 . L 9 9  2 . 5 r 3  2 . 4 r 7

0 . 6 5  0 , 7 3  0 . 7 2

n . h .  f . p . h .  t . h .

o  . 5 2 0 . 3 6  0 . 3 9

2  . 5 3 3

0 . 7 1

0 . 4 0
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o . 2 5  0 . 3 4  0 . 3 8

P. = p@gaeite; t. = tschetukite; p.h. = pa?g@iiie hombtrende;
t.h. - tschetukitic. honblende; f .p.h. = fereom pa?gasitie honblende;
n. h. = nagneeio-honblende

*On the ba6ie of 24 oElgens, rcutding to elaseifieatia of Leake (1968)

O'Hara (1976). However, the conversion of amphi-
bole-bearing assemblages to garnet-bearing assem-
blages at higher pressures (Figs. I and 2) does set a
depth l imit on the viabil ity of amphibole-l iquid equi-
l ibria 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 et al., 19761' Thorpe et al.,
1976). This supposed lack of consistency may be
more apparent than real, for the experimental parti-
t ion coefficients for REE between amphibole/l iquid
have been crit icized on the basis of (l) possible im-
perfect phase separation for analysis, (2) failure to
achieve and demonstrate equil ibrium, 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
crit icisms.

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 FelMg 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 et al., 1975), and fractionation of these
amphiboles over a range ofrl132 andJH"O could very
well contribute to the tholeiit ic trend of early iron
enrichment. Ringwood also states that amphibole
fractionation would not "greatly alter Na/K ratio of
residual l iquid or partial melt" because Na/K of
amphiboles and the l iquids from which they crystal-
l ize 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 er al., 1.975).
Our basic proposal is that amphiboles are a major
carrier of HzO in subducted oceanic slabs and that
crystal-l iquid equil ibria involving amphiboles are
prominent in the genesis of calc-alkaline magmas.
This model has been crit icized, because Benioffzones
are commonly assumed to dip at 45o 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
45o 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 britt le, not plastic, behavior 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 (0o-2oS, l5o-
27oS, and 33 ' -45 '5)  have d ips on the order  of25o to
30o and are regions of well-developed Quaternary
volcanism. The intervening segments (2o-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 25o-

Table 5b.  (cont inued)
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Table 5c. Normative composit ions (C.l  P.W.) of amphiboles in Table 5a
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Table 5c (cont inued)
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2 3  . 4 r  1 6  . 2 8

( r 2 . 4 7 )  ( 8 . 6 7 )

( L o  . 2 7  )  ( 7  . r 2 )

( 0 . 6 7 )  ( 0 . 4 e )

2 4 . r O  2 4 . 7 I

( 2 2  , 4 7  )  ( 2 2  . 9 8 )

( 1 . 6 3 )  ( 1 . 7 3 )

5 . 2 2  6 . 4 7

3  . 4 2  4  . 6 3

2 L . 7 7  2 3 . 5 3

( 2 0 . 0 0 )  ( 2 1 . 5 1 )

( L . 7 7 )  ( 2 . 0 2 )

o . r )  o .  t 4

4  . 4 8  4  . 6 0

6  . 6 2  1  , 6 8  7  . 2 L

5 . t 4  r L , 2 3  2 , 1 6

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

6 . 1 6  1 . 9 8  7 , 5 4

1 4 . 2 9  L 2 . L 4  1 3 . 7 7

( 7 . 6 0 )  ( 6 . 4 6 )  ( 7 . 3 2 )

( 6 . 2 L )  ( s . 2 6 )  ( s . 9 4 )

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

2 3  . 5 3

( 2 L  . 6 7  )

( 1 . 8 6 )

6 . 8 3

4 . 8 6

Table 6a.  Composi t ion of  quenched l iquids (g lass)

Analyaes 1

Rockt A

Yv"Ilz0

P, Kber 13

T, oc g2o

2 3 4 s 6 7 8 9 rO 11 12 13 14 15 16 11 18 19 20 27 22 23 24

A A A  A  A A A  A  A  A A  A  A  A  A A  B B  B  B  B  B  B

1 1 . 0  t o l . 0  4 0 . 7 5  1 o . 7 5  ^ , o . 7 5 M . 7 5  1 o . 7 5  ^ , 0 , 7 5  q 4 . 5  a 4 , 5  q 4 . 5  a O . 5  ^ 4 . 5  { 0 . 2 5  r 4 , 2 5  ^ , o , 2 5  u . O  ^ , 0 , 7 5  q , 0 . 7 5  q o , 5 o  r 4 . 5 0  ^ { . 2 5  r o . 2 5

1 3  2 2  1 3  1 3  1 3  1 3  2 2  2 2  1 3  1 3  1 3  1 3  1 3  1 3  1 3  1 3  1 3  1 8  1 3  1 3  1 3  1 3  1 3

920 920 900 900 900 900 940 940 925 925 925 925 940 940 940 g4o 960 980 985 rolo 1o1o LO25 rO25

s102 68 .3  63 .1  71 .3  68 .2  69 .3  6A,2  68 ,4  67 .4  68 .7  66 .3  67 .0  7 t ,2  70 ,3  77 ,7  57 .1  51 .3  64 .0  62 .8  61 .8  66 .6  s9 .5  60 ,4  66 .2  65 .5
T 1 0 ,  O . 2  0 . 4  o . o  o . l  o . r  o . r  0 . 1  0 . 4  0 . 7  0 , 2  0 . 2  0 . 3  0 . 4  0 . 4  -  o . r  0 . 1  0 . 8  0 . 7  0 . 6  r . 2  1 . 3  L . 2  r . O
A1z0: 21,4 20.2 19.7 22.L 20'8 2L,5 21.3 20.0 t9.g 23.5 22.2 19.6 18.3 16,L 27.9 23.7 2r.r 23.7 rg.O 20.a 20.2 20.7 20.4 79.6
F e 2 o 3 '  0 . 8  2 . 0  0 . 4  0 . 7  0 . 7  0 . 9  0 . 9  r . 4  1 . 3  0 . 8  0 . 8  1 . 0  1 . 3  r . 4  0 . 3  0 . 4  0 . 4  1 . 0  1 . 6  r . o  2 . L  z . r  1 . 5  L , 7
F e O  1 ' 0  2 ' 5  0 ' 5  0 . 9  0 . 9  t . r  1 . r  1 . 8  L . 7  1 . 0  o , g  r . 2  1 . 5  1 . 8  0 . 4  0 . 5  0 . 6  r . 2  2 . 0  f . 3  2 , 6  2 . 6  1 . 9  2 . 7
M g o  0 . s  4 . 6  -  0 . 9  0 . 9  L ' 6  1 . 7  r . ?  r . 7  0 . 9  1 . 4  r . o  1 . 1  1 . 8  0 . 1  o . t  0 . 3  0 . 9  3 . 3  r . 6  5 . 0  3 . 6  1 . 6  2 . 4
h 0  0 . 1  0 . 3  o . o  0 . 1  _  o . o  o , 2  _  o . o  _  0 . 1  0 . 1  _  o . o
c a o  6 . 6  5 . 5  6 . 0  5 ' 8  6 . 0  5 . 4  5 . 3  5 . 7  4 . r  5 . 3  5 . 8  5 , 2  5 . 3  5 . 9  r 5 . 3  g . 4  9 . 1  9 , 3  7 . 6  i . L  7 . 5  i . 5  4 . 4  4 . 9

N a 2 0  0 . 7  0 ' 8  1 . 5  0 . 8  0 . 7  0 . 7  0 . 6  0 . 7  0 . 7  1 . r  r . o  0 . 2  r . o  0 . 4  2 . 9  4 . 6  4 . 0  0 . 3  3 . 0  0 . 5  0 . 9  0 . 9  r . r  1 . r
( 2 0  0 , 2  0 . 7  0 . 6  0 ' 6  0 . 6  0 . 6  0 . 5  0 . 9  t . 3  0 . 7  0 . 7  0 . 3  0 . 7  0 . 6  0 . 1  0 . 5  0 . 5  0 . 5  1 . 1  0 . 5  0 . 9  0 . 9  1 . 8  t . 7
ToTAL 99.8  100. r  r00 .0  100.1  100.0  100.1  99 .9  1oO.O 100.1  99 .9  1o0.OlOO.O1o0,2  100.1  100.1  1oO.O 100.1  99 .9r00 .1100.0  r0o .o  1oo. r  100.1  1oo.o
M e l ( M 8 + t F e )  0 . 3 2  0 . 6 6  -  0 . 5 2  0 . 4 9  0 . 6 1  0 . 6 1  0 . 4 9  0 . 5 1  0 . 4 8  o . 6 0  0 . 4 4  o . 4 o  o . s l  o . t 8  o . 2 0  o . 3 3  0 . 4 4  0 . 5 3  0 . 5 6  0 . 5 6  0 . 5 9  0 . 4 6  o . s 4

*Estltmte , eee Ie$t .
+A = Andesite; B = BasaLt.

30o, 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 approxim ately 7 5 km, releasing HrO that becomes
available for melting. In the intervening regions with
nearly flat dips, pressure-temperature conditions re-

main within the l imits of amphibole stabil ity, result-
ing in insufficient aH2O to incur melting.
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Table 6b. Normative composit ions (C.l .P.W.) of l iquids in Table 6a

1087

22L 9t 7I 1 L 3 t 5T2I O

q u a r t z  4 6 . 1  J O . l  C O . Y

o r t h o c l a s e  1 . 4  3 . 9  3 . 7

a 1 b 1 E e  5 . 7  6 . 8  I 2 . 7

anorthl te 32.9 27 ,  l -  29 .9

c o r u n d u n  8 . 0  8 , 3  5 . 5

dlopslde

4 7 . 3  4 8 . 2  4 7 . 3  4 8 . 7  4 4 . 3  4 8 . 0

3 . 4  3 , 7  3 . 3  3 . 0  5 . 6  7 . 1

6 . 7  5 . 8  s . 9  5 . 0  5 . 9  5 . 8

2 8 . 6  2 9 . 8  2 7  . 0  2 6 , 1  2 8 . 3  2 0 . 1

9 . 6  8 . 1  9 . 8  1 0 . 3  7 . 4  1 0 . 0

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

4 . 0  4 . r  1 . 5  4 , 2  3 . 3

9 . 2  8 , 3  1 . 9  8 . 6  3 . 6

26.2 28.s 25,7 26.r 29.4

t l . t  9 , 4  9 . 6  6 . 3  4 . O

12.1 73.2 20,4 37.6

0 . 5  3 . 1  3 . r  3 , 1

2 4 . 3  3 9 . 0  3 3 . 4  2 . 7

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

-  5 . 0

1 9 , 2  4 3 . 9  2 6 . E  2 9 , 8  4 r . 0  3 7 . 9

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

2 s . 1  4  . 6  7  . 4  7  . 6  9 . 5  9 . 7

3 5 . 3  3 5 . 3  3 7  . l  3 1  . 0  2 r  ' 1  2 4 . 4

-  6 . 4  4 . 1  4 , 6  8 . 6  5 . 9

1 . 7

( 0 . e )

( 0 . i )

( 0 . 1  )

1 . 3  1 , 4  2 . 4

( 0 . 6 )  ( 0 . 7 )  ( 1 . 2 )

( 0 . 2 )  ( 0 . 3 )  ( 0 . 7 )

( 0 . s )  ( 0 . 4 )  ( 0 . s )

wo

f s -

h y p e r s t h e n e  2 . 3  1 4 . 4  0 . 6  3 . 2  3 ' 3  5 ' 2  5 . 4  5 . 5  5 . 1  3 . 3  4 . 3  3 ' 4  4 ' I  5 ' 9

( 1 . 2 ) ( 1 1 . s )  (  -  )  ( 2 . 3 )  ( 2 . 2 )  ( 4 , O \  ( 4 . 3 )  ( 4 . 2 \  ( 4 . 3 )  ( 2 . 3 )  ( 3 . 5 )  ( 2 . 4 )  ( 2 . 6 )  ( 4 . 4 )

( 1 . r )  ( 2 . 9 )  ( 0 . 6 )  ( o . e )  ( 1 . r )  ( r . 2 )  ( 1 . 1 )  ( 1 . 4 )  ( 0 . 8 )  ( 1 . 0 )  ( 0 . 8 )  ( r . 0 )  ( 1 ' 5 )  ( 1 . 5 )

wol lastonite

M g n e t l t e  L . 2  2 . 9  0 . 6  1 . 0  1 ' 1  1 . 3  1 ' 3  2 . I  I . 9  l ' Z  1 ' 1  1 ' 4  1 ' 8  2 ' I

l l n e n l t e  0 . 5  0 . 7  0 . 1  O ' 2  0 . 1  O ' 1  o . 2  0 . 8  1 . 3  0 . 5  o ' 4  0 ' 6  0 ' 7  0 ' 1

fs

2 . 3  8 . 8  4 . 4  1 3 . 8  9 . 9  4 . t -  7 . 0

( 2 . 3 )  ( 7 , 5 '  ( 3 . 9 )  ( 1 2 . s )  ( 8 . 9 )  ( 3 . 9 )  ( 6 . 0 )

( 0 . 0 )  ( 1 . 2 )  ( 0 . 5 )  ( 1 . 3 )  ( r . 0 )  ( 0 . 2 )  ( 1 ' 0 )

2 . 4  1 . 5  3 . 0  3 . 0  2 ' 2  2 . 5

1 . 3  1 . 1  2 . 3  2 . 6  2 ' 3  1 . 8

9 . 3

0 . 5

1 . 9  1 . 6

0 . 6  0 . 6  1 . 4

o . 2  0 . 2  1 . 6

References

Al len,  J.  C. ,  A.  L.  Boettcher and G. Mar land (1975) Amphiboles in

andesire and basalt: I. Stability as a function of P-T-f6". Am.
Mineral . 60. 1069-1085.

Anderson,  A.  T.  (1974) Before-erupt ion HrO content  of  some
high-alumina magmas. Bull. Volcanol , 37, 530-552.

Apted,  M. J. ,  A.  L Boettcher and B.  O. Mysen (1977) In s i tu

measurements of  the dist r ibut ion of  Ce. Sm. and Tm between
garnet /mel t  and amphibole/mel t ,  ut i l iz ing beta isotopes
(abstr.). In papers presented lo the Inlernational Conference on

Experimenlal Trace Element Geochemistry, l.

Barazangi ,  M. and B.  L.  Isacks (1976) Spat ia l  d ist r ibut ion of

earthquakes and subduct ion of  the Nazca Plate beneath South
America. Geology, 4, 686-692.

Bence, A.  E.  and A L.  Albee (1968) Empir ical  correct ion factors

for the electron-microanalysis of silicates and oxides. J Geol.,

76, 382403
Boettcher,  A.  L.  (1973) Volcanism and orogenic bel ts- the or ig in

of andesites. Tectonophysics, I 7, 223-240
- (1977) The ro le of  amphiboles and water in c i rcum-Paci f ic

volcanism. In M. H. Manghnani  and S.  Akimoto,  Eds. ,  High-

Pressure Research, Applications in Geophysics, p. 107-125. Aca-

demic Press,  London.
- ,  B.  O Mysen and J.  C.  Al len (1973) Techniques for  the

control of water fugacity and oxygen fugacity for experimenta-

tion in solid-media high-pressure apparatus. J. Geophys. Res.,

78.5898-5902.
Bowen, N. L. (1928) The Euolution ofthe Igneous Rocks. Princeton

University Press, Princeton

Cawthorn,  R.  G. and M. J.  O'Hara (1976) Amphibole f ract iona-

t ion in calc-alkal ine magma genesis.  Am. J.  Sci . ,  276,309-329.

Frey,  F.  A. ,  W. B.  Bryan and G. Thompson (1974) At lant ic  Ocean

floor: geochemistry of basalts from legs 2 and 3 of the Deep Sea

Drilling Project. J. Geophys. Res., 79, 5507-552'7.

Hart ,  S.  R.  (1969) K'  Rb,  Cs contents and K, /Rb, K/Cs rat ios of

f resh and al tered submarine basal ts.  Earth Planet .  Sci .  Let t . ,6,

295-303.
Helz,  R.  T.  (1976) Phase re lat ions of  basal ts in their  mel t ing ranges

A l  Ps , s :5  kb .  Pa r t  l l .  Me l t  compos i t i ons .  J '  Pe to l . ,  17 ,139 -

I  93 .
Hi l l ,  R E.  T.  and A.  L Boettcher (1970) Water in the Earth 's

mantle: Melting curves of basalt-water and basalt-water-car-

bon dioxide. Science, 167, 980-982.

Leake, B.  E.  (1968) A catalog of  analyzed calc i ferous and sub-

calc i ferous amphiboles together wi th their  nomenclature and

associated minerals. Geol Soc. Am. Spec. Pap. 68'

Lopez-Escobar,  L. ,  F.  A.  Frey and M. Vergara (1976) Andesi tes

from centra l -south Chi le:  Trace element abundances and pet-

rogenesis. ln O. G. Ferran, Ed., Proceedings of the Symposium

on Andean and Antarclic Volcanology Problems, p. 125-761.

Giannini  and Fig l i ,  NaPles,  I ta lY'

Mysen, B.  O. and A.  L.  Boettcher (1975) Mel t ing of  a hydrous

mant le:  l l .  Geochemistry of  crystals and l iquids formed by ana-

texis of mantle peridotite at high pressures and high temper-

atures as a function of controlled activities of water, hydrogen,

and carbon dioxide.  J Petro l ,  16,549-593.

Ringwood, A.  E.  (1974) The petro logical  evolut ion of  is land arc

systems J.  Geol .  Soc Lond,130,183-204.

Stern,  C.  R.  and P.  J.  Wyl l ie (1975) Ef fect  of  i ron absorpt ion by

noble-metal  capsules on phase boundar ies in rock-mel t ing ex-

per iments at  30 k i lobars.  Am' Mineral . ,60 '  681-689.

Thorpe,  R.  S. ,  P.  J.  Pot ts and P.  W. Francis(1976) Rareearth data

and petrogenesis of andesite from the north Chilean Andes.

Contrib. Mineral. Petrol., 54, 65-78.

Manuscript receiued, Nouember l, 1977; accepted

for publication, June l, 1978




