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Cordierite-biotite and cordierite-garnet-biotite gneisges have a world wide distribution
in areas of high grade regional metamorphism. They are commonly associated with
granulitic and charnockitic rocks and appear to occupy a field intermediate between
ipper almandine amphibolite and pyroxene granulite facies. In the Grenville of south'
eartern Ontario the assemblages garnet-cordrerite-sillimanite-biotite, garnet-sillimanite-
biotite, and cordierite.sillimanite-biotite are in equilibrium in rocks of different compo'
sition. The mineralogy is controlled by the variables CaO, FeO, and MgO: pelitic rocks
with low CaO and FeO are cordierite-bearing and garnet-free, and as tiese components
increase (relative to MgO) first cordierite-garnet-biotite gneisses, then garnet-biotite
gneisses are developed. fhe thresholds of the appearance ofgarne! and thedisappearance
6f cordierite are found approximately where the expression SCaO * 2(FeO/MgO) is
equal to 2 and 3 respectively, CaO, MgO, and FeO being rock po]e-cglar proportions
with CaO + FeO + MsO : 1. Cordierite is thus a stable phase in high grade regional
metamorphism, but is found in lime-poor, magnesium-rich rocks that are less common
in the geological column than those with compositions falling in the stability field of
garnet.

Intnooucttox

Cordierite-garnet and cordierite gneisses are well exposed over a wide
area in the Frontenac Axis, southeastern Ontario (Fig. 1). They were
first encountered during mapping of the Westport area and were later

traced southward to the St. Lawrence River (Wynne-Eclwards, 1959,
1962). The gneisses form an important part of the Grenville-type meta-

sedimentary sequence, which otherwise is made up of crystalline lime-

stone, quartzite, diopsidic gneisses, and quartzo-feldspathic granulite.2

The present investigation arises from a study of the pelitic rocks by Hay
in 1960 and 1961, which he presented as his M.Sc. thesis at Queen's
University.

Garnet ('pyralspite') and cordierite are both essentially iron'magne-
sium-aluminum silicates, and both are characteristic of medium and high
grade metamorphism. Garnet occurs in both contact and regional
metamorphic assemblages, but is especially characteristic of the latter,

lPresent address: Geological Survey of Canada, Ottawa.
2A full report of the geology of Weitport map-area (by H. R. W.-E.) is in preparation

as a memoir of the Geological Survey of Canada.
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whereas cordierite is common in mafic contact metamorphic aureoles,
but is not generally considered a stable phase in regional metamorphism.
Examination of the literature, however, shows that garnet-cordierite
gneisses are found in many parts of the world in regionally metamor-
phoded rocks, apparently as a stable assemblage. The coexistence or
separate occurrence of these minerals in the same physical environment
can only be a function of the bulk chemical composition of the host rock,
and this study was undertaken to investigate the stability of their asso-
ciation in regional metamorphism, and the chemical factors controlling
their occurrence.

The metamorphic assemblages associated with the garnet-cordierite
gneisses in the Frontenac Axis have many of the characteristics of
granulitefacies, butthe gneisses are biotitic and only locally carry hypers-
thene. In the southwestern part of the westport area, however, the rocks
contain abundant hypersthene, but no cordierite and only minor biotite,
having attained true pyroxene granulite facies. The environmenr rep-
resented by the garnet-cordierite assemblages appears to be transitional
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between those of granulite and high amphibolite facies, but is not defined
by the present facies classification (e.g., Turner in Fyfe, Turner &
Verhoogen, 1958).

, PREvIous Wom

The spessartite (Mn-Al), almandine (Fe-Al) and- pyrope (Mg-Al)
molecules are miscible with one another and with small quantities of
grossularite (Ca-Al) and andradite (Ca-Fe) to form a continuous group
of garnets characteristic of regional metamorphism and known as the
pyralspites. The composition and occurrence of pyralspites has been
widely investigated and it is evident that, in a general way, there is a
decreasing content of MnO and CaO in garnets with increasing meta-
morphic grade, and a parallel substitution of MgO for FeO. Spessartite-
rich garnet is therefore characteristic of greenschist facies, and pyrope-
almandine of granulite facies (Miyashiro, 1953; Lambert, 1959; Engel &
Engel, 1960; Sturt, 1962).

Cordierite is another compound exhibiting ionic substitution between
iron and magnesium, and has the ideal formula (MgFe)zAlaSis,Ors. Most
natural cordierites are magnesium-rich and varieties with more than 50
per cent of the iron member are rare. Leake (1960) has compiled chemical
analyses and physical constants of cordierite, and thus provides the most
recent and complete source of information. Cordierite is principally
found in contact aureoles, but also to a lesser extent in volcanic rocks,
pegmatites, and contaminated plutonic igneous rocks. It contains varying
amounts of water and alkalis, has a number of structural states, and
variable optical properties which cannot be easily related to chemical
composition. Thiele (1940) has noted that the refractive indices of
cordierite are decreased by increasing water content and by the sub-
stitution of Si and Mg for Al. Folinsbee (1941b, p. 498) suggested that
the alkali content of cordierite would affect its optical properties on the
basis of optical variations encountered in beryl, a mineral with similar
atomic structure, but Leake (op. cit.) found no correlation between
optics and alkali content in his collected analyses. Six polymorphs of
cordierite composition were recorded by Miyashiro (1957), the structural
state of the mineral being controlled by its thermal history. Most natural
cordierites, he concluded, belong to one class, known as low cordierite,
with a considerable degree of possible structural order-disorder variation,
resulting in wide variations in optical properties. Recently Schreyer &
Schairer (1961) studied the stability of Mg-cordierite and found a similar
range of structural states.

Cordierite has long been considered an anti-stress mineral in meta-
morphism, but its occurrence in regional metamorphism, with and
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without garnet, has received some attention. Schreyer (1g59, p. 97) in an
investigation of the orientation of the axes in elongate cordierite porphyro-
blasts, presented evidence that the cordierite had formed in a directed
stress field. chinner (1959, p. 112) showed that cordierite occurring with
garnets in regionally metamorphosed rocks of the lower granulite facies
is substantially more magnesian than that from garnetiferous inclusions
in igneous rocks, and that the most iron-rich cordierite is found in peg-
matites. This suggests that increasing pressure reduces the solubility of
iron in the cordierite lattice.

The occurrence of almandine in hornfelses is, at first sight, as anomarous
as the development of cordierite in regional metamorphism. Eskola
(1915, p. 123) suggested that almandine appears in hornfelses when the
Feo/Mgo ratio of the rock exceeds that of the stable cordierite. This
conclusion was based on the observation that, while a wide compositional
range in cordierite occurs in different hornfelses, those associated with
garnet have the highest FeO/MgO ratio. Chinner (1g62) in a new study
of the thermal aureole of the Lochnagar granite, has found that almandine
in hornfelses is restricted in occurrence to those rocks having

&e!4s91_I4n9 -, ,
Al2os

and a high FeO * MnO/MgO ratio.
As shown by Table 1, cordierite-garnet gneisses are common in

regionally metamorphosed areas all over the world. This is of itself strong
evidence that the association is a stable one. The occurrences are re-
markably similar from place to place, and three assemblages are most
common: cordierite-garnet-anthophyllite, generally related to contact
metamorphism; cordierite-garnet-biotite-sillimanite, and cordierite-
garnet-hypersthene. The last two have a regional distribution and are
commonly associated with charnockites and granulites. In the regional
assemblages, wherever full descriptions are given, the following character-
istics appear: the cordierite is optically positive, an anomaly noted by
many of the authors; the garnet is almandine-pyrope; and magnetite,
spinel, quartz, microcline or orthoclase, and plagioclase in the andesine-
oligoclase range are present. Garnet-sillimanite and cordierite gneisses are
associated with these rocks and they are all typically migmatitic. The
gneisses of the Westport area have all these features and have therefore
been taken as a typical suite in which to investigate this association.

DpscnrptroN oF TEE Wrstpont AnBa GNnrssBs

Garnet, garnet-cordierite and cordierite gneisses in the eastern part of
the westport area form units varying from six inches to several hundred
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Tenr,s 1. Rncrouer. Occunnpxcas on Genxnr * Conornnns
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Country Locality Reference Notes

Canada Newfoundland

Ontrio

Alberta
Northwest

Territodes

Rlley, 1967.

Meen, 1942, p, 14.
Evans & Bancroft,

1908, p. 510.
Pye, 1967, p.28.

Rutherford, 1936;
Stmton, 1949;
Oliver, 1952.

Christie, 1952

Fabrig, 1957.

Mawdsley, 1967.

Riley, 1969.
Folinsbee, 1041,*

Garnet-cordierite-mie schists, Red Indian
Lake aea.

Gmet and cordlsite chist, Barrie twp.
Anthophylllte * gamet * cordlerite,

Hallbudon.
Gmet-athophylliterordierite schists,

Manltoumdge district.
Gamet<ordierlte-blotite-amphibole-quartz-

plagiclase layers in Kiseyuew-tytrc
gnelsses,

Cordierite-sillima'ite-biotlte gneisses pass
lnto gametlferous biotite strist (Tzin
group).

GarBet- md mrdierlte-quartz-biotlte-feldspar
gneisses,

Garnet{ordlerite-silllmanlte gnelsses, Mlddle
Feter Lake aea.

Cordierite-biotite-sillimanlte-gmet gnelws.
Gmet{ordierlte-slllimanite-blotite-quartz-

micrcline-andclne gneis, Great Slave Lake.

Mmitoba

Smkatchem

Untted
States

New Hampshire Corlat, 1036. Cordierite wtth gmet, sillimanlte, biotite,
orthclffi, mde6ine, md quartz in Merlditl
gmnite.

Gamet<ordierite-biotite Nmblages ln
Klnsnan qurtz mouzotrlte.

Blotite-cordierite-gmet-sillimanite gneiss.

Fordham migmatite gneiss-cordierite, garnet
biotite, siUlmanite llsted in mode.

Cordierlteantlophyllite-gmet ln quartz
monzonlte gneiss south of Central City, and
gmet-cordlerite-blotite-sillimanite schiste
east of Tms Creek.

Garnet in lrge Premmbrlan cordlerlte
depmits, Lammle Range.

Gamet-cordlerite-biotite-silllmmite gneisses,
Smta Lucia Range.

Massachusetts
& Comecticut

New York

Colorado

Wyoming

Califomia

Heald, 1950, BarLer,
1901.*

Barker, 1962.t

Scotford, 1956.

Schleyer, 1969.

Newhouse & Hager,
LS4S.

Compton, p€rsonal
communiotion,
1961.

Great
Britaln

Tilley, 1937. Cordlerlte-almandine-quartz-plagioclae, and
utlophyllitecordlsite-almaodine-quartz-
biotlte-pliagloclase units in Old Lizard Head
series.

Read, 1036,* 1952; Cordirite-garnet asemblagesincontaminated
Stewart, 1942,tr norite, aluminous xenoliths and hornfelses.
1947.

Aberdenshire

Fhfand Eskola, 1962.,r

Orijmi Tuomlnen &
Mikkola, 1960.,r

Parras, 1946,'1 1958.*

Turku-Kalantl Hietanen1947.,t,

Occuneres of "laanllites", varietles of granu-
lite rtch ln gmet and cordierite.

Cordierite-gmet associatlons ascribed to
Fe-Mg metasomatlsm.

Proposed "lutogenlte" mther lhan "kluigite"
for cordlerlte-gamet g:xeisses of €outhem
Finland, Association wlth chmockites
emphroired.

Luge areas of gamet-cordierlte gneiws with
biotite, slllimmite, plagiclase, misocllne,
and quartz I other major coustituents.
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Tesr,B 1 (Continued,)

Country L@lity Referene

Uppsala dlstrict Wlma, 1930. Cordierite-garnet gueiss attributed to contact
matamorpblsm.

Mysore, Madras Krishan, 19 ; Iyer,
1929; Mahadero
& Sastry, 1948;
Vankatesh,1954.

Optielly posltlve cordlerite from cordlerlte-
ganet g:xeisses ("madukarites") assciated
wlth charnmkites, hypersthenites, and
sillimmite and blotlte gneises.

Mogok Dunn, 1932.E Gneisses that ontain gamet, hyperethene,
cordierite, biotite, sda orthoclase, oligo-
clase, quartz, sillimanite, and splnel.

Rabkin & Ravich, Cordlerlte in gunetlferous gnelm of the
1960. granulite facies. See also references by

Rad (1029), I*ake (1960), and BaLer
(1961) to other Ru$eian @currenc€s.

HoUand. 1891. Gmetrordierlte-biotlte gneis.

Soutb Africa Du Tott, 1054. Sir cordierite-gmet localities are mentioned.
The xemblages are at ledt partly attri-
buted to contact metamorphlsm.

IVladagascar La Crolx, 1922. Cordierite-blotlte-sllllmmlte-mlcoperthite

$xeisses of regloml extent.

Australla Vtctoria

Westm
Australla

Westm
Australira

Tattam, 1929.{

Prids, 1946.x

Slmpson,1951.

Garnet'cordiedte-blotlte-slllimanite rocks
from Bethanga gneisses.

Gmet-blotlte{ordierite hypersthene rocks
asclated n'lth charnockltes and
hyperstbenltes.

Cordlerite-gamet gnelres from 3 l@lities.

Antdctica Cape Denison Tilley, 19a0.*
Cape Grey lVlawson, 19110.

Stewart, 1941.

Cordierlte-blotite garnet-gnei$$ lo€lly
associiated witi chmckites and contalning
hyperethere and siulmanlte.

*Specl6c study of cordlerite-gamet sciatlon.

feet in width in layered quartz-biotite-feldspar gneisses. The units are
continuous and make useful marker horizons. The gneisses are medium- to
coarse-grained with lepidoblastic to granoblastic texture and pronounced
foliation. The major minerals are garnet, cordierite, biotite, sillimanite,
titaniferous magnetite, quartz, plagioclase, orthoclase or microcline, and
perthite. Corundum, spinel, zircon, apatite, dumortierite, and tourmaline
locally occur in small amounts, and there is alteration to sericite, chlorite,
and epidote in some specimens. The garnet and cordierite typically occur
as elongate anhedral porphyroblasts with parallel trains of coarse pris-
matic sillimanite and biotite. These layers alternate between thicker
bands of medium- to coarse-grained mosaics of quartz, biotite, and
feldspar.

Garnet is found as fresh, elongate porphyroblasts and equant grains
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in amounts up to L5 per cent. It commonly includes quartz and silli-
manite, the latter as trains of fine needles tiat, in some sections, continue
through the garnet without interruption. The grains are mantled by
cordierite in the garnet-cordierite gneisses, but do not contain cordierite
inclusions. Some of the garnets carry up to 5 per cent magnetite along
fractures and grain boundaries.

Cordierite occurs both with and without garnet in amounts up to 35
per cent. It occurs in three main habits; as aggregates of interlocking
subhedral grains in cordierite-biotite-quartzlayers; as elongate porphyro-
blasts containing inclusions of sillimanite in cordierite-sillimanite layers;
andasfresh,poikiliticgrains containing quartz in cordierite-garnet-quartz
lenses. In most thin-sections the cordierite, especially at grain boundaries
and along partings, is altered to yellow-green aggregates (pinite) which
appear to be intergrowths of muscovite and chlorite (see also Schreyer,
1953). In places a more advanced form of alteration is present, as a dull
greenish, waxy colouration of the entire grain accompanied by a deep
yellow, colloform, chloritic alteration around the grain edges. Most of
the cordierite is optically positive, with ZVs rangsng from 66 to 96
degrees (Table 3).

Sillimanite forms slender needles and coarse euhedral rhombs and is
present as inclusions in both garnet and cordierite, and as separate grains
in stringers parallel to the foliation. Biotite is present in all the gneisses
as ragged flakes parallel to the foliation. It is concentrated in the garnet-
cordierite-sillimanite layers, but is also regularly scattered in the inter-
vening bands of quartz and feldspar. The biotite contains fine-grained
magnetite along cleavages, around the edges and as local spherical
segregations within the laths. It is usually unaltered.

Both triclinic and monoclinic potash feldspars are found in the gneisses
of the Westport area. In the cordierite gneisses that do not contain
garnet, the dominant feldspar is a fine string mesoperthite. In the garnet-
iferous gneisses, however, the feldspars consist of separate grains of micro-
cline or orthoclase and calcic andesine or labradorite. The plagioclase is
significantly more calcic in these rocks than the Anza-as range typical of
the other biotitic gneisses of the area. The almost total absence of free
plagioclase in the garnet-free cordierite gneisses reflects the low lime
content of these rocks.

The mineral assemblages recorded in the pelitic rocks of the eastern
part of the Westport area are listed below. In all of these, quartz, and
either perthite or plagioclase f potash feldspar are also present:-

(1) cordierite-sillimanite-biotite
(2) cordierite-garnet-sillimanite-biotite
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(3) cordierite-garnet-biotite
(4) cordierite-biotite
(5) garnet-sillimanite-biotite
(6) garnet-biotite
(7) biotite

The above minerals are made up of the major components MgO, FeO,
Al2Os, SiOr, HzO, and KzO. In rocks containing potash feldspar and
quattz, KzO and SiOz are present in excess, so that at constant tem-
perature, total pressure, and water vapour pressure, the remaining
variables are the components MgO, FeO, and AlzOs. If these components
act independently they may be represented at equilibrium by a maximum
of 3 phases in a PT field, as required by the phase rule. In fact they are
expressed by 4 phases (cordierite, garnet, sillimanite, and biotite) and all
these co-exist in the common assemblage (2) above. This indicates either
that the association is not a stable one, or that there is a further variable
not considered. The present investigation demonstrates that the assem-
blages are at equilibrium, and that the presence of garnet or cordierite is
controlled by the MgO, FeO, and CaO content of the host rock. Calcium,
an element present in minor amounts in the garnets, exercises a funda-
mental control of the mineralogy. Eskola (1915) recognized that "Mg0
and FeO, in a rock too rich in the latter to form cordierite, behave as
two independent components, and this system contains one more variable
than is generally the rule. Therefore a new phase (almandine) appears
without causing any of the others to disappear" (p. 123). Parras (1953)
observed that the lutogenites of the West Uusimaa complex, Finland,
were low in lime, but made no distinction between the lime content of the
cordierite and garnet gneisses.

Aner,vsBs

The gneisses from the Westport area, and some of their constituent
minerals, were analyzed by rapid chemical and spectrographic methods
in the Miller Research Laboratories, Queen's University. The methods
used are substantially those set forth by Hawley & MacDonald (1956)
and Shapiro & Brannock (1956). These methods give satisfactory
precision in repeat determinations, and compare favourably with analyses
by other methods and by outside laboratories for a wide variety of rocks.
Determinations of Alzoa, Ferorr,, MgO, CaO, K2O, Na2O, and TiOz can
be made by rapid chemical and by spectrographic methods, and also by
r-ray fluorescence, thus providing additional internal checks. The analyses
of bulk rocks are therefore considered to be satisfactory within 5 per cent.
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The calibre of the mineral analyses depends upon the purity of the separa'

tions and on the applicability of the analytical methods to high con-

centrations of certain elements. The biotite concentrates contained from

1 to 3 per cent finely disseminated magnetite and the garnets from

H-29. H-66 and H-70 contained fine needles of sillimanite in small

amounts. Cordierite could not be separated completely from quartz and

feldspar, and for this reason only partial analyses are given. Because the

cordLrite was completely separated from the other iron-magnesium

minerals, however, the relative amounts of these and related elements are

considered satisfactory.
Consistent and reproducible errors in rapid chemical analysis are to

be expected where the concentrations of certain elements are high. The

iron iontent of garnet, for example, afiects the colourimetric complex

used to determine AlzOa, and results in high alumina values by this

method. Further errors are to be expected in the garnet iron deter-

minations, as this mineral is completely dissolved only with difficulty.

Lengthy heating results in partial oxidation of the iron, but if, on the

other hand, the sample is not completely digested, the ferrous iron

determination will similarly be low. As ferric iron is found by difference

(total iron-ferrous iron) both of these procedural errors will result in

anomalously high ferric iron values, and low ferrous iron determinations.

The results are internally consistent, however, and as similar errors are

to be expected in any of the routine chemical methods, they may be

"o-pur"d 
with other garnet analyses i.it-k literature iFig' Z)' -

Garnet occurs in five of the eight analV#d gneisses from the Westport

area. The analyses in Table 2 have beft9gecalculated on a basis of L2

oxygen atoms, and it is evident that there,tinlan excess of alumina and

ferrt iron, an6 a corresponding deficiencilfit-ffi"iCa and the bivalent ions,

as compared with the sioichiometric garnet'{tmrbr,rla. Much of -this is due

to the Lnalytical difficulties referred to above;;'ff6t it is also likely that

some bivalent ions are present in all positions. i$uSh substitutions have

been noted by Alderman (1935). The garnets consist essentially of the

pyrope and almandine molecules and range fror$o.60 to 66. per cent

almandine and 4.8-5.8 per cent grossularite. The gaffuts assocrated with

cordierite have a higher proportion of almandine anil"bbs calcium, than

the two analyses from cordierite-free gneisses. In Fig. 2; h*tese garnets are

compared with published analyses of garnets from'ilgknet-cordierite
goeis"es, in the manner of Folinsbee (1941o). This demdttstrates that,

wittr few exceptions, the composition of garnets associated dith cordierite

lies in the narTow range between about Almoo and Alm6s, with'qqnieximum

grossularite -lL spessartite content of 10 per cent. These limit$&le likely

Io .rr"ry with the grade of metamorphism, as already suggested by
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Taslr 2. ANer.vsrs or Ganxrr:s F.RoM TEE Wssrponr Anse

H-29 H-66 H_70 H_r.26 WE-458

SiOz
Al0a
FezOg
FeO
Meo
CaO
TiOz
MnO

37.00
24.30
4.53

24.68
6 .70
1 .50
0 . 1 6
0 .10

35.45
23.20
5 .27

26,I3
7 .LO
1 .89
0 . r 7
0 .56

37.7L
26.05
4.62

23.50
5 .67
r .45
0 .  1 1
0.80

35.77 84.60
24.47 28.87
3.22 4.49

26.36 28.L7
7.95 6.54
1 .64  1 .51
0 . 1 9  0 . 1 6
0.84 0.85

98.97 59.77 99.91 100.44

Trace al,ements (in parts par mi,Ilion)
65 48 52 63

r15 105 95 I23
7 L 3 2 0 1 6

100. 19

Co
Cr
Cu
Ni
Sc
v
Y
Yb
Zr

20 53
180 290
tL7 80

21 25
240

53 81

50
82
22

113
280
67

580
90

330

340 320 470
38 52 L70 69

250 450 330 M0
I  .786 1.786 L.791 1.784 L.787

Atoms on basis of 19 Oxygms
51
AI
l l

Fe3+
Fez+
Mg
Ca
Mn

2.88
t r t
0 .01
0.26
1 . 6 0
0 .78
0 .L2
0 .01

2 .78
2 . I4
0 .01
0 .31
r . 7 r
0.84
0 . 1 6
0.04

2.88
2.34
0 .01
0 .26
1.49
0 .66
o .L2
0 .05

2.75 2.76
2 .L2  2 .18
0 .01  0 .01
0 .33  0 .27
t  .72 1 .87
0 .89 0 .77
0 . 1 5  0 . 1 2
0 .06  0 .06

I!-?9, garnet in garnet-cordierite-biotite gneiss, Brier Hill.
II-9Q, garnet in garnet-sillimanite-biotite lneiss, Red Horse Lake.
I!-?Q,- garnet ilr garnet-cordierite-biotite {neiss, Red Horse Lake.
H-126, garnet in garnet-sillimanite-biotitJsneiss. Sand Lake.
WE-458, garnet in garnet-cordierite-biotiie gneiss, Morton.
Eulk analyses and modes o{ these rocks are given in Table b.
Analyses bv J. G. MacDonald and p. W. }Iay.,

Chinner (1958, see also Fig. 6, this paper), so that subdivisions of this
field may be possible. The Westport analyses and those of parras (num-
bers 6, 7, 8, Fig. 2) are from rocks associated with granulite facies
assemblages, and are grouped at the pyrope-rich side of the limiting field.

Partial analyses of cordierite concentrates from five cordierite and
cordierite-garnet gneisses are listed in Table B, and recalculated to mole-
cular ratios. The cordierites coexisting with garnet (H-29, H-20) have a
higher proportion of the iron molecule than those in garnet-free rocks.
Eskola (1915) suggested that there is a limit to the amount of iron that
can be accommodated by the magnesium molecule of cordierite,.and that
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Mg PYR@E ALIIIAtlDlNE

Frc.2. Composition of garnets in cordierite.free (crosses) and cordierite-bearing
(crosses with circles) schists and gneisses. The composition of garnet associated with
cordierite is generally limited to the field enclosed by broken lines.

Soux.css: (1.) garnet-cordierite-biotite gneiss, Manitoba; Froese, 1956' p. 27i (2)
silica-poor cordierite hornfels, Aberdeenshire; Stewart, 1942, p.261; (3) Kinsman
quartz morLzonite; Heald, 1950, p. 65; ( ) cordierite hornfels' Glen Doll, Scotland;
Chinner, 1959, p. 112; (5) cordierite-free gneiss, Glen Doll, Scotland; Chinner, 1959,
p. 112; (6) (7) (S) lutogenites, West Uusimaa Complex, Finland; Parras, 1958, p. 92;
(H-29 etc.). garnet gneisses from Westport area (this paper). All others from Folinsbee,
1941, p. 51.

almandine appears with cordierite where this value is exceeded. This
limit appears to be between 27.L and, 29.5 per cent iron molecule for the
cordierites of the Westport area, but, like that of garnet' the composition
of cordierite in the garnet-cordierite association may be expected to vary
with metamorphic environment. Cordierite analyses compiled by Leake
(1960) show that cordierite found with garnet contains as little as 13 per
cent iron molecule. It is noteworthy that, apart from cordierite in peg-
matites and volcanic rocks, over half the analyses listed are of cordierite
associated with garnet.

Biotite analyses from the Westport area gneisses are listed in Table 4
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Tanr,r 3. Penrrar- Axar-vsrs or Conorsnlrp CowcsNrnArssr
FRoM THE Wssrpont Anre

H-29 H-60 H-70 H_90 H_105

FezOa
FeO
Ms0
MnO
FeO

pedTTsO

2.6r
5.99
7 .99
0 .20
0.296

2 .86
3 .  10
6.80
0 . 1 1
0.203

2 . M
L .94
2 , L L
0.04
0.340

2 .39 3.  15
4 .57  4 .5L
7.00 6.80
0 .02  0 .10
0.268 0.271.

2V2, ril. sured on dli,ferent gra,ins

H-29, cordierite from garnet-cordierite-biotite gneiss, Brier Hill.
H-Q0, cordierite from cordierite-biotite gneiss, Red Horse Lake.

, tI-70, cordierite from garnet-cordierite-biotite gneiss, Red Horse
Lake.

H-90, cordierite from cordierite-biotite gneiss, Charleston Lake.
H-105, cordierite from cordierite-biotite gneiss, Charleston Lake.
Bulk analyses and modes of these rocks aie givbn in Table 5.
Analyses bv J. G. MacDonald and P. W. ffay.
lConcentrates consist of cordierite, quartz, and alkali feldspar.

and recalculated on a basis of 24(O,OH). They approximate to the
formula:

Kz(Mgz.oFer.rFetfrTio.uAlr.o) r.o(Sio.sAl2.6) 8020[ (OH) iO]4,

and are similar to analyses quoted by Heinrich (1946) for micas in gneisses
and schists, but are somewhat more magnesium-rich than the average of
this group. The analyzed biotites have a narrow range of composition, and
no significant differences between those in garnet- and cordierite-bearing
gneisses are readily evident.

An investigation of gneisses from southwestern Quebec by Kretz
(1959) has shown that certain elements are regularly partitioned between
coexisting garnet, biotite, and hornblende, indicating that chemical
equilibrium was established during metamorphic recrystallization. This
conclusion is based on the principle that the chemical potential (partial
molal free energy) of any component contained by coexisting phases
must be the same in each phase. In an ideal solution, the chemical
potential of a component in a phase is a function of its concentration, and
thus the component must be partitioned in a fixed ratio between co-
existing phases at equilibrium (Nernst's distribution law). In natural
crystals, this ideal state is more closely reached at low concentrations, and

66 87 77 66 78
74 88 80 68 78
82 88 83 72 82
96 89 83 80 82
92 90 84 86
92 88
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Tesr-B 4. Anar-vsps on Btott:rps FRor[ TgE Wsstponr AREI
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H-29, , H-60 H-66 H-70 H-90 H-105 H-126 WE-4-58

Sio,
,AlrOs
,F''.eO'
.FeQ
Mso
,cao
NarO
KrO
HrO
COe
PrOo
TiOz
MnO

Ba
Co
Cr
Cu
Ni
Sc
v
Y
Yb
Zr
Sr
Rb

530
139'
530

I I

265
48

1980
<4
<6
108

<50
n.d.

230
118
285
37

r20
100
695
<4
<6
80

<50
310

35.59 , : ]9 .50 36.10
19.40 .20.00 20.00
4 .27  4 .O2  2 .81

14.62 10.81 L5,75
,  9 .70  11 .50  8 .70

. Tr. . Tr. Tr.
0 . 1 0  0 . 1 5  0 . 1 0

,  9.70 9 .25 9.78
2 .96  2 .96  3 .29

"  0.43 0.00 0.00'  
0 .00 . : ,  0 .00  0 .00
3  .90  2  . 75  2  . 76
0 .02  0 .26  0 .05

u.23 35.00
19.40 19.00
7 .65 5.20

15.10 L4.O7
8.40 r,0.40
Tr. Tr.
0 . 1 5  0 . 1 3
9 .70  10 .00
2 .50  2 .74
0.48 0.28
0 .00  0 .00
2 .78  2 .45
0 . 1 3  0 . 1 5

38.50 36.07 34.50
20.00 18.80 20.50
3.34 4.31 4.39

L4.76 13.61 16.11
7.50 8.20 7. f f i
Tr. Tr. Tr.
o .20 0.  16 0.09
9.59 L70 9.30
3 .00  3 .00  3 .06
n.d. n.d. 0. 13
0 .00  0 .00  0 .00
2 .39  2 . t 7  2 .69
0 .12  0 .06  0 .08

100.69 100.60 99.34 100.50 99.42 99.40 96.28 98.45

Trace el'ernenls (in parh per m'i'l'l"ion)
155 520
143 95
L75 340
68 33

185 176
103 46
u5 1030
<4 <4
<6 <6
150 118
<50 <50
800 450

69 60 267 470
80 83 130 96

300 230 360 156
52 86 150 51
78 87 1.57 104

100 132 52 67
350 430 840 475
<4 <4 <4 <4
<6  <6  <6  <6
95 113 84 75

<50 <50 <50 <50
280 350 370 460

Aloms, recolculated on basis oJ 24(O,OH)
5 .28
3 .56
0 .32
0.88
L .94
r .92
0.02
0.04
1 .90
2.58

Si
AI
Ti
Fe8+
Fe
Mg
Mn
Na
K
OH

5.36 5.76 5.46
3 .48  3 .M  3 .56
0.44 0.2/L 0.32
0.r18 0.44 0.32
L .U  I . 32  2 .00
2 .18  2 .50  1 .96
0 .01  0 .M  0 .01
0 .M 0 .04  0 .M
1 .86  r . 72  1 .90
2 .94  2 .88  3 .M

5 .3q  5 .78  5 .M  5 .32
3 .44  3 .M  3 .M  3 .72
0.28 0.28 0.28 0.32
0 .60  0 .38  0 .50  0 .50
1 .80  1 .86  1 .78  2 .12
2 .38  1 .68  1 .90  r . 76
0 .02  0 .02  0 .01  0 .02
0.04 0.06 0.04 0.02
1.96 1.84 1.94 1. .84
2 .82  3 .02  3 . r2  3 ,16

H-29, biotite in garnet-cordierite-biotite gneiss, Brier Hill'
H-60: biotite in iordierite-biotite gneiss, Red Horse Lake. "
H-66, biotite in garnet-biotite gneiss, Red Horse Lake.
H-70, biotite in larnet-cordierite-biotite gneiss, Red Horse Lake.
H-90, biotite in cordierite-biotite gneiss, Charleston Lake.
H-105, biotite in cordierite-biotite gneiss, Charleston Lake.
H-126, biotite in garnet-biotite gneiss, Sand Lake.
WE458, biotite in garnet-cordierite-biotite gneiss, Morton.
BuIk analyses and modes of these rocks are given in Table 5.
Analyses 5y J. G. MacDonald, P. W. Hay, and J. Scoates.
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Tenr-o 5. Axar,ysss or PenacNBrssES FRoM rsp Wpsrponr Anre

Il-29 H-00 H-00 H-70 H-90 H-105 H-126 WE-4-58 WE-10-57 WE_17-57

SlOr
Al:Os
Fe2Os
FeO
M8o
CaO
Na:O
K,o
HrO
COg
P:Or
TlOs
ll4nO

02.88 68.36 59.08
17.67 20.43 L9.LO
0.69 2.60 0.42
6 .14  4 .17  6 .29
3 .40  4 .10  3 .16
r. .88 0.3r  1.34
1 .48  L .46  1 .06
3.84 6.89 5.69
0.83 0.8S t .28
0.37 0.  14 0.26
0 .00  0 ,L2  0 . t 2
1 . 1 6  l .  1 1  t . 2 0
0.00 0.o7 0.06

61.59 59.06 64.89 62.A2 63.25 63.36 66.01
18.70 18.63 16.70 t7.70 77.50 20.10 t4.70
2 .78  2 .4  z .O t  0 .56  r . 47  4 .12  8 .94
4.52 6.16 4.40 6,67 6.54 8.00 2.28
3.35 3.70 2.80 2.60 2.80 4.60 2.26
r . 03  0 .30  0 .56  2 .L t  O .74  r . 60  0 .37
0 .96  r . 48  1 .60  1 .80  0 .46  0 .85  2 .76
4.00 6.02 6.26 3.89 2.76 3.8{ t  6.78
0.87 L.27 1.08 r .26 r .27 0.82 0.86
o .2L  0 .25  0 .40  0 .10  0 .42  0 .60  0 .09
0 .36  0 .18  0 .15  0 . t 2  0 . t 2
r . g2  1 .06  0 .9 r  1 .00  1 .18  1 .26  0 .98
0 .00  0 .M  0 .04  0 .L2  0 .L2  0 .10  0 .06

90 .18  99 .06lm.x 99.56 09.00 100.73 99.84 99.78 100.79 99.39

Troce elcmts (i.n farls iel nil.lion)
Ba 246 330 380 127 170 10{t 110 1r9
C o 8 0 4 7 3 3 4 9 4 3 3 6 4 4 4 4
Cr 96 78 rU 100 84 B8 7S 98
C u 4 6 8 1 0 6 2 4 8 7 a A 7 8 6
N i 3 6 6 2 3 9 5 0 6 0 5 3 , g " 7 a
S c N 3 8 4 2 4 6 8 9 2 0 4 t 4 4
v 176 160 185 196 160 136 82 182
Y 4 7 8 7 4 0 4 6 5 1 0 8 6 7 6 0
Y b 7 L t 8 1 1 1 1 1 0 9 1 3
zr 140 24O r7O 2O3 190 206 rL7 109
Sr L26 9A 190 68 08 90 08 ros
Rb 22 29 t70 180 190 190 L70 68

1 . 0
2A. l
13 .0
9 . 7
3 . 5

37 .8

4 .2

, A O

7 . 4
6 . 2
u . o

42 .6

4 . O
4 . 2

Cordlerite 8.9 L4.7 8.6
Gmet  8 .9  11 .1  0 .2
Biotite 17.0 20.3 n.l 18.0
Sil l imanite 2 .O 0.4 13.1 5.6
Qaartz 2O.O ll,4 18.1 27.7
Perfhlte 46.9
KFeldspar 20.7 11.4 2t.6
Plagioctase 20.7 18.2 15.0
Magrxetite 1.6 3.0 1.0 3.6
Sericlte md

Chlorite O.2 3.3

UIodes
33.4 lL.2 14.0

4 . 4  0 . 0
16.6 14.8 23.3 20 .L

1 . 6  t . l  6 . 0
76 .2 18.2 23 .2 30 .2
n .L  44 .4

33 .6  11 .6
12.7

4 . 3  2 . t  r . 2  5 . 2

8 , 4  7 . 7  7 . O

Location of specimens:
H-29, grarnet{rdlcite gneiss, Brler Hill.
H-60, cordisite gnelss, northeast m Red Horse Lake.
H-60, gamet gnels, Red Hore Lake dome.
H-70, ganet-cordlerite gnelss, Red Horse Lake dome.
II-90, mrdierlte g:xeis, Slim Bay on Charleston Lake.
H-106, crodlsite gneiss, southwest arm Charleston Iake.
H-126, gamet grelss, Sand Lake.
WE-4-68, gamet{ordisite grxeiss, Morton syncline.
WE-10-67, gmet-slllimulte greiss, Lower Rock Lake.
WE-17-67, cordlerlte-biotlte-slllimanite gneise, Crow Iake dome.
Analyses by J. G. MacDonald, p. W. Hay, md J. Scoates
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the departure from a fixed distribution ratio as the concentration
(relative to the solubility) increases may be considerable, but any devia-
tion with increasing concentration will be regular. In a diagram in which
the concentration of an element in a mineral is plotted against its con-
centration in a coexisting mineral, equilibrium should therefore be ex-
pressed by a straight line or smooth curve intersecting the origin.

The distribution of certain elements between coexisting garnets,
cordierites and biotites from the Westport area is plotted in Figs. 3, 4,
and 5. A large number of analyses of coexisting pairs is required to estab-
lish these curves precisely, but several conclusions can be drawn from the

,u/ lt70
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gee/
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7 6 x a
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r.75
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o.5 t.o

Gomet ond Cordlorlfo

Frc. 3. Distribution of iron and magnesium in coexisting
biotite, garnet, and cordierite from Westport area rocks, as
shown by plots of molecular ratios.

available information. The distribution of iron and magnesium in

coexisting cordierite-biotite, garnet-biotite, and cordierite-garnet pairs is
shown in Fig. 3. Four of the 5 cordierite-biotite pairs fall close to a straight
line intersecting the origin, and thus obey the law of ideal equilibrium

o
3
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o

o
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distribution. H-105, with the highest concentration of iron in both
biotite and cordierite, does not fall on the curve, which is due either to a
departure from ideality, or to analytical error. The distribution in garnet
and biotite is less clear, as the points cluster in a narrow range, but the
available evidence suggests that the partition of iron and magnesium
between these minerals is dependent on the presence or absence of
cordierite in the assemblage (broken lines). Kretz (1959, p. 392) found a
similar scatter in the distribution points of the same mineral pair, but
was able to relate this to the concentration of Mn in garnet. No such
explanation is evident in the present case. The distribution of iron
betheen cordierite and garnet is known for only two coexisting mineral
pairs, but if the origin is taken as a third point, the distribution is roughly
linear, as shown by the broken line.

The distribution points of manganese in biotite and garnet (Fig. aa)
fall roughly on a smooth curve, suggesting that garnet becomes saturated

o. fr;offiEo uo'n"t b' milffi cordlorlts

Frc. 4. Distribution of manganese between (a) coexisting biotite and garnet, (b)
coexisting cordierite and biotite, as shown by plots of molecular ratios,

at about 2.3 per cent spessartite molecule at this grade of metamorphism,
and that the partition of manganese follows an equilibrium distribution
law. No such pattern is evident between cordierite and biotite (Fig.  b).
The cause of this must be in the cordierite itself, or in the analyses of this
mineral, as the values for biotite are the same as those in Fig. 4a where
they show a regular distribution with garnet. Trace elements were nor

H loso @nzo
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determined for cordierite due to the impurity of the concentrates, but
the distribution of Cr, V, Cu, and Ni between coexisting garnet and
biotite is shown in Fig. 5. A distribution pattern similar to that for
manganese is evident for both Cr and V, indicating that garnet is saturated
with these elements at low concentrations, but the partition of Cu and
Ni is random. These elements are probably contained in tiny inclusions
in the analyzed material and thus do not enter the lattice of the two
minerals in any systematic manner.
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Flc. 5. Distribution of trace elements between coexisting
garnet and biotite from Westport area gneisses.

The random scatter of points in some diagrams seryes to emphasize

the real nature of the regular distribution evident for certain of the

elements. Although the data are limited, it is apparent that a close
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approach to equilibrium exists among the coexisting phases. The bulk
compositions of the host rock may now be examined to determine the
factors controlling the different mineral associations.

TnB AssocrATroN or Ganxnr, Connrrnttr eno Brornr

Garnets associated with cordierite in the westport area contain over
63 per cent of the almandine molecule, and the accompanying cordierites
contain over 29 per cent of their iron end-member. The corresponding
limiting values noted by chinner (lgbg, 1962) from the aureole of the
Glen Doll intrusive are 80 per cent and b4 per cent respectively, so that
the solubility of iron in both these phases is affected by changes in
metamorphic environment. chinner (lgsg) has illustrated this variation
in a diagram here reproduced as Fig. 6. The relationships suggest that
increasing pressure andfor temperature reduces the amount of iron
acceptable in both the garnet and cordierite structures.

rtrcPe Mot % Almondlne

Flc.6. The cordierite-garnet composition plane showing tlle
cgmposition ranges of coexisting cordierite and garnet 

-from

different environments, from Chinner, lgbg, p. li4. Tie lines
show-compositions of two analyzed garnet-cordierite pairs from
the Westport area,

Analyses and modes of eight gneisses from the westport area are listed
in Table 5. From these /, c, and F were calculated by the standard
procedure, and are plotted in Fig. 7. The relationships shown near tjre
AF join are based on the analyses and petrographic work of this paper,
the rest of the diagram is the result of petrographic and analytical work
on associated rocks by one of us (w-E). The presence of B to 5 per cent
grossularite molecule in the analyzed garnets displaces the ACF position

\ _  \ . _

\ 
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Hrporsthsna

Frc. 7. ACF diagram for rocks from eastern part of westport map-area that contain
excess SiOr and KrO. Fields L to 6 also depend partly on the ratio FeO/MgO. Bulk
chemical analyses from Table 5 are plotted.

of garnet from the AF join, and produces the following fields: (1) garnet-
sillimanite-plagioclase; (2) garnet-sillimanite-cordierite; (B) cordierite-
sillimanite; (4) cordierite-garnet; (5) cordierite-garnet-biotite; (6)
cordierite-biotite.

Quartz, potash feldspar, and biotite are possible additional phases in
each assemblage, as all these rocks contain excess SiOz and KrO. In
Table 6, the actual modal composition of the analyzed rocks is compared
witJr their theoretical composition as shown by Fig. 7. Sillimanite present
in amounts less than 2 per cent is shown in brackets. The correlation
between observed and calculated mineralogy for samples H-60, H-G6,
H-90, H-105, H-126, and WE-4-58 is good, and this illustrates the strong
effect of rock CaO content in determining the mineral assemblages. The
cordierite gneisses (H-60, H-90, H-105) are those containing no excess
lime (and no plagioclase, see Table 5). WE-4-58 has a minor lime content,
which apparently stabilizes garnet as an additional phase. When the
lime content exceeds roughly 5 per cent, cordierite is unstable, and garnet
gneisses H-66 and H-I26 result.

471
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Teslr 6. Coupanrsow or Cer,cur-emo MrwsRAr- Assrunr-ecrs (Fig. 7)
wrrs Acruar- MsesuREo Mopas

Calculated mineralogy Actual pineralogy

Cord. Si[ Gar. Plag. Cord. Sill. Gar. Plag.

H-29
H-60
H-66
H-70
H-90
H-105
H-126
wE-458
wE-10-57
wE-17-57

x x
x (x)

x
x x
x
x (x)

(x)
x x
x x
x x

x

x
x

x

x
x

x x

x x
x x

x x
x x
x x
x x

x
x

x

x x

x x
x x

x x
x
x x

x

Samples H-29, H-70, WE-10-57 and WE-17-57 all contain cordierite in
addition to the phases predicted by the ACF diagram. This suggests that
FeO and MgO, treated as a single component (F) in Fig. 7, influence the
mineralogy as independent variables. The role of magnesium and iron
has been investigated by Chinner (op. cit.), who used an AFM diagram
(/ : excess AlzOa, F : FeO, M : MCO) to determine the position of
the three phase triangle in which the garnet-cordierite-biotite assemblages
fall. The position of this field varies, however, because each of these
three phases exhibits a range of MgO/FeO ratios in different rocks and
the triangles cordierite-sillimanite-biotite, and garnet-sillimanite-biotite
can equally well be drawn. Thus the {act that a particular rock analysis
expressed in AFM falls in the triangle determined by the analyses of its
constituent AFM minerals determines little more than the accuracy of
the four analyses involved. This is illustrated in Fig. 8. In this diagram,
almost all of the bulk analyses fall in the field determined by their
constituent minerals, but it is evident that samples H-29, H-70, and WE-
10-57, all of which are garnet-cordierite gneisses, have virtually the same
value of M asH-60, H-90, and H-105, which are garnet-free. The presence
or absence of garnet or cordierite is thus not determined by the abundance
of magnesium, nor can it be satisfactorily explained in terms of variations
in the ratios of A, F, and M combined.

For many years the ratio FeO/MgO has been considered an important
factor controlling the stability of garnet and cordierite. Fig 7 also sug-
gested that CaO, a component present in small amounts of garnet, and
almost absent in cordierite and biotites, might also influence this asso-
ciation. Further evidence was provided by the almost total absence of frde
plagioclase in the cordierite-bearing gneisses, the only feldspar being a
string perthite in place of the two feldspars present in related cordierite-
free garnet gneisses. The combined effect of the variables CaO, MgO, and
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SLUilAilITE
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+ 6anct gnelss
O Cordicrltc garalsc
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Fts.8. AFM diagram, where .4 : AleOa*(KeO * NaO * 2CaO), F: FeO,
M: Mg9 expressed in molecular per cent. The diagram shows positions of analyzed
rocks and tie lines between analyzed mineral pairs from the Westport area. Rock
analyses H-29, WE-10, H-105, H-70, H-90, and H-60 have almost the same value of
M, but fall in different 6elds due to solid solution in the phases which changes the
position of the tie lines. The biotites in order of increasing F are from H-60;H-90,
H-29, H-I26, H-66, H-70, H-105, and WE-4-58. From this the difierent fields can be
identified. Alternative sillimanite-biotite tie lines are shown for H-€6, H-60, and H-gO.
with the exception of H-70, all bulk AFM analys* fall within the 6eld determined
by tlreir A FM minerals. This is a statement of the internal consistency of the 4 analvses
involved in each case, but the variations encountered in the mineralogy of the different
rocks cannot be explained in terms of the components, A, F, M.

FeO is shown in Fig. 9, which includes a number of analyses {rom the
literature. The samples are restricted to those with various combinations
of the minerals biotite, cordierite, garnet, and sillimanite, rocks containing
hypersthene or anthophyllite being omitted. The assemblages cordierite-
biotite :t sillimanite; cordierite-garnet-biotite + sillimanite; and garnet-
biotite'* sillimanite separate into 3 distinct fields. The notable exceptions
are cordierite rocks from contact metamorphic environments (Nos. 2,
13, 14). This implies that the stable FeO/MgO ranges for garnet and
cordierite are changed under these conditions, a possibility already
explored by Chinner (see Fig. 6). In regional metamorphism, cordierite
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Frc. 9, The combined effect of the three components CaO, FeQ, and MgO in deter-
mining the mineralogy of garnet- and cordierite-biotite gneiEses. The boundaries
between the 6elds are approximate only. The compositional fields define the phases in
regionally metamorphosed rocks but those from contact-metamorphic environments
have a different mineralogy (e.g. Nos. 2, L2, I3).

SouncBs: (1) Garnet-biotite'sillimanite Kakola Granite, Finland (Hietanen, 1947,
p. 1075, no. 2); (2) Garnet-cordierite-riruscovite-sillimanite Kakola Granite, Finland
(Hietaneo, l9N, p. 1075, no. 1); (3) Garnet-biotite Kinsman Quartz Monzonite, New(Hletanen, LV+l ,p. IU/b, no. r); (6) barnet-Dlotlle l1.lnsman vuartz lvronzonlf,e, L\ew

Hampshire (Heald, 1950, p. 84); ( ) Garnet-biotite-quartz schist with I per cent garnet,

Japan (Miyashiro, 1953, p. 182, no.2); (5) rock. South Africd
(Mathias, 1952, p. 941); (6) Garnet-biotite Kinsman QuartzMonzonite, New Hampshire
(Heald, 1950, p. 84),; (7) Garnet-biotite-sillimanite-muscovite schist' Japan (Miyghiro,
1953, p. 182, no. 1); (8) Garnet-cordierite gneiss, Finland (Parras, 1958, no. 57); (9)
Composite garnet-sillimanite-biotite gneiss, Westport area (Wynne-Edwards); (10)

Quartz-garnet-plagioclase-biotite-orthoclase-cordierite-sillimanite gneiss, FinLanil (Es.
kola, 1952, no. 12); (1tr) Garnet-cordierite gneiss, Sturbridge, Mass. (Qarker, 1962);
(12) Garnet-cordierite-biotite gneiss, Glen Doll aureole, Scotlarld (Chinner,- 1992, p.
322) ; (13) Cordierite-biotite gneiss, Glen Doll aureole, Scotland (Chinner, L962, p, 322);

,^^r5 dt" "'%" \ wE4(E
oID 

e 
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develops only in rocks with a minor content of cao and Feo. As either
of these components becomes more abundant, first cordierite-garner
assemblages are stable, then cordierite-free garnet gneisses. on the basis
of the data shown, the fields in Fig. g are most simply defined by 2
parallel straight lines which have the form:r

CaO
C a O * M g O * F e O

FeO: 0.4 -  0.4r*,  and

CaO

C a O * M g O f F e O
FeO

: 0.6 - 0.4 
ff'gO

From these equations (approximated to the first decimal place), the
compositional fields of rocks containing cordierite alone (field A),
cordierite and garnet (field B), and garnet alone (field c) are expressed by:

A < X: 2.0 )  B < X: 8.0 (  C, where X: bCaO + 2-+9,Mgo '
CaO, MgO, and FeO being calculated in molecular proportions with
CaO * MgO * FeO : 1. Apparently, therefore, both cordierite and
garnet are stable at the high pressures of regional metarnorphism, but
cordierite develops only in lime poor, magnesia-rich rocks which are less
commonly represented in the geological column than those in the com-
positional field of garnets. with decreasing pressure, the compositional
stability field of cordierite widens and that of garnet narrows, so that in
contact metamorphism the situation is reversed and the commonest
pelitic rock compositions fall in the cordierite field.
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(Tattam, 1929, p.30); (19) imanite gneiss, Norway (Bugge, 1943,
p. 16). AII other analyses from the Westport area (Tablel5).
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