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Abstract

An Adirondack marble contains the assemblage calcite-diopside-forsterite-monticell i te,
with trace amounts of zincian spinel, t itanian andradite, idocrase, and sphalerite. Microprobe
analyses indicate that the monticellite and forsterite both have Mg/(Mg+ Fe) greater than 0.9,
and that monticell i te is more iron-rich than coexisting forsterite. Monticell i te host grains
contain rare microscopic exsolution lamellae of forsterite, a feature noted in only one other
terrestrial monticellite occurrence. Diopside is strongly zoned and contains up to 6 weight
percent AlrOr and substantial ferric iron, indicating a fassaitic character typical ofcalc-sil icate
clinopyroxenes.

Distribution of Fe and Mg among the major sil icate minerals indicates that the monticell i te-
producing reaction must be an Fe-Mg continuous reaction combining the end-member
reactlon,

MgrSiOn * CaMgSirO. * 2 CaCO, : 3 CaMgSiO4 + 2CO2

with two Fe-Mg exchange equilibria:

2 CaMgSiOn * Fe2SiO. : 2 CaFeSiO, * Mg,SiOn

CaMgSirO. * CaFeSiO. : CaFeSirOu * CaMgSiO.

Calculations suggest that Fe does not lower the reaction temperature significantly. The
occurrence of monticell i te-free marble in the same outcrops and variable mineral composi-
tions in the calcite-diopside-forsterite-monticellite assemblage implies that these rocks formed
in an aCO, gradient with aCO, probably decreasing from center to edge of the marble layer.
P-T-XCO, relations for the iron-free reaction have been calculated, and suggest that forma-
tion of monticell i te in the above reaction, under presumed conditions of Adirondack regional
metamorphism of 8-10 kbar and about 700'-800oC, requires either great dilution of CO, by
HzO in metamorphic fluid, or low aCO, under fluid-absent conditions. A possible alternative
explanation suggests earlier contact metamorphism at low pressures lollowed by a later
Grenville-age high-pressure regional metamorphism in which the pre-existing high-grade
mineral assemblages were not substantially affected.

Introduction

Marble on Cascade Mountain in the Adirondacks
near Keene, New York, contains the assemblage cal-
cite-diopside-forsterite-monticellite. This is the only
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documented occurrence in metamorphic rocks in the
eastern United States of monticellite2. which is usu-
ally restricted to contact metamorphic environments

'zChoquette (1960, Table 2) lists monticellite in the mctdes of two
quartz-bearing marbles of the Cockeysville Formation in Mary-
land. G W. Fisher (personal communication , 1974) has examined
these thin sections and believes the mineral is misidentified.



992

as at Skye (Til ley, l95l), Crestmore (Burnham,

1959), and West Texas (Joesten, 1976). Monticell i te,

Ca(Mg,Fe)SiOn, is an olivine which typically forms in

marbles only in the highest range of metamorphic
temperatures, above about 900'C at low pressures,

and in rare alkalic and ultramafic rocks and carbona-
tites (Bowen, 1922; Eckermann, 1948; Sahama and
Hytdnen, 1957). The occurrence of monticell i te at

Cascade Mountain is even more striking in that the
mineral might have been produced during Pre-

cambrian regional metamorphism of the Adirondack
massif. A further interesting feature of this occur-
rence is the presence of forsterite exsolution lamellae
in monticell i te hosts. Though monticell i te and forste-
rite (MgrSiOa) are known to have a l imited mutual
miscibil i ty (Warner and Luth, 1973), exsolution fea-
tures have been previously reported for only one
terrestrial occurrence of this mineral pair, in calc-
sil icate blocks included in norite of the Bushveld
Complex (Willemse and Bensch, 1964).

The monticell i te-bearing marble crops out on the
north flank of Cascade Mountain in the Mt. Marcy
quadrangle, which is being remapped by Jaffe (Jaffe

and Jaffe, in preparation; Jaffe et al., 1977). It is
involved in an isoclinal recumbent fold with adjacent
layers of syenitic gneiss and bordering anorthositic
gneiss. It is not clear whether or not the marble was

intruded by the adjacent gneisses, but it appears that
all these rock units have been folded and metamor-
phosed in the Precambrian Grenvil le (1100 m.y.)
event that affected the Adirondacks and adjacent
rocks to the north and west. Some details of the
geology of the outcrop area of the marble may be
found in Bail l ieul (1976).

In this paper we describe some of the mineral as-
semblages and textures in samples of the marble, and
present microprobe analyses of the sil icate and oxide
minerals. The petrology of the monticell i te-produc-
ing reaction is discussed, and the implications it has
for the composition and behavior of the metamor-
phic fluid are considered. Finally, we note the con-
straints that this and other Adirondack rocks place

on pressure, temperature, and activity of fluid species
during metamorphism.

Petrography and mineral chemistry

Mineral assemblages identified in different speci-
mens of the marble include: calcite-forsterite-diop-
side-magnetite + spinel; calcite-forsterite-mon-
ticellite-diopside-spinel-andradite; and calcite-
forsterite-m onticellite-diopside-spinel-idocrase.

Diopside is pale green in hand specimen and color-
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less in thin section. It occurs in rounded isolated
grains up to 2 or 3 mm. In hand specimen, forsterite
is colorless to pale green where fresh, and dark gray

where partially serpentinized. Monticellite is pale
brown. Both are colorless in thin section and have a
similar size and isolated occurrence as diopside.
There are rare small grains of pale green spinel and
sphalerite. Both idocrase and andraditic garnet occur
as sporadic thin rims on diopside or monticellite
grains against calcite. Diopside contains inclusions of
spinel, and monticellite contains inclusions of both
diopside and spinel. Forsterite appears to be free of
inclusions.

All phases in three selected samples were analyzed
by electron microprobe. Analyses were made on the
MAC microprobe at M.I.T., with operating condi-
tions of 15 kV accelerating potential and sample cur-
rent of about .025 microamps. Data were corrected
using the method of Bence and Albee (1968) and the
correction factors of Albee and Ray (1970). Chemical
data for monticellite, forsterite, and diopside are pre-
sented in Table l. These phases and others are dis-
cussed below.

Forsterite and monticellite

Magnesian olivine ranges in composition from
Fo89 to Fo94. The most iron-rich olivine was found
in the monticellite-free sample, Ca-22F. There is also
a significant amount of iron in the monticellite (Table
1) and the ratio Fel(Fe+Mg) is higher in monticellite
than in coexisting forsterite. Terrestrial occurrences
of monticellite + forsterite are very rare-less than a
dozen have been found in the literature, of which the
majority are igneous. No data exist on compositions
of these pairs. However, the Fe-Mg fractionation in
the Cascade Mountain occurrence is similar to that
found for coexisting fayalitic olivine and magnesian
kirschsteinite in Angra dos Reis meteorite (Prinz et
al . ,1977) and in the Sharps chondri te (Dodd, l97l) .
Thus, the preferential partitioning of iron into the
high-calcium phase is the reverse of fractionation
found in most pairs of coexisting low- and high-
calcium pyroxenes.

One explanation for this monticellite-forsterite
Fe-Mg fractionation may be found in the distribu-
tion of cations between M(l) and M(2) sites in the
two olivines. Since monticellite M(2) is essentially
fil led by Ca, all Fe and Mg must be in M(l). On the
other hand, in forsterite there is abundant Mg in both
M(l) and M(2). Even if forsterite and monticellite
contained the same number of atoms of Fe per for-
mula unit, the FelMB ratio of monticellite would be
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higher. But there also appears to be an absolute pref-
erence of Fe for monticell i te, since it contains more
Fe atoms per 4 oxygen formula (Table l). Brown and
Prewitt (1973) and Smyth (1975) argue that Fe-Mg
ordering in olivines is due to the greater distortion of
the M( l )  s i te  (Robinson et  a l . ,  l97 l )  which causes Fe
to prefer M(l). By extension of this argument, Fe
might be preferentially partit ioned into monticell i te
M(l), because the monticell i te octahedral sites are

Table l .  Microprobe analyses of  minerals

larger and more distorted than those in forsterite.
While M(2) in monticell i te is much larger and more
distorted than M(2) in forsterite, monticellite M( I ) is
larger but only marginally more distorted Ihan M(l)
in forsterite. Whether this relative distortion of M(l)

sites is enough to be effective is arguable, but the
increased size of monticell i te M(l) alone might be

enough to cause Fe to prefer it.
An important feature of the monticell i te is the

presence of rare microscopic exsolution lamellae of
forsterite (Fig. l), which are up to about l0 microns

thick and are apparently oriented along the (010)

planes of the monticell i te host. The forsterite compo-
sition of these lamellae has been established by
electron probe analysis of several larger lamellae,

wh i ch  have  the  app rox ima te  compos i t i on
Cao.orM gr.rr Feo.orM no.orSir.ooOo. This is the second re-
ported occurrence of exsolution in terrestrial olivine
pairs. Willemse and Bensch (1964) report exsolution
lamellae, presumably of forsterite, in monticell i te
grains in calc-sil icate xenoliths in the Bushveld Com-
plex. Dodd (197l) suggests that very small inclusions
of ferroan monticell i te in olivine hosts in the Sharps
chondrite (Section 853) are recrystall ized exsolution
lamellae. Though Prinz et al. (1977) do not state it, a
similar interpretation is possible for the magnesian
kirschsteinite inclusions in olivine from Angra dos
Reis. There is no evidence in the Adirondack marble
of any monticell i te exsolution from forsterite, nor is

any reported by Willemse and Bensch. This discrep-
ancy in host and lamella phase may be due to the

difference in Fe/Mg ratio between terrestrial and me-
teorit ic specimens. ln other words, the shape of the

solvus between forsterite-fayalite and monticell i te-
kirschsteinite olivines may change significantly with
changing FelMg ratio.

Fig.  l .  Photomicrograph of  mont icel l i te host  (Sample CL-3a)

with exsolution lamellae of forsterite probably parallel to (010) of

the host .  Lensth of  scale bar is  100 microns.
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A number of investigators have studied the extent
of crystalline solution on the join CaMgSiOo-
MgrSiO. as a function of Z and P. The most recent
paper, by Warner and Luth (1973), contains a sum-
mary of the earlier work. According to Warner and
Luth, there is very limited miscibility between mon-
ticellite and forsterite below about 1000'C. Limited
experimental evidence on the effect of iron upon the
phase relations in this system suggests that iron
causes the solvus to narrow, similar to its effect upon
the miscibility gap in Ca-Fe-Mg pyroxenes. The data
of Bowen et al. (1933) indicate complete solid solu-
tion at subsolidus conditions down to 700'C between
FerSiOr and CaFeSiOn. Assuming that there is no
significant effect on the phase relations caused by the
small amounts of iron in the Cascade Mountain for-
sterite and monticellite, the data of Warner and Luth
(1973, Fig. a) suggest that these minerals crystallized
and exsolved below about 800'C.

Diopside

The diopsides in all three of the analyzed samples
are strongly zoned (lower part of Table I ), both in Al
content and in the ratio FelMg. Both Al and FelMg
decrease regularly and markedly from core to rim.
There is similar zoning in Ti, while Ca shows no
particular trend. This zoning is most likely due to
formation of diopside in a continuous (multivariant)
reaction (see Thompson, 1976), in which reactants
and products systematically change composition as
the reaction progresses. The zoning is apparently not
due to the monticellite-forming reaction, because the
monticellite-free sample (Ca-22F) shows the same
zoning as monticellite-bearing samples.

The diopside analyses in Table I show all iron as
Fe2+. From the stoichiometry of these minerals, how-
ever, as seen in the structural formulas, it is apparent
that much of the iron must be in the ferric state. This
means that these clinopyroxenes are solid solutions
between nearly pure end-member diopside and cal-
cium Tschermak's components. Of the l0-20 percent
of Tschermak's substitution, about half is CaALSiOu
and half is CaFes+AlSiOr. This suggests rather oxi-
dizing conditions during crystallization.

Andradilic garnet and idocrase

Both of these minerals are restricted to reaction
rim.s between diopside or monticellite and calcite. In
most cases, they form rims of uniform thickness par-
tially around diopsides, though several examples
were observed of andraditic garnet actually replacing
part of a diopside crystal, with replacement pro-

ceeding more extensively along cleavage traces in the
diopside. The garnet is typically honey-yellow and
has a very high index of refraction. Preliminary com-
positions obtained by microprobe show some varia-
tion from grain to grain, but all are rather high in
titanium (about I weight percent). A typical compo-
sition is 65 percent andradite and 35 percent grossu-
lar with negligible amount of other garnet molecules.

ldocrase, like garnet, occurs in rims adjacent to
diopside in the samples examined, though it does
occur in discrete grains at other places in the marble
(Baillieul, 1976). A probe analysis of idocrase from
specimen CL-3a yielded this composition, calculated
on an anhydrous basis: (Car.rrMgr.12Fe35rFe3.+rr)
(Als.roFe3.+eoTio.,oXSiE..?Alo.rr)Oru. The ferric iron was
estimated assuming a stoichiometric formula of 25
cations and 36 oxygens. Probe analysis for fluo-
rine and chlorine in idocrase suggests that OH/
(OH+F+Cl) ranges from 0.81 to 0.89 (Bai l l ieul ,
1976), assuming 4 volatile anions in the formula
given above. Further, the birefringence of idocrase is
very low and some grains are nearly isotropic, sug-
gesting high OH content (Deer et al., 1962).

Spinel

The pale green spinel which occurs sporadically
is magnesium- and zinc-rich and poor in iron. Spinel
in sample Cl-3a has the composition (Mgo.r'Fe3.+ot
Mno.oorZno.ro)(Alt.*Fefllz)On, in which Fe3+ has been
calculated on the basis of a stoichiometric formula
of 3 cations per 4 oxygens. Most of the spinel oc-
curs as small (0.5 mm or less) isolated grains, al-
though it has been observed as inclusions in diopside
and monticellite. The inclusions do not appear to be
systematically different in composition from the iso-
lated grains. The zinc content of the spinel is not
surprising in view of its coexistence with sphalerite.

Petrology

M ont i cell it e-p roducing reaction

The simplest way to view the chemography of the
major phases in the marble is in the ternary system
CaO-MgO-SiO, with excess COz, shown in Figure
2a. The arrangement of the phases calcite, diopside,
forsterite, and monticellite on this diagram illustrates
that the monticellite-forming reaction, in the absence
of any other phases, must be:

D i  *  Fo  *  2Cc:  3Mo +  zCOz ( l )

However, the more complicated compositions of the
actual minerals (Table l) and their compositional



variability from sample to sample indicate that this
simple graphical analysis is insufficient.

The most important compositional variable, Fe,/
Mg ratio, may be illustrated in projection. Figure 2a
may be expanded into a tetrahedron by adding an
FeO apex, and mineral compositions may be pro-
jected from calcite onto the SiOr-FeO-MgO face,
because all assemblages contain calcite which is es-
sentially pure CaCOr. Figure 2b shows this projec-
tion with mineral compositions illustrated schemat-
ically. Relative positions are qualitatively correct but
have been exaggerated to emphasize that monticellite
is more iron-rich than the diopside and forsterite
(*calcite) from which it forms. With progress of the
monticellite-producing reaction, the three-phase tri-
angle in Figure 2b must move from more iron-rich to
more magnesian compositions. The reaction forming
monticellite is therefore an Fe-Mg continuous reac-
tion in which Z1a, ) 2"". Thus reaction (l) may be
considered as a combination of the end-member reac-
tion (l) and the following two Fe-Mg exchange equi-
l ibr ia:

Fig. 2a. The ternary system CaO-MgO-SiO, with excess COz.
Compositions of the phases diopside (Di), forsterite (Fo), calcite
(Cc), and monticellite (Mo) are shown to illustrate the
monticellite-forming reaction.

.b. Projection from calcite onto the SiOr-FeO-MgO face in a
CaO-MgO-FeO-SiO, tetrahedron with excess COr. Ranges of
olivine, monticellite, and clinopyroxene compositions are shown
along with schematic compositions of an equilibrium three-phase
assemblage (plus Cc) which is undergoing reaction (l) modified by
(2a) and (2b).
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Fig. 3. Compositions of analyzed diopside, forsterite, and
monticellite from Cascade Mountain shown on the calcite
projection of Fig. 2b. Note that diopside is plotted as if all iron
were Fe2+. which mav not  be the case.

2 CaMgSiOn * FqSiOo :

2 CaFeSiOo f MgrSiOn Qa)

CaMgSizOe * CaFeSiOn :

CaFeSizOu + CaMgSiO^ (2b)

Figure 3 illustrates without exaggeration the actual
compositions of the analyzed minerals on this calcite
projection.

The three analyzed samples were all collected very
close to one another, and it is therefore likely that
they were metamorphosed at the same temperature
and pressure. The discrepancies in mineral assem-
blage and composition (Fig. 3), which must be due to
variations in intensive variables P, T, or fluid compo-
sition, are therefore probably due to local variation in
activity of CO, (aCOr). The effect of lowered aCO,
on reaction (l), a simple decarbonation reaction,
would be to allow the reaction to proceed at lower
temperature (see Kerrick, 1974).It is thus possible
that gradients in aCOz could produce the variety of
compositions and assemblages observed.

An Fe-Mg continuous reaction such as (2) may be
portrayed as a reaction loop on an isobaric temper-
ature-composition diagram such as that shown in
Figure 4 (for background, see Thompson, 1976). Fig-
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D i + F o + C c
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Fig. 4a. Temperature-composition diagram showing the

schematic reaction loop for continuous reaction. Note that part of

this loop, especially the Fe-rich side, may be metastable relative to

other reactions. The arrows on the loop show the effect of raising

or lowering the concentration of COz in the fluid.
b. Similar T-X diagram, blown up to show the Mg-rich side,

with hypothetical reaction loops for the different but presumably

isothermal Cascade Mountain samples. Filled circles indicate

compositions of Mo and Fo in sample CL-3a; triangles are for the

same phases in Ca-22; the square is forsterite composition in Ca-
22F; diopside is ignored for simplification.

ure 4a illustrates the relative effect on this loop of
increase or decrease in aCO2. Figure 4b shows actual
compositions of monticell i te and forsterite on oppo-
site sides of the loops (diopside is ignored for sim-
plif ication). On this plot it is assumed that all samples
are isothermal and isobaric. The schematic positions
of the reaction loops for each assemblage, functions
of aCOz, are shown in the figure. These relative posi-
tions suggest Ihat aCOz is lowest for sample Ca-22
and that the reaction has progressed farther in this
sample than in CL-3a, which has a slightly higher
aCOz. For sample Ca-22F, the aCO, is high enough
that the reaction loop has not yet been intersected
and the stable assemblage remains Dif Fo*Cc. If the
minerals in Ca-22F had been mote magnesian than
the other samples, then the absence of monticell i te
could have been ascribed to a simple bulk composi-

- t ion effect, that is, that the rock was too magnesian to
have encountered the reaction. But the data support
the hypothesis that aCOz is the controlling physical
variable. It must also be noted that the magnitude of

this aCOz effect depends upon the temperature differ-

ence between the Fe and Mg end-members of reac-

tion (l) or, in other words, upon the steepness of the

Z-X loops. A small temperature difference, as sug-
gested below, means that very small variations in

aCO, could produce the observed effects illustrated in

Figure 4b.

Estimation of conditions of metamorphism

The most effective method of estimating metamor-
phic conditions is to apply the results of relevant

experimental work to the natural assemblages. Un-

fortunately, very little experimental work has been

done on monticell i te-related reactions, and only that

of Kushiro and Yoder (1964) at elevated pressures.

The only experiments on reaction (l) in the system

CaO-MgO-SiOr-CO, are those of Walter (1963) at
pressures of less than one kbar. In addition, there is

no experimental evidence bearing on the effect of Fe

in lowering the temperature of reaction (l).

However, the hypothetical equil ibrium temper-

ature of the iron analogue of reaction (l), i .e.,

Hedenbergite * Fayalite * 2 Calcite

CaFeSizO, FerSiOr CaCO'

:  3  K i r schs te in i t e  +  2CO2 (3 )

CaFeSiOr

can be calculated from known and estimated ther-
mochemical data. The relation

Z"q,r r", = 411f"/A,Sf" (4)

can be used to estimate the temperature of reaction
(3) at one bar. Entropies for fayalite, calcite, and COz
were taken from Robie and Waldbaum (1968), while
those for hedenbergite and kirschsteinite had to be
calculated according to the method described by

Cantor (1977); these values enabled ASf" to be calcu-
lated. Ar?r9" was then estimated from the Fe-Mg frac-

tionation of phases in the Cascade Mountain samples
(data in Table I ). The temperature estimate for reac-
tion (3) at one bar is 435"C, as compared to an
estimated temperature for reaction (l) of 500'C at
one bar (from data of Walter, 1963). Though this
temperature estimate may have considerable uncer-
tainty, it is considered to provide a reasonable ap-
proximation of the effect of iron on reaction (l). Note

that the presence of substantial CaTs component in
the pyroxene (Table I ) will tend to displace the reac-
tion to higher temperature, at least in part offsetting
the temperature effect of iron. Based upon the estima-
tion that the Fe end-member reaction is probably no
more than 100"C below the Mg end-member at one

D i  * F o * C c
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bar, the effect of the small amount of iron in the
Cascade Mountain samples will be ignored, and lur-
ther estimates of physical conditions will be based
upon the simplifying assumption that the system is
iron-free.

It is clear from Walter's (1963) experimental deter-
mination of reaction ( I ), fluid-saturated with XCO,
= 1.0 in the fluid, that the reaction cannot occur at
geologically reasonable temperatures at pressures
above one kbar if Pfluid : Ptotal and the fluid is rich
in COr. This is why monticellite is typically restricted
to very shallow contact-metamorphosed rocks, e.g.
Ti l ley (1951),  Burnham (1959),  Joesten (1976).  There
are two ways to lower the reaction temperature at
elevated pressures. The first is to assume that fluid
pressure is less than solid pressure and that the fluid is
pure or nearly pure CO2. Examination of Walter's
(1963) data suggests that, for regional metamorphic
conditions thought to have prevailed in the Adiron-
dack massif (i.e., 700-800oC and about 8 kbar, see
below), fluid pressure would have had to have been
less than about 10 percent of total solid pressure in
this case.

The second way to lower the temperature is to
assume that fluid pressure equals solid pressure but
that CO, is diluted in the fluid by H,O or other
species. A similar explanation to explain wollastonite
in Adirondack marbles was given by Valley and Es-
sene (1977). The possibility that COz was signifi-
cantly diluted by F or Cl has been discounted, be-
cause of the apparent high OH/(CI * F) ratio in
idocrase. F can be strongly fractionated into solid
phases, as shown by Munoz and Ludington (1974,
1977), suggesting that the fluid may have been much
poorer in F than the idocrase.

The alternative that fluid pressure equalled total
solid pressure but that CO, was diluted in the fluid by
HrO can be evaluated quantitatively. P-T-XCOz re-
lations for reaction (l) in the system CaO-MgO-
SiOr-COr-HzO have been calculated at pressures up
to l0 kbar and temperatures to 1000'C, as described
in the Appendix. It is clear from these calculations
that, above 5 kbar, XCO, must be less than about 0. I
for the monticellite-forming reaction to occur at rea-
sonable temperatures. At the presumed conditions of
Adirondack metamorphism, XCO2 might have been
0.01 or less, and the fluid phase would have been very
nearly pure HrO.

Some independent evidence exists regarding the
temperature and pressure of Adirondack meta-
morphism. Bohlen and Essene (1977a, b) have given
estimates of conditions in the center of the Adiron-

dack massif of about 700-800'C and 8 + I kbar.
Phase assemblages in orthoferrosilite microperthite
gneiss less than 5 kilometers from the Cascade Moun-
tain locality (Jaffe et al., 1978) suggest metamorphic
pressures of at least 9 kbar at 800'C or 7 kbar at
600oC, but certainly not more than 12 kbar, based
upon olivine-orthopyroxene Fe-Mg fractionation at
XFe>0,9 (Wood, 1975). Further, the coexistence of
orthopyroxene with K-feldspar and the absence of
biotite and of migmatitic segregations in such rocks
of granitic composition under these conditions im-
plies either a very low XHrO in a coexisting fluid
phase or, more probably, a very low aHrO under
fluid-absent conditions. If the monticellite assem-
blage was produced during regional metamorphism
under these conditions, then the considerations dis-
cussed above dictate two extreme possibilities: (l)
that the marble at Cascade Mountain was suffused
with a fluid phase very rich in HrO as compared to
that, if any, in the surrounding rocks; or (2) that no
fluid phase was present and that the monticellite as-
semblage was controlled by a very low aCO, in a
diffusional gradient. The diffusion of CO, through
the Adirondack terrain has been proposed by Taylor
(1968) to explain the oxygen isotope composition of
Adirondack igneous and metasedimentary rocks.

The difficulties inherent in postulating a regional
metamorphic origin of monticellite make it tempting
to argue that the marble was contact metamorphosed
at low pressure by syenitic or anorthosite magma
(Isachsen, 1975) and later remetamorphosed at high
pressure. Berg(1977, p. 400) cites Buddington (1968)
and others in support of the suggestion that the
anorthosites of eastern North America were em-
placed at relatively shallow depths (as little as 12 to
l8 kilometers) into low-grade country rocks. Berg
speculates that those south of the Grenville front,
such as the Adirondack massif, were later regionally
metamorphosed at significantly greater depths, wip-
ing out much of the evidence of their earlier history.
A major problem in applying this interpretation to
the Cascade Mountain occurrence is an apparent lack
of recrystallization and retrogression ofthe supposed
original contact metamorphic assemblage, which
might be expected to occur during granulite facies
regional metamorphism. Furthermore, anorthosite
intrusion at depths as shallow as l2 to l8 kilometers
would still be at pressures rather high for production
of monticellite, though it would slightly ease the
problems of fluid behavior noted above.

The present geologic evidence, therefore, indicates
that the Cascade Mountain monticellite occurrence is
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more likely to be of regional than contact metamor-
phic origin, even though regional metamorphic origin
requires unusual composition or behavior of meta-
morphic fluid. On the other hand, an origin in con-
tact metamorphism and survival of the assemblage
through later regional metamorphism cannot be
ruled out. Further elucidation of the geology of the
area is clearly necessary for firmer conclusions to be
drawn.

Appendix

Preliminary P-T-XCO, relations have been calcu-
lated for reaction ( I ) in the system CaO-MgO-SiOr-
COr-HrO. The method of calculation involved the
"equilibrium constant approach," as discussed by
Kerrick and Slaughter (1976). Experimental data for
reaction (l) (Walter, 1963, Table l) for runs at 800'C
and above were plotted on a lnK us. l/T diagram to
derive Afl$ and A^S!. Because all the run data are at
pressures of 500 bars or less, correction for non-ideal
mixing in fluid was made using the data of Ryzhenko
and Malinin (1971). For extrapolation above 2000
bars (see below), ideal mixing was assumed and the
fugacity coefficients of Burnham and Wall (unpub-
lished) were used, as suggested by Ohmoto and Ker-
rick (1977, p. 1033) and by Slaughter et al. (1976).
Calculations were done using the following equilib-
rium relation:

0: AG, : AII1 - fA,Sl + PAn-l RTnCOzln/CO,

( A l )

When rearranged, this becomes:

T : (LH? + PL()/(LS9 - RnCO"lnJCO2) (A2)

As noted above, AI19 and AS9 were derived from
Walter's (1963) daIa. AA data were taken from
Robie et al. (1967). Isobaric T-XCO' sections and P-
Z locations of reaction ( I ) at various XCO,( 1.0 have
been calculated from equation (A2).

We are aware of the considerable uncertainty in the
above calculations, especially in the derivation of
A.I/9 and AS9 from Walter's experiments using the
equilibrium constant method (see Kerrick and
Slaughter, 1976). To indicate the magnitude of uncer-
tainty, maximum and minimum AHI calculated from
Walter's data were -57.4 kcal and -51.3 kcal, re-
spectively; maximum and minimum AS9 were 74.1
gibbs and 68.6 gibbs. It was considered important,
however, to calculate and extrapolate reaction (l) in
P-T-XCO2 space in order to provide at least qualita-
tive estimates of the effects of variable fluid composi-
tion and pressure.

References

Albee, A. L. and L. Ray (1970) Correction factors for electron
probe microanalysis of silicates, oxides, carbonates, phosphates
and sulfates. Anal. Chem.,42, 1408-1414.

Baillieul, T. A. (1976) The Cascade Slide: A Mineralogical Inuesti'
gation of a Calc-Silicate Body on Cascade Mountain, Town of
Keene, Essex County, New York. M.S. Thesis, University of
Massachusetts, Amherst.

Bence, A. E. and A. L. Albee (1968) Empirical correction factors
for the electron microanalysis of silicates and oxides. J. Geol.,
76, 382403.

Berg, J. H. (1977) Regional geobarometry in the contact aureoles
of the anorthositic Nain Complex, Labrador. J. Petrol., 18,399-
430.

Bohlen, S. R. and E. J. Essene (1977a) Pyroxene thermometry in
the Adirondack highlands (abstr.). Am. Geophys. Union Trans.,
58 ,  517.

- 3nd - (1977b) Errors in applying opx-oliv-qtz ba-
rometry (abstr.). Am. Geophys. Union Trans., 58, 1242.

Bowen, N. L. (1922) Genetic features of alnoitic rocks at Isle
Cadieux, Quebec. Am. J. Sci., 203, l-23.

-,  J. F. Schairer and E. Posnjak (1933) The system CaO-
FeO-SiOz. Am. J. Sci., 226, 193-284.

Brown, G. E. and C. T. Prewitt (1973) High temperature crystal
chemistry of hortonolite. Am. Mineral., 58, 577-587.

Buddington, A. F. (1968) Adirondack anorthosit ic series. In Y. W.
Isachsen, Ed., Origin of Anorthosite and Related Rocks, p.215-
231. N.Y. State Museum and Science Service Mem. 18.

Burnham, C. W. (1959) Contact metamorphism of magnesian
fimestones at Crestmore, California. Geol. Soc. Am. Bull., 70,
879-920.

Cantor, S. (1977) Entropy estimates ofgarnets and other silicates.
Science. 198. 206-207.

Choquette, P. (1960) Petrology and structure of the Cockeysville
Formation (pre-Silurian) near Baltimore, Maryland. Geol. Soc.
Am. Bull.. 71. 1027-1052.

Deer, W. A., R. A. Howie and J. Zussman (1962) Rock-forming
Minerals, Vol. I: Ortho and Ring Silicates. Wiley, New York.

Dodd, R. T. (1971) Calc-aluminous insets in ol ivine of the Sharps
chondrite. Mineral. Mag., 38, 451-458.

Eckermann, H. von (1948) The alkal ine distr ict of Alnd Island.
Sueriges Geol. Undersok., Ser. Ca 36.

Isachsen, Y. W. (1975) Anorthosite contact relationships in the
Adirondacks and their implications for geological history
(abstr.). Geol. Soc. Am. Abstructs with Programs, 7,'18-79.

Jaffe. H. W.. E. B. Jaffe and L. D. Ashwal (1977) Structural and
petrologic relations in the high peaks region, northeastern Adi-
rondacks (abstr.). Geol. Soc. Am. Abstracts with Programs, 9,
279-280.

-, P. Robinson and R. J. Tracy (1978) Orthoferrosilite and
other iron-rich pyroxenes in microperthite gneiss of the Mt.
Marcy area, Adirondack Mountains. Am. Mineral., in press.

Joesten, R. (1976) High-temperature contact metamorphism of
carbonate rocks in a shallow crustal environment, Christmas
Mountains, Big Bend Region, Texas.,4 m. Mineral.,61,776-781.

Kerrick, D. M. (1974) Review of metamorphic mixed volatile
(HzO-CO,) equilibria. A m. M ineral., 59, 7 29-7 62.

- snd J. Slaughtet (1976) Comparison of methods for calcu-
lating and extrapolating equilibria in P-T-XCO" space. Am. J.
Sc i . .  276,883-916.

Kushiro, L and H. S. Yoder (1964) Breakdown of monticellite and
akermanite at high pressures. Carnegie Inst. Wash. Year Book,
63. 8l-83.



Munoz, J. L. and S. D. Ludington (1974) Fluorine-hydroxyl ex-
change in biotite. Am. J. Sci.,274, 396-414.

- and - (1977) Fluorine-hydroxyl exchange in synthetic
muscovite and its application to muscovite-biotite assemblages.
A m. M ineral., 62, 304-308.

Ohmoto, H. and D. M. Kerrick (1977) Devolat i l izat ion equil ibr ia
in graphitic systems. Am. J. Sci., 277, 1013-1044.

Prinz, M., K. Kei l ,  P. F. Hlava, J. L. Berkley, C. B. Gomes and
W. S. Curvel lo (1977) Studies of Brazi l ian meteorites, I IL Origin
and history of the Angra Dos Reis achondrite. Earth Planet. Sci.
L e t t . , 3 5 , 3 1 7 - 3 3 0 .

Robie, R. A., P. M. Bethke and K. M. Beardsley (1967) Selected
X-ray crystallographic data, molar volumes, and densities of
minerals and related substances. U.S. Geol. Suru. Bull. 1248.

- and D. R. Waldbaum (1968) Thermodynamic proper-
ties of minerals and related substances at 298. l5K (25'C) and
one atmosphere (1.013 bars) pressure and at higher temper-
atures. U.S Geol. Suru. Bull. 1259.

Robinson, K., G. V. Gibbs and P. H. Ribbe (1971) Quadratic
elongation: a quantitative measure of distortion in coordination
polyhedra. Science, I 72, 567 -5'10.

Ryzhenko, B. N. and S. D. Malinin (1971) The fugacity rule for the
systems COr-HrO, COr-CHr, COr-Nr, and COr-H,. Geochem.
Internalional, 8, 562-57 4.

Sahama, Th. G. and K. Hytdnen (1957) Kirschsteinite, a natural
analogue to synthetic iron monticellite, from the Belgian Congo.
Mineral. Mag., 31, 698-699.

Slaughter, J.,  V. J. Wall  and D. M. Kerrick (1976) APL computer
programs for thermodynamic calculat ions of equi l ibr ia in P-T-
XCO, space. Contrib. Mineral. Petrol., 54, 157-l'71.

Smyth, J. R. (1975) High temperature crystal chemistry of fayalite.

TRACY ET AL.: MONTICELLITE MARBLE 999

Am. Mineral.. 60, 1092-1097.

Taylor, H. P. (1968) Oxygen isotope studies of anorthosites, with

particular reference to the origin of bodies in the Adirondack

Mountains, New York. In Y. W. lsachsen, Ed., Origin of

Anorthosite and Related Rocks N . Y. State M useum and Science

Service Mem. 18.
Thompson, A. B. (1976) Mineral reactions in pelitic rocks. I.

Predict ion of  P-T-X (Fe-Mg) re lat ions.  Am. J.  Sci . ,276,401-

424.
Ti l ley,  C.  E.  (1951) The zoned contact  skarns of  the Broadford

area, Skye: a study of boron-fluorine metasomatism in dolo-

mites. Mineral. Mag., 29, 640-643.
Val ley,  J.  W. and E.  J.  Essene (1977) Regional  metamorphic wol-

lastonite in the Adirondacks. Geol. Soc. Am. Abstracts with

Programs, 9, 326-327.
Walter ,  L.  S.  (1963) Exper imental  studies on Bowen's decarbona-

tion series. I. P-7 univariant equilibria of the "monticellite" and

"akermanite" reactions. Am. J. Sci.,261, 488-500.

Warner,  R.  D.  and W. C. Luth (1973) Two-phase data for  the jo in

monticellite (CaMgSiOr)-forsterite (MgrSioo): experimental re-

sul ts and numerical  analysis.  Am. Mineral . ,  J8,998-1008.

Wi l lemse, J.  and J.  J.  Bensch (1964) Inclusions of  or ig inal  carbon-

ate rocks in gabbro and norite of the eastern part of the Bush-

veld Complex. Trans. Geol. Soc. South Africa,67, l-87.

Wood, B.  J.  (1975) The appl icat ion of  thermodynamics to some

subsol idus equi l ibr ia involv ing sol id solut ions.  Fortschr.  Min '

eral . ,  52,21-45.

Manuscript receiued, April 3, 1978; accepted

for publication, May 22, 1978.




