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ABSTRACT

Fourteen wet chemical and forty electron-probe analyses were made of amphiboles from critical assemblages in
the kyanite and sillimanite zones of central Massachusetts and southwestern New Hampshire. The rocks studied in-

clude plagioclase amphibolites that are metamorphosed mafic lavas and tuffs, aluminous anthophyllite rocks of uncertain
derivation, quartz-garnet-amphibole granulites that are metamorphosed ferruginous cherts, and pods of ultramafic

amphibolite. The rocks contain
anthophyllite—cummingtonite,
kyanite~sillimanite—staurolite—garnet.

the following associations :
hornblende~anthophyllite—cummingtonite, anthophyllite—cordierite,

hornblende~anthophylh'te, hornblende—cummingtonite,

and anthophyllite-

The following generalizations are made: 1) The cummingtonites are compositionally simple, containing neither sig-

cummingtonite in the kyanite zone or in retrograded rocks have a higher Al content than those coexisting with cum-
mingtonite in the sillimanite zone, in close agreement with the prograde reaction tschermakitic hornblende — cumming-
tonite + plagioclase + H.O proposed by Shido. The Na content of hornblende is considerably less than that of the
theoretical edenite end member and is relatively insensitive to variation in the Na content of coexisting plagioclase.
3) Anthophyllites coexisting with hornblende contain about % as much Al/Al substitution and % as much Na substitution
as coexisting hornblendes, Ca is negligible. Anthophyllites with cordierite, aluminosilicates, or garnet equal or surpass

centered on 100 Fe/(Fe 4 Mg) = 36.

The wet analyses show that one fifth to nearly one half of the Fe in hornblende is Fe*, anthophyllite has much

less Fe™, and cummingtonite still less,

Metamorphic rock compositions more or less restricted to the system SiO, — Ai, Oy — FeO — MgO, such as the
aluminous anthophyllite rocks reported here, are rare, but sufficiently known worldwide to allow recognition of
several facies for quartz-saturated rocks, all containing combinations of anthophyllite, cummingtonite, cordierite,

Al-silicates, staurolite, and garnet.

INTRODUCTION

The purpose of this study was to determine the composi-
tion and extent of solid solution of coexisting amphiboles
and associated minerals from a variety of rocks, all of
which were subjected to approximately the same metamor-
phic conditions. Such a study was done on rocks of pelitic
composition for the kyanite zone in Vermont by Albee
(1965a). Klein (1968) recently completed a survey of
coexisting amphiboles on a worldwide basis that formed
under a variety of conditions.

The amphibole rocks of this study were found during de-
tailed mapping of the Orange area, central Massachusetts
and southwestern New Hampshire (Robinson, 1963, 1967)
and adjacent areas. The Orange area (Fig. 1) lies on the
Bronson Hill anticlinorium, a zone of en echelon gneiss
domes with cores composed of gneiss of uncertain age
mantled by metamorphosed sedimentary and volcanic rocks
of Middle Ordovician, Silurian, and Early Devonian age
(Thompson, Robinson, Clifford, and Trask, 1968). The
Triassic border fault with a probable displacement of 5 to
8 km (east side upthrown) lies in the northwest corner of
the area.

The western part of the Orange area was metamor-
phosed in the kyanite zone, but kyanite is relatively scarce
because of bulk composition and common mica schists con-
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tain abundant staurolite. The eastern part of the area was
metamorphosed in the sillimanite zone, the kyanite-silli-
manite boundary being defined by the westernmost occur-
rences of fibrolitic sillimanite. Sillimanite is abundant and
commonly occurs in mica schists with muscovite, biotite,
staurolite, and garnet. Within the sillimanite zone there are
scattered occurrences of kyanite, some coexisting with silli-
manite, that are considered to be relics of earlier stages of
metamorphism that survived later higher temperature con-
ditions. In the eastern part of the area there are a few
rocks that contain coexisting quartz, muscovite, sillimanite,
orthoclase and oligoclase suggesting a transition toward the
sillimanite-orthoclase zone. In the extreme south central
part of the area there was thorough retrograde metamor-
phism of sillimanite zone rocks to mineralogy characteristic
of the biotite zone.

The structural history of the area is complex. Earlier
nappe structures with amplitudes up to 25 km are de-
formed about later gneiss domes that may be bulging or
strongly overturned with vertical amplitudes up to 10-12
km. The nappe and dome structures involve Lower Devo-
nian rocks and both formed during the metamorphism that
was probably Middle Devonian. Conditions of metamor-
phism are estimated to have been 600-700°C and 5-7
kbar total pressure (Robinson, 1966).
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Fic. 1. Generalized geologic map of the Orange area, Massa-
chusetts and New Hampshire, showing specimen locations and
distribution of Middle Ordovician Ammonoosuc Volcanics and
Partridge Formation (undifferentiated, black areas). Heavy
dashed line is estimated position of the kyanite-sillimanite
boundary.

The amphibole rocks of interest occur in several geologic
associations. Most important are metamorphosed mafic
volcanic layers, either lavas or tuffs, in the Middle Ordovi-
cian Ammonoosuc Volcanics or the Partridge Formation.
These are plagioclase amphibolites with various combina-
tions of hornblende, cummingtonite, and anthophyllite ac-
companied in many cases by quartz, biotite, garnet, rutile,
ilmenite, or magnetite. Hornblende amphibolites not specif-
ically studied here may also contain epidote, diopside, or
sphene. Interbedded with the volcanics at a few localities
are peculiar alumina-rich anthophyllite gneisses containing
cordierite, kyanite, sillimanite, staurolite, biotite, corun-
dum, and garnet in various combinations. These are be-
lieved to represent volcanic materials that were chemically
altered, probably in the primary environment. The detailed
petrography of the anthophyllite-cordierite gneisses is given
elsewhere (Robinson and Jaffe, 1969). Commonly asso-
ciated with the Middle Ordovician volcanics are ferrugi-
nous or manganiferous sedimentary layers, possibly meta-
morphosed cherts, composed primarily of quartz and garnet,
with some cummingtonite, anthophyllite, or hornblende
as well as magnetite, apatite, ilmenite, or biotite. Ferrugi-
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nous layers also occur in the Loer Devonian Littleton
Formation, and at one locality such a layer contains an as-
sociation of olivine (Fegs, no quartz), orthopyroxene
(Feg), grunerite (Feg,), garnet and magnetite, to be re-
ported in detail elsewhere. The final amphibole association
is in pods of ultramafic rocks, probably metamorphosed
pyroxenites that appear to intrude most pre-Silurian units
in the stratigraphy.

A high proportion of the specimens considered here were
collected on two hills less than 3,000 feet (0.9 km) apart
in Richmond, New Hampshire and at a third outcrop 6,000
feet (1.8 km) to the south near the state line (Fig. 1).
These three localities collectively are referred to as the
“Amphibole Hill Area.”

PETROGRAPHY

Estimated modes, and other notes on the analyzed specimens
are given in Table 1. Plagioclase compositions were determined
by measurement of the o refractive index in oils and are ex-
pressed in mole percent An. The optical properties of the amphi-
boles have been studied by the authors but will be reported else-
where (see also Jaffe, Robinson, and Klein, 1968 ; Robinson and
Jaffe, 1969). All are coarsely crystalline and nearly free of sec-
ondary alteration products. Textures vary considerably. Two
amphiboles are considered to constitute an assemblage only if
they are in mutual contact. Specimen I38A, for example, con-
tains three amphiboles in different layers. A cummingtonite-
bearing layer 2 cm thick is in contact with anthophyllite on one
side (Klein, 1968, Fig. 14) and hornblende (Ross, Papike, and
Weiblen, 1968) on the other. Thus, there are two two-amphi-
bole assemblages. One specimen, QB27C, does contain three truly
coexisting amphiboles (Robinson, Jaffe, Klein, and Ross, 1969).

Hornblende coexisting with cummingtonite or anthophyllite
contains thin exsolution lamellae of colorless clinoamphibole,
optically like cummingtonite, oriented parallel to (101) and
(100) of the host (Ross, Papike and Weiblen, 1968; Jafe,
Robinson, and Klein, 1968). The intensity of color is variable
and strongly dependent on composition but the tone generally
follows the pleochroic scheme Z-bluish green, Y-olive green,
X—tan. Slight color zoning occurs in some specimens and some
grains are twinned on (100).

Cummingtonite coexisting with hornblende contains thin ex-
solution lamellae of hornblende oriented parallel to (101) and
(100) of the host. In many cases hornblende and cummingtonite
hosts are in contact along these exsolution planes. Some grains
are twinned 1-3 times on (100). Both (101) and (100) exsolu-
tion lamellae were observed either in thin section or in oils in
all specimens containing both cummingtonite and hornblende
hosts. However, because of the variable abundance and distribu-
tion of lamellae, some of the grains used for X-ray single crystal
work by Ross (see below) are free of lamellae or contain only
one set. Cummingtonite coexisting with anthophyllite appears
optically to be free of lamellae and is usually polysynthetically
twinned on a fine scale (Klein, 1968, Fig. 14). Cummingtonite
alone is virtually colorless, but with hornblende lamellae, often
not easily detected in thin section, has a green pleochroic scheme.

Anthophyllite coexisting with either cummingtonite or horn-
blende is free of obvious lamellae. It is colorless to weakly
colored and pleochroic with Z pinkish tan to pale gray, ¥ tan,
and X colorless. Magnesian aluminous anthophyllites with cor-
dierite have a similar pleochroic scheme but more iron-rich
aluminous anthophyllites have Z medium gray, Y greenish gray,
and X tan.
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Rabbit (1948) recommended that the term gedrite, for alumi-
nous anthophyllite, be dropped. Because aluminous and non-
aluminous anthophyllites are not readily distinguished by optical
properties, we have found it practical to use the general term
anthophyllite in routine petrographic work and also to describe
the chemically continuous anthophyllite phase region. In this
paper the term gedrite is applied only to those individual speci-
mens known to be high chemically in ALO; or to homogeneous
crystals or exsolution lamellae known to have a small b crystal-
lographic dimension characteristic of the gedrite structure.

SINGLE-CrysTAL X-RAy Dara

A number of amphiboles from the analyzed specimens have
been studied in X-ray single-crystal photographs by Malcolm
Ross of the U. S. Geological Survey (Ross, Papike, and Weib-
len, 1968; Jaffe, Robinson, and Klein, 1968; Robinson and Jaffe,
1969; Robinson, Jaffe, Klein, and Ross, 1969; Ross, Papike, and
Shaw, 1969, Table 6, this volume). The general results of these
studies are summarized below and notes on individual specimens
are included in Table 1.

All of the hornblendes studied belong to space group C2/m.
The hornblendes associated with cummingtonite contain exsolu-
tion lamellag of cummingtonite, space group C2/m, oriented
parallel to (101) and (100) of the host. The hornblendes associ-
ated with anthophyllite contain exsolution lamellae of primitive
cummingtonite, space group P2/m, oriented parallel to (101)
and (100) of the host. The X-ray reflections violating C2/m
Symmetry are relatively sharp, although quite weak, perhaps
Suggesting a partial inversion to the C2/m structure type (Ross,
Papike, and Shaw, 1969).

With the exception of specimen QB27C, all of the cumming-
tonite hosts studied belong to space group C2/m. Where cum-
mingtonite coexists with hornblende it contains exsolution lamel-
lae of hornblende, space group C2/m, oriented parallel to (101)
and (100) of the host.

All of the orthorhombic amphiboles studied belong to space
group Pmna. Surprisingly, all but the two most aluminous
(I34]X, 134I) show fine splitting of reflections indicating they
consist of an intergrowth of anthophyllite with a larger, and ge-
drite with a smaller crystallographic dimension. The only op-
tical indications of this apparent unmixing are extremely fine
streaks parallel to (010) in specimens W95JX and I38DX that
are barely resolved in end sections using a 50 power objective.
Relative intensities of the two sets of X-ray peaks allow esti-
mates of relative abundances of the two phases. Two aluminous
orthoamphiboles (W9sJX, I38DX) consist of 80 percent gedrite
and 20 percent anthophyllite. Anthophyllites coexisting with
hornblende (N30X, 6A9X) or cummingtonite (I38A) contain
50-70 percent anthophyllite and 50-30 percent gedrite.

Specimen QB27C contains three coexisting amphiboles. The
cummingtonite has weak and diffuse primitive reflections sug-
gesting partial inversion to a C-centered structural state. It also
has exsolution lamellae of hornblende C2/m, parallel to (101)
and (100) of the host although the grain studied by Ross con-
tains only (100) lamellae. The hornblende host with C2/m sym-
metry has exsolution lamellae of primitive cummingtonite with
diffuse reflections violating C2/m symmetry. In addition, the
anthophyllite shows a splitting of reflections indicating it con-
sists of approximately 80 percent anthophyllite and 20 percent
gedrite.

CHEMICAL ANALYSES

Chemical analyses were performed by two different methods,
wet chemical analyses of purified separates (Table 2, Table 3%)
and electron-probe analyses of spot locations on polished thin

sections (Table 4, Table 5Y. Electron-probe analyses were made
first and most have already been reported by Klein (1968). The
reader is referred to his paper for details of the analytical pro-

wet analyses were unusually complete.

In many cases specimens for wet chemical analyses were
collected within inches of the original sample described by Robin-
son (1963) on which the electron-probe analyses were done.
Such large, carefully cleaned, hand specimens are indicated by
the letter X following the specimen number. Electron-probe and
wet chemical analyses from the same locality compare quite well,
but differences between them could be due to differences in the
material analyzed. In addition, however, there are inherent dif-
ferences in the two analytical procedures that should give dif-
ferent results. The wet chemical analyses should show the maxi-
mum amount of impurity, whether exsolution lamellae of another
amphibole or fragments of foreign minerals. The wet chemical
analyses are thus useful for showing the minimum width of
amphibole miscibility gaps under conditions in which coarse
crystallization took place. In some cases the probe analyses are
surprisingly close to the wet analyses even in cases where ex-
solution lamellae are very abundant (in particular cumming-
tonite 7A8B and 7A8BX). This suggests that even though an
attempt was made to analyze homogeneous amphibole the area
analyzed was sufficiently large that it was impossible to avoid
a large proportion of lamellae. Thus, the probe analyses give
only an indication of the minimum possible width of the
miscibility gap following exsolution. Comparison of wet and
probe analyses of specmens from the same locality (Figs. 4F,
6F) suggests analytical uncertainty is greater than compositional
differences that might be expected and indicates that the amount
of coarse exsolution is slight.

The probe analyses show total Fe as FeO. The wet analyses
show both FeO and Fe,0:. For direct comparison with probe
analyses it is necessary to recalculate the total Fe in wet analyses
as FeO. Once this “ferric correction” is determined it is possible
either numerically or graphically to make an estimate of ferric
iron in the probe specimens and correct them to show “true
FeO.” Some of the phase diagrams make little sense topologically
without this ferric correction,

Mineral separation and purification for wet analysis. All speci-
mens were examined in the field and later in thin-section or oils
to ensure that only those essentially free of secondary or retro-
grade alteration minerals were selected for separations. All of
the mineral separations were made on the basis of differences in
density and paramagnetic susceptibility of the constituents. Be-
cause in many instances these differences are slight, heavy liquid
and magnetic separations had to be repeated many times. In one
instance the final concentrate of hornblende coexisting with
cummingtonite had to be purified by handpicking. The purity
of each mineral concentrate was established by counting 1000
grains of each separate under the petrographic microscope
(Chayes, 1944).

Paramagnetic susceptibility of the amphiboles on the Frantz
magnetic separator was found to vary essentially linearly with
the total percentage of Fe* + Mn™ 4 Fe* L Ni# + Cr*

*Tables 3 and § give the various component ratios (obtained
from Tables 2 and 4, respectively) which are used to plot the
chemographic relations depicted in Figures 2-13. Tables 3 and
5 may be ordered as NAPS Document 00461 from ASIS Na-
tional Auxiliary Publications Service, ¢/o CCM Information
Sciences, Inc., 22 West 34th Street, New York, N.Y. 10001, re-
mitting in advance $1.00 for microfiche or $3.00 for photocopies,
payable to ASIS-NAPS.
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TaBLE 1. ESTIMATED MODES OF SPECIMENS CONTAINING ANALYZED AMPHIBOLES

X—common but in amount less than 19, tr—present as trace only, not common.
Abbreviations for strongest color in amphiboles: g gray, pg pale gray, vpg very pale gray, bg blue green, pbg pale blue green, dg dark green, p pinkish tan,
pp pale pinkish tan, cl colorless, pgg pale greenish gray, pbb pale brown to bluish green.

Description of Specimens in Table 1.

E 134]X 1341 138DX N30X 6A9X 7E8BX TA8BX Y42BX
96 25 33 28 20
P D g g D
O
2 3
“ peg
2
< 39 2 39 2
g b = de D
z 3 -
27 50 61 o 3 8 &
&
8 40 47
(27-31) (35) (22)
(3%) (22)
4 10
X 8 1 X
tr X
1 X
X 1 X X X
X 3
X
tr tr
X X X X X
tr
3 40
X X
1
3
tr

~1.791 —1.795), a=11.515 .Ex, visual arc spectrographic analysis:

Fe, Mg >5%, Mn 1-5%, Ca 0.1-1%, Na and Li <19%. Estimated

All specimens from Ammonnosuc Volcanics unless otherwise noted. Referred composition: AlmssPyraiSpessisGrossi. Biotite, v =1.621.
to in Robinson (1963) unless different reference is indicated. 138DX—Well bedded, coarse-grained quartz-garnet-anthophyllite granu-
W95]X—Coarse-grained bedded anthophyllite-cordierite gneiss with lite with irregular garnets up to 3 mm diam. enclosed in gray
aluminous enclaves in cordierite (Robinson and Jaffe, 1969). anthophyllite. Orthorhombic amphibole, space group Pnma,
Orthorhombic amphibole, space group Prma, consists of gedrite consists of gedrite host, 80%, and anthophyllite lamellae, 20% .

host, 80%, and anthophyllite lamellae, 20%,. Lamellae | to (010)
visible under high magnification.

Lamellae || to (010) visible under high magnification.
N30X—Partridge Formation, medium-grained hornblende-anthophyllite

E— Analysis of separate from “gedrite-rutile rock”” collected by Emer- amphibolite. Hornblende host, space group C2/m, 90%,; primitive
son (1895). Mode is of specimen 134E of Robinson (1963) be- cummingtonite lamellae on (101), space group P2i/m, 5%;
lieved to be representative of material collected by Emerson. primitive cummingtonite lamellae on (100), P2/m, 5%. (100)

Dark brown, fine-grained, weakly foliated anthophyllite rock.
39, “cordierite’” is actually an unidentified alteration product
probably after cordierite.

and (101) lamellae are 0.25 —0.4u and 0.4-0.8u thick, respec-
tively. Anthophyllite host, space group Pnma, 50%; submicro-
scopic gedrite exsolution, Pnma, 50%.

134]X—Coarse-grained cordierite-anthophyllite-quartz-andesine gneiss 6A9X—Medium-grained hornblende-anthophyllite amphibolite. Horn-
with aluminous enclaves in cordierite (Robinson and Jaffe, 1969). blende host, space group C2/m, 90%:; primitive cummingtonite
Orthorhombic amphibole consists of >99% gedrite, space group lamellae on (100), space group P21/m, 1%; primitive cumming-
Puma, with exsolved rutile needles. Wet chemical analysis tonite on (101), P21/m, 3%. (100) and (101) lamellae are 0.4 and
of coexisting cordierite: (Na,K)o,la(Mg1_51,Fen_3o“,Feo,aﬂ*,Lio_os, 0.8 thick respectively. Anthophyllite host, 70%; submicroscopic

Cao.02)Als_00Sis. 1015+ 0.83 H.0. Biotite, y=1.610.
134T—Black, medium-grained, well foliated quartz-anthophyllite-bio- 7E8BX—Coarse-grained layered

gedrite exsolution, 30%, both Prma.

plagioclase—cummingtonitefhornblende~

tite-garnet-staurolite-sillimanite schist. Orthorhombic amphibole biotite-garnet gneiss. Bornblende host, 99%; cummingtonite
is 1009, gedrite, space group Prma. Garnet, n=1.793 (zoned lamellae on (100), 1%; both C2/m. Cummingtonite host, C2/m,
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FROM CENTRAL MASSACHUSETTS AND SOUTHWESTERN NEW HaMpsHIRE
N30C N30B NOIA I34B 87D QB27C 155 T59B  6A9  K44C K44E 498 Y23C 7E8B Q795 7A8B Y42B 138A
— T T =

40 15 22 40 25 7 5 20 18 4
P P P pg P vpg vpg pp p vpg cl
13 5 3 27 10 13 20 6
cl cl cl cl cl pgg cl pgg cl cl cl
35 45 75 40 2 12 23 37 40 22 1 50 5 7 5 25 tr 2
bg bg pbb pbg bg pbg bg bg bg bg bg pbb bg bg bg dg pbg
\\_ R
12 5 3 20 33 8 45 15 10 8 39 85 85
25 38 38 40 46 58 50 37 39 60 36 tr 46 20 44 50
(44-53) (38-51) (44-59) (37-42) (73-80) (33-39) (37-43)  (35)  (27-37) (32) (78)  (22) (25) (29-43) (22) (16)
(47) (53) (75) (33) (40) (35) (34) (32) (78)  (22) @5 6o @2 (16
E\‘\‘ﬁ\\\\m
13 2 45 7 7
2 tr 5 3 X 2 X 1 5 X tr
20 X X X tr
3
e - —
X 2 X X tr
tr 1 X 1 b 2 tr 1 X
7 5 10 7 3 1 1

X
tr
_hh_¥“__h_‘____‘_“__‘\x\
tr?
100%. In thin section and oils both hosts contain lamellae. (100) J87D—Coarse-grained anthophyllite-biotite-hornblende gneiss. No ex-
lamellae are about 0.25u thick, (IC1) lamellae are about 0.354 solution lamellae were observed in hornblende.
thick. Biotite, v =1.630. QB27C—Volcanic zone in Partridge Formation, sillimanite-orthoclase
7A8BX—Medium-grained hornblende—cummingtonite amphibolite zone zone, east shore of Quabbin reservoir, approximately one mile
in outer part of metamorphosed lava pillow. Pillow core is horn- south of intake works, Winsor Dam quadrangle, Mass. Medium-
blende amphibolite, matrix surrounding pillows is hornblende, grained three amphibole amphibolite at contact between horn-
garnet, and biotite. Hornblende host, 90-949,; cummingtonite blende-cummingtonite amphibolite and quartz-anthophyllite-
lamellae on (T01), 3-10%, cummingtonite lamellae on (100), andesine gneiss (Robinson, Jaffe, Klein, and Ross, 1969). Two
0-3%, all space group C2/m. Cummingtonite host, 88-929,: analysis sets. Hornblende host, space group C2/m, 75%; primi-
hornblende lamellae on (100), 2-49%,; hornblende lamellae on tive cummingtonite lamellae on (100), P2i/m, 25%. Primitive
(101), 4-10%; all C2/m. (100) and (101) lamellae are 0.4-0.6 wand cummingtonite host, space group P2i/m, 85%; hornblende
0.8-2.0 p thick respectively. lamellae on (100), space group C2/m, 15%,. Anthophyllite host,
Y42BX—Identical to Y42B except that no anthophyllite could be detected 80%; submicroscopic gedrite exsolution, 209, both Prma.
either in oils or by X-ray tests on concentrate. Cummingtonite is 155—Medium-grained hornblende-magnetite amphibolite with plagio-
identical optically to cummingtonite that co-exists with antho- clase-rimmed anthophyllite needles up to 8 cm long. Slightly
phyllite in Y42B. No exsolution lamellae were observed. weathered. Hornblende contains (100) and (101) exsolution
N30C, N30B—See N30X lamellae 0.4 4 and 0.6 & thick respectively. Hornblende has a
NO01A—Ten-foot ultramafic layer in amphibolite and schist of Partridge strong blue tint.
Formation. Dark green, fine-grained, weakly layered well foliated T59B—Same as 155. Fresh.
hornblende-chlorite-talc schist with light brown circular talc-rich 6A9—See 6A9X
patches. Hornblende contains extremely thin (100) lamellae and K44C—Medium-grained hornblende—anthophyllite amphibolite. Horn-
very rare (101) lamellae. No lamellae were resolved in cumming- blende contains (100) and (T101) exsolution lamellae 0.4 4 and
tonite. Hornblende has peculiar pale brown and blue-green color. 0.6-1.0 u thick respectively.
134B-Medium»grained, weakly layered and foliated hornblende-plagio- K44E—Contact zone between medium-grained plagioclase-quartz-

clase-anthophyllite gneiss. Hornblende contains (100) lamellae ;
0.25 4 thick and (101) lamellac 0.4  thick. (Continued on page 257)



TasLE 2. WET CHEMICAL ANALYSES AND IONIC RATIOS OF AMPHIBOLES

|

| Gedrite Tons per 24 O(OH)
WosTX* EP 134]X* 13412 138DX° WosTX E 134X 1341 138DX
R s -
Si02 47.68 47.86 44.72 40.75 45.14 Si 6.683 6.647 6.389 5.874 6.480
TiO2 .24 .63 .46 .25 .30 P .002 .006 .009 .005 .007
AlOs 13.36 14.09 15.46 19.81 14.28 Al 1.315 1.347 1.602 2,421 1.513
FesOs 1.60 +33 2.41 1.22 1.29 Al .892 .960 1.001 1.245 .904
Cr:03 .02 — .002 .011 .007 Cr3* .002 .000 .000 .002 —
FeO 12.07 13.41 15.87 19.29 20.19 Fest .168 .035 =259 132 . 140
MnO 522 .14 37 +25 .34 Mg 4.320 4.117 3.553 2.967 3.110
MgO 20.68 19.89 16.69 13.81 14.54 L1 .005 e .022 .017 .035
NiO .01 — .003 .001 .005 Tit+ .025 .066 .050 .027 .033
CaO +55 57 .47 27 .34 Ni .001 s .000 .000 .001
SrO .001 = .001 .001 — Fe?t+ 1.415 1.557 1.896 2.326 2.424
BaO .001 = .001 .001 — Mn?+ .026 .017 L0435 .030 .041
Li:O .01 — .04 .03 .06 Ca .083 .085 .071 .042 .053
Na.0 1.24 .93 1.47 1.92 1.45 Na 337 .250 406 537 .404
K-0 .00 .06 .01 .04 .02 K .000 .010 .001 .007 .003
H0 (+) 2.12 2.46 211 2.68 2.47 (OH) 1.982 2.278 2.011 2.578 2.365
H:0 (—) —_ — — == .30 F .018 — .040 .005 .009
P:0s .02 05 .07 .04 .05 — —
F .04 — .09 .01 .02 fed 25.01 27.66 35..33 44.26 44 .21
Cl .01 — .01 .01 fe® 27.14 28.10 38.24 45.68 45.58
- O O O O O anf 19.68 25.37 14.90 7.19 11.53
99.85 100.42 100.24 100.38 100.81
—0=F, Cl .02 — .04 .00 .01
Total 99.83 100.42 100.20 100.38 100.80
Anthophyllite Cummingtonite l Anthophyllite Cummingtonite
N30X2 6A9XC 7E8BX®  7A8BX°®  Y42BX® ! N30X 6A9X TE8BX 7TA8BX Y42BX
SR s | N
Si02 51.00 51.12 53.02 52.09 53.54 Si 7.130 7.267 7.746 7.676 7133
TiOx .20 23 .08 .18 .10 P .002 .002 .002 .002 .002
AlO3 7.99 6.79 2.53 2.62 2.20 Al .868 .731 252 .322 .265
Fe:0s .93 1.18 .91 1.50 1.12 Al . 449 .407 .183 : 183 =110
Cr:0;3 .057 .018 .001 .001 .001 Cr3t .007 .002 — — —
FeO 14.94 17.82 24.40 26.02 23:12 Fest .097 126 .100 .166 .122
MnO .36 15 .30 «58 .41 Mg 4.411 3.928 8375 2.969 3.610
MgO 21.17 18.54 15.50 13.52 16.77 Li .005 .012 .040 — .017
NiO .049 .015 .004 .004 .003 Titt+ .021 .025 .009 .020 2011,
CaO .15 .73 .83 1:32 52 Ni .005 .002 — — —
SrO .001 == .001 — — Fe2t 1.747 2.118 2.982 3.206 2.793
BaO .001 = .001 — — Mn2+ .043 .091 .037 .006 .050
Li:O .01 .02 .07 .01 .03 Ca .113 L1111 .130 .208 .081
Na:0 .68 .78 .28 .26 .23 Na 185 2215 .079 .074 .065
K20 .00 .02 .00 .04 .02 K = .003 == .007 .003
H0 (+) 2.46 2.41 2.21 2.41 2.46 (OH) 2.294 2.286 2.154 2.368 2.369
H:0 (—) — .38 — .30 .28 F — .001 041 —
P:0s .01 .01 .01 <01 .01 | —_—
F .01 03 .09 01 01 fed 28.83 36.00 47.90 52.43 44.06
Cl .01 — .01 — — fe® 29.96 37.29 \ 48.03 53.67 45.22
- |} an 37.86 34.03 62.18 73.67 55.69
100.62 100.85 100.23 100.80 100.81
—0=F, Cl .00 .01 .04 .00 .00
Total 100.62 100.84 100.19 100.80 100.81
H ornblende Hornblende
N30X® 6A9X? 7E8BX®  7A8BX® N30X 6A9X TE8BX 7A8BX
Si0: 44.75 44.78 42.53 44 .64 Si 6.393 6.434 6.243 6.662
TiO: A2 .83 +3% .97 P .002 .003 .004 .004
AlOs 13.67 13.33 14.56 9.95 Al 1.605 1.563 1.753 1.334
Fe:0s 3.86 3.32 4.28 4.94 Al .698 .694 . 766 .417
Cra03 <111 .036 .001 .003 Cr3t .012 .002 — —
FeO 7.71 10.67 14.99 17.25 Fett .416 .359 473 .554
MnO .16 «3 1. .14 «23 Mg 3.032 2.682 1.932 1.906
MgO 14.24 12.53 8.83 8.57 Li s — .058 —
NiO .043 .01 .001 .003 Tit+ .077 .090 .035 .109
Ca0 10.60 9.81 9.57 9.45 Ni .005 .001 — —
SrO .004 — e s Fe2t .921 1.282 1.840 2:153
BaO .001 — — — Mn2* .019 .038 .018 .028
LixO .01 .01 .10 01, Ca 1.623 1.510 1..505 1.511
Na:0 1.48 1.80 2.05 1.54 Na 410 .501 .584 447
K20 11 <19 .21 £31: K .021 .035 .039 .059
H:0 (+) 2.40 2.57 2.65 2.30 (OH) 2.287 2.464 2.595 2.291
H:0 (—) — 32 .36 3T F — — .028 —
P:0s .01 .03 .03 .01
F .01 .01 .06 .01 fed 23.63 32.97 49.02 53.38
Cl .01 — — = fe¢ 30.89 38.49 54.68 58.95
— anf 79.81 75.09 72.04 77.19
99.86 100.54 100.68 100.53
—0=F, Cl .00 .00 .03 .00
Total 99.86 100.54 100.65 100.53

a H. Asari, analyst, 1967.
b E. A. Schneider, analyst, 1892.
¢ M. Kumanomido, analyst, 1968.

d f¢=100 (FeO+MnO)/(FeO+MnO +MgO).
e Same as above but with total Fe as FeO.
f an=(100) Ca/(Na+Ca).



AMPHIBOLE ASSEMBLAGES FROM MASSACHUSETTS AND NEW HAMPSHIRE 257

TaBLE 4. ELECTRON PROBE ANALYSES?

N30C N30B NO1A 134B J87D Q};%:C QIZ:C 155 TS9B 6A9 K44C K44E 498 Y23C 7E8B Q795 7A8B Y42B 138A

/
/

Si0, 49.1  51.2 48.8  49.5  52.5 52.1  50.8 49.0 49.9 48.4 50.8 51.4
o AbOs 9.3 6.8 10.4 9.3 5.6 5.5 59 84 7.0 8.8 3.8 3.9
EZ  FeO 14.9 16.3 16.4 17.9 18.8 18.6  19.7 19.5 20.6 21.1 26.3 26.3
2 MnO 0.4 0.4 0.5 0.3 0.5 0.5 0.9 1.2 0.7 0.6 0.5 0.6
2 MgO 9.8 20.0 18.8 18.8 19.2 18.7 18.2 17.4 17.5 17.6 15.3 14.9
= CaO 0.6 0.4 0.6 0.2 0.4 0.4 0.3 0.7 0.6 0.5 0.0 0.0
& NaO 1.0 0.6 1.2 0.7 0.4 0.5 0.4 0.8 09 1.1 0.4 0.3

Total 95.1  95.7 96.7  96.7 97.4  96.3 96.2 97.0 97.2 98.1 97.1 97.4

S N s s A i NN . -

SiO: 56.2 54.4  54.4 54.9 54.1 54.3 53.5 52.5 52.3 501 52,2
8 ALO; 0.6 257 3.0 1.4 1.1 1.0 1.6 0.8 2.1 1.5 1.0
‘E  FeO 17.4 18.9 18.5 22.4 22.5 22.9 25.5 26.8 25.1 25.0 26.8
£  MnO 0.7 0.5 0.5 0.8 09 23 06 0.3 06 06 0.6
£ MgO 21.2 19.2 19.1 18.3 18.2 17.4 16.5 16.3 14.9 157 15.2
E  Ca0 0.8 1.4 1.4 1.0 0.7 04 03 04 1.4 0.1 0.3
§ Na.O 0.1 0.1 0.1 0.1 0.1 0.1 02 00 02 o1 0.1

Total 97.0 97.2  97.0 98.9 97.6 98.4 98.2 97.1 96.6 95.1 96.2

T

Si0. 45.7  46.3  47.2 458  44.2  46.0  45.2 44.0 445 45.8 45.1 45.2 47.9 43.8 43.8 42.1 44 1

AlOs 14.2 13.9 10.5 14.2 15.9 13.5 16.4 15,4 13.9 13.8 14.2 12.5 10.7 12.5 15.0 16.4 12.0
v FeO 11.3 11.4 7.8 10.8 12.3 14.2 12.915.4 15.8 14.7 14.8 15.6 13.2 20.3 18.5 19.6 20.2
T MnO 0.2 0.2 0.3 0.2 0.2 0.2 0.2 05 05 04 03 0.4 03 19 0.3 0.1 0.3
= MgO 15.6 14.8 18.0 15,8 13.7 13.3 12.3 11.8 12.2 13.3 12.8 12.7 12.9 10.4 ¢ 1 9.3 9.3
g CaO 10.4 10.6  12.4 10.3 10.9 10.1 10.1°10.0 10.2 10.0 10.2 10.9 10.9 10.4 o 9 10.3 9.0
& Na:O L7 1:5 1.4 1.9 1.6 1:8 1.4 L4 1.6 1.7 1.9 1.7 09 04 290 0.8 1.9

|
|
|
|
|

oo
el
<
=N
el
o
[=

Total 99.1 98.7 . 98.7 98.8 . 98.5 98.5 98.7 99.7 99.3 99.0 96.8 99.7 98.6 98.6 96.8
SR *\‘ - OO
Lons per 23 oxygens.

_ﬁ—\\\
QB27C QB27C

N30C N30B NO1A I34B  J87D 2B 2A 155 TS9B 6A9 K44C K44E 498 V23C 7E8B Q795 7A8B Y42B I38A
\\
Si 7.12 7.40 7.02 1413 7:53 7.56  7.45 7.15 7.29 7.03 7.59 7.64
Al 0.88 0.60 0.98 0.87 0.47 0.44  0.55 0.85 0.61 0.97 0.41 0.36
8 Al 0.71  0.55 0.78  0.71  0.47  0.49 0.45 0.59 0.58 0.53 0.25 0.32
2 Mg 4.28  4.31 4.03  4.04 411 4.04 3.97 3.78 3.81 3.81 341 3.30
5 Fe 1.80 1.97 1.97 2.16 225 2.25 2.41 2.38 2.51 2.56 3.29 3.27
= Mn 0.05 0.05 0.06 0.03 0.06 0.06 0.11 0.15 0.09 0.07 0.06 0.07
= Ca 0.09 0.06 0.19 0.03 0.06 0.06 0.04 0.10 0.10 0.08 0 0
<  Na 0.28  0.17 0.33  0.19 0.10 0.14 0.10 0.23 0.26 031 0.11 0.09
fe 30.3 31.9 33.5 3542 36.1 36.4 38.9 40.1 40.6 40.9
an 24.9 26.8 21.6 13.% 35.3 30.5  29.9 32.6 22.7 20.1
Si 8.02 7.83 7.83 7.88 7.90 7.92 7.86 7.85 7.83 7.90 7.90
N Al — 0.17 0.17 0.12 0.10 0.08 0.14 0.14 0.17 0.10 0.10
= Al 0.09 0.28 0.33 0.10 0.07 0.08 0.12 — 0.19 0.15 0.60
§ Mg 4.52 4.12 4.09 3.92 3.96 3.78 3.61 3.63 3.32 3.54 3.43
@ Fe 2.08 2.28 2.23 2.69 2.75 2.79 3.13 3.34 3.14 3.16 3.38
‘g Mn 0.09 0.06 0.06 0.09 0.11 0.28 0.07 0.04 0.07 0.07 0.07
g Ca 042 0.21 0.21 0.15 0.10 0.06 0.04 0.06 0.22 0.02 0.05
5 Na 0.03 0.02 0.02 0.03 0.03 0.03 0.05 0.00 0.05 0.04 0.04
fe 32.4 36.2 35.8 41.6 41.9 44.9 47.0 48.3 49.2 47.8 40.3
an 81.7 88.7 88.7 84.8 79.6 68.9 45.3 100.0 79.6 36.0 62.3
Si 6.48 6.59 6.74 6.46 6.33 6.63 6.47  6.39 6.49 6.51 6.26 6.84 6.99 6.49 6.46 6.24 6.68
Al 1..52 1.41 1.26 1.54 1.67 1.37 1.53 1.61 1.51 1.49 1.74 1.16 1.01 1.51 1.54 1.76 1.32
o Al 0.85 0.92 0.49 0.82 1.00 0.92 1.23  1.03 0.87 0.81 0.58 1.06 0.81 0.66 1.07 1.09 0.81
T Mg 3.30 3.14 3.83 3.26 2.93 2.85 2.63 2.56 2.65 2.82 2.65 2.86 2.81 2.30 2.00 2.05 2.10
% Fe 1.34 135 0.93 1.27 1.47 191 1.54 1.87 1.92 1.74 1.71 1.97 1.60 2.51 2.28 2.43 2.56
g Mn 0.02 0.02 0.03 0.02 0.02 0.02 0.02  0.06 0.06 0.05 0.03 0.05 0.03 0.24 0.03 0.01 0.04
:E Ca 1.58 1.62 1.90 1.56 1.67 1486 1.55 1.56 1.59 1,52 1.52 1.76 1.70 1.65 1.56 1.63 1.46
Na 0.46 0.41 0.38 0.53 0.45 0.35 0.38 0.38 0.45 0.46 0.52 0.49 0.25 0.11 0.57 0.21 0.56
fe 29.3 30.6 20,2, 28.5 33.9 37.8 37.4 43.1 42.9 389 39.8 41.4 37.0 54.1 53.7 54.3 55.3
an 77.2 79.6 83.0 74.9 79.0 81.1 80.0 79.8 77.9 76.5 74.8 78.0 87.0 93.4 73.2 87.7 723
& Cornelis Klein, Jr., analyst.
fe=100 (Fe4+Mn)/(Fe+Mn-+Mg).
an=100 Ca/(Na-+Ca).
(Continued from page 255)
cummingtonite gneiss and hornblende amphibolite layer. Horn- mingtonite contain extremely thin (101) lamellae. Cumming-
blende grain selected for analysis was several mm inside amphi- tonite contains faint (100) lamellae but hornblende apparently
bolite layer and may not have been in contact with cumming- contains none. Hornblende has peculiar pale brown and blue-
tonite host grains. Hornblende and cummingtonite contain (100) green color.
and (101) exsolution lamellae identical to those in 7ASBX. Y23C—Fine-grained, dark-gray quartz-cummingtonite-garnet-magnetite-
498—Partridge Formation. Medium-grained, finely layered hornblende- hornblende schist with layers and lenses of very fine-grained garnet

cummingtonite-biotite amphibolite. Both hornblende and cum- and quartz. High spessartine content of garnet is suggested by
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Fic. 2. Diagram showing 100(Fe —+ Mn)/(Fe + Mn + Mg)
for amphiboles plotted against mole % An of coexisting plagio-
clase. Amphibole compositions determined by electron-probe or
wet chemical analyses. Plagioclase compositions determined by
measurement of a index of refraction in oils. Each box outlines
observed composition range. Most specimens fall on an apparent
igneous fractionation trend.

in Hornblende, Anthophyllite, Cummingtonite

fine grain size and high MnO in both amphiboles. Both amphi-
boles contain (101) lamellae 0.25 u thick and rare (100) lamellae
about 0.20 u thick.

7E8B—See TE8BX

Q795—Partridge Formation, sillimanite zone, slightly retrograded, east
shore of Little Quabbin Island, Windsor Dam quadrangle, Mass.
Very coarse-grained garnet-plagioclase-cummingtonite-quartz-
magnetite-hornblende gneiss with secondary hornblende and
chlorite. Cummingtonite and some hornblende grains contain
(100) and (101) lamellae 0.5 x and 1.3 u thick respectively.

7A8B—See 7TA8BX

Y42B—Coarse-grained plagioclase-quartz-cummingtonite-anthophyllite
gneiss. Trace of hornblende is probably secondary. No exsolution
lamellae observed.

138A—Same outcrop as 138DX but not described in detail elsewhere.
Fine-grained, well bedded quartz-garnet-amphibole granulite. In
a central layer about 2 cm thick the amphibole is cummingtonite.
The boundary between the two mode areas in one thin section
runs through this cummingtonite layer. On one side of this layer
the cummingtonite is in contact with and intergrown with horn-
blende. In the vicinity of this contact the cummingtonite con-
tains hornblende exsolution lamellae and has a few twins on
(100). Crystals A, C-A, and 1 of Ross, Papike and Shaw, 1969,
Table 6 are from near this contact. Crystal A, cummingtonite
host, 90%; hornblende lamellae on (100), 6%; hornblende
lamellae on (101), 4%, all space groups C2/m. Crystal C-A
cummingtonite host, 98%; hornblende lamellae on (100), 2%;
all C2/m. Crystal 1, hornblende host, 85%; cummingtonite
lamellae on (100), 10%; cummingtonite lamellae on (101), 5%,
all C2/m. On the other side of the cummingtonite layer cumming-
tonite is in contact with and intergrown with anthophyllite.
Near this contact the cummingtonite is free of exsolution lamellae
but is polysynthetically twinned on (100). The electron probe
analyses of Klein (1968, see Fig. 14) and crystal 2 of Ross,
Papike and Shaw are from near this contact. Anthophyllite host,
559%,; submicroscopic gedrite exsolution, 45%, both Pnma. The
high percentage of gedrite exsolution shown by the single crystal
X-rayed is not consistent with the chemical composition given by
the probe analysis, suggesting that anthophyllites of two dif-
ferent compositions were studied in this strongly layered rock.

PETER ROBINSON AND HOWARD W. JAFFE

Using the Frantz separator with a side slope of 12-15°, the in-
tensity range at which optimum concentration of the amphiboles,
described herein, occurs is as follows:

Anthophyllite 0.38-0.50 amp
Cummingtonite 0.33-0.45 amp
Hornblende 0.43-0.65 amp

In general, magnetic separation of anthophyllite from hornblende
was relatively uncomplicated because members of coexisting
pairs showed significant contrasts in their total Fe —+ Mn con-
tents and relatively minor amounts of exsolution lamellae. On the
other hand, magnetic separation of coexisting cummingtonite and
hornblende proved to be extremely difficult because of smaller
magnetic contrasts. Cummingtonites (or grunerites) richer in
total Fe + Mn than those described herein have magnetic sus-
ceptibilities that overlap those of garnet and other ferromag-
nesian minerals to a degree where their magnetic separation be-
comes impossible.

The thirteen purified mineral samples for which complete
chemical analyses are given in Table 2 were the product of most
of two summers work by a full-time technician working under
the direction of one of the authors. The purity of each' of these
samples and the amount recovered was as follows:

Sample s Amount Purity,
No. Mineral Recovered (g) %
WosSTX Gedrite 3.6 99.8
134JX Gedrite 135 1 99.7
1341 Gedrite 1.1 99.6
138DX Gedrite 25.1 99.4
N30X Anthophyllite 1D 99.8
6A9X Anthophyllite 6.9 99.2
TE8BX Cummingtonite 8.0 98.4
7A8BX Cummingtonite 4.7 97.4
Y42BX Cummingtonite 10.6 99.4
N30X Hornblende 121 99.7
6A9 Hornblende 20.9 99.2
7TE8BX Hornblende 1.0 99.2
7A8BX Hornblende 5.8 98.0

CHEMICAL INFERENCES ON Rock ORIGIN

An interesting by-product of the amphibole analyses was
the information they give concerning the origin of the pla-
gioclase amphibolites. When the Fe/Fe + Mg ratios of the
coexisting amphiboles are plotted against the optically de-
termined composition range Ca/Na + Ca of the coexisting
plagioclases (Fig. 2), a strong linear correlation is demon-
strated with Na and Fe increasing sympathetically. Such a
correlation would be expected in series of igneous rocks
that differentiated by fractional crystallization of plagio-
clase and ferromagnesian minerals, and is supporting evi-
dence that most of the plagioclase amphibolites are, in
fact, metamorphosed volcanics.

CHEMOGRAPHIC RELATIONS

The graphical representation of amphibole compositions
and assemblages has long been a major problem (Halli-
mond, 1943; Winchell, 1945; Colville et al., 1966; Ernst,
1968). The composition range and number of different sub-
stitutions is so great that attempts at describing composi-
tions graphically remind one of the proverbial blind men
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F1c. 3. Compositions of analyzed amphiboles plotted in terms of the components (Al,O; — Na;0), CaO, (FeO 4 MnO + MgO).
Triangles, hornblende; squares, anthophyllite; circles, cummingtonite. Compositions of ideal amphibole end members and other

minerals also shown.

describing an elephant. To describe common amphiboles to
a first approximation the components  Si0,-Al,0,-Fe,0,-
TiO,-F €0-MnO-MgO-CaO-Na,-H,0 are required. This
list may be reduced to four, Al,0,, CaO, Na,O, (FeO +
MnO + MgO), at the apices of a tetrahedron by the fol-
lowing procedure :

1. Assume SiO, is present in excess as the phase quartz.
This assumption is valid for many specimens but not all.

2. Ignore the important crystal-chemical differences be-
tween MgO, FeO, and MnO.

3. Ignore Fe,0, and TiO,.

4. Treat H,O as a perfectly mobile component con-
trolled by the activity of H,O of the environment.

By ignoring coupled Na/Na substitution in the 4 and
M (4) sites as in richterite, and assuming further that all
Na substitution is compensated by Al either in four-coordi-
nation as in edenite or in six-coordination as in glauco-
phane, it is possible to represent the investigated amphibole
compositions in terms of the three components (Al,O,-
Na,0), Ca0O, (FeO + MnO -+ MgO) at the apices of a
triangle (Fig. 3). The assumption of no Na/Na substitu-
tion is reasonable for the Orange area rocks because these
are relatively Al-rich. Because of the components chosen,
this diagram portrays coupled Al/Al substitution in six-
and four-coordination more or less completely, but not
Na/Al substitution, hence ideal edenite or glaucophane ap-

pear at the base. In addition to the analyzed amphiboles
and ideal end-member amphibole compositions, the compo-
sitions of a number of other coexisting phases may be
shown. Since all of the amphibole compositions fall in the
portion near the apex FeQ + MnO + MgO, this portion is
used in enlarged form for detailed examination of composi-
tion relations (Fig. 4) leading to the observations summa-
rized below.

In the case of the wet analyses further refinements are
possible by taking into account Fe,0,, TiO, and Cr,0,
which are presumed to go into octahedral positions com-
pensated by tetrahedral Al according to the scheme [Fe3+,
(Fe**Ti*+), ,, Cr3+]/Al**. These oxides may be added to
ALO, to portray the total amount of octahedral-tetrahedral
substitution (R3+/Al%+), or an amount of Al,O, equivalent
to these oxides can be subtracted so that the remaining
AlL,O; portrays strictly Al/Al substitution. The latter
method is particularly important if octahedral Al as dis-
tinct from octahedral Fed* and Tjet Is favored by high
pressure (Thompson, 1947; Leake, 1965; Binns, 1965).
Both of these methods were tried to adjust the composi-
tions shown in Figure 4E, but the results are not given
here because neither drastically alters the topologic rela-
tions shown.

Al/ AL substitution. Hornblendes coexisting with anthophyl-
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lite or cummingtonite and plagioclase are very high in Al/
Al substitution. Al/Al is lower in hornblendes coexisting
with cummingtonite from the sillimanite zone (498, K44E,
7A8B) than it is in hornblendes coexisting with cumming-
tonite from the kyanite zone (7E8B, Y23C) or retrograded
specimens (Q795). This is in close agreement with the pro-
grade reaction tschermakitic hornblende -+ quartz—>less
tschermakitic hornblende -- cummingtonite + plagioclase
+ H.O proposed by Shido (1958). The low Al hornblende
in specimen NOI1A occurs in an ultramafic rock containing
no plagioclase.

Anthophyllites coexisting with hornblende contain high
Al/Al substitution, but less than the hornblende. Antho-
phyllites coexisting with cordierite (W9sJX, 134)X), alu-
minum silicates (I341), or garnet (I38DX) contain more
Al than anthophyllites with hornblende. The diagrams sug-
gest that low Al anthophyllite would not be found with
plagioclase under these metamorphic conditions, but only
in metamorphosed ultramafic or peculiar sedimentary
rocks. Further, the high Mg content of cummingtonite in
ultramafic rock NO1A suggests the cummingtonite field
may extend to considerably higher Mg content in plagio-
clase-free than in plagioclase-bearing rocks. The associa-
tion of cummingtonite and plagioclase in magnesian rocks
Is apparently cut out by the association of anthophyllite
and hornblende.

Cummingtonites coexisting with hornblende have low
Al/Al and Ca substitution, and what they do show is now
largely in the form of hornblende exsolution lamellae. In
the analyzed anthophyllite-cummingtonite pairs (Y42B,
138A, QB27C) the anthophyllite is richer in Al and there
Is no compositional overlap of anthophyllite and cumming-
tonite even though MgO, FeO, and MnO are treated as one
component.

In Figure 4F wet and probe analyses of four amphibole
pairs are compared directly. The wet analyses are shown
with total Fe as FeO for direct comparison with probe
analyses. It was hoped that this comparison would show a
more closed miscibility gap in the wet pairs as compared to
the probe pairs, but this is realized only for specimen
7E8B. The absence of this relation in the other pairs is an
indication of how slight the amount of coarse exsolution
was during the late metamorphic history of the Orange
area. This is in sharp contrast to amphibole pairs from the
Ruby Mountains, Montana (Ross, Papike, and Shaw, 1969,
this volume).

Na substitution. By ignoring Al,O, it is possible to relate
amphibole compositions to optically determined plagioclase
compositions using the triangle Na0Q,,,, Ca0, (FeO -
MnO + MgO) (Fig. 5). This shows that the Na content
of hornblende is relatively insensitive to variation in the
Na content of coexisting plagioclase. There seems to be
some inherent crystal-chemical limit on the Na content of
hornblende that is less than the theoretical edenite end
member. Thus, hornblendes with oligoclase, andesine, and

labradorite all seem to have about the same Na content
(see also Leake, 1965). However, hornblendes coexisting
with bytownite (498, QB27C) are lower in Na, and there
iIs less Na in hornblende in essentially plagioclase-free
rocks (NOIA, Y23C).

In order to show details of amphibole composition the
FeO + MnO + MgO corner of the triangle is shown in
greater detail in Figure 6. A surprising conclusion from
Figure 6 and from Table 2 is that anthophyllites coexisting
with hornblende contain abundant Na, about half as much
as coexisting hornblende. Furthermore anthophyllites with
cordierite (W95JX, 134]X), aluminosilicates (134I), or
garnet (I138DX) equal or surpass hornblende in Na con-
tent. This leads to speculation on the structural position of
Na in anthophyllite. Na in M (4) positions as in glauco-
phane is unlikely because small jons in M(4) seem required
to stabilize the orthorhombic amphibole structure. Substi-
tution of Na in 4 positions seems likely, and would be en-
hanced by the very high Al in adjacent tetrahedral sites.
The most sodic anthophyllite, 1341 (also the most alumi-
nous), contains 0.537 Na per 24 O(OH) equivalent to a fill-
ing of 4 of the 4 sites if all Na is in A. The most sodic
hornblende, 7E8BX (also close to the most aluminous),
contains 0.584 Na per 24 O(OH). A complete structural
formula for anthophyllite 1341 (Table 6) suggests that
0.325 Na is in 4 and 0.212 in M (4), but this site assign-
ment assumes that the excess H,O in the analysis is substi-
tuted as 0.58 (OH) for O. If, on the other hand, the excess
H,O0 is accounted for as H,0, tetrahedra substituting for
SiO,, then the Na content assigned to 4 would be higher.

The apparent correlation between high Na and high Al
In both anthophyllites and hornblendes was explored fur-
ther in a diagram (Fig. 7) showing Na + K per 24
O(OH) plotted against Si per 24 O(OH) (or 23 O in the
case of probe analyses) (Hallimond, 1943; Leake, 1968;
see also Dodge ez al., 1968, Fig. 12). This presentation has
the advantage of showing both Na/Al substitution and
R# /Al substitution, and includes compositions of several
ideal end members. Since it portrays only tetrahedral occu-
pancy, it is immaterial whether the coupled octahedral ca-
tions are Al3+, Fes+, Fe?*Ti*+ or Crs+, Nearly all of the an-
alyzed amphiboles reported here plot in a linear group
trending from the origin to about (Na+K), ¢Si;. The an-
thophyllites in particular show a tight linear trend. Most of
the hornblendes are slightly more sodic. Three possible ex-
planations for the linear trend are considered: (1) limited
bulk composition of specimens studied; (2) limited condi-
tions of metamorphism of specimens studied; (3) some-
thing in the crystal chemistry of both amphibole groups.
The first explanation can probably be discounted on the
basis of the wide variety of bulk compositions reported
here alone, although no hornblendes from calc-silicate
rocks are included. The second explanation was tested by
comparing this plot with that of a suite of hornblendes
from the Sierra Nevada batholith (Dodge, Papike, and
Mays, 1968, Fig. 12), hornblendes from volcanic glass
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Fic. 5. Compositions of coexisting amphiboles and plagioclases plotted in the triangle NaOy,, CaO, (FeO + MnO + MgO). Solid
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(Klein, 1968), and hornblendes from sillimanite zone and
granulite facies metamorphic rocks from New South Wales
(Binns, 1965). All fall within the same area on the dia-
gram. Thus some crystal-chemical factor relating 4 site oc-
cupancy to tetrahedral Al occupancy in a ratio of about
1:3 seems the most probable explanation. Although the
Sierra, New South Wales, and the Orange area hornblendes
are grouped on the basis of Na and Si, they differ in their
compensating octahedral ions as follows:

Octahedral

Octahedral Al Fedt 4 2TitHCré+

Median Range Median Range

Seirra Nevada Horn-

blendes 0.26 0.13-0.53 | 0.68 0.44-0.91

N.S.W. Hornblendes,
Granulite Facies 0.37 0.33-0.45| 0.74 0.51-0.92
N.S.W. Hornblendes,
Sillimanite-Ortho-
clase Zone 0.55 0.47-0.63 | 0.58 0.33-0.64
N.S.W. Hornblendes,
Sillimanite-Musco-
vite Zone 0.66 0.54-0.80 | 0.74 0.49-0.86
Orange, Hornblendes 0.69 0.42-0.77 | 0.58 0.54-0.77
Orange, Anthophyllites | 0.90 0.41-1.25 | 0.19 0.17-0.36

Actinolite
Tschermakite
Edenite
Pargasite
Glaucophane

Furthermore there is a strong difference between the Or-
ange area hornblendes and anthophyllites. In the case of
the New South Wales hornblendes, Binns has demonstrated
that most of the differences in compensating octahedral
ions are a function of metamorphic grade.

Cummingtonites with either hornblende or anthophyllite
contain negligible Na and their Ca is now largely expressed
in exsolved hornblende lamellae. Even on the finest scale
(Fig. 8) anthophyllites and cummingtonites can be discrim-
inated on the basis of their Na contents and Na/Ca ratios.

Mg-Fe Substitution. In order to examine the different roles
of MgO and FeO it is necessary to expand the number of
components to treat these two separately. They may be
combined with CaO to form the triangle CaO, MgO, FeO
in which appears an “Amphibole Quadrilateral” (Ross, Pa-
pike, and Weiblen, 1968; Klein, 1968, Fig. 3) analogous to
the familiar “Pyroxene Quadrilateral”. This procedure has
one serious drawback; it completely obscures the impor-
tant role of Al/Al substitution in the hornblende and an-
thophyllite. Since this Al/Al substitution is best shown in
the triangle (Al,0,-Na,0), CaO, (FeO + MnO + MgO),
this triangle can be expanded to form a tetrahedron
(A1,0,-Na,0), Ca0, MgO, (FeO + MnO) (Fig. 9). Tie-
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Fic. 7. Plot of Na 4+ K versus Si atoms per formula unit fo
: Triangles, hornblende; squares, anthophyllite; circles, cummingtonite; closed symbols,

Symbols
analyses; crosses, hornblendes from volcanic glass (Klein, 1968).

batholith (Dodge et al., 1968) and from three metamorphic zones in

Tschermakite
Gedrite

Si

r analyzed amphiboles from the Orange area and adjacent areas.

wet analyses; open symbols, probe

Lines outline fields of analyzed hornblendes from the Sierra Nevada

New South Wales (Binns, 1965) : short dashed-Sierra Nevada;

solid-N.S.W. granulite facies; dash dot-N.S.W., amphibolite facies, sillimanite-orthoclase zone; long dash-N.S.W., amphibolite facies,

sillimanite-muscovite zone.

line orientations in such a tetrahedron are best seen by
some sort of projection from the composition of an ubiqui-
tous phase as shown by Thompson (1957). For this study
the composition of anorthite was chosen as the projection
point (see also Green, 1960). The resulting projections of
assemblages are true phase diagrams only if the following
requirements are fulfilled: (1) the assemblage contains
quartz, (2) the assemblage contains plagioclase, (3) the
plagioclase composition has no influence on the amphibole
compositions, and (4) other components are negligible.
These requirements are probably rarely fulfilled, but the
projections nevertheless prove useful for comparing assem-
blages.

Two different planes have been used for projection from
the anorthite point. The projection plane CaO, MgO, (FeO
+ MnO) (Fig. 9) has the advantage of easy comparison
with the amphibole and pyroxene quadrilaterals (see Rob-
inson, Jaffe, Klein, and Ross, 1969, Fig. 2). Al/Al substitu-
tion in anthophyllite shows as a negative quantity of CaO.
Cummingtonites fall close to the MgO, (FeO + MnO)
line, showing neither positive nor negative CaO.

The other projection plane, (A1,0,-Na,0), MgO, (FeO
+ MnO), is adopted here (Fig. 10). It has several advan-
tages. The compositions of anthophyllite, cummingtonite,
cordierite, staurolite, garnet, kyanite and sillimanite are on

or close to the plane and their Al,O;, MgO, and (FeO +
MnO) contents are shown directly. The excess CaO over
(Al,0,-Na,0) in hornblende plots as a negative value of
Al,O,. Cummingtonites again fall very close to the MgO,
(FeO + MnO) line, with neither positive nor negative
amounts of ALO,.

The most useful property of this projection, shown in
enlarged form in Figure 11, is that it outlines all of the
field of anthophyllite coexisting with quartz and plagio-
clase, including both aluminous assemblages and horn-
blende-bearing assemblages. This is best seen in the diagram
showing analyses from “Amphibole Hill” (Fig. 11C) and in
a generalized form in Figure 12. On the high Al side of the
anthophyllite field, anthophyllite coexists with cordierite,
aluminum-silicate or staurolite depending on the Fe/Mg
ratio. Al is less in magnesian anthophyllite with cordierite
(W95JX, 134JX) than in more Fe-rich anthophyllite with
sillimanite and staurolite (I1341). On the high Fe limit of
the anthophyllite field, not well known in detail, anthophyl-
lite coexists with pyrope-bearing almandine and cumming-
tonite or staurolite. On the low Al side of the anthophyllite
field, anthophyllites with (100) Fe/(Fe + Mg) = 41 or
less coexist with hornblende (134B, 6A9, K44C), and more
Fe-rich anthophyllites coexist with cummingtonite (138A).
The anthophyllite with the lowest Al content coexists with
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TABLE 6. ALTERNATIVE STRUCTURAL FORMULAE
FOR ANTHOPHYLLITE 1341

I I
K 0.007] 0.332 K 0.007] 0.478
Na 0.325 Na 0.471
Na 0.212) Na 0.066)
Ca 0.042| Ca 0.042
Fert 2.326] Fert 2.326
Mg 2.967| Mg 2.967|
Mn2*  0.030p 7.00 Mn2*  0.030y 7.00
Fest 0.132 Fest 0.132
Crs+ 0.002 Cré+ 0.002|
Titt 0.027| Tit+ 0.027
Al 1.245) Al 1.391
Al 2.121) Al 1.975)
Si 5.874} 8.00 Si 5.874( 8.00
P 0.005) P 0.005(
H, 0.146)
0] 21.417) 22.00
(OH)  0.583 Os
(OH) 1.995] 2.00 (OH) 1.995] 2.00
F 0.005 F 0.005f

cummingtonite and has nearly the same Fe/Mg ratio as
the cummingtonite.

Cummingtonites coexisting with hornblende and plagio-
clase have (100) Fe/(Fe + Mg) as low as 41.5 (Table 4).
One hornblende-cummingtonite rock without plagioclase
(NO1B) has cummingtonite with (100) Fe/(Fe + Mg) of
only 32. It is suggested that in the presence of plagioclase
this pair would react to form a hornblende-anthophyllite
assemblage under the metamorphic conditions of the area.

The evaluation of Fe/Mg ratios of coexisting amphiboles
analyzed by electron probe is difficult because the probe
analyses do not show the ferric iron content. Clearly the
tie-line orientations of hornblende assemblages based on
probe analyses (Fig. 11) are inconsistent with each other
and with what is known of analogous pyroxene assem-
blages. The wet analyses (Table 2, Fig. 11E) show that
one fifth to nearly one half of the Fe in hornblende is
Fe®* anthophyllite has much less Fe?*, and cummingtonite
has still less. The anthophyllites have a higher FeO/MgO
ratio than coexisting hornblendes as might be expected by
analogy with analyzed coexisting hypersthene and augite
(Kretz, 1963). In the probe analyses of coexisting horn-
blende and cummingtonite, the high total Fe in the horn-
blende is probably due to high Fe3* in hornblende. This to-
gether with probably low Fe®* in cummingtonite results in
a peculiar tie-line orientation. In the wet analyses cum-
mingtonite has about the same FeO/MgO ratio as the
hornblende.

Based on probe analyses of hornblende and anthophyllite
(K44C), and hornblende and cummingtonite (K44E) in
the same outcrop in the “Amphibole Hill” area, a stable
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three-amphibole assemblage should occur at a ratio of
(100) Fe/(Fe + Mg) = 41. Several three-amphibole spec-
imens were found in the Orange area, but in each case the
third amphibole is minor and possibly secondary. A true
equilibrium three-amphibole assemblage was long sought.
In 1965 such a specimen was found in the Quabbin Reser-
voir area in a zone of higher grade metamorphism charac-
terized by the association of quartz, sillimanite, and ortho-
clase in mica schists. This specimen, QB27C, described in
greater detail elsewhere (Robinson, Jaffe, Klein, and Ross,
1969), contains primitive cummingtonite with hornblende
exsolution lamellae, hornblende with primitive cumming-
tonite lamellae, and anthophyllite that appears optically
homogeneous but is a submicroscopic intergrowth of antho-
phyllite and gedrite. Two sets of electron-probe analyses
near two mutual three-amphibole contacts are given in
Table 4 and portrayed on Figures 4D, 6D, and 11D.
Hornblende and cummingtonite analyses 2B are of material
full of exsolution lamellae that were probably included in
the analysis areas, hence the analyses probably come fairly
close to representing the bulk composition of the grains
prior to exsolution. Hornblende analysis 2A is of more
tschermakitic material free of lamellae that is probably a
product of retrograde reaction with the bytownite matrix
during or after exsolution. Its composition plotted on Fig-
ure 4D shows clearly that it cannot be considered merely
as a hornblende from which exsolved primitive cumming-
tonite has been removed.

The high Mg content of the primitive cummingtonite
[(100) Fe/(Fe+Mg) = 36] as compared to the cum-

8 4 8 2 |' MgO +
< Ca0 FeO+
MnO

F16. 8. Na,O and CaO contents of anthophyllites and cumming-
tonites expressed in a portion of the triangle Na.O, Ca0O, (FeO -+
MnO -+ MgO). Na.O rather than NaOy is used here to give
diagram a more equant shape.
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Fic. 9. The tetrahedron (AlO; — Na,0), CaO, MgO, (FeO 4 MnO) showing the two planes used for projection from the anorthite
point; CaO, MgO, (FeO + MnO) and (ALO; — Na:0), MgO), (FeO 4 MnO).
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T16. 10. Compositions of analyzed amphiboles (projected from pl
Closed symbols, wet analyses; open symbols, probe analyses.
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A|203—COO—N020

Cordierite

/

Anthophyllite
MgO

Hornblende

A

e

Sillimanite ,Kyanite

Staurolite

Y

Garnet

FeO+MnO

Fic. 12. Generalized topology of the projection (AL,O; — CaO — Na:0), MgO, (FeO + MnO) representative of the mineral
facies of the “Amphibole Hill” area. The boundaries of the anthophyllite field are shown as well as a compositionally narrow region
in which anthophyllite, cummingtonite and hornblende can coexist stably.

mingtonite from the hypothetical three-amphibole assem-
blage of the Amphibole Hill area [(100) Fe/(Fe4+Mg) =
417 suggests a possible prograde reaction: Hornblende +
anthophyllite + quartz—cummingtonite + plagioclase +
H,0, in which the cummingtonite becomes progressively
more Mg-rich at the expense of the other two amphiboles.
The hornblende and anthophyllite contribute their Na, Ca,
and Al to plagioclase which becomes more Ca-rich, at least
until obtaining the same Na/Na -+ Ca ratio as the horn-
blende. Since all of the octahedral Al in the hornblende and
anthophyllite becomes tetrahedral in plagioclase, a consid-
erable increase in entropy results. Theoretically, where the
three amphiboles, quartz, and plagioclase coexist at arbi-
trarily chosen P and T, for each cummingtonite Fe/Mg
ratio there should be a particular plagioclase. In practice
the cummingtonite compositions in this critical assemblage
probably do not change widely, whereas the plagioclases
probably do.

MEeTAMORPHIC FACIES OF CA-POOR ASSEMBLAGES
3

Rock compositions on the CaO-free face of the tetrahe-
dron (Al,04-Na,0), Ca0O, MgO, (FeO + MnQO) are rare
but sufficiently abundant worldwide to allow recognition of
several different metamorphic facies. The facies of the
“Amphibole Hill” area is summarized in Figure 13A. The
critical assemblage quartz-anthophyllite-kyanite-staurolite
of specimen 1341 is also described in detail by Hietanen
(1959) from Idaho, and by Tilley (1939) from the Shuer-
etsky District, Kola, U.S.S.R. Both the “Amphibole Hill”

and Idaho specimens contain sillimanite coexisting with
kyanite. Even though the assemblage quartz-cordierite-an-
thophyllite-sillimanite in the strict sense is not identified at
“Amphibole Hill,” cordierite-rimmed enclaves of sillimanite
and kyanite in anthophyllite rock (I34JX) indicate at least
passing stability in the course of progressive formation of
cordierite from former sillimanite- (and kyanite) antho-
phyllite rock (Robinson and Jaffe, 1969).

At Pistil Ogo, the Lizard, Cornwall, Tilley (1937) de-
scribes two different assemblages: quartz-anthophyllite-cor-
dierite-staurolite and quartz-andalusite-cordierite-staurolite
(Fig. 13B). Tilley notes “Andalusite and anthophyllite are
never found in close association. If they occur together in
a single thin section they are relegated to different bands.
They are clearly incompatible.” Similar assemblages with
sillimanite instead of andalusite have been described by
Butler (1964) in rocks some distance beneath the Stillwa-
ter Complex in Montana. The quartz-andalusite-cordierite-
staurolite assemblage is also reported by Zwart (1962) in
the Pyrenees and Chinner (1966) in northeastern Scotland.

At Trelease Mill and Polkernogo, also on the Lizard. Til-
ley (1937) reports granulites containing the assemblage
quartz—cordierite—cummingtonite—oligoclase in some of
which cummingtonite is associated with anthophyllite in
parallel growth. Tilley writes “In these intergrowths cum-
mingtonite forms the core of the composite prism with a
shell of anthophyllite.” In some cordierite-anthophyllite
rocks from Triskbole in the Orijarvi District, Eskola
(1914) describes small amounts of cummingtonite, again
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1939).
(1962) and Chinner (1966).

(Eskola, 1914) with andalusite and sillimanite.

9 o ®v »

apparently surrounded by anthophyllite (Eskola, Plate V).
Using analyses of coexisting cordierite and anthophyllite of
Eskola and expected chemographic relations as a guide, the
facies of these two areas would seem to be similar to Fig-
ure 13C with a critical assemblage cordierite-anthophyllite-
cummingtonite in which cummingtonite is slightly higher in
Fe than coexisting anthophyllite. At Trelease Mill coexist-
ing kyanite and sillimanite are characteristic of more alu-
minous rocks, whereas at Orijarvi the aluminum silicate
minerals are andalusite and sillimanite. Staurolite is not
present at either locality. Of special note is the low AlLO,

. Richmond, New Hampshire (this paper) ; also Orofino, Idaho (Hietanen, 1959) and Shueretsky District, Kola, U.S.S.R. (Tilley,
. Pistil Ogo, Lizard, Cornwall (Tilley, 1937) with andalusite; and Stillwater, Montana (Butler, 1964) with sillimanite. Also Zwart
. Trelease Mill and Polkernogo, Lizard, Cornwall (Tilley, 1937) with kyanite and sillimanite, and Traskbole, Orijarvi, Finland

. Modified version of C based on limited optical data and partial analysis of cummingtonite coexisting with cordierite at Traskbole.

content of the analyzed anthophyllite coexisting with cor-
dierite which is in keeping with the expanded compatibili-
ties of cordierite as compared to the “Amphibole Hill”
area.

More careful examination of the limited compositional
information on cummingtonite and anthophyllite from Tre-
lease Mill and Orijarvi would suggest the relations of Fig-
ure 13C are oversimplified. The refractive indices of the
cummingtonite from Trelease Mill, vy = 1.665, and
Orijarvi, y = 1.667, and a partial analysis of the Orijirvi
cummingtonite giving 100 FeQ/(FeO -+ MgO) = 40 all indi-
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cate the cummingtonite is more magnesian than the antho-
phyllites. A second analyzed “dark anthophyllite” is still
more Fe rich and apparently coexists with garnet as well as
cordierite. These data suggest a more complex topology as
shown in Figure 13D. The anthophyllite rim between cum-
mingtonite and cordierite described from both localities
could indicate that the growth of anthophyllite is a pro-
grade reaction, but this seems likely only if it is a dehydra-
tion reaction involving H,O-rich cordierite (Schreyer and
Yoder, 1964; Robinson and Jaffe, 1969). It is indeed possi-
ble that the first appearance of anthophyllite is at the ex-
pense of cordierite and cummingtonite that are relatively
Fe-rich, the reaction then proceeding to more magnesian
compositions. In view of the paucity of analytical data and
difficulties in treating hydrous cordierite, the topology of
Figure 13C has been chosen for the phase analysis below
and cordierite has been assumed to be anhydrous.

Finally in southwestern Montana, Rabbitt (1948) re-
ported the assemblage quartz-anthophyllite-staurolite-cum-
mingtonite. The staurolite-cummingtonite association can
be considered an alternative to the garnet-anthophyllite as-
sociation shown on Figures 13A and 13B.

The facies discussed above are separated by equilibrium
reactions. The effect of P and T on these can be evaluated
and a simplified P-T grid developed showing relative condi-
tions of formation, as has been done for mica schists by
Albee (1965b). Because of extensive solid solution, reac-
tions are hard to evaluate unless assumed fixed composi-
tions are used (Albee, 1965b) as shown in Figure 14 and
Table 7. Dashed lines in Figure 14 indicate all observed
two phase associations in quartz-bearing rocks. No reports
were found of coexisting quartz, aluminum silicate, and
cummingtonite; hence, only two out of a theoretically pos-

Al,0%
Sillimanite, Kyanite

Cordierite

Garnet

MgO FeO

Fic. 14. Fixed compositions and permitted mutual associations
of minerals used in calculating P-T grids. Quartz is present as
an additional phase in all associations.

Cummingtonite

PETER ROBINSON AND HOWARD W. JAFFE

TABLE 7. AssuMED COMPOSITIONS AND MOLAR VOLUMES
UseDp IN CALCULATIONS

Aluminous Mg; oFes sA1VY sAILY) 5Si6.5002(0H)2 2635cc?
Anthophyllite
Cummingtonite Mg, 5Feq 5S1s022(0OH)2 273ccP
Cordierite Mg sFeq sAlTV,Siz0is 233cce
Staurolite Mgo.sFer sA1V4S15 7502 (0H) % 223cce
Garnet Mgo sFes sA1V1S15012 115cct
Kyanite AlVL,SiOs 44 1cce
Sillimanite AIVIAIIYSIO; 49 .9cce
Quartz SiOy 22.7ce

a Calculated from cell volumes of Al anthophyllites of Rabbitt
(1948).

b Calculated from cell volumes given by Klein (1964, Fig. 6).

¢ Schreyer and Schairer, 1961.

d From Richardson, 1967, and Schreyer and Chinner, 1967.

e Juurinen, 1956.

f Skinner, 1956.

2 Robie, 1966.

TaBLE 8. CALCULATED SLOPES OF EQUILIBRIA IN Bars/°C
AT 600°C, 5kBAR Hi6H T ASSEMBLAGE IS SHOWN ON THE RIGHT

“Fissure
PH,O=Ps Equilib-
rium”’
36 Staur+34 Cumm-+35 Qz—44 Cord
+74 Gar+70 H,O 237 46.3
444 Anth-+100 Staur+1273 Qz—3558
Cord+218 Cumm-+326 H,O 10.9 13.4
32 Anth+218 Kyan+4H,0—52 Cord
+36 Staur+31 Qz 4.0 3.9
52 Cord+36 Staur+31 Qz—32 Anth
+218 Sill4-4H20 —4.9 —4.7
386 Cumm-212 Staur—264 Anth+558
Gar-+493 Qz+334 H;0 ~ o —41.8
350 Staur--766.5 Qz—28 Anth+182
Gar-+1351 Kyan+322 H.O —396 —33.2
350 Staur+766.5 Qz—28 Anth+182
Gar-+1351 Sill+322 H,O 38.7 115.6
14 Anth-+38 Kyan+23 Qz—25 Cord
+9 Gar+14 H,O 11.0 15.4
14 Anth-+38 Sill4-23 Qz—25 Cord
+9 Gar+14 H,O 10.5 13.3
54 Anth+25 Gar+143 Qz—53 Cord
+38 Cumm+16 H,O 0.84 0.93
28 Staur+65 Qz—4 Cord+16 Gar+102
Kyan—+28 H,O 97.0 —63.4
28 Staur+65 Qz—4 Cord+16 Gar+102
Sill4-28 H20 34.2 78.6
102 Anth+76 Staur+334 Qz—193 Cord
15.2 21.2

+109 Gar+178 H.O
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Fic. 15. Calculated P-T grid for the kyanite zone showing ten facies types. P-T slopes shown are based on relative scale such
that 1 kbar on the pressure scale is equivalent to 100°C on the temperature scale.

sible six invariant points appear to be stable. Equilibria in-
volving lower grade chlorites and other more hydrous min-
erals, or higher grade orthopyroxenes and iron olivines are
omitted.

For an assumed P and T of 5 kbar and 600°C, A S is
taken as 544 dJ/deg® per mole of dehydration of H,0 plus
80 dJ/deg' per atom of Al changing from VI to IV co-
ordination; AV is based on the difference in molar volume
of the solids (Table 7) plus a volume of 22 cc per mole®
of H,O dehydrated. Albee has considered two special cases
from a possible continuum of relations between Py,o and P
solid. Case I, Pryo = Pgoriq Case II Pyy0<Pgo1iq Where
Py,o is that to be expected in a water-filled fissure extend-
ing to the surface (“fissure equilibrium,” Thompson, 1955).
For 5 kbar, 600°C.

S eap AS(AIVIALTY)
e =ty g
iP  AS 8 nH,0
Case I: —_— == - —
aT AV AV solid
e 0D
anO

“ Detailed references for derivation of these values are given
by Albee 1965b, p. 516.

SEAGTRg - AS(AIVIs ALTY)
& f—
ap . nH,0
Case II: —_—= = -
aT AV AV solid
— + 6.7
nH,0

For reactions involving aluminum silicate, AS and AV,
hence dP/dT, depend on whether the aluminum silicate is
kyanite, sillimanite, or andalusite (Table 8). Separate grids
have been calculated for both kyanite and sillimanite for
Case I (Figs. 15, 16A) and Case II (Figs. 16C, D). An-
other grid is shown (Fig. 16B) with the kyanite-sillimanite
boundary passing through the center. Since the facies
under discussion apparently occur within the stability fields
of all three aluminum-silicate polymorphs, and since the
shape and positions of all of the other equilibria are in-
fluenced by variation in Py, various topologic relations
between the equilibria and the polymorphic boundaries are
to be expected. The equilibria involving anhydrous cordier-
ite (Fig. 15) all have positive slopes with cordierite on the
high 7, low P side. The effect of hydrous cordierite on
these equilibria would be to lower the slopes or even cause
them to become negative as in the cases of the experimen-
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tally studied reactions Fe-cordierite—almandine + silli-
manite + quartz + H,0 (?) (Richardson, 1968) and
Mg-cordierite—enstatite 4+ sillimanite + quartz + H,0
(Schreyer and Seifert, 1969, p. 377-379). Such a negative
slope for a reaction producing anthophyllite from cordierite
and cummingtonite would perhaps partially explain the tex-
tural relations observed at Trelease Mill and Orijarvi.

The P-T grid has two invariant points, one not involving
aluminum silicate, the other nmot involving cummingtonite.
From these points radiate nine univariant reactions sepa-
rating ten topological facies types. The three anthophyl-
lite-aluminum silicate facies occur at relatively low temper-
ature and high pressure. The five cordierite-staurolite fa-

Temperature ——

cies occur at relatively intermediate temperature and low
pressure. The cordierite-cummingtonite facies appear at
relatively low pressure and high temperature.

SUMMARY

1. Composition relations of three amphibole groups oc-
curring within a region of restricted P-T' conditions indi-
cate that the cummingtonites are compositionally simple,
but that the anthophyllites contain nearly the same variety
of Na/Al and Al/Al substitution as do the hornblendes.

2. The compositional field of anthophyllite is irregular
and no valid distinction between anthophyllite and gedrite
can be made except on the basis of X-ray single-crystal

Temperature ———

Sillimanite Zone P Hp0® Pg

Temperature

Kyanite —Sillimanite Boundary Py 507 Ps

PHo0

PS
PHZO

Pressure P
sur s

Sillimanite Zone "Fissure Equilibrium”

Temperature

Pressure PS= 55/20 PHEO

Kyanite Zone "Fissure Equilibrium’

Fic. 16. Calculated P-T grids for four assumed conditions. P-T" slopes shown are based on relative scales such that 1 kbar on the
pressure scale is equivalent to 100°C on the temperature scale.
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photographs which demonstrate very fine to submicro-
scopic exsolution of two orthorhombic amphiboles that dif-
fer in their b dimensions.

3. For a very limited bulk composition, a stable three
amphibole field can be demonstrated: hornblende (with
cummingtonite lamellae), cummingtonite (with hornblende
lamellae), and anthophyllite (with submicroscopic gedrite
lamellae).

4. Bulk compositions rich in Al,O, MgO, and FeO con-
taining anthophyllites, cummingtonites, and other minerals
are rare but sufficiently abundant on a world-wide basis to
allow recognition of a series of different metamorphic fa-
cies. The relative P-T conditions of formation of these fa-
cies can be related on a theoretically derived grid.
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