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Ansrucr

Results of chemical analvses are presented for 8

inieimediate to iron-rich orthopvroxenes. 11 clino-
pvioi"n"t, 8 hornblendes and 8 garnets from mafic

sranulites of the northeastern Adirondacks in New
Vork. A reaction bundle containing an invariant
point for granulite-facies metamorphism is proposed'

tased on the apparent compatibilitv of five co'

existing ferromagnesian minerals (those listed

above plus biotite)' together with plagioclase'
quartz and alkali feldspar. Equilibrium with regard

to the reaction hornblende + quartz = orthopyroxene

f clinopyroxene * plagioclase + H"O is suggested
bv a relation between the Mg:Fez+ ratio of horn-

biende and the composition of plagioclase' A close

approach to gxchange equilibrium is indicated bv

a regular distribution of Me. Fez+ and Mn among
the iour principal ferromasnesian minerals. The
distribution of Mg and Fet+ between orthopyroxene
and clinopvroxene in the Adirondacks is identical
with that found in Indian and Australian granulites;
a new compilation of data suggests that the pre-

viously observed slight decrease in the dis$ibution
coefficient with increasing Fe extends over the
entire substitution range' In one Adirondack
granulite. the Mg:Fe2+ ratios in all distorted octa-
hedral sites (Ml orthopvroxene. Ml clinopvroxene.
M2 hornblende) at the time of metamorphism are
estimated to be equal, whereas this ratio differs
greatly in the associated distorted cubic sites (M2

orthopvroxene. {X} garnet. M2 clinopYroxene).
Thus the distribution of Mg and Fe2+ among the
ferromagnesian minerals is largelv dependent on
the composition of the distorted cubic sites' in
which the Mg:Fe2+ ratio is a positive function of
the Ca content of the sites.

de huit orthopvroxenes (interm6diaires tr ferrifdres)'

Jir"-.iinopn**dnes. huit hornblendes et huit sre'

trut. p.o""nunt de granulites mafiques du secteur

;il;;id; bioc Adiiondack (New-York)' Un" {9-
mille de r6actions et un point invariant' appfoprres

;;;; l;t-;tditions de m6tamorphisme .dans le

i"'J"r **rrifu. d6coulent de la compatibilit6-.appa-
;;;; d";il min6raux ferromasnEsiens coexistants

i6;il;mm6s ci-dessus ainsi que la biotite)

avec plagioclase. quartz et feldspath alcalin' L'6tat

i'CquiliUi" pour la r6action hornblende 'l-.quartz =

ortiopv.o*en" + clinoDyroxdne * plaslociase 
.*

fi"O ."rait i I'origine d'une relation observ6e entre

i""*ppo.t Mg/Fez+ dans la hornblende et la-com-
r"riii". du ilagioclase. Un 6quilibre d'6chanse

!"-Uti inaiqu6 par la distribution r6eulibre .des
;i;;; Mg.'Fe'i et Mn parmi les quatre.min6-

iuui t"tto.ugn6siens principaux. La r6partition- de

iirtr--"i- f"u* 
'entre 

orthoDwoxdne et clinopvroxbne

Jun. 
".t 

roches est identique ir celle qui caract6rise

les granulites d'Australie et de l'Inde. Une nouvelle

compilation de donn6es indique que la l6gdre dimi-

;;-ti;-Jt coefficient de distribution. not6e ant6-

rieurement lorsqu'augmente la teneur en fer' serait

valide dans tout le domaine de substitution' On

estime que dans l'un des 6chantillons. le rapDort
r"relF."; 6tait le mSme dans tous les sites octa6-

driques difformes (Ml orthopyroxbne. Ml clinopv-

.o*6n". M2 hornblende) au cours du m6tamor-
phisme, tandis qu'il varie fortement dans les sites
cubiques difformes (M2 orthopvtoxdne. {X} grenat.

M2 clinopyroxdne). La distribution de Mg et 'le
Fez+ parmi les min6raux ferromagn6siens d6pend
donc largement du chimisme des sites cubiques dif-
formes, dans lesquels le rapport Mg/Fe2+ varie
directement avec la teneur en Ca.

Keywords: Adirondack granulites. New York' ortho- Mots-clls: eranulites, Adirondacks (New-York), or-
pyroxene. clinopvroxene. Ca amphibole. qarnet. ';;;;;;r&;: 

"ti"obvro*ao, 
amphibole calcique,

reaction bundle. phase relations. distribution co- Ii"iii. ?"-fff"^i" 
-.eu"tio"s, 

relations de phaies,
efficients, interphase-. intracrvstalline distribution. iilttfll"rtr'-ll, Jistribution. distribution intercris-
site occupancv t"lline. distribution intracristalline. occupation de

srtes.

(Traduit par la R6daction)

INtnolucttoN

The Adirondack region, which forms the
southern extension of the Precambrian Gren-
ville province, is one of the best-known anor-
thosite-grantrlite terranes in the world. Although
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Ftc. 1. Simplified geological map showing sample
locations. Map units are (l) mangerite, char-
nockite, syenite, granite, metagabbro, minor
metasediment, and (2) meta-anorthosite and anor-
thositic gneiss. Data from Isachsen & Fischer
(  1970) .

as many as five ferromagnesian minerals, thus
providing an opportunity to re-examine pos-

Buddington (1952), Engel & Engel (1960)
and Engel et al. (1964) obtained numerous
analyses of ferromagnesian minerals from this
terrane, detailed mineral studies of the char-
nockitic rocks, comparable to Howie's (1955)
classical study of Indian charnockites, were not
undertaken until recently. Some .years ago one
of us (Jen 1975) completed a study of ferro-
magnesian minerals from the northeastern Adi-
rondacks, and the results are presented here
as a complement to the numerous microprobe
analyses that were subsequently obtained by
Bohlen & Essene (1978, 1979) and by Jaffe
et al. (1978).

Some of the Adirondack granulites contain

sible phase relations under granulite-facies con-
ditions, a subject previously considered by de
Waard (t965), Carmichael (1974) and others.
The hornblende and pyroxene analyses pre-
sented here will enable us to examine one
aspect of the phase relations (the hornblende-
breakdown reaction) in some detail, thereby
contributing to the detailed discussion of this
reaction previously presented by Sen (1970).

A slight compositional dependence of the
distribution of Mg and Fe2+ between inter-
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mediate to Mg-rich orthopyroxene and asso_
ciated clinopyroxene in granulite-facies rocks
lr.o. 4_u^r!lulia was previously demonsrrated by
Binns ( 1962) and Davidson (1968). The present
resulfs on intermediate to Fe-rich pyroxen"r,
together with those of Jaffe et al. (1979), also
from the Adirondacks, provide an opportunity
to determine if the compositional dependence
of the distribution coefficient holds for the
entire range of composition.

Between-crystal distribution relations are
governed by the more fundamental between-site
distribution relations, such as that between the
Ml and M2 sites of orthopyroxene, for which
some experimental information is available. Data
on the Mg:Fez+ ratio in orthopyroxene, clino-
pyroxene, amphibole and garnet, as here re-
ported, may be combined with these experi-
mental data to deduce the relative Mg:Fe2+
ratio of various pairs of similar coexisting sites,
such as {X} garnet and M2 clinopyroxene, or
M1 orthopyroxene and M2 hornblende, as they
existed during metamorphism. This important
aspect of mineral chemistry is examined with
regard to one of the Adirondack granulites.

Occunnrt.tcE

The plutonic rocks of the Adirondack region.
as described by Buddington (1939, 1952), con-
sist mainly of deformed and metamorphosed
anorthosite, gabbro and pyroxene-hornblende
granite and syenite. The study specimens were
obtained from small plutons and dykes in and
adjacent to the main anorthosite body, in the
Elizabeth. Mt. Marcy, Lake Placid and Saranac
quadrangles, within what is here referred to as
the Lake Placid area (Fig. 1). Further informa-
tion on the geology of this area is provided by
de Waard (1968) and by laffe et al. (1978).

MtrHoos

Of 100 specimens that were collected and
examined microscopically, the I I specimens
listed in Table I were chosen for detailed study.
A magnetic separator and heavy liquids were
lused to separate ferromagnesian minerals to a
purity greater than 99Vo (Jen 1975\. All rock
and mineral samples were analyzed in duplicate
for Fe(total), Mg, Ca, Mn, Na and K by atomic
absorption spectroscopy, using instrumentation
and procedures previously described by Kretz
( 1970). FeO was determined by titration using
a method that wa$ developed by Jen (1973).
All of these analyses were carried out by the
first author. Si, Al and Ti were determined at

I A B L E  2 .  A C C U R A C 1  A N D  P R E C I S I O N

A n a l y t l  c a l
M e t h o d  S t a n d a r d  o x l  d e  R e c o m n e n d e d * x 5 v

l l l c r o - p r o b e  N A S A
P y r o x e n e

( L U D )

A t o m i  c  U S G S
A b s o r p t l o n  8 C R - l
( F e O  b y
T l t r a t l o n )

5 0 . 6  0 . 9 6
5 . 9  0 . 1 6
0 . 2 t  0 . 0 5

9 . 1 0  0 . 1 6
3 .  t 7  0  . 1 8
3 . 5 8  0 . 1 4
0 .  1 9  0  . 0 1
6 . 8 1  0 . 4 0
3 . 4 7  0 . 1 9
I  . 7 0  0 . 0 6

S J 0 u
A 1 2 0 3
T i 0 2

F e 0
F e z 0 :
M g o
M n 0
C a 0
I a 2 0
K z 0

5 . 9 2
0 . 2 7

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

1 . 7 0

22

* N.D. Macrae (unpubl ished);  r lanagan (1973).  * t :  rean of 10- '15 deter-
mlnat lons; s:  est lmte of standard devlat lon; v:  coeff lc lent of  var lai lon
( in percent).

the Geological Survey of Canada using instru-
mental methods (rock analyses), and at Carle-
ton University by electron microprobe (mineral
analyses); all were obtained by analytical staff
at the respective institutions. An estimate of the
accuracy and precision of the analytical data is
given in Table 2.

Formulae and atomic ratios for the minerals
were calculated by computer (Jen 1975) and
are available on request. T\e 95Vo confidence
intervals (r :t c : r t 1.386 s, where.r is the
mean of duplicate determinations and s is
standard deviation, precision error) were used
in propagation-of-error calculations to estimate
errors in atomic ratios, which appear as error
bars in the diagrams to follow. The composition
of plagioclase, as indicated in Table l, was
estimated by the maximum-extinction-angle
method.

THE Rocrs

Mineral assemblages, modal analyses and
chemical analyses of the I I study specimens are
listed in Table l. The specimens are fine- to

tla cl

Frc.2. Fe:(Na+K):Mg and K:Na:Ca atomic pro-
portions of the specimens studied (Table 1).

Fr: (Na.Kl : iilg
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medium-grained, homogeneous or faintly
layered, and possess a granoblastic-polygonal
texture as found in many granulite-facies rocks
(Jen 1975).

The rocks may be divided into two groups,
based on their chemical composition. Specimens
1 to 4 (Table 1) contain 3.0 to 4.9 wt. Vo
KaO and are relatively rich in alkali feldspar;
specimen 2 is the only member of this group
that contains garnet. These rocks resemble
granodiorite or monzonite in composiuon, except
that they are richer in Fe'* and Ti. Specimens
5 to 11 (Table 1) contain 0.5 to 1.2 wt. Va Kzo
and are relatively poor in alkali feldspar; all
contain garnet. These rocks resemble gabbro in
composition, except that they too are relatively
rich in Fes* and Ti. Specimens 5 and 9 are
nearly identical in composition to a granulite
described by Buddington (1952, specimen l3),
obtained from the same or adjacent locality
near Elizabethtown.

The Fe: (Na*K): Mg and K:Na:Ca ratios of
the 11 study specimens are shown in Figure 2.
The data define "trends", which suggest that
variation in rock composition among the study
specimens may be the result of some process of
magmatic differentiation.

THe MrNnner-s

The texture of the 1 I study specimens, as
observed microscopically, indicates that the fol-
lowing mineral changes took place after the
peak of metamorphism: (l) modification of

alkali feldspar to form an intergrowth of Na-
rich and K-rich phases, here interpreted as the
product of an exsolution reaction; (2) exsolu-
tion of calcic pyroxene lamellae from orthopy-
roxene (especially in 1 and 4), similar to those
noted by Jaffe et al. (1975); (3) exsolution of
lamellae of Ca-poor pyroxene from calcic clino-
pyroxene (especially in 2, 3 and 4), similar to
those described by Jaffe et al. (1975), who
found the lamellae to consist of orthopyroxene
and pigeonite; (4) exsolution-oxidation reac-
tions irrvolving magnetite and ilmenite; (5) local
alteration of orthopyroxene to biotite; and (6)
local crystallization of secondary calcite.

We are here concerned only with the com-
position of the ferromagnesian minerals at the
time of granulite-facies metamorphism. Grains
of orthopyroxene and clinopyroxene, as found
at present, are variable in composition and con-
sist of a host and lamellae of different com-
position, as described by Jaffe et al. (1975)
for clinopyroxene in other specimens from the
study area. In order to arrive at an estimate of
the granulite-facies composition of all the min-
erals, we separated for analysis grains consisting
of host plus lamellae. The resulting composi-
tions should provide good approximations of the
original compositions, provided that ( 1) no ap-
preciable amount of exsolved phase migrated
6eyond grain boundaries; (2) no appreciable
exchange of ions occurred between adjacent
grains during cooling, and (3) no appreciable
oxidation of iron occurred within the silicates
during cooling.
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TABLE 5 .  AMPHIBOTE
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Orthopyroxene and clinopyroxene analyses are
listed in Tables 3 and 4. The ratio Fe!+/(Mgf
Fee+) extends from 0.56 to 0.78 in orthopyroxene
and from 0.39 to 0.70 in clinopyroxene. Some of
the clinopyroxene analyses appear to be too low
in  Ca  (1 ,  2 ,5 ,7 ,9 ) ;  t hese  a re  t he  m ine ra l s
with low totals. Fe-rich orthopyroxenes from
the Lake Placid area (Mt. Marcy quadrangle),
with Fe/(Mg+Fe) up to 0.95, were recently
reported by Jaffe et al. (1915, 1978). Amphi-
bole analyses are listed in Table 5. The Fe:Or/
FeO weight ratio ranges from O.l4 to 0.38
(mean 0.22), which may be compared with 0.19
to 0.4t (mean 0.3 l) of l0 more magnesian
amphiboles from Adirondack gneisses, reported
by Btrddington (1952). Garnet analyses are
listed in Table 6. which shows this mineral to
consist mainly of the almandine component;
small amounts of Fe3+ are evidently present in
the Al position.

With regard to minor elements, the mineral
analyses of the present study are similar to the
microprobe analytical results reported for Adi-
rondack granulites by Jaffe et al. (1975,1978)
and Bohlen & Essene (1979). The only notable
differences are that the Al content of amphibole
and the K content of clinopyroxene in our anal-
yses are relatively high. The latter is possibly
the result of biotite contamination.

Pgasr Rr,u'rroNs

Various combinations of minerals occur in

the 11 study specimens, as shown in Table l.
All specimens contain plagioclase and clinopy-
roxene, together with some combination of al-
kali feldspar, orthopyroxene, amphibole (horn-
blende), garnet and quartz. Biotite appears to
be primary in specimens 2, 7, lO and 11. Our
analysis of phase relations in these rocks follows
that of Jen (1975), Froese & Jen (1979) and
Froese (pers. comm.).

The rnineral assemblage of specimen 2 (J-
1058) permits one to write the following reac-
tion equations:

hornblende * almandine + quartz =
orthopyroxene * clinopyroxene +

p l a g i o c l a s e  + H r O .  . . . . . . . ( 1 )

hornblende * almandine * biotite + quartz =
orthopyroxene * K-feldspar * plagioclase

+  H , O .  . . . . . . . . ( 2 )

hornblende * K-feldspar + quartz =
clinopyroxene * almandine * biotite *

p lag ioc lase  *  HsO . . . . . . . . ( 3 )

hornblende * K-feldspar * quartz*
clinopyroxene * orthopyroxene f biotite *

p l a g i o c l a s e  + H r O  . . . . . . . . ( 4 )

biotite * almandine * clinopyroxene + quartz
* orthopyroxene + K-feldspar * plagioclase

* H s O .  . . . . . . . . . . ( 5 )

The five reactions intersect at an inYariant
point on a diagram of HrO activity versus tem-
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Fta. 3. Proposed mineral reactions in mafic granulites in the presence of

quartz and plagioclase of fixed composition and at constant pressure.
Symbols are: a activity, T temperature, hb hornblende, alm almandine,
bio biotite, opx orthopyroxene, cpx clinopyroxene. Dots represent speci-
mens studied.

perature at constant pressure. These five reac-
tions are shown schematically as five univariant
curves in Figure 3. Specimens l, 3, 4, 6 and 8
correspond to three of these curves, whereas
specimen 2 corresponds to the invariant point.
Mineral assemblages from other rocks can be
plotted on this diagram, suggesting slight differ-
ences in HzO activity or temperature (or both)
from rock to rock. The invariant point shown
in Figure 3 was previously deduced by Mueller
& Saxena (1977), based on reactions not all
occurring in one rock; however, the proposed
reactions differ somewhat. The topology pre-
sented here was used in a reaction grid for
biotite-bearing mafic granulites by Froese & Jen
/1979\ .

The reactions shown in Figure 3 are con-
sistent with several reactions suggested as mark-
ing the boundary between the amphibolite and
granulite facies. Thus, the following bivariant
reactions, which were proposed by de Waard

hornblende * almandine + quartz =
orthopyroxene * plagioclase * HzO. . ..(6)

orthopyroxene * plagioclase =
clinopyroxene * almandine f quartz. ....(7)

hornblende * quartz =orthopyroxene *
clinopyroxene * plagioclase * HgO. . . . . . . . (8)

hornblende f plagioclase + quartz =
clinopyroxene * almandine * HzO (9)

hornblende f orthopyroxene * plagioclase =
almandine * clinopyroxene * HsO. . . . . (10)

(1965, reactions 6, 7, 8), Carmichael (1974,
reaction 9) and Buddington (1966, reaction l0),
all intersect in the univariant reaction

hornblende * almandine * plagioclase *
quartz = orthopyroxene * clinopyroxene

*  H r O  . . . . . . ( 1 1 )

For this reason, we agree with Carmichael
(1974) that all five reactions are mutually con-
sistent. Note that reactions (7) and (10), which
mark the boundary between hornblende- and
pyroxene-granulite facies, obviously extend
downward and intersect reaction ( I I ) from a
higher temperature and pressure.

Similarly, the following bivariant reactions.

biotite + quartz* orthopyroxene + almandine
* K-feldspar * HBO

biotite * hornblende + quartz= orthopyroxene
* plagioclase * K-feldspar * HeO. .... . (13)

which were proposed by de Waard (1965), in-
tersect in the univariant reaction
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hornblende * almandine * biotite + quartz =
orthopyroxene * K-feldspar + plagioclase *

HrO (14)

and, in fact, three more bivariant reactions could
be written.

Tnr HonNnr,ENDE - OntuopynoxeNe Rrecrtolr

The most common mineral-forming reaction
that takes place in mafic rocks at the amphi-
bolite-facies/granulite-facies boundary may be
reaction (8) above, which causes orthopyroxene
to crystallize at the expense of hornblende.
Various detailed reaqtions may be proposed,
depending on the initial composition of horn-
blende. Of these, the following reaction, dis-
cussed by Sen (1970), is favored:

Nao.a Ca, (Mg, Fe' +) aAlz.o Siu.o Q2, (OH) z + zSiO,
amphibole quartz

3(Mg, Fe'z+)SiOr + Ca(Mg, Fe'9)Sieoo
orthopyroxene clinopyroxene

+ CaAlzSizOe'Nao.rAlo.aSi'.rOa + HrO
(An . + Ab) component in plagioclase (15)

Five rocks (1 ,2,3, 4, lA) satisfy the con-
ditions that all minerals of equation (15) are
present and that the amphibole has been anal-
yzed. Within the group of five amphiboles, the
Na: Ca: (Mg,Fe2+ ) : Al :Si ratio is generally close
to that indicated by the above simplified for-
mula. The greatest difference is found in tetra-
hedral Al, which is considerably less than is
indicated. Equation (15) may aid in determin-
ing if a reaction relationship existed among the
five minerals (together with an HrO-bearing
grain-boundary phase) at the time of metamor-
phism.

Sen & Ray (1971) have pointed out that
because the Mg:Fe'+ ratio of amphibole on the
left of the proposed reaction lies between that
of orthopyroxene and clinopyroxene on the right,
the Mg:Fee+ ratios on the left and right are
nearly equal. This is confirmed by specimens
10, 2 and I of the present study, in which the
Fe'!+/(MgfFe2+) ratios compare as follows:
0.59 and 0.61, 0.64 and 0.67, 0.75 and 0.76,
respectively. Thus, unlike many other proposed
reactions involving ferromagnesian minerals,
the Mg:Fes+ ratio does not provide an addi-
tional source of variance (Sen & Ray 1971, p.
3'.t4).

This ratio in the minerals is nevertheless im-
portant. Energy-balance considerations lead to
the conclusion that in a metamorphic terrane
of uniform temperature, pressure and chemical
potential of HzO [G(H,O)], equilibrium with

Xhph

o.6
An

Frc. 4. Relation between the Mg:Fe2* ratio of am-
phibole (hornblende) and the composition of
associated plagioclase. X^npb-Fe2+ / (Mg*Fe'z+ )
in amphibole; An = mole fraction of anorthite
component in plagioclase; c (top horizontal axis)
- mole fraction of (At VzAb) component in
plagioclase.

regard to equation (15) may be obtained at
different places, provided that the energy term

AG : Camphibolc + z(}.rsrtz 3cofthopvroxene

_ ( ;o r rnopymxene _  G(HrO)  . . . (16)

is balanced by the partial free energy of the
An YzAb component in plagioclase (Go".v"*).
Now AG will in general be a function of the
Mg:Fe2* ratio of the ferromagnesian minerals
(this ratio in the three minerals is interrelated,
as will be shown below), whereas Gno.'aer is a
function of the composition of plagioclase.
Henceo equilibrium in different rocks contain-
ing hornblende of different Mg:Fe'* ratios may
be achieved provided a complementary differ-
ence exists in the composition of the associated
plagioclase. That a correlation between Fez+/
(MgfFe'z+) in amphibole and the composition
of plagioclase evidently exists in the study area
is shown in Figure 4, which is taken as an
indication of equilibrium with regard to reaction
(  1 5 ) .

DlsrnnutloN oF Mc, FEz+ AND MN AvoNc
CoExrsrrNc MtNnner-s

The relative Mg:Fe'* ratio of two associated
ferromagnesian minerals in a metamorphic rock

T* f-
I

T r--]:t-
t----r----'I

I

0.7
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Ftc. 5. Distribution of Mg and Fe2+ between orthopyroxene and garnet,
orthopyroxene and amphibole, and orthopyroxene and clinopyroxene.
Xn'u=Mg/( Mg*Fe'* ).
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may be governed by an exchange reaction, such
as the following, which refers to orthopyroxene
and clinopyroxene.

MgSiOB l CaFeSizOa : FeSiOa * CaMgSirOo
(17)

The quotient

X"ucr' I - :;utto.K, : 
111.,,".; 

-x"7;" . . . . ...(18)

forms a convenient empirical expression of the
relative Mg:Fet+ ratio of orthopyroxene (Opx)
and clinopyroxene (Cpx), with Xug = Mg/
(Mg*Fes+). For many pairs of minerals in
rocks of uniform metamorphic grade, this
quotient, which is referred to as the distribution
coefficient (K"), is nearly constant, as is shown
for example in rocks of the upper amphibolite
facies examined by Kretz (1978).

Results on the distribution of Mg and Fee*
among t}te four minerals of the present study
are compiled in Figure 5, which shows that Kr :
constant provides, in'general, a satisfactory
description of the relation between X"* of one

mineral and that of a coexisting mineral. The
results may be summarized as follows: clino-
pyroxene 'j' amphibole 'f orthopyroxene !
garnet, where symbol ) refers to X^4* and the
number above this symbol is the distribution
coefficient for the two minerals on either side.
The remaining three distribution coefficients
may be obtained by calculation; for example,
clinopyroxene t 42 x r23: t td orthopyroxene.

These results confirm that the Mg:Fe'* ratio
of amphibole lies between that of associated or-
thopyroxene and clinopyroxene, as was pre-
sumed above. With regard to the amphibole-
orthopyroxene distribution curve (Fig. 5), the
first three data points found along this curve
in moving up from the origin are ( I ) specimen
1, (2) specimens 2,3 and 4 (all coincident) and
(3) specimen 7O, i.e., the same minerals that
appear in Figure 4. The fourth data point is
specimen 11, in which quartz is absent, and
hence the hornblende:orthopyroxene equilib-
rium (15) does not apply.

The relative Mn content of two associated
minerals may be governed by an exchange reac-
t ion s imi lar  to  (17) :
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Ftc. 6. Distribution of Mn between orthopyroxene and amphibole. orthopyroxene and clinopyroxene, and
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rex

1.0

(Mg, Fe2+) SiOs + CaMnSisOo :
MnSiOg * Ca(Mg, Fe2+) SizOo...

which leads to the following quotient:

Ko : Yr,r,,b* lY*oto'.

. ( le)

. (20)
where Yuo - Mn/(Mg+Fe,++Mn). A dif-
ferent proposal for the reaction, such as one
involving Mn-Ca exchange, will lead to a dif-
ferent definition of Yu. &nd a different value
for the distribution coefficient.

The distribution of Mn among the ferro-
magnesian minerals of the present study is
shown in Figure 6. Equation (20), with Ko :
constant, provides a generally satisfactory ex-
pression for the relation between the Mn contenr
of one mineral and that of an associated mineral.
The results may be summarized as follows:
garnet nj orthopyroxene 'j6 clinopyroxene r)10
amphibole. As above, the remaining distribution
coefficients may be obtained by calculation.

With the exception of the anomalous distri-
bution of Mn between orthopyroxene and garnet
in one specimen (2), all the data of Figures 5
and 6 are consistent with a close approach to
equilibrium during granulite.facies metamor-
phism in the part of the Adirondack terrane
sampled, thus complementing the evrdence from
the phase-equilibrium relationships presented
above.
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Revrcw oF THE DIsTRIBUTIoN oF Mc AND FE2+
BetwnrN Mrreuonpnrc ORTHopyRoxENE AND

CrrNopynoxnur

The new data presented here on the distribu-
tion of Mg and Fez+ between orthopyroxene and
clinopyroxene are now compared with similar
data from two other well-studied terranes,
namely, the Madras area in India (Howie 1955)
and the Quairading area in Western Australia
(Davidson 1968). The combined data, together
with four Fe-rich mineral pairs, also from the
Adirondacks (Jaffe et al. 1978), provide an
opportunity ( I ) to examine the distribution
relationship over virtually the entire Mg:Fet*
range and (2) to reinvestigate the compositional
dependence of the distribution coefficient that
was found in part of the range by Binns (1962)
and Davidson (1968).

The ratio Fe'9+/(Mgape'*; in the four Fe-
rich mineral pairs described by Jaffe et al.
(1978) was estimated by assuming that the
ferrous iron/total iron ratios in these minerals
are the same as in the most Fe-rich mineral pair
of the present study (specimen l), namely,0.98
for orthopyroxene and 0.91 for clinopyroxene.
These values are close to the average values
for all the relatively Fe-rich mineral pairs of the
present study and to the values arrived at by
Jaffe et al. (1978) based on stoichiometric
considerations. The resulting estimates of Fe'+ /
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(MgaFe'g+) for the orthopyroxenes and clino-
pyroxenes are as follows:

THE CANADIAN MINERALOGIST

0.776
0.816
0.872
0.927

The compilation is shown in Figure 7, where
some of the data points represent two or three
nearly identical mineral' pairs from different
rock specimens of the same region. Error bars
based on 95Vo confidence limits, corresponding
to an assumed 3,6Vo coefficient of variation on
weight-percent determinations of FeO and MgO,

Po-13A
Po-138
Sc-g
Po-I7

0.&16
0.882
0.917
0.952
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Ftc. 7. Compilation of data on the distribution of Mg and Fe2+ between orthopyroxene and clinopy-

roxene in granulite-facies rocks from India (H: Howie 1955), Australia (D: Davidson 1968) and
the Adirondacks, North America (J: present study, JRT: Iaffe et al. 1978), In brackets is tle number
of nearly identical mineral pairs from the same region, plotting as a single data-point. Error bars
were obtained by propagation-of-error calculations assuming a 3.6Vo coefficient of variation (precision
error) in weight percent MgO and FeO. The plotted curve follows equation (21), with KD - 1.80.
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were constructed on all data points. Also shown
is a curve that follows equation (18), expressed
in the alternate form:

K o :
Xauont .  1 - & u c p " .

X"uco'
(21)

L - Xruoo"

with Kn = 1.80.
The Mg-rich part of the distribution diagram

(Fig. 7) shows that granulite-facies terranes in
India (H), Australia (D) and the Adirondacks
(J) are all remarkably similar with regard to the
distribution of Mg and Fe2+ between the indig-
enous pyroxene minerals. Moreover, all mineral
pairs appear to obey the simple disftibution law
(equation 21), with KD - 1.80. This conformity
extends at least to Xr"cp" - A.42, where five
nearly identical mineral pairs (one from India,
one from Australia and three from the Adiron-
dacks) have X""co" - O,41 to 0.43 (mean 0.42),
XF"op' : 0.56 to 0.58 (mean 0.57) and Kr -
1.77 to 1.93 (mean 1.82). With increasing Fe
content, a notable departure of data points
from the curve is first apparent at XF"cp' - 0.5,
where three data points, one from each of the
three localities, all lie slightly to the right of
the curve. However, at Xr"cp" : 0.58, three
nearly coincident data points, all from the Adi-
rondacks, again fall very close to the curve.
The remaining five (Fe-rich) data points, one
from the present study and four from Jaffe
et al. (1978), all appear to fall to the right of
the curve.

Thus, although only one of the 1l most Fe-
rich mineral pairs falls entirely off the curve
(taking error limits into account), the fact that
all of the 11 points fall to the right of the curve.
none to the left, is taken as evidence for a slight
decrease of Ko in the Fe half of the distribution
diagram. This indicates that the slight decrease,
observed by Binns (1962) and Davidson
(1968), evidently extends over the entire Fe2+-
Mg compositional spectrum.

DrsrRlsuTIoN oF Mc AND FE2+ BnrwreN
Stnucrunlr,rY STMTLAR Smrs lN rnr

AssoctlttoN OntuopynoxrNn-
CLtNopynoxsNe-AMpnrsore-CenNnr

In a rock containing orthopyroxene, clinopy-
roxene, hornblende and garnet, two sets of struc-
turally similar Mg-Fes+-bearing sites may be
recognized. One set consists of distorted octa-
hedra (Ml orlhopyroxene, Ml clinopyroxene,
M2 amphibole), and the other of more highly
distorted octahedra (M2 orthopyroxene, M2
clinopyroxene, {X) garnet), which are here re-

T A B L E  7 .  E S T I M A T E D  F e ' * / ( M s * F e , +  )  S I T E - 0 C C U P A N C Y
I N  S P E c I M E N  A  A T  S O O O C

S l  t e

s t o s to r t ed N e a r -  r e g u  I  a r
o c t a h e d r o no c t a h e d r o n

G a r n e t
Ca py roxene
0 r thopy roxene
Hornb  l  ende

ferred to as distorted cubic sites. There is. in ad-
dition, a nearly regular octahedron (Ml amphi-
bole, M3 amphibole) found only in one mineral.
All of these sites normally contain both Mg"
and Fe2+ ions, and the question of the distribu-
tion of the two ions between similar sites" such
as {X} garnet and M2 clinopyroxene, or Ml
orthopyroxene and M2 amphibole, is now con-
sidered.

The specimen chosen for this purpose is 4(J-
103), for which Kretz (1981) has estimated
the Mg:Fe2+ ratio on the four sites (Ml and
M2 of. orthopyroxene and Ml and M2 of clino-
pyroxene) based on experimental data at 800oC,
obtained by Saxena & Ghose (1971) and by
McCallister et al. (1976). These results are
tisted in Table 7, together with the Mg:Fe?*
ratio of a garnet that would be in equilibrium
with orthopyroxene in specimen 4 (garnet is
not present in this specimen), as determined
from Figure 4 (Ko = 4.0). The Mg:Fee* ratio
on M2, ML and M3 of amphibole in specimen
4 was estimated from experimental results on
an amphibole from a granite obtained by Ban-
croft & Brown (1975), who showed that Fes*
on Ml and M3 is similar and greater than on
M2, with a between-site distribution coefficient
(Ml+M3):M2 of approximately 2.53 (Kretz
1978). Some ordering may have occurred in
these crystals during cooling, causing the distri-
bution coefficient to increase. At granulite-
facies conditions. this coefficient is therefore
expected to be less than 2.53, and a value of
2.0 was arbitrarily chosen. Following the assign-
ment of all Alv', Fe8* and Ti in the amphibole
from specimen 4 to the M2 sites, the procedure
used by Kretz (1981) gave estimates of Fes+/
(Mg*Fe'z*) on M2 and (Ml + M3)' as listed
in Table 7.

Table 7 shows that the Mg:Feo+ proportions
in the three distorted octahedral sites in speci-
men 4 are all estimated to be very similar. A
somewhat greater differense is estimated for
the three distorted cubic sites, possibly resulting
from different concentrations of Ca on these
sites. Thus, the sequence of increasing Fe'*/
(Mg*Fe'*), M2 orthopyroxene, {X} garnet,

c u b e
0 . 9 t
0 . 9 6
0  . 8 6

0 . 5 4
0 . 5 5
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M2 clinopyroxene, corresponds to the sequence
of increasing fraction of Ca ions on these sites,
approximately O.1, O.2 and 0.9.

The latter conclusion is similar to that de-
termined by Hafner et al. (1971) and Saxena et
al. (1974) in their studies of the distribution
of Fez* between Ml and M2 sites in clinopy-
roxene, where increasing Ca in the M2 sites
apparently causes the Fe2*:Mg ratio in these
sites to increase relative to that in the neigh-
boring Ml sites.

Based on the above study, the interphase dis-
tribution of 'Mg and Feu* between coexisting
orthopyroxene, clinopyroxene, Ca amphibole
and garnet is relatively independent of the in-
tracrystalline distribution of these ions between
the slightly distorted octahedral sites. However,
it is dependent on the ratio between the highly
distorted cubic sites, in which the Fe'*:Mg
ratio is a positive function of the Ca ions.

CoNcr-uslox

Based on the coexistence of five ferromag-
nesian silicate minerals, together with plagio-
clase, quartz, alkali feldspar and iron oxides, a
reaction bundle containing an invariant point
for granulite-facies metamorphism'in the Adi-
rondacks is proposed. The reaction bundle con-
sists of five intersecting univariant reactions that
are consistent with a number of bivariant reac-
tions proposed by various authors for granulite-
facies metamorphism in the Adirondacks.

New data on the distribution of Mg, Fe't and
Mn among intermediate to iron-rich ferromag-
nesian minerals in a segment of the Adirondack
region provide further evidence for a close at-
tainment of phase equilibrium and Mg-Fe"*-
Mn exchange equilibrium during hornblende-
granulite-facies metamorphism.

A compilation of data on the distribution of
Mg and Fe2+ between metamorphic orthopy-
roxene and clinopyroxene in rocks from India,
Australia and the Adirondacks in North America
indicates that the Binns-Davidson proposal for
a slight decrease in the distribution coefficient
with increasing Fe evidently extends over the
entire Fe2+:Mg range of composition.

Preliminary estimates suggest that, during
metamorphism, structurally similar sites in dif-
ferent associated ferromagnesian minerals con-
tain nearly identical proportions of Mg and
Fe'* and that the order of increasing prefer-
ence for Fez* over Mg is: distorted octahedron,
nearly regular octahedron, distorted cube. In-
creasing Ca on distorted cubic sites evidently
makes the remaining cubic sites progressively

more favorable for Fe'* ions. It can be con-
cluded that the interphase distribution of Mg
and Fe'* is a function of the intracrystalline
distribution of these ions between the distorted
cubic sites, in which the Fez+:Mg ratio is a
positive function of the Ca content of these
sites.
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