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Abstract

The stabilities of amphiboles have been determined in an andesite, three basalts, and an
olivine nephelinite in the presence of HrO vapor at values of oxygen fugacity approximating
those of FerOo-FerOs, Ni-NiO, and FerOr-FeO. The thermal stability decreases with increas-
ing activity of sil ica in the parent rocks. Maximum thermal stabil ity of amphibole occurs at
1090"C at l3 kbar in the Hualalai alkali basalt. Maximum pressure stabil ity occurs at 31.5
kbar at a temperature of 1030'C in the olivine nephelinite. Amphibole-bearing assemblages
convert to garnet-bearing assemblages at pressures above l8 to 30 kbar. The amphiboles
straddle the calciferous-subcalciferous boundary, and all of them fall in the pargasite-
tschermakite-tschermakitic hornblende category. No orthopyroxene was found in any of the
basaltic compositions under any of the conditions investigated, although it did occur in the
andesite. This restricts the potential P-T-X conditions under which fractional crystallization
of orthopyroxene is an important mechanism in the derivation of SiO2-undersaturated
magmas.

Our results are consistent with those hypotheses in which some andesitic magmas derive
from basaltic compositions through amphibole-l iquid equil ibria. Fractionation of alkalis by
amphiboles may contribute to the proposed gradient in KrO across subduction zones at island
arcs and continental margins. The shallow dips and depths of subducting slabs beneath
orogenic-zone volcanoes is in concert with this model.

Introduction
Knowledge of the P-7 conditions under which

hydrous minerals, such as amphiboles, exist is fun-
damental to our understanding of melting and related
processes in the crust-mantle system. As is well
known, water dissolves in sil icate l iquids under pres-
sure and lowers the temperature of the beginning of
melting. lf all of the water is bound in amphiboles or
other hydrous phases, the chemical potential of water
would be less than if the water were present as a
nearly pure aqueous fluid, and temperatures of the
beginning of melting would be higher (Burnham,
t967\.

In addition, the KrO contents and KrO/NarO of

igneous rocks may increase continentward from the
oceans, and the fractionation of alkali-bearing
minerals, such as amphibole, at depths may play a
role in this postulated trend. Fractionation of such
amphiboles from a basaltic magma may give rise to
andesitic magmas as proposed by Bowen (1928) and
others.

To solve these problems, we experimentally es-
tablished the stabil ity of amphiboles in an andesite,
three basalts, and an olivine nephelinite in the
presence of HrO vapor at values of oxygen fugacity

ffi,) approximating those of FerOa-Fe2Os,Ni-NiO,
and FerO.-FeO, from l0 to 36 kbar, determining the
pressures at which amphibole-bearing assemblages
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transform to garnet-bearing
depths (<75-100 km) in  the

ALLEN, BOETTCHER, AND MARLAND

assemblages, i.e., al
Earth.

Experimental Methods

Starting Materials

Starting mixes were prepared from a Mt. Hood
andesite, a quartz-normative Picture Gorge tholeiite,
a l92l  Ki lauea o l iv ine thole i i te ,  a nephel ine-
normative prehistoric Hualalai alkali basalt, and a
Honolulu olivine nephelinite (Table I ). These rocks
were chosen because they encompass a wide range of
SiO, and alkali concentrations, and experimental
work had previously been accomplished on some of
these rocks at other conditions (Eggler, 1970,1973;
Hi l l  and Boet tcher ,  1970;  Hol loway,  1970,  1971;  Hol-
loway and Burnham, 1969, 1972; Yoder and Til ley,
1962;  Fudal i ,  1965;  Tuth i l l ,  1968).  Al l  samples were
crushed to -200 mesh under acetone, dried in an
oven at I l0'C, and stored in sealed vials over KOH
in a dessicator.

Capsules

Because the T-fs, in our furnace assemblies is
buffered at values approximating those of the Ni-
NiO (N-NO) assemblage (Hil l and Boettcher, un-
published data), runs made under N-NO conditions
could be made with larger capsules, for an external
solid buffer was not required. Thus, for runs under
these conditions, approximately 35 mg of sample plus
19-26 wt percent HrO were sealed in welded AguoPduo
tubing of  2.2 mm I .D.  For  runs made under
FesO.-FeO (M-W) or FerO.-FerOs (M-H) condi-
tio-ns, the double-capsule technique (Boettcher,
Mysen, and Allen, 1973) originated by Eugster (1957)
and used previously in piston-cylinder apparatus by
Ganguly and Newton (1968), Lindsley and Munoz
(1969), and Gilbert (1969) was employed. With this
technique, only about 1.5 mg of sample plus 20-25 wt
percent HrO were sealed in AgroPduo tubing of 1.5
mm I.D. These smaller capsules plus either the com-
ponents for the M-W or the M-H buffer were in turn
sealed in 3-mm O.D. Pt capsules. Possible water loss
during preparation was determined by weighing the
capsules before and after welding. Potential leaks in
these capsules were detected by heating the capsules
at I l0'C for 12-24 hours and reweighing thenr. Op-
tical and X-ray diffraction techniques were used to
determine whether the M-W or M-H assemblages
lasted the time of the experiments.

The samples were sealed in AguoPduo rather than Pt
in order to prevent loss of iron from the sample to the
capsule (Merri l l  and Wyllie, 1973). Stern and Wyllie

Tnsle la.  Chemical  Composi t ions of  Rocks
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(1975) report 30 and 40 wt percent iron loss from
andesite-HrO mixtures at 1100'C and 30 kbar in cap-
sules of AgruPdzu and AgoPdTo, respectively, but f ind
that iron loss is not significant at 1000"C in runs of l0
hours. However, our data for runs with the andesite
in 2.2-mm l.D. AguoPds. capsules under N-NO con-
ditions at temperatures below 1000'C suggest iron
loss as high as 40 percent. Run number 50 (Table 2)
contained approximately 80 percent glass with l.0l
percent total Fe (Table 7),20 percent amphibole with
10.57 percent total Fe (Table 6), ( 1.0 percent
orthopyroxene and a trace of an opaque mineral.
These figures account for at least 58 percent ofthe 5.0
percent total Fe in the starting material (Table l).
Our runs with the andesite under M-W and M-H
conditions were made with smaller capsules (1.5-mm
LD.) and afford a better comparison of our data with
that of Stern and Wyllie. For example, run number
68 (Table 2) contains at least 85 percent glass with
1.32 percent total Fe (Table 7), at least 5 percent
amphibole with 6.4 percent total Fe (Table 6), and
( l0 percent opaque mineral. These figures indicate
no absorption of iron by the capsule. This is ex-

0 , 4 8

0 . 3 8

r , 6 2 0 . 5 4
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TneLr lb.  Normat ive Composi t ions (C. l .P.W.)  of

Rocks Used in the Experiments
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i t l t .  H a a d  a n d e s i t e  S e e  W l s e  ( L 9 6 9 ,  p .  1 A 0 2 ,  # 1 5 5 ) -

Picture CarEe qudrtz thal ,ei i te,  AnaLUst:  C,0. Ingff ie l ls,  The PennsltL-
D a n i s  S t a t e  U n i D e ? s ; . t ! .  ( S e e  a l s o  H m i l t o n  e t  a l . ,  1 9 6 4 ,  p .  2 3 ) .

192L KiLeea, Haoai i  ol ia ine thoLei i te.  Anal l lst :  C,0 IrLgmeLLs, lhe
Pemsrl tan' ia State UniDersi t ! ,  (See also fUdal i ,  1965, p. 1A65)

Prehistar ic Hualalai ,  Hmai i  aLlaL'L basalt .  Anal l jst :  J,B. Bodkin,
The Pennsylrania State Unitetsi t lJ (See al6o Yoder and ?iLLe,y, 1962,
p .  3 6 A ) .

Honolulu ol iv ine nephel ini te.  See Winchel l  (194?, p. 30-31, analgsi-s
# l s ) .

plicable in terms of the high -fozand low activity of
metall ic Fe (cp"") in the sample when using the M-H
buffer.

Apparatus

All experiments were in piston cylinder apparatus
similar to that described by Boyd and England
(1960).  Several  runs made between 20 and 36 kbar
used a l2.l-mm diameter furnace assembly and
piston (Boettcher and Wyllie, 1968); in the remaining
runs we used a 25.4-mm diameter furnace assembly
and piston (Boettcher, in Johannes et al, l97l). Cap-
sules were placed horizontally in the notched top sur-
face of a cylinder of boron nitride that overlay a
cylinder of talc and a disc of pyrophyll ite. To avoid
contamination of the thermocouple, a strip of Pt foil
was placed between the capsule and the thermocou-
ple, which passed successively through cylinders of
Solenhofen l imestone,  pyrophyl l i te ,  and boron
nitride in the upper part of the furnace assembly.
These were surrounded by a cylindrical graphite fur-
nace inside a cylinder of talc with a ring of f ired
pyrophyll ite at the base of the talc cylinder. This fur-
nace assembly was surrounded by a sheet of lead foil

01 Eho

o1 lho

oI  tho

o l  tho

oL tho

o1 lho

oI  tho

01 tho

o l  tho

o l  tho

o l  tho

oI  lho

o I  tho

0 1  t h o

oI  tho
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and  l ub r i ca ted  w i th  a  s l u r r y
perfluorokerosene.

ALLEN, BOETTCHER, AND MARLAND

Tesr-E 2.  Cont inuedo f  M o S ,  a n d

Temperatures were measured by Pt-PtroRhro ther-
mocouples, but they were not corrected for the effect
of pressure on the emf. Friction corrections of -12

percent for the 12.7-mm furnace assemblies and -5

percent for the 25.4-mm furnace assemblies were ap-

Tlulr  2,  Cont inued

Run

tl M t e r l a l

S t a r l l n g

kbars

L , V , 0 1 ,  C p x ,  A n , 0 p ,  q M
I , V , 0 1 ,  C p x , t u ,  O p ,  q M
I ,  ? v , 0 1 ,  C p x , A n , 0 p ,  q M ,

L ,  ? V , 0 1 , C p x , o p , q M ,  q h
L ,  ? v , 0 1 ,  C p x , O p , q M ,  q A m
L ,  ? v ,  c p x , O p ,  q M ,  q A n ,  q c p x
L, ?V, qM, qAn, qcpx
l , V , 0 1 ,  c p x ,  G a , h ,  o p ,  q M
l ,  ? V , 0 1 ,  C p x , G a ,  A n ,  O p ,  q l ' l
I , V , 0 1 ,  C p x ,  G a ,  A n ,  O p ,  q M
L ,  ? V ,  (  ? 0 1 )  ,  C p x ,  o p ,  q M ,

l ,  ? V , 0 1 ,  C p x , G a ,  A D ,  O p ,  q M
l ,  ? V , 0 1 ,  C p x , G a  ,  O p ,  q M ,

qh
l ,  ? V , 0 1 ,  c p x ,  G a ,  o p ,  q M
L ,  ? V , 0 1 ,  C p x , G a , 0  p ,  q M ,

qAn
L , V , 0 l , C p x , G a , O p , q M , q h
L , v , 0 1 , C p x , h ,  ( 0 p ) , q M
L , v ,  0 1 , c p x ,  ( o p ) , q h , q M
L , V , 0 l , C p x , h ,  ( o p ) , q M
L , v , 0 1 , C p x ,  ( o p ) , q M , q h
L , V , 0 1 , C p x ,  ( o p ) , q M
r , v , C p x , A , \ , 0 p ,  q M
L , V ,  C p x ,  O p ,  q M ,  q A n
r , V ,  C p x ,  A n ,  o p ,  q M
L ,  V ,  C p x , h ,  O p ,  q M
L , V ,  C p x , 0 p ,  q M ,  q A n

13 980 401
13 1020 397
13 1040 96
13 1060 85
13 1080 146
13 1097 92
r0 980 248
r0 to00 272
13 950 394
1 3  9 8 0  7 7
13 1000 13
1 3  1 0 2 0  6 9
13 1040 61
13 1060 82
1 3  1 0 8 0  8 0
t0 980 201
1 0  1 0 0 0  r 7 4
1 0  1 0 2 0  1 8 6
10 ro40 L72
10 1060 r7r
10 1080 1.39
1 0  l r 0 0  1 7 7
13 1080 39
13 1105 46
18 1040 109
18 1097 106
20 1040 113
20 1080 138
22 1040 117
2 2  1 0 6 0  r 2 r
22 l-O97 125
2 4  1 0 4 0  r 2 9
2 6  1 0 4 0  r 3 3
1 0  9 8 0  2 1 r
l0 1000 212
10 1020 2r3
10 1040 218
1 0  1 0 8 0  2 9 0
13 1020 95
13 1040 91
13 1060 90
1 3  1 0 8 0  1 4 5
13 rO97 87
1 0  1 0 0 0  2 7 0
10 1020 277
l0 )-o40 257
13 1020 7 4
13 1040 75
13 1060 63
13 1097 83
1 3  1 1 0 0  7 9
10 7020 283
10 1040 286
10 1060 292
13 rO20 265

13 rO40 269
13 1060 261
1 3  1 0 8 0  2 7 5
13 1100 263
1 3  L r 2 0  2 6 7
15 1-040 278
18 1720 29r
1 9  r O 2 0  2 7 6
2 0  1 0 4 0  3 0 3
2 0  1 0 6 0  3 0 5

2 0  1 1 0 0  2 8 2
22 7020 284
2 2  1 0 8 0  3 0 4
2 4  1  0 6 0  3 0 0
24 1080 308

24 1105 305
24 1115 307

oI thol  M-w 22.7
01 thol M-W 25.O
ol rhol  M-!I  20,0
o I  r h o f  M - w  2 0 , 0
01 thol M-l , l  20.O
o L  t h o l  u - W  2 0 . 0
ol Ehol M-H 25.O
oI Ehol M-It  25.4
o 1  t h o l  M - H  2 O . 2
01 thol M-H 20.0
0 1  t h o l  M - H  2 0 . 0
ol thol  M-H 20,0
oI thol  M-H 20.0
0 1  t h o l  M - H  2 0 , 0
o I  ! h o 1  M - H  2 o . 0
alk bas N-No 20.4
a1k bas N-No 20.2
alk bas N-No 20.3
alk bas N-NO 20,0
a 1 k  b a s  N - N o  2 0 . 0
a l k  b a s  N - N o  2 5 , 0
alk bas N-No 20.1
alk bas N-No 19.0
a1k bas N-No 18.9
alk bas N-No 24.5
a 1 k  b a s  N - N o  2 5 , 0
a I k  b a s  N - N o  2 6 . 0
a1k bas N-No 25.0
a l k  b a s  N - N o  2 5 . 0
e l k  b a s  N - N 0  2 5 , 0
a 1 k  b a s  N - N o  2 5 , 0
a 1 k  b a s  N - N o  2 5 , 0
a l k  b a s  N - N o  2 5 . 0
a1k bas M-W 21.9
a l K  b a s  t r - u  2 t . \
a1k bas M-l{  2)- .3
a1k bas M-W 20,0
a 1 k  b a s  M - W  2 2 . 7
a1k bas M-W 79.7
alk bas M-U 20.3
alk bas M-W 20,0
alk bas M-! l  20.0
a l k  b a s  M - W  2 0 . 0
a1k bas M-H 25.7
alk bas M-H 25.6
alk bas M-H 25.0
a l k  b a s  M - H  2 0 . 0
alk bas M-H 20.0
a I k  b a s  M - H  2 0 . 0
a1k bas M-l{  20.0
a1k bas M-l t  20.0
nephel ini te N-No 19.9
nephel iniEe N-No 19.1
nephel ini le N-No 19.9
nephel lni te N-No L9. 9

nephel lnl le N-No 19.9
nephel inlre N-No 20.0
nephel lnl te N-No 19.9
n e p h e l i n i t e  N - N o  2 0 . 0
nephel lnl te N-No 20.0
nephel lnl le N-No 20,0
nephel lnl te N-No 20.0
nephel ini le N-No 20.3
nephel lni te N-No 20.1
nephel iniEe N-No 20.1

nephel ini te N-No 20,0
nephel iniEe N-No 20.1
nephel lni te N-No 20.0
nephel inl te N-No 20,1
nephel lnlre N-No 20.0

nephel lnl te N-No 20.0
nephel inlEe N-No 20.0

L ,  V ,  C p x , A o , 0 1 ,  q M
L,v ,  Cpx, An, qM
L , V , C p x , A n , 0 1 , q M , q A n
L , V , C p x , A h , q M
L ,  V ,  q U
L,v ,  qM
L, V, Cpx,Am, Op, qM
L , V , C p x , o p , q M
L , V ,  C p x ,  A n , 0 p ,  q M
L , ? V , C p x , A s , O p
L ,  ? V ,  C p x ,  O p
L ,  ? V ,  C p x , O p
L , V ,  C p x , O p ,  q M
L , V , C p x , 0 p ,  q M , q A r D
L , V ,  O p ,  q M ,  q c p x ,  q l o
L , V , 0 L , C p x , A n , O p , q M
L , v , 0 L ,  c p x , A n ,  q M ,  q h
L, V, 01, Cpx,Am, qM, qAn
l - , V , 0 1 ,  C p x ,  q M ,  q A n
r , V , 0 1 , C p x , q M , q A n
I , v , 0 1 , C p x ,  q M
L, V, qM, qAn
L , V , 0 I ,  C p x ,  A E ,  q M ,  q h
L ,  V ,  q M ,  q c p x
L , V , 0 I ,  C p x , A n ,  q U
L , V ,  q M ,  q c p x ,  q h
L , V , 0 1 ,  C p x ,  M ,  q M
L , V , 0 1 ,  q M ,  q c p x ,  q A n
L ,  V , 0 1 ,  C p x , h ,  q M
L , V , 0 1 ,  C p x , h ,  q M
L , V ,  q M ,  q h ,  q c p x
L ,  V , 0 1 ,  C p x , A n , G a ,  q M
L ,  V , G a ,  C p x , 0 1 ,  q M ,  q A n
L ,  ? V , 0 1 ,  C p x , h
L , V , 0 I , C p x , k , q M ,  q h
L , v , 0 I ,  C p x ,  q M ,  q A n
L , V , 0 I ,  C p x ,  q M ,  q A n
L ,  V , 0 t ,  q M
L , V , 0 l ,  C p x , A n ,  q M ,  q A n
L , v , 0 1 ,  C p x , A n ,  q M
L , V , 0 I ,  q M ,  q A n ,  q c p x
L , V , 0 1 ,  q M ,  q h ,  q c p x
L , V , ? O p , q M , q c p x
L ,  V ,  C p x , A n , 0 p ,  q M
L , V ,  C p x , A n ,  O p ,  q M
L , V ,  C p x , O p ,  q M
L , v , C p x , A n , o p
L ,  ? V ,  C p x , h ,  O p
L, ?v, Cpx, Op, qM, qAD
L , V , 0 p ,  q M ,  q h ,  q c p x
L ,  ? V ,  O p ,  q h ,  q c p x
L , v , 0 1 , c p x , h , q M
L , v , 0 1 , C p x ,  ( A n ) , q M
L , V , 0 1 ,  C p x ,  q M
L , v , 0 1 , c p x , A n ,  ( o p ) , q M ,

qAn
L ,  V , 0 1 ,  C p x ,  ? h ,  q M ,  q A n
L ,  V , 0 1 , C p x ,  q M
L , V , 0 1 ,  C p x ,  q M
L ,  v ,  0 1 ,  q M
L , V ,  q H
L , v , 0 1 , C p x , q M
L,V ,  qM
L , V , 0 1 , c p x , A n , O p ,  q M
L , V , 0 1 ,  C p x , A n ,  O p ,  ? B i ,  q M
L ,  V , 0 1 ,  C p x , A n , O p ,  q M , q A n ,

qcPx
L ,  ? v ,  (  0 1 )  ,  q M ,  q c p x ,  q h
L , V , 0 1 ,  C p x ,  A n ,  S p ,  O p ,  q M
L ,  V , 0 1 ,  C p x ,  o p ,  q M ,  q h
L , V , 0 1 ,  C p x ,  A o , O p ,  ? B l ,  q M
L , V , 0 1 ,  C p x , O p ,  q M ,  q b ,

qcPx
L ,  V , 0 1 ,  C p x ,  O p ,  q M ,  q h
L , v ,  ( 0 1 ) ,  ( ? o p ) , q M , q A n ,
qcpx

Hzo Elon assmbla8e

h r  s .

25 IO20 285
2 a  1 0 2 0  3 1 0
28 rO40 326

2 8  1 0 6 0  3 1 9
28 1080 320
2 8  1 1 2 5  3 0 9
2 8  1 1 5 5  3 1 6
30 850 327
30 900 3L3
30 LO20 281
3 0  1 1 0 0  3 2 3

3 1  1 0 2 0  3 2 1
3 2  9 0 0  3 2 8

ro20 293
900 337

9 0 0  3 3 9
1 0 2 0  3 3 6
1 0 4 0  3 4 0
1020 330
1040 334
1 0 5 0  3 3 2
1 0 4 0  3 3 5
1 0 6 0  3 3 8
1020 329
1 0 4 0  3 3 3
1 0 6 0  3 3 1

nephe l in i re  N-N0

nephe l in i te  N-N0

nephe l in iEe N-No

nephef in i te  N-No

nephe l ln l te  N-No

nephe l in l te  N-N0

nephe l in i te  N-N0

nephe l in l te  N-N0

nephe l io i !e  N-N0

nephe l in i te  N-N0

nephe l in l te  N-No

nephe l in i te  N-No

nepeh l ln l re  N-No

nephe l in l te  N-No

nephe l in i te  N-No

nepheL in i le  N-N0

nephe l ln l te  M-W

nephe l in i !e  M-W

nepeh l in i te  M-w

nephe l in i !e  M-W

nephe l in i re  M-H

nephe l in i te  M-H

nephellnlte M-H

nephe l in i te  M- t r

nephe l in i re  M-H

nephe l in iEe M-H

2 0 . 7  2 2 . O
2 5 . 2  2 2 . 5
2 4 . 9  4 . 3

2 4 . 9  7  . O
2 5 , 1  4 , 0
2 I . 2  6 . 3
2 4 . 8  4  . 3
2 5 . 5  2 3 . r
2 4 . 5  2 2 . 2
2 0  0  2 2 . 3
2 6 . 0  4  0

2 6 . 4  2 3 . 0
25-8 23 0

2 4 . 4  2 4 , O
2 5 . 4  2 5 , 3

2 5 . 3  2 0 . O
2 3 - O  6 - 5
2 2 . 3  1 . O
2 5 , 6  4 . O
2 5  0  6 . 1
2 5 . r  4 . r
2 4 . 9  7  . O
2 5 . 7  7 . 0
2 5 . 5  4 . 0
2 5 . 3  6 . 0
2 5 . r  4 . O

4 . 0

4 . 0
4 . 5
4 . 9
4 . 8
5 . 0

1 2 . 0
6 . 5

2 2 - 0
6 . 5
6 . 1
7 . 1

1 1 . 5
1 0 . 5
1 3 . 1
1 0 . 7

7 . O
2 2 3
2 3 . 0

1 , O
3 0 .  0
27. s

4 - 7
4 - 5

AbbveDiqt ions: qz thal  = qua"tz thalei iLe; aL bhal,  = oLi, ine thalei i te;
alk bas = aLkal i  basalt ;  L = gLass interp?eted ta be
quenehed Liquid; V = gldss interpreted to be quenched
Dapay; A,a = @rphiboLe; Cpr : clinaplrocene; jpr = ortha-
pA?@ene; 0L = oLiDine; Op = opaque nineral; Ga : gu-
net;  Bi  :  Biat i te;  Sp = sphene; Ru = rut i le i  M = nica-
ceas mineral; PL - plagioclase; q = interyreted ta haDe
erystallized during the qlench; ? = questi.onable; ( ) =
trace mount

plied, all runs used the piston-in method (Johannes e/
al, l97l).

Run Procedure

A pressure of at least one kbar below that to be
maintained during the run was first applied to the fur-
nace assembly. Next, the temperature was increased
to the appropriate value over a period of about ten
minutes, and the pressure was then increased to the
desired value. Synthesis runs lasted between three
and 3l hours. To reverse the high-temperature part of
the amphibole-out curves, two-stage runs were made.
That is, a run under conditions known from previous
runs to be sufficient to melt the entire charge was
readjusted to within a few degrees less than the condi-
tions known from previous synthesis runs to produce
amphibole and held at those conditions from 2l to 40
hours. A similar procedure was used to reverse the
high-pressure part of the same curves. In these, a run
at a half ki lobar above the pressure sufficient to form
a garnet-bearing, amphibole-free assemblage was
lowered to a half ki lobar below the highest pressure
at which amphibole was synthesized and held at these
conditions from 22 to 40 hours.

Identfficalion and Description of Phases

The phase assemblage at run conditions was deter-
mined by standard optical and X-ray diffraction

. 0

. 5
, 5
. 5

4 . 8
4 . 3

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

5 . 3
5 . 0
5 . 5
4 . 2
6 . 0

4 . 2
6 . 0
4 . 8
6 . 5
4 . O
5 . 0
4 . 5
7 . O
6 . 2
5 . 3

6 . 2
2 1 . 0

6 . 0
7 . L
5 . 0

6 . 0
6 . 0
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study of the quenched products. Mineral phases in
amounts too stnall to be detected by X-ray diffraction
techniques could usually be detected with the
petrographic microscope,  us ing the fo l lowing
characteristics.

Forsterite occurred as colorless, euhedral to sub-
hedral, equidimensional crystals.

Clinopyroxene generally appeared as euhedral,
co lor less to fa int ly  green pr isms of  moderate
birefringence.

Orthopyroxene was characteristically in subhedral,
med ium-b rown ,  squa t  p r i sms ,  show ing  fa in t
p leochroism in some runs.

Amphibole occurred as slightly pleochroic, l ight-
green to slightly yellow-green, tabular, subhedral to
euhedral crystals with an extinction angle of 12"-25o ,
often with twinning.

Plagioclase occurred as subhedral prisms with
alb i te  twins.

Garnet, although amber to rusty red under a low-
power binocular microscope, formed colorless,
isotropic  euhedra.

Sphene occurred as brownish-red subhedral
crystals, and ruti le occurred as acicular dark reddish
brown crystals of high birefringence.

Opaque oxides, although not identif ied further, oc-
curred as subhedral to euhedral crystals.

Quenched sil icate melt was a transparent, faintly
l i lac,  isot ropic  g lass.

Quenched vapor in most cases occurred as spheres
("fish roe"), sometimes arranged on fibers l ike beads,
but was also as irregular masses. It was not easily dis-
tinguished from quenched liquid at pressures above
27 kilobars. Quench rninerals include amphibole,
clinopyroxene, and mica. The quench amphibole and
quench clinopyroxene occurred as ragged skeletal
crystals and ragged overgrowths on primary crystals.

Quench micas occurred as colorless plates, often with
ragged edges. A brown mica, which occurred in some
runs with the alkali basalt and nephelinite at pres-
sures of  20 kbar  and above,  may be pr imary.

Results

Phase Relationships

The results of experiments on the five starting
materials are presented in Table 2. The phase
relationships are shown in P-T projection in Figures
l-6. It was possible for us to predict the approximate
configuration of the stabil ity f ield of amphiboles in
Figures l-6 as a result of earlier work at high pres-
sures by Lambert and Wyllie, 1968; Gilbert, 1969;

Hil l and Boettcher, 1970; Essene, Hensen, and Green,

1970). This study accurately establishes these fields

and shows the effects of varying bulk composition
(from the olivine nephelinite with 38.5'7Vo SiO, to the

andesite with 59.107o SiOz) and fs, throughout the

stabil ity range of magnetite. The results of varying

,fHzo wil l appear in a following paper. Although HrO

was the only volati le added to the starting materials,
the mole fraction of HzO in the vapor (X]r,s) was

slightly less than 1.0 because some solids dissolve in

the vapor and also because X]1, ranges from 0'05 for

M-W conditions to 0.01 for M-H conditions, assum-

ing ideal mixing (Mysen and Boettcher, 1975a, b).

Amphibole in the Mt. Hood andesite, under ap-

proximately N-NO conditions (Fig. lA), is stable on

the vapor-saturated l iquidus with or without spinel,

to a temperature of about 950'C over a pressure

range from at least as low as 10 kbar to as high as

about 18 kbar. Our value of 950'C compares

favorably with the work of Eggler (1970) on the same

andesite at 5.5 kbar. Under water-saturated condi-

tions (9.7 wtTo HzO in the l iquid), he reported a

temperature of  955" C for  the breakdown of

amphibole. The amphibole-out curve acquires a

rather small slope (dPldZ) at about 18 kbar where

garnet becomes stable at the expense of amphibole.

In the vicinity ofthe change in slope at about l8 kbar,

the l iquidus has a moderately steep positive slope

(dP/dT) extending to our last datum point at 23

kbar and l0 l0 'C;  garnet ,  wi th a minor  amount  of

spinel, remains stable on the l iquidus throughout this

pressure range of about 5 kbar. Thus at temperatures

of the amphibole-out curve, amphibole melts in-

congruently; and at pressures greater than those of

the curve, amphibole-bearing assemblages transform

to garnet-bearing assemblages. This general con-

figuration is repeated in each of the other four rocks
(Figs.  lB,  lC,  1D,  and 3) .  In  the andesi te no detect-

able change occurred in the position of the l iquidus

or the stabil ity of amphibole when using either the

M-H or M-W buffers at 13 kbar, or the M-H buffer

at l0 kbar; however, amphibole remained stable to a

slightly higher temperature, 965oC, when using the

M-W buffer at 10 kbar (Fig. 2A). It is of some, in-

terest to note that in two runs in which the capsule

leaked and most of the water was lost, clinopyroxene

instead of amphibole was the primary crystall ine

phase.
Amphibole and clinopyroxene, with or without

spinel, coexist on the l iquidus from about l3 kbar

and l0 l0"C to 19 kbar  and 980'C in the Picture

Gorge quartz tholeiite under approximately N-NO



1074 ALLEN, BOETTCHER, AND MARLAND

uuu wu 1000 1100 800 900 1000 ltoo
Temperature, oC

Ftc.  l .  Crystal l izat ion sequence for :  (A) Mt.  Hood andesi te,  (B) Picture Gorge quartz thole i i te,  (C)
l92l  Ki lauea ol iv ine thole i i te,  (D) Hualala i  a lkal i  basal t .  Al l  assemblages coexist  wi th l iquid and vapor
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Legend:

(A) Andesi te

Cn.
A  A m + O p x
E  e m + O p x + O p
O  A m * O p * G a

O  n m + O p x * O p * G a
A  A m + O p x f G a
O  O p * G a
I  Above l iqu idus

(B) Quartz Tholei i te

O cp"
A  C p x + O p
fl ,qrn * Cpx * op
O  A m * C p x
A  C a + C p x f O p
I Abou" l i -quidus

(C) Tholei i te

O cp*
A  O r n * C p x * G a + O p
L  l  A m * C p x * O p
O  A m * C p x
A  C p x * G a + O p
I  e  bou.  l iqu idus

(D) Alkal i  o l iv ine basal t

C o t
A  o t + C p x
I  e . + o l + c p x
O  A m + O l + C p x * G a
O  O t  + C p x * G a
A  O l + C p x * G a * R u * O p

! A . + O l + C p x * G a * R u * O p
I Aboue l iquidus

condi t ions (F ig.  I  B) .  At  l0  kbar ,  c l inopyroxene is  the
stable l iquidus phase at a temperature of 990oC, and
amphibole appears as an additional phase below
950"C. At pressures above l9 kbar, amphibole is un-

stable relative to the garnet-bearing assemblages. The
slope of that part of the amphibole-out curve
representing the upper-pressure stabil ity probably ex-
tends to lower temperatures with a small dp/dl

Vapor-Satu rated
L iqu  i dus

Amphibole Out

Amphibole Out
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based on the reversed brackets at 12 and24kbar and
700"C established by Essene et al (1970). The
stability of amphibole at 10 kbar is increased 20o by
employing either the M-W or M-H buffer (Fig. 2B);
the stability of clinopyroxene (not shown) is in-
creased 20o using the M-W buffer and by 60" using
M-H. At 13 kbar,  amphibole is stable on the l i -
quidus to about 1010'C with M-W as with the
N-NO buffer; however, under conditions of the M-H
buffer, the stability is decreased 60o at 13 kbar,
whereas the stability of clinopyroxene (not shown) is
increased by 40".

Melting relations for the 1921 Kilauea olivine
tholeiite at approximately N-NO conditions are in

Figure lC. Clinopyroxene is the sole crystall ine l i-

quidus phase up to 20 kbar, at which pressure it is
joined by amphibole. At pressures above 20 kbar, a

garnet-bearing assemblage replaces the amphibole-

bearing assemblage. Hil l and Boettcher (1970) deter-

mined the stabi l i ty  of  amphibole at  lower

temperatures for this rock, but their value of 26 kbar

at 700'C is too high because of the metastable per-

sistence of amphibole in nonreversed runs. The

stabi l i ty  of  amphibole is  increased by l0 'at  l3  kbar

using M-W buffer (Fig. 2C), but increasing the fs,
with M-H reduced the stabil ity by 70'; however, the

clinopyroxene liquidus remained at 1070'C for both

buffers. Decreasing the pressure from l3 to l0 kbar
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800 900 1000 1100 800 900 1000 1100

Temperature, oC

Frc.  2.  Amphibole-out  curves for  (A) Mt.  Hood andesi te,  (B) Picture Gorge quartz thole i i te,  (C) l92l

Ki lauea ol iv ine thole i i te.  and (D) Hualala i  a lkal i  basal t  under M-W, N-NO, and M-H condi t ions.
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800 900 1000 il00 tzoo
Temperature,oC

FIc .3 .  Crys ta l l i za t ion  sequence fo r  Hono lu lu  o l i v ine
nephelinite All assemblages coexist with liquid and vapor. Legend
for Fig 3 (for abbreviations, see Table 2):

E Ol, Cpx, Am I Above l iquidus \ Cpx, Op
A Ol, Cpx I Ol, Cpx, Am, Op v Ol, Cpx, Am, Ga, Op
O Ol v Ol, Cpx, Op A Ol, Cpx, Ga, Op

caused the stability of amphibole to decrease by 30'C
for the N-NO buffer, by 60'C for the M-W buffer,
but to remain unchanged under M-H conditions
(Fig. 2C).

The most refractory amphiboles in this study are
those in the prehistoric Hualalai alkali olivine basalt
(Fig. lD). Olivine is the liquidus phase at all pres-
sures from l0 to 26 kbar at approximately N-NO
conditions. Amphibole was stable to the highest
temperature, 1090'C, at l3 kbar and approximately
N-NO conditions. The upper pressure stability limit
is about 25 kbar, at which pressure an amphibole-
bearing assemblage is replaced by a garnet-bearing
assemblage, and the amphibole-out curve proceeds to
lower temperatures with a smal l  posi t ivedp/dT.Our
results for this curve are in agreement with those es-
tablished at 700o to 900"C on a similar rock by Es-
sene et al (1970). At 13 kbar, lowering/6, with the
M-W buffer or raising -fo" with M-H reduce the

maximum stability of amphibole by 40'C (Fig. 2D).
Olivine is also the liquidus phase with the M-W
buffer, but no olivine was found under M-H condi-
tions; instead clinopyroxene was the liquidus phase.

Melting relations in the olivine nephelinite at ap-
proximately N-NO conditions are shown in Figure 3.
Olivine is the sole crystalline liquidus phase from 10
to 24 kbar, above which it is replaced by clinopyrox-
ene. The amphibole-out curve has a temperature
maximum of 1070'C at 22 to24 kbar, but decreases
to 1050" at 28 kbar and 1040' at  l0 to l3 kbar.  The
pressure maximum for this curve occurs at 31.5 kbar
and 1030'C. This represents the highest pressure for
any reuersed amphibole-out curve yet reported.
Lowering thef6" with the M-W buffer decreased the
stabi l i ty of  amphibole by l0o at l0 and 13 kbar
(Table 2); increasing/6, with the M-H increased the

800 900 1000 1100

Temperature, oC

Ftc. 4. Pressure-temperature projection showing the relative
positions of the amphibole-out curves under N-NO conditions for
the Mt. Hood andesite, Picture Gorge quartz tholeiite, l92l
Ki lauea ol iv ine thole i i te,  Hualala i  a lkal i  basal t ,  and Honolulu
olivine nephelinite along with the shield geotherm from Clark and
Ringwood (1964) and oceanic geotherm from Ringwood,
MacGregor,  and Boyd (1964).
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with an ARI--nltx electron microprobe analyzer
(Tables 3-7). Although results are shown up to as
many as four significant figures, they almost certainly
are accurate only to two or three. Salient features of
these determinations are as follows:

Oliuine. Olivine occurs in significant amounts in
only two of the rocks, the alkali basalt and the
nephelinite, although there were trace amounts in the
olivine tholeiite. The four analyses of these olivines in
Table 3 indicate that the Mg/(Mg+>Fe) of the
olivine increases with that of the starting material.

Gqrnet. Garnet occurs at high pressures in all five
rocks. The chemistry of these garnets (Table 4) in-
dicates that the Mgl(Mg+>Fe) is proportional to
that of the starting material and that the pyrope con-
tent increases with pressure.

Clinopyroxene. Near l iquidus temperatures,
clinopyroxene is the most abundant mineral in the
three basalts and in the nephelinite, but is undetected
in the andesite. Mgl(Mg*)Fe) of the clinopyroxene
increases with that of the starting material (Table 5),
but it decreases with increasing pressure in the quartz
tholeiite and the olivine tholeiite and appears to
be independent of pressure in the nephelinite.

Clinopyroxenes synthesized under approximately
N-NO conditions show larger values of AlzOg and
NarO compared to those at higher or lower values of
{

J oz'

Amphibole. Although present in only minor

Teet-n 3. Olivine Compositions

-40 
45 50 55 60 62.8 65 70

Percent  S iO2

Ftc. 5. Subtraction diagram. Mt. Hood andesite minus approx-
imately 20 percent amphibole yields composition in right column.

stability l0'. Olivine was a stable crystalline phase
with only the N-NO and M-W buffers. Our results
on the stability of the pargasitic amphiboles (Table 6)
synthesized in the alkali basalt and the nephelinite
are consistent with the work of Boyd (1959) and Hol-
loway (1973) on pargasite at pressures from 250 bars
to 8 kbar.

We performed a brief investigation of the stability
of amphibole in a basanite (Winchell, 1947, p. 30-31,
anafysis no. 13 with 42.86Vo SiO, and 10.517o nor-
mative nepheline) at approximately N-NO condi-
tions. Here, amphibole (with olivine and clinopyrox-
ene) is stable to 1080"C at pressures of l3 to l6 kbar,
although it is not present on the liquidus.

Chemical Analyses

The chemical compositions of ofiyi,nes, pyr_oxenes,
amphiboles, garnets, and glasseS-were determined

Analysis
Rock

T ' c

P,  Kbar

Buf  fe r

1
Alka11
basa l t

1020

13

M-W

2
A1ka1i
basalr

1040

18

Nephel ini te
3

A1kali
basa l t

1040

2 4

4

1060

24

si02

A1203

Fe0*

Mco

C a 0

3 9 . 3 8

o . 2 5

2 t . 5 t

40 .03

3 9 . 3 1

0 . 2 3

2 4  . 5 8

36 .  68

39.L4

0 .  3 4

2 3 . 6 4

3 6  . 5 4

3 9 . 1

0 .  0 4

18.2

4 0 . 8

X X

Itgl (Mg+Fe)

101.  17

1 .004
0.  008
0 . 4 5 9
r . 5 2 2

n . d .

1 ,  9 8 1

o . 7 7

98 .  54

I  .006
0 .00 r
o .392
1 .  566
0. 011

1 . 9 5 8

0 . 8 0

s l
A1
Fe

Mg

1 0 1 . 2 0  9 9 . 8 7

Cations/4 Oxygens

1 . 0 1 7  L O L Z
0 . 0 0 7  0 . 0 1 1
0 . 5 3 2  0 . 5 3 7
L . 4 r 4  L . 4 7 9
0 . 0 1 1  0 . 0 0 6

L . 9 4 6

0 . 7 3

2 .016

o . 7 3

-- ^Iotal, iron as FeA, 88,0 .  Wsen,  ArcLAst .
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amphibole in peridotites at high pressures. However,
the amphiboles in the quartz tholeiite, the alkali
basalt, and the nephelinite maintain a rather constant
Me/(Me+)Fe), which is lower than that of the
clinopyroxenes.

Glasses. Two representative chemical analyses of
glasses (quenched liquids) from the andesite are l isted
in Table 7. These glasses are highly aluminous and
quartz-normative. They contain less NarO and more
KrO than their associated amphiboles.

Discussion

As suggested by Lambert and Wyllie (1968), the
stabil ity of amphiboles in andesites and basalts is
l imited by melting reactions at high temperatures and
by transformation to garnet-bearing assemblages at
high pressures. Amphiboles are stable to higher pres-
sures and, with the exception of the nephelinite, to
higher temperatures in order of decreasing activity of
sil ica of the starting materials (Fig. 5). Although
Mysen and Boettcher (1975a) found that the stabil ity
of amphibole in peridotites increases with increasing
Mgl(Mg+Fe'+) of the starting material, this is not
true for these five rocks. The ratios Mg/(Mg*Fe2+
*Ca)  and  Mg l (Mg+>Fe*Ca)  o f  t he  s ta r t i ng
materials were also examined in this regard, but no
obvious relationships were found. All minerals in the
five rocks, for which we have comparative analyses,
show a strong positive correlation between the
Mgl(Mg+ ) Fe) of the mineral and that of the parent
starting material.

No orthopyroxene was found in any of the three
basalts, nephelinite, or the basanite under any of the
conditions investigated by us. Green (1970, 1971,
1973) and Bul t i tude and Green (1968,  l97 l ) ,  have
proposed a major role for orthopyroxene in the
derivation of SiOr-poor magmas, such as olivine
nephelinites, from a hydrous pyrolite mantle. They
report a small stabil ity f ield of orthopyroxene in
basanites and olivine nephelinites in the presence of 2
to 7 percent water. It is difficult to compare our
results with theirs, for their runs were not under
water-saturated conditions and were at different (un-
controlled) conditions of -for however, the lack of
orthopyroxene in our basaltic rocks certainly restricts
the potential P-T-X conditions under which frac-
tional crystall ization of orthopyroxene is an impor-
tant mechanism. We are now investigating the
stabil ity of amphiboles in the andesite and the olivine
tholeiite under vapor-saturated conditions in which
Xfi,o is varied by dilution with COr. No ortho-
pyroxene has been found in runs made with the

ALLEN,

TnsLr 4. Garnet Composit ions

Analysis | 2
Rock  Andes i te  Andes i te

T"C 920 920

P,  Kbar  18  20

Buffer N-NO N-NO

3 4 5
Quartz Quartz Alkali
rho le i i te  tho le i i te  basa l t

960 960 1040

2 0  2 1  2 6

N-NO N-NO N-NO

si02  4 t .59

T i 0 2  l .  6 8

ALzOz 19.88

F e 0 *  1 9 . 1 8

Mgo 8 ,  06

C a O  9 . 4 4

4 5  . 4 0

1 .  5 5

1 7  . 5 1

1 9 . 0 0

8 . 4 8

9  . 4 3

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

r , 2 4  L . 6 4  0 . 6 4

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

2 3 . 3 2  2 2 . L 6  1 5 . 8 6

6 . 5 3  9 . 0 4  1 3 ,  8 2
' t 0 - 5 5  R - l i  A  o o

s i  6 . 2 7 7
A r  3 . 5 3 7
T l  0 . 1 9 1
F e  2 . 4 2 L
M g  1 . 8 1 2
C a  7 . 5 2 7

Mg/ (Ms+IFe) o,43

*Total iron as FeO,

amounts near the high-temperature part of the
amphibole-out curve, amphibole rapidly increases in
amount at lower temperatures. In computing the
chemical analyses, the raw counts were corrected by
the method of Bence and Albee (1968) with an APL
program prepared by V. J. Wall. This program uses
an estimated FerOr/FeO and HrO content. HrO was
arbitrari ly taken as 2.00 percent; FerOr/FeO values
of 0.3, 0.4, and 0.8 were selected for M-W, N-NO,
and M-H buffers, respectively. These values are not
inconsistent with the range of values l isted in the
amphibole analyses in  Leake (1968).

In view of the diversity in chemistry of the starting
materials and the range of pressure, temperature, and
/6, covered in this investigation, the amphiboles are
remarkably similar in composition (Table 6). Ac-
cording to the classification devised by Leake (1968),
they straddle the calciferous-subcalciferous boun-
dary,  and a l l  o f  the m fa l l  in  the pargasi te-
tschermakite-tschermakitic hornblende category.
Only seven contain enough titanium to justify the
prefix t itaniferous ()0.25 Ti per 24 oxygens). Except
for the amphiboles from the olivine tholeiite (possibly
due to an error in the analysis of MgO and FeO in
analys is  2 l ,Table 6) ,  Mgl(Mg+)Fe) increases wi th
that of the starting material. The amphiboles in the
andesite become less magnesian with increasing pres-
sure at conditions approximately N-NO, similar to
the trend found by Mysen and Boettcher (1975b) for

Cations/24 Oxygens

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

o . 4 4  0 . 3 3

6 ,L36  6 .535
3 .502  4 .O r r
0 .1  93  0 .O7  7
2 ,906  2 . t 29
2 , r r 3  3 .307
1  .  365  r . 37  6

0 . 4 2  0 . 6 1
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Tlsr-E 5. Cl inopyroxene Composit ions

T  o ^  o 2 n

P,Kbar  13

Buffer M-H

980

13

M-W

980
i 1

N-NO

960

l8

N-NO

960

20

N-NO

960

ZI

N-NO

960

10

l,t-I,I

980

13

M-ir

1050

13

N-NO

1000

18

N-NO

si02 5L.46

1102  0 .39

A1203  6 .20

Fe0x  9 .06

MCo IL.72

CaO L9.57

Na20  0 .87

0 .  5 3

2 . 8 Q

11 .  36

t 2 . 3 5

1 9 . 9 0

0 . 2 9

51 ,  87

0 . 4 9

2 . L 7

9 . 3 7

L4.86

20.66

0 . 2 9

48 .03

0 .  3 5

4 . 6 2

LO.23

1 3 . 6 9

19 .  9 l

0 .  6 0

48 .  99

0 .  6 8

4 . 3 9

12 .  50

1 3 . 0 1

1 8 , 8 3

9 . 7  6

49 .7  4

0 . 5 7

5 . 8 3

9 . O 4

11 .  73

2 L , 8 4

o . 7 4

s0 .  56

0 . 7 9

2 . 7  6

) .  o c

L t . 4 5

1 9 .  9 5

0 .  2 8

50 .  58

Q . 7 7

z . ) 4

6 .  3 5

L 7 . 7 6

1 9 . 5 9

0 . 2 7

5L.47

0 . 8 7

2 . 1 5

5 .  51

L ) . 5  t

20.27

o . 2 4

52.95

0 . 7 5

2 . 5 7

6 .  6 8

16 .  51

20 .7L

u .  z o

TOTAL 99,27

s i  1 . 9 1 4

A 1  0 , 2 1 2

T i  0 . 0 1 1

F e  0 . 2 8 2

M g  0 . 6 4 9

C a  0 . 7 8 0

N a  0 . 0 6 3

M B  n r n
( i lg+DFe)" "  "

M g  3 7 . 9

F e  1 6 . 5

u a  4 ) .  o

9 9 . 4 8

1 .  963

o .L24

0 .  015

0 , 3 5 7

0 .  691

0 .  801

0 .02L

0 .  66

1 9 .  3

43 .3

99 .70

L .937

0 . 0 9 6

0 . 0 r 4

0 .293

0.827

0 .827

0 .  021

0 . 7  4

c z . )

1 5 .  0

4 2 . )

9 7 . 4 4

1 ,  883

o .216

0. 011

0 . 3 3 9

0 .  808

0 . 8 3 7

0 .  046

0 . 7 0

40.7

1 7 . 1

42 .2

1 .  8 9 9

0 .  20 r

0 .  020

0 .  407

0 . 7 5 5

o . 7  9 3

0 . 0 5 8

0 .  6 s

3 8 .  6

2 0 .  8

40 .6

97  . 6 r

1 . 9 0 0

o . t 2 2

0.Q22

0 . 1 8 4

0 . 9 7 6

0 .  803

0 .  021

0 . 8 4

49 .7

9 . 4

40 ,9

97 .41

1 .  900

0 . 1 1 7

0 .  023

o .207

1 . 0 3 2

0 .  819

0 .  02 r

0 . 8 3

5 0 .  r

1 0 ,  1
1 0  R

1 .  960

0.L27

0 .  025

0 . 1 8 0

0 , 8 9 4

0 .827

0 .  019

0 . 8 3

1 .  935

0 ,  111

0 .  021

o.204

0 . 8 9 9

0 .  811

0 .  019

o . 8 2

99 .  15 99 .48

Cations/6 oxygens

1 .  868

o .258

0. 016

o .284

0 .  656

0 . 8 7 9

0 .  054

0 . 7 0

3 6 .  1

1 5  . 6

48 .3

9 6 . 4 4  I o U , 4 4

4 7 . 0  4 7 . O

9 . 5  1 0 . 7

4 3 . 5  4 2 . 3

T, 'c  tooo
P,Kbar  2L

1020

13

r040
l3

1040

18

1040

2 0

1040

2 4

1040

26

101 5

19

1015

t9

1060

24

f e r

si02

Tr02

A1203

Fe0*

Mgo

Ca0

Naro

4 9  . 6 4

0 . 7  4

5 ,  14

8 , 3 0

]-5.23

20.7 6

0 . 4 6

49 .67
1  ? O

3 . 9 4

8 . 4 7

1 3 . 6 9

21.54

0 .  4 5

49 .3L

t , . 2L

6 . 6 4

8 . 6 1

L6.23

18 .  91

0 .  4 5

51 .  33

3 . 6 0

6 . 3 3

L 6  . 7 1

2L.L2

0 . 2 9

5L.71

0 .  4 5

2 . t L

5 .  8 8

T ) . 1 U

23 .72

0 . 3 s

48 .  90

0 .  69

4 . 6 6

5 . 6 9

1 5 .  9 3

20 .75

0 . 4 3

5 1 . 1 1

0 . 8 5

) . + I

8 . 7 7

l-3.  91

2 0 . 0 3

0 .  83

50 ,  55

n . d ,

3 . 2 5

5 .  1 1

1 6 . 4 1

2 3  . 4 4

0 . 4  3

49.94

n .  d .

3 . 4 2

4 . 9 3

1 6 , 0 3

23 .98

0 . 3 6

52.8

0 . 8

3 . 6

4 . 6

1 4  . 8

2 2 . L

o . 4

100 .  2  6 99 .  15 r01 .  40 99 .93 99 .93 97  . 05 100 .  97 99 .  19 98.66 99 .1

Catlons/6 0xygens

s i

A1

T1

F e

Ca

Na

0 . 0 1 3  0 . 0 2 0

0 , 1 8 2  0 . 1 8 7

0 .  867  0 .  934

0 .942  0 .849

0 .025  0 .033

0 . 8 3  0 . 8 3. - u . l l
(r,lg+u r e,

Mg 43.7

! e  L ) . c

ca 42.9

1 . 8 4 1

0 . 2 2 5

0 .  021

0 . 2 5 8

o .842

0 . 8 2 5

0 .033

r . 8 7  2

0 . 1 7 5

0 .  039

0 . 2 6 7

o . 7  6 9

0 . 8 7 0

0 .  033

0 . 7  4

4 0 .  3

1 4 .  0

1 .801

0 . 2 8 6

0 .  033

o .265

0 .883

0 . 7 4 0

0 .  032

o . 7  7

46.8

1 4 . 0

1 .  890

0 .  156

0. 015

0 .195

0 .  917

0 .  833

0 .021

0 .  82

4 t . L

1 0 .  0

1 .  9 1 6

0 .  0 9 2

r , o o 7

0 . 2 1 0

1 . 8 7 6

o . 2 3 7

0 .o24

o .269

o . 7  6 l

0 . 7 8 8

0 . 0 5 9

0 . 7 4

4 t . 9

14  . 8

1 . 8 8 3

0 .  143

0 .  159

0 , 9 1 1

0 .  935

0 . 0 3 1

0 .  8 5

4 ) . 4

? o

1 . 8 7 3

0 .  151

0 .  155

0 .  895

o .964

0 . 0 2 6

0 .  85

44 .5

L .952

0 .  153

0.o22

0. 140

0. 800

0. 859

o.026

0 .  85

4 q . )

t . d

4 3  . 5

9 . 1

4 7 . 4

45.7 39.2 42,8 47,3 43.L 43.3 46.7 47.8 47.7

eAmLAst, B. O. I4Asen, *Iotal ITon aB FeO.
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Trnle 6a Amphibole Composit ions

A n d  e a  1 t  e Quertz tholel l te

Buffer N-No N-No N-No N-No N-No M-w M-H M-H !r-!J lt-H N-No N-No M-w
s102 45 ,54  45 .00  46 .68  45 .55  43 ,81  44 .63  47 .07  46 ,59  44 .59  43 .2  42 .Or  4 t .54  42 .6L

T, oc 92o 92o 900 900 g2o g4o 880 880 9oo g2o gzo g2o 960
P,Kbar 10 10 13 13 18 r0 13 13 13 13 10 10 10

Tt02 2 . 0 1  2 . t O  1 . 3 6  1 . 3 3  L . z L  2 . 3 0  0 . 3 9  0 . 4 4  L . 2 5  0 . 6 3  2 . t 9  r . 9 3  2 . 7 5
dzo:  12 .50  12 .55  11 .71  11 .34  L4 .69  1r .66  14 .04  13 .59  12 ,81  t4 .6  L2 .69  L2 .87  L2 .36
Fer0a*  3 .  70  3 .  40  3 .  83 4 . 0 0  4 . L 2  2 , 4 2  6 . 9 9  7 . 8 7  3 . 0 6  3 . 8 2  4 . 5 5  4 . 7 A  3 , 4 7
F e O  9 . 2 4  8 . 5 0  9 . 5 8  1 0 , 0 1  1 0 . 3 0  8 . 0 6  8 . 7 4  9 . 8 3  1 0 . 2 0  4 , 7 8  1 1 . 3 8  L r . g 5  1 r . 5 7
Mgo 14.13  15 .14  13 .42  13 .95  11 .68  14 .75  LO.47 10 .0r  L4 .L4  14 .05  LL .77  12 ,74  13 ,35
c a o  8 . 1 8  9 . 1 6  9 . 0 5  L o . 2 6  9 . 3 4  1 0 . 8 4  7 . 8 0  8 . 4 9  9 . 4 9  9 . 8  9 . o o  g , g 2  1 0 . 0 2
N e 2 0  2 . L i  L 9 2  2 . 3 8  2 . Z Z  2 . 5 2  2 . O 4  2 . 3 4  2 . 2 4  I . 7 g  3 . 3 2 . 4 8  2 , 4 0  2 , O O
K z O  0 ' 3 5  o ' 3 4  0 . 3 3  0 . 3 2  0 . 5 5  0 . 3 3  0 . 2 4  o . 2 3  o . 5 l  0 , 4 5  0 . 5 1  o . 4 7  0 , 7 3
H " 0 *  2 ' 0 0  2 ' 0 0  2 . 0 0  2 . 0 0  2 . o o  2 . o o  2 ' 0 0  2 . o o  2 , 0 0  2 . o o  2 , 0 0  2 , 0 0

TorAL 99 ,82  100.11  100.34  100.99  too .22  99 .03  100.08  lo r .29  99 .84  94 .65  98 .58  100.61  100.86
Mg

( T I E )  0 . 6 7  0 , 7 0  0 . b 5  0 . d s  0 . 6 0  o . 7 z  0 . s 5  0 , s t  0 . 6 6  o . . t sUg

( r l g + F e 2 - )  0 . 7 3  o . i 6  0 . 7 1  0 . 7 1  o . 6 i  o . 7 7  0 . 6 8  0 . 6 4  0 . 7 1  0 . 8 4

0 , 5 8  0 . 5 8  0 , 6 2

0 . 6 5  0 . 6 6  0 . 5 7

19 20 5 2 6 2 7

T"C 910 910 950 950 950 980 980 1000 lo00 980 980 980 9EO 1040
P,Kbar 13 13 13 L3 13  13  13 t8 20 10 10 r0 10 I J

Buffer M-H M-H u-H M-H M-H M-w u-w N-No N-No M-w N-No N-No N-No M-H
s i 0 2  4 3 ' 1 9  4 3 . 7 7  4 2 . 5 5  4 3 ' 0 2  4 3 . 9 5  4 6 . L 2  4 5 . 4 7  4 2 . 3 9  4 0 , 0 5  4 5 . 1 2  4 3 . 5 8  4 3 . 3 7  4 r . 7 2  4 L 6 t
T1O2 2 , r 0  1 . 8 7  7 . 4 5  L 4 0  I . 2 5  3 . 7 6  4 , 2 8  2 . 4 2  1 . 3 8  2 . 5 g  2 . 8 8  2 . 8 8  2 . 3 5  I . 5 2
A 1 2 0 3  1 5 ' 1 5  1 5 ' 6 5  1 3 . 8 8  1 3 . 9 s  L 3 . 2 5  1 3 . 9 1  1 3 . 5 4  1 7 , 0 9  1 5 . 4 2  7 5 . 7 5  1 3 . 0 6  1 3 , 0 4  1 3 . 2 8  L 3 . 4 2
F e r 0 r *  6 . 0 8  5 . 4 3  3 . 3 6  4 . 1 1  3 , 6 0  2 . 5 8  2 . 9 L  5 . L 7  2 . L 7  1 . 9 6  2 . 9 g  3 . 1 5  2 . 9 7  7 . 3 2

Fe0

Mgo

ca0

Na20

*20

7 , 6 L

1 2 . 1 1

I O . 1 1

2 , r o
0 . 5 6
2 .00

6 , 7 4

9 . 2 5

1 . 8 1

0 . 5 0

2 . 0 0

4 . 2 0

1 6 .  5 8

12.55

0 . 5 3

2 . O O

16.44

t t .1  6

2 . 3 4

0 . 5 3

2 . 0 0

4 . 4 9

r t , 59
r . 59

2 . O O

8 . 5 8

1 0 . 2 6

1 0 . 5 5

0 . 5 8

2 . O O

9 . 7 r

9 . 4 2

1 . 5 3

u .  ) )

2 . O O

L 2 , 9 2

1 0 , 0 5

4 . 7 9

0 .  1 2

0 . 3 7

2 , O O

5 . 4 1

t 4 , 7  6

l 7  , L 4

0 . 6 1

0 , 0 1

2 , 0 0

L 2 . 7 0

1 . 7 s

0 . 7 3

2 . O O

1 4 , 1 3

1 0 . 0 7

0 . 7 2

2 . O O

7  . 4 7

L4,43

1 1 . 8 9

2 , L 2

o . 7  2

2 . 0 0

t 4 , 7  6

L0.76

2 . 3 4

0 .  7 8

2 . 0 0

9 . 8 6

o . 7  4

2  , 0 0
H

I 0 I . 0 l r00. 1 0 0 . 6 8 9 8 ,  9 1 99.7  0 100,88 101.33 LOO.47 9 8 . 3 8

(Mg+tPe) 0 . 6 2

o . 7  4

0 . 6 7  0 . 8 0  0 . 7 7

0 , 7 8  0 . 8 8  0 . 8 5

0 . 7 9  0 . 6 3  0 , 5 8  0 . 5 1

0 . 8 7  0 . 5 8  0 . 6 3  0 , 5 8

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

0 . 8 3  0 , 7 8  0 . 7 7  0 , 7 1  0 . 7 8  0 . 7 3

Analysl6 . . x

T,  "C 1020

N e D h e l t a l t e

1015 1015
P , K b a r

Ti02 L , 6 2

dz0:  13 .  4

Fer0r*  2 .23

l e u  ) . J /

I'1C0 16. 3

C a o  1 1 . 4

N a 2 0  2 , 7

K 2 0  L . 2 2

H2o*

1 1  1 0 1 9  1 9

1015 r015 1060

24

N-NO

1020

2A

N-NO

1020

I3

M-[I

1020

l3

M-II

19 t9
Buffer N-No N-NO N-Ng N-NO N-NO N-NO

s i02  42  'o 4 2 , 6 0

1 . 7 3

1 5 . 8 1

2 .  I 0

1 6 , 0 5

1 0 . 7 1

2 . 0 1

L . 4 8

2 .  0 0

4 2 . 0 L

1 .  5 6

1 5 . 4 3

2 , 0 6

) . r o

1 1 . 7 8

2 . 2 9

2 . 0 0

4 3 .  1 4

1 , 7 0

LJ ,44

2 . L 2

5 . 2 9

16.45

1 r . 6 8

r ,  3 5

2 . 0 0

42.49

L . 6 2

L3.42

2 . I 4

5 , 3 4

1 6 . 9 5

2 . 4 6

L . 2 0

2 . 0 0

1 . 5 5

L4,23

2 . L O

5 . 2 6

1 6 . 8 3

r 0 . 8 5

2 ,  L 5

1 .  5 1

42.38

2 , L O

1 3 . 8

1 . 9 4

4 . 8 6

r o .  b

1 1 .  3

2 . 6

0 . 8 4

42.20

0 , 7 8

1 5 .  3

L4,9

r 0 . 9 3

2 , 8 4

I . J J

3 9 . 3

2 , L 8

1 3 . 8

2 . L 2

7 ,08

1 5  . 0

1 1 . 3 8

3 . 4

1 . 1 8

L3.32

3 . 4 0

7  , 2 5

L 7 , 6

1 0 . 8 4

4
( r . {s+ tFe)  0 .79  0 .80  o .7g  o .8o  o .8 l  0 .81  o .az  0 .75  o .75  0 .75

Mg

GrFlFe '?+)  0 ,84  0 ,84  0 .84  0 .85  0 .85  0 ,85  0 .85  0 .81  0 .79  0 .81
tEstircte, See Iat.

EArclyst, B. 0, Waa

sAne lyBt !  B ,0 .  Ween,



AMPHIBOLES IN ANDESITE AND BASALT

Tnslr 6b. Chemical Formulae (O-23) for Amphiboles in Table 6a

l08 l

1 2 3 9 1 0 13 14 15 16 L'| 18 19

^ ,  rv

otVr
T1
- 3 +f e

!tg

F e - '

CE

Na

6 , 5 3 6  6 . 4 3 8  6 . 6 8 3

L,464 L .562 L .3L7

0 . 6 5 2  0 , 5 5 6  0 , 6 6 0

o.2L7 0 .226 0 .L46

0 . 4 0 0  0 . 3 6 6  0 . 4 1 3
3.O22 3 .228 2 .863

1 , 1 0 9  1 . 0 1 7  1 , 1 4 7

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

0 , 5 0 4  0 , 5 3 3  0 . 6 6 r

0 . 0 6 4  0 , 0 6 2  0 . 0 6 0

6 . 5 4 t  6 . 3 4 2

1 . 4 5 9  1 . 6 5 8

0 . 4 6 1  0 . 8 5 0

o.144 0 . ] .32

o.432 0 .449
2 , 9 8 5  2 . 5 2 0

L.202 L .247

t . 5 7 4  L . 4 4 9

0 . 6 1 8  0 . 7 0 7

0 . 0 5 9  0 . 1 0 2

6 . 4 7 2  6 . 1 1 9

r . 5 2 8  1 . 2 8 1

0 . 4 6 7  1 . 0 8 3

0 . 2 5 1  0 . 0 4 2

o . 2 6 4  0 . 7 5 L
3 . L 8 8  2 . 2 2 7

0 . 9 7 8  1 . 0 4 3

1 . 6 8 4  r . 1 9 3

o , 5 7 4  0 . 6 4 8

0 . 0 6 1  0 . 0 4 4

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

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

0 , 9 2 9  0 . 6 3 6  0 . 8 8 4

0 . 0 4 7  0 . 1 3 5  0 . 0 7 0

0 . 8 4 5  0 . 3 3 3  0 . 4 2 3
2.127 3 .048 3 .081.

L , L 7 2  1 . 2 3 4  0 , 5 8 8

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

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

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

6 . 2 6 1  6 . 1 1 0

1 . 7 3 9  1 , 8 9 0

0 . 4 9 2  0 . 3 4 3

o . 2 4 5  0 . 2 L '

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

L . 4 3 7  L . 5 6 3

o,7L7 0 .684

0 . 0 9 7  0 . 0 8 8

6 . 2 0 9  6 . t 7 7

L.791 L .823

0 . 3 3 3  0 . 7 3 3

0 . 3 0 1  0 . 2 2 6

0 . 3 8 r  0 . 6 5 5
2 . 8 9 9  2 , 5 8 L

1 . 4 r 0  0 . 9 1 0

1 . 5 6 5  1 . 5 4 9

0 , 5 6 5  0 . 5 8 2

0 . 1 3 6  0 . 1 0 2

6 . 2 L r  6 . L 2 1

1 . 7 8 9  1 . 8 7 3

0 . 8 3 0  0 . 4 8 5

0 . 2 0 0  0 , 1 5 7

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

0 . 8 0 5  0 . 5 0 6

L.406 r .952

0 . 5 1 5  0 . 5 7 2

0 . r 0 9  0 . 0 9 7

6. t29  6 ,3 r2  6 .594

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

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

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

0 . 4 4 1  0 . 3 8 9  0 , 2 7 8
3.490 3 .562 2 .L86

0 . 6 1 1  0 , 5 3 9  1 . 0 2 6

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

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

0 . 0 9 6  0 . 1 0 r  0 , 1 0 6

ca+Na+K 1 .926 1 ,999 2 ,LO9 2 .255 2 .258 2 .3L9 I .885 L958 2 .067 2 ,57L 2 .25L 2 .335 2 .266 2 .233 2 ,O3O 2 .62L 2 .537 2 .328 2 .098

o s  0 , 6 7  0 . 7 0  0 . 6 5  0 . 6 5  0 . 6 0  0 . 7 2  O . 5 5  0 . 5 1  0 , 6 6  0 . 7 5  0 , 5 8  0 . 5 8  0 , 6 2  0 . 6 2  0 . 6 7  0 . 8 0  O , 7 7  O . 7 9  0 , 6 3

c l a s s l -  t . h .  t ,  t . h .  t . h ,  t .  t .  t . h .  t . h .  t .  t ,  t .  t .  t '  t '  t .  p .  t .  t '  t . h .
flcat lon*

F e / M g  0 . 5 0  0 . 4 3  0 , 5 4  0 . 5 5  0 . 6 7  0 , 4 0  0 , 8 1  0 . 9 5  0 . 5 1  0 . 3 3  O . 7 4  O . 7 2  0 . 6 2  0 , 6 L  0 . 4 8  0 . 2 4  0 . 3 0  0 . 2 6  0 , 6 0

Fomula 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

^, rv
. ,  v r

6 . 5 0 0  6 . 0 9 2  5 . 8 5 3  6 . 4 4 5  6 . 3 L 2  6 . r 9 5  6 . r 3 9  6 . O 2 4  6 . 1 4 5  6 . 0 9 0  6 . O 8 7  6 , 2 L 8  6 . 1 4 6  6 . 2 7 3  6 . r 5 r  6 . 1 2 1  5 . 9 0 6  5 . 9 7 0

t . 5 o o  t . 9 0 8  2 . 1 4 7  r , 5 5 5  1 . 6 8 8  r . 8 0 5  1 . 8 6 1  1 . 9 ? 6  1 . 8 5 5  1 , 9 1 0  1 . 9 1 3  1 , 7 8 2  L . 8 5 4  r . 7 2 7  1 . 8 4 9  r . 8 ? 3  2 . O 9 4  2 . 0 3 0

0 . 7 8 3  0 . 9 8 9  0 . 5 I 1  I . 1 0 0  0 , 5 4 3  0 . 3 9 2  0 . 4 4 4  0 . 3 1 6  0 . 4 5 7  0 . 7 5 6  0 . 7 2 4  0 . 5 0 3  0 . 4 3 6  0 . 6 3 9  0 . 5 r 3  0 . 7 4 7  0 , 3 5 2  0 . 2 2 5

0 . 4 6 0  0 . 2 6 2  0 . L 5 2  0 . 2 7 8  0 . 3 1 4  0 . 3 0 9  0 . 2 6 0  0 . 1 6 6  0 . 1 7 8  0 . 1 8 6  0 . 1 8 1 -  0 . 1 8 4  0 . 1 , 7 6  0 , 1 7 5  0 . 2 2 9  0 . O a s  0 . 2 4 6  0 . L 2 7

2 , O O 7  2 . L 5 5  3 . 2 L 5  2 . 1 0 4  3 . O 5 0  3 , 0 1 2  3 , 2 3 7  2 . 9 3 2  3 . 5 5 4  3 . 4 2 2  3 . 2 7 0  3 . 5 3 4  3 . 6 5 6  3 . 5 3 5  3 . 5 9 0  3 . 2 2 4  3 . 3 6 0  3 . 7 6 4

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

L . 7 5 7  L . 3 5 4  2 . 6 8 4  r . 4 6 2  1 . 5 6 3  1 . 8 2 0  1 . 6 9 7  1 . 5 3 0  L . 7 8 7  L . 6 4 L  1 . 8 2 9  1 . 8 0 4  1 . 8 1 6  1 . 6 3 9  L . 7 5 7  L . 7 0 L  1 . 8 3 3  1 . 6 6 7

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

o . r o o  0 . 0 6 8  0 , 0 0 2  0 , 1 3 3  0 . 1 3 3  0 . 1 3 1  0 . 1 4 6  0 . r 3 7  0 . 2 2 8  0 . 2 7 0  0 . 2 5 5  0 . 2 4 8  0 , 2 2 1  O , 2 7 2  0 , 1 5 6  0 . 2 5 0  0 . r 8 2  0 , 1 6 7

2 . 2 8 L  L . 4 5 5  2 . 8 5 9  2 . 0 8 0  2 . 3 5 6  2 . 5 3 8  2 , 5 L t  2 . 3 6 9  2 . 7 8 t  2 , 4 8 5  2 . 7 2 7  2 , 7 0 3  2 . 7 2 7  2 . 4 9 9  2 , 6 4 5  2 . 7 5 L  3 . 0 0 6  2 , 8 1 3

0 . 5 8  0 . 5 1  0 . 7 8  0 , 7 3  0 , 7 1  0 . 7 1  0 . 7 2  0 , 6 1 ,  O . 7 9  0 . 8 0  0 . 7 9  0 . 8 0  0 . 8 1  0 , 8 1  0 . 8 2  0 . 7 5  0 . 7 5  0 . 7 5

t .  t .  p .  t .  t ,  t .  t .  t .  p .  t .  P .  p .  p .  t '  p .  p .  P .  P .

F"3 r  0 ,313  0 .559  o .23g  o . zL r  0 .326  0 ,339  0 .329  0 .79s  o .246  o .226  o .225  o . z3o  o .233  o .223  o . zL2  o .280  o .24o  o .367

Mg

! e

UA

Na

K

Ca+Na+K

ng

claesif l -
cat ion*

F e l u e  0 , 7 3  0 . 9 8  0 . 2 8  0 . 3 7  0 . 4 0  O . 4 2  0 . 3 8  0 . 6 5  0 , 2 6  O . 2 5  0 , 2 6  O . 2 5  0 . 2 4  0 . 2 4  O . 2 2  0 . 3 3  0 . 3 4  0 . 3 3

p. = potgasite; t. = tschemkite; t.h. = tschemakitic homblend.e
*0n basis of 24 eugens, according to cl,ageification of Leake (L968)

olivine tholeiite with )ftro : 0.75, 0.50, and 0.25;
however, orthopyroxene is stable in the andesite
under these same conditions and occurs in greater
proportions than in the runs made with pure H2O.

Under all conditions investigated, amphiboles in
the three basalts and in the nephelinite are stable to
temperatures greater than those of the vapor-
saturated l iquidus for the andesitic composition. The
SiOz content of the amphiboles formed from these
basalts ranges from 39.3 to 46.1 percent. Separation
of the low-sil ica amphiboles from basaltic magmas by
partial melting or fractional crystall ization in the
presence of water would be an effective process
leading toward sil ica enrichment, such as proposed
by Bowen (1928).

These results are also consistent with the proposal
set forth by Bowen (1928) and developed in detail by
Tuthil l  (1968) that resorption of amphiboles, for ex-

ample by crystals sinking into hotter regions of a
basaltic magma, can enrich alkalis in the l iquid and
develop nepheline-rich compositions.

Fractionation of amphiboles, such as the one listed
in Table 6, analysis 2, from a magma of andesitic
composition could lead to the development of a
residual l iquid intermediate between quartz diorite
and granodiorite (Fig. 6). This subtraction diagram
suggests that when MgO has diminished to zero by
removal of approximately 20 percent amphibole
crystals, the l iquid remaining would contain 62.8 per-

cent SiOz.
The garnets formed in the Mt. Hood andesite con-

tain about 32 percent pyrope component, l9 percent
)Fe, and 9.4 percent CaO. Fractionation of such a
garnet in magmas at pressures above the breakdown
oI amphibole would lead to enrichment of alkalis and
sil ica in the residual l iquid. Essentially the same
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Tlslr 6c. Normative Composit ions (C.l .P.W.) of Amphiboles in Table 6a

o r l h o c l a s e  z , o 1  2 . o l

s L b l t e  1 8 . 3 5  L 6 . 2 5

anorthl te 23.34 24.62

nepheline

leuclte

corunduD

d l o p s i d e  1 3 , 7 9  1 6 . 5 8

v o  ( 7  . 2 O )  ( 8 . 6 9 )

e n  ( 5 . 0 6 )  ( 6 . 3 2 ,

f 6  ( 1 . 5 3 )  ( 1 . 5 7 )

h y p e r s  t h e n e  1 0 , 5 1  6 . 1 1

e n  ( 8 . 0 8 )  ( 4 . 9 0 )

f s  ( 2 , 4 3 )  ( 1 . 2 I )

o l i v l n e  2 0 . 5 8  2 3 , 6 2

f o  ( 1 5 . 4 s )  ( 1 8 , s 6 )

f a  ( 5 . 1 3 )  ( 5 . 0 6 )

c s

M g n e t i t e  5 . 3 7  4 . 9 3

l l m e n i t e  3 . 8 2  3 , 9 9

1 . 9 5  1 . 8 9  3 , 2 5

20.L4  L7 .55  15 .48

20.30  20 .03  27 .L5

u .  o o  5 .  L t

L 9 . 7 6  2 4 . 8 0  1 5 . 5 1

( r 0 , 2 7 )  ( 1 2 . 8 9 )  ( 8 . 0 1 )

( 6 . 9 5 )  ( 8 . 6 9 )  ( 5 . 1 2 )

( 2 . 5 4 )  ( 3 , 2 2 )  ( 2 . 3 8 )

7 . 3 5

\ ) .  J v ,

( 1 . 9 7 )

2 0 . 7 0  2 5 . 7 2  2 5 . 4 0

( r 4 , 7 7 )  ( 1 8 . 2 6 )  ( 1 6 . 8 0 )

( 5 . e 3 )  ( 7 . 4 6 )  ( 8 . 5 0 )

5 . 5 5  5 . 8 0  5 . 9 7

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

r , 9 5  L . 4 2

! 4 . 4 L  1 9 , 8 0

2 ! . 6 9  2 7 . t O

2 5 . 5 6  9 . 3 2

(13.40)  (4 .84)

( e . 7 6 )  ( 3 . 2 7 )

( 2 . 4 0 )  ( 1 . 2 1 )

( r 8 . 4 8 )

( 6 . 8 2 )

2 4 . 0 L  4 . 2 7
( r8 .eo)  (3 .04)

( 5 . 1 1 )  ( 1 . 2 3 )

3 . 5 1  1 0 . 1 4

4 . 3 7  0 . 7 4

1 . 3 6  3 , 0 1

18.96  15 .  15

26.35  25 .41

t 2 . 7 2  L 7 , 4 4
( 6 . s 8 )  ( e , 0 5 )

<4.28)  (5 .99)

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

2 2 . 5 7  1 . 7 0
( r 5 . 7 4 )  ( 1 . 2 1 )

( 6 . 8 3 )  ( 0 . 4 9 )

5 . 0 9  2 8 . 3 2

( 3 . 4 4 )  ( r 9 . 6 3 )

( 1 . 6 s )  ( 8 . 6 9 )

1 1 . 4 1  4 . 4 4

0 . 8 4  2 . 3 7

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

1 4 . 3 1  4 . 2 8  9 . 3 1

2 t . 9 9  2 2 . 9 6  2 2 . 5 9

3 . 6 1  6 . 5 2  4 . O 9

2 . 7 2

t t ,22

9 . 0 5

L9.70  18 .31  2 t ,22  21 .85

( r0 .42)  (9 .46)  (10 .e6)  (11 .32)

( 8 . 1 4 )  ( 6 . 0 6 )  ( 6 . e e )  ( 7 . 4 3 )

( 1 . 1 4 )  ( 2 . 7 e )  ( 3 , 2 1 )  ( 3 . 1 0 )

2L.73  24 .59  26 .26  26 .39

(18.83)  (16 .30)  (17 .33)  ( r8 .09)

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

5 , 5 4  5 . 6 0  6 . 9 3  5 . 0 3

r . 2 0  4 . 7 6  3 . 6 7  5 . 2 2

I 4 I 7 2 3

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

e 1 b 1 t e  1 5 .  6 8

anoEthl te 30.26

nephel ine 1, 13

Ieucite

corunduo

d i o p s l d e  1 5 . 7 6

w o  ( 8 . 3 1 )

e n  ( 6 . 3 1 )

f s  ( I .  1 4 )

h w h a i e i h 6 h 5

en

f s

ol iv ine 20.06

f o  ( 1 6 . 7 I )

f a  ( 3 . 3 5 )

m g n e l i t e  8 . 8 2

i. Inenlte 3 ,99

3 . 5 5  3 . 1 3

1 5 . 8 2  0 . 7 7

3 2 . 5 4  2 7 . r r

8 . 9 8

r 0 . 5 4  2 7  . 9 3

( 5 . 5 7 )  ( 1 4 . 8 8 )

( 4 , 3 t  )  ( r 2 , 2 9 )

( 0 . 6 3 )  ( 0 . 7 6 )

( 3 . 1 0 )

( 0 . 4 s )

2r .3L  2 I .70
(18 .38)  (20 .32)

( 2 . 9 3 )  ( 1 . 3 8 )

7  . 8 1  4 . 8 7

3 . 5 5  2 . 7 5

3 .  1 3  3 . 2 5  3 . 4 3

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

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

8 . 7 8  2 , 5 L

2 5 . 4 2  2 3 . 6 3  L 7 . 7 4

( 1 3 . 5 1 )  Q 2 . 5 7 )  ( 9 . 2 7 )

( 1 0 . 9 2 )  ( 1 0 . 2 6 )  ( 6 . 5 6 )

( 0 . 9 e )  ( 0 . 8 0 )  ( r - . e l )

2 2 . 8 9

( r 7  . 1  4 )

( 2 1 . 0 4 )  ( 2 1 . 8 5 )  ( 0 . 8 7 )

( 2 . 1 0 )  ( 1 . 8 6 )  ( 0 . 2 8 )

5 . 9 6  5 . 2 2  3 . 7 4

3 . 2 5  2 . r 9

1 2 . 9 5  r . O 2

2 8 . 4 6  4 3 . 6 7

0 . 5 1

2 2 . 8 3

( 1 1 . 8 8 )

( 8 . 0 7 )

( 2  , 8 8 )

1 4 .  3 9  3 8 . 3 3

( 1 0 . 6 1 )  ( 2 3 , 7 0 )

( 3 . 7 8 )  ( 1 4 . 6 3 )

4 . 6 6  1 . 5 9

( 3 . 3 5 )  ( o . e s )

( 1 . 3 1 )  ( 0 . 6 4 )

4 . 2 2  7 . 5 0

8  . 1 3  4 . 6 0

4 . 3 1  4 . 2 6  4 . 2 6

1 4 . 8 1  t 2 . 2 r  5 , 3 2

3 2 . 9 9  2 2 . 9 6  2 3 . 9 4

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

( 6 . 0 1 )  ( L r . 2 7 )  ( 1 4 . 6 3 )

( 4 . 5 3 )  ( 8 . s 4 )  ( 1 1 . 0 0 )

( 0 . 8 7 )  ( 1 . 5 8 )  ( 2 , r 7 )

8 . 2 7

( 6 . 9 3 )

( 1 . 3 4 )

1 7 . 1 5  2 2 . 4 7  2 L 2 8

( 1 4 , 1 4 )  ( 1 8 . 6 7 )  ( 1 7 . 4 8 )

( 3 . 0 r )  ( 3 . 8 0 )  ( 3 . 8 0 )

2 . 8 4  4 . 3 4  4 . 5 7

4 . 9 2  5 , 4 1  5 . 4 7

3 9 . 3 1

2 . 8 0

0 . 0 5

1 6 . 8 1
( 8 . 8 8 )

( 6 . 8 4 )

(1 .  09)

32 .23

(2O.97 )
( 3 . 6 9 )

( 7  . 5 7  )

N o r n  2 6  2 7  2 8  2 9  3 0  3 1  3 2  3 3  3 4  3 5  3 6  3 7

o r E h o c l a s e  4 . 6 1  4 , 3 7 6 . 0 0

a l b i t e  3 . 7 4  7 . 7 9

a n o r t h i L e  2 3 . 4 3  2 3 . 2 I

n e p h e l i n e  8 . 7 0  7  . 2 4

2 . 6 5 8 . 9 2  4 . 9 6

Leuclte

corundun

d i o p s i d e  2 3 . 1 6

w o  ( 1 2 .  5 1 )

e n  ( 9 . 3 9 )

f s  ( 1 .  8 6 )

hyperothene

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

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

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

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

( 1 4 . 1 0 )  ( 9 . 8 8 )  ( L 2 . 2 2 )  ( 1 4 . 9 1 )

( 1 0 . 9 7 )  ( 7 . 7 9 )  ( 9 . 5 8 )  ( 1 r . 7 6 )

rl_ut' rl_*' rl_ru' r1-r"

1 . 5 9  0 . 3 0

2 2 . 0 3  2 4 . 7 2  2 3 . 5 1

r r . 2 8  8 . 9 9  r r . 7 6

5 . 5 6

2 6 . 9 5  2 2 . 9 5  2 5 . 6 0

G 4 . 2 7 )  ( 1 2 . 1 6 )  ( 1 3 . 5 9 )

( 1 1 . 2 5 )  ( 9 . 6 0 )  ( 1 0 . 9 4 )

( 1 . 4 3 )  ( r . 1 9 )  ( 1 . 0 7 )

25.35  25 .74  23 .59
( 2 r . 7 7 )  ( 2 2 . 6 4 )  ( 2 r . 3 0 )

(3 .04)  (3 .10)  (2 .2e)

(0 .60)

3 . 1 0  3 . 0 5  2 . 8 1

2 5 . 0 7  1 9 . 5 9  1 7 . 8 6

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

6 . 2 6  4 . 4 0  4 , 2 2

2 2 . 9 L  ! 7 . 4 2  2 5 . 2 4
( r 2 . 0 3 )  ( 9 . 3 1 )  ( 1 3 . 4 3 )

( 8 . 8 3 )  ( 6 . 9 6 )  ( 1 0 . 9 4 )

( 2 . 0 5 )  ( r . 4 9 )  ( 0 . 8 7 )

2 5 . 0 2  3 0 . 7 8  2 6 . 2 5
(19.81)  (21 .30)  (23 .0s)

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

(0 .13)  (4  ,47)  (1 ,16)

3 . 7  L  3 . 0 7  4 . 9 3

f s

o l i v ine

fo

fa

c s

@gne!a te

l lnen i re

2 3 . 3 7

( 1 9 . 1 8 )

( 4 . 1 e )

4  . 3 7

4 , 4 6

20.47
( 1 0 . 7 3 )

( 7 .  8 3 )
(1 .  e1)

23 .13
(18.  23)

( 4 . 9 0 )

1 0 . 6 1

2 . 8 9

2 4 . 7 0

(20.7  6)
( 3 . 3 4 )

( 0 . 6 0 )

3 , 0 8

2 5 . 7 7

( 2 2 . 5 7  )

( 3 . 1 4 )

3 . 0 5

3 . 2 9

2 3 . 0 5  2 3 . 3 0
(19.70)  <20.46)
( 2  . 9 0 )  ( 2 . 8 4 )

( 0 . 4 5 )

2 . 9 9  3 . 0 7



Analysis

Tnet-s 7a. Composition of Quenched Liquids
(Glass)

AMPHIBOLES IN ANDESITE AND BASALT

andesitic and basaltic composition would be released

by melting at these depths. Amphiboles have higher

NazO/KzO and lower alkali/HzO than do micas; thus,

when phlogopite or biotite forms from amphibole,

excess H2O and NarO will dissolve in a sil icate melt.

Phases such as phlogopite would remain stable to
great depths, 100-175 km (Modreski and Boettcher,
1972. 1973 Forbes and Flower, 1974), before they

release additional HzO and KzO.
It has been proposed that the KrO content in-

creases while K/Rb decreases in volcanic rocks

across island arcs towards continental areas (Kuno,

1966; Hatherton and Dickinson, 1969; Dickinson,

1970; Jake3 and White, 1970); and similar observa-

tions have been made across the Andes (James,

l97l ). across the Southern California batholith
(Baird, Baird, and Welday, 1974) and the central
Sierra Nevada batholith (Bateman and Dodge, 1970).

Partial fusion of eclogite in deeper parts of the

Iithosphere could contribute to these variations
(Green and Ringwood, 1968). Jake3 and li lhite
(1970), Fitton (1971), and Allen et al (1972) also sug-
gest that fractionation involving amphibole-l iquid
and mica-liquid equil ibria during the partial melting
of a subducting slab of oceanic crust could account

for these lateral variations.
Wyllie (1973) and others have crit icized our models

involving amphiboles on the basis that they can play

no part in the formation of magmas at distances more

than 100 km from a trench because-the depths wou!$

be greater than those at which'amphiboles are stable
(assuming a 45" d ip subduct ion zone).  Many
petrologists-and-some geophysicists apparently are

unaware that the dip of Benioff zones beneath con-

-.tiiental areas and some island arcs is considerably
- 

less. In his original description, Benioff (1954)

described these seismic zones as having three parts:

(1) a shallow zone extending with flat dips under the

continents to depths of about 60 km, (2) an in-

TleLs 7b.  Normat ive Composi t ions (C.I .P W.)  of

L iouids in Table 7a

L' 2"

Rock

P,  Kbar
Buf fe r

slo2

Tio2

Ar203

Fer0r**

FeO

uco
Ca0

Na20

K2o

Total

Mg/ (Mg+[ Fe)

Andesi te
900
13

N-NO

6 8 .  3

u .  o

o , 3 7

n  0 2

0 . 4
q o

0 . 8

0 . 8

99 .9

0 .  35

Andesi te
920
rJ

M-H

o v . r

u . 4

2 L . O

Q . 7 6

0 , 9 4

0 . 4

0 . 7

0 . 7

9 9 . 9

0 . 3 0

aAnalyst ,  B.O. Mysen
*xEstimate, see test,

process would work in the three basalts and the
nephelinite, but the enrichment would not be as
pronounced, for clinopyroxene with or without
olivine would also be fractionated.

Ringwood (1974, p. 190) states that amphibole
fractionation would not "greatly alter the 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 the Na/K ratio
of  the star t ing m ater ia ls  (Table I  )  wi th the
amphiboles (Table 6) suggests that this is not true in
all cases; most of the amphiboles in the three basalts
and the nephelinite have lower Na/K than the
starting materials. Ringwood (1974) also statesJhat
amphibole fractionation would not "produce the
tholeiite early iron-enrichment trend," for the fe/Mg
of amphibole is comparable to the FelMg of the
magma. However, .our ddta (Tables I and 6) show
that the \f /Vtg of all but two of the amphiboles is
lower than that of the starting material. Thus frac-
tionation of these amphiboles could contribute to the
tholeiit ic trend of early iron enrichment.

The maximum depth to which amphiboles syn-
thesized from these rocks can exist is about 75 to 100
km (Fig. 5). However, igneous amphiboles contain
some (F-) in the (OH-) sites, and recent experimen-
ta lwork by Hol loway and Ford (1975) reveals that  F-
bearing amphiboles are stable to greater pressures
(and temperatures) than their hydroxy analogs. Thus,
H2O, as well as alkalis, in amphiboles from rocks of

Norm

Quar tz
0r thoc lase
Alb i te
Anor thlte

H)rpersthene
F s
En

Magnet i te
I lnen l te
Corundum

4 7  . 1 6
4  . 1 3

2 9 . 2 7

T . 4 I

( 0 . 4 r  )
( 1 . 0 0 )
0  . 5 4
1  . 14
8 . 8 9

4 8 . 8 3
4 . L 4
5 . 9 2

29 .27

1 . 6 2
(0 .62 )
( 1 . 0 0 )
1 . 1 0
o . 7  6
6 . J O
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termediate zone with shallow dip (22-23" under Peru
and Chile) extending to 200-300 km depth, and (3) a
deep zone with a dip of about 60o.

Recent evidence is that the dips of seismic zones,
such as those along the continental margins of South
America, are certainly small ((20'), although they
are diff icult to determine at depths less than about 70
km (see Isacks and Molnar ,1969;  l97 l ;a lso Molnar ,
personal communication, 1974). In addition, the
seismic zone probably does not define the upper
boundary of a subducting slab at depths on the order
ol 70 km, but rather is within the slab (Isacks and
Molnar, 1969). Thus, there is ample evidence that in
areas of active calc-alkaline volcanism such as South
America, the depths to the subduction zone may be
less than 60 km. Conditions at such depths would be
well within the stabil ity ranges of our amphiboles,
supporting our concept (see Boettcher, 1973) that
crystal-l iquid equil ibria involving amphiboles is im-
portant in the genesis of the andesite-basalt clan in
orogenic zones.
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