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ABSTRACT

The equilibrium chlorite = cordierite + forsterite +
spinel + H,0 has been determined experimentally using
a chlorite of composition Mg, 75Al, 5Si; 7505(OH)g. The
results are in agreement with existing experimental data on
the same reaction, where a chlorite of clinochlore compo-
sition [MgsALSi;0,,(OH)g] was used. A thermodynamic
analysis of the results includes a model describing the H,0
content of magnesian cordierite. The experimental data
from this and other related studies have been used to con-
strain the solution properties of aluminum exchange in
magnesian chlorite. The results of the thermodynamic
modeling have been used to identify mineral assemblages
in which the composition of chlorite should be useful as
a petrogenetic indicator. Comparison between predicted
composition and measured composition of natural chlo-
rite shows good agreement for most bulk compositions.
Chlorite is predicted to become more aluminous with
increasing temperature and decreasing pressure in assem-
blages found in metamorphosed ultramafic rocks (chlorite
- forsterite - talc or orthopyroxene) and pelitic rocks
metamorphosed at whiteschist-facies conditions (chlorite
- talc - quartz). In contrast, chlorite in metamorphosed
corundum-bearing rocks is predicted to become less
aluminous with increasing temperature and decreasing
pressure.

Keywords: experimental, thermodynamic, equilibrium,
chlorite, cordierite, aluminum, solution model.

SOMMAIRE

Nous avons déterminé la position de I’équilibre chlorite
= cordiérite + forstérite + spinelle + H,O expérimen-
talement en utilisant une chlorite de composition
Mg, 75Al sSiy 75010(OH)g. Les résultats concordent avec
les données expérimentales disponibles pour le méme équi-
libre impliquant la clinochlore, MgsAlLSi;04(OH)s.
L’analyse thermodynamique des résultats implique 1’&la-
boration d’un modéle pour décrire la teneur en eau de la
cordiérite magnésienne. Nos données expérimentales et cel-
les d’autres études pertinentes ont servi & bien définir les
échanges impliquant ’aluminium dans la solution solide
qu’est la chlorite magnésienne. Le modéle thermodynami-
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que peut servir & identifier les assemblages de minéraux dans
lesquels la composition de la chlorite pourrait étre un indi-
cateur pétrogénétique; une comparaison entre composition
prédite et composition mesurée de la chlorite naturelle mon-
tre une corcordance pour la plupart des compositions glo-
bales. La chlorite deviendrait de plus en plus alumineuse
4 mesure qu’augmente la température et que diminue la
pression dans les assemblages des roches ultramafiques
métamorphisées (chlorite - forstérite - talc ou orthopy-
rox&ne) et des roches pélitiques recristallisées dans le facies
des schistes blancs (chlorite - talc - quartz). Par contre,
dans les assemblages métamorphiques a corindon, la chlo-
rite deviendrait de plus en plus alumineuse avec une aug-
mentation en température et une diminution en pression.

(Traduit par la Rédaction)

Mots-clés: expérimental, thermodynamique, équilibre, chlo-
rite, cordiérite.

INTRODUCTION

Chlorite is present in rocks from many different
geological environments, which is a reflection of its
stability over a wide range in pressure, temperature
and bulk composition. There is great potential for
using the composition of chlorite to help understand
the metamorphic history of rocks; however, this
potential cannot be realized without quantitative
knowledge of the thermodynamic properties of this
complex solid-solution. Experimental phase-
equilibrium studies provide constraints on such
properties. There have been many studies published
that deal with the stability of chlorite; see Chernosky
et al. (1988) for a complete review. One of the impor-
tant exchanges that occurs in chlorite is the
magnesium-Tschermaks exchange, wherein the alu-
minum content of chlorite is sensitive to changes in
pressure, temperature and mineral assemblage. This
is perhaps most evident for magnesian chlorite,
which occurs in metamorphosed ultramafic rocks,
dolomites, high-pressure metapelitic rocks and high-
aluminum, corundum-bearing metamorphic rocks.
Experimental data have been published recently that
provide information for the aluminum exchange in
magnesian chlorite (Jenkins & Chernosky 1986);
however, additional experimental data are required.

Several solution models for chlorite have been pro-
posed in recent years (Walshe 1986, Stoessell 1984,
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Walshe & Solomon 1981), but all suffer from a lack
of data for calibration. Walshe (1986) built upon the
preliminary model of Walshe & Solomon (1981),
based on six components to describe the composi-
tion of chlorite, assuming ideal mixing for all but
one of the end-members; they calibrated their model
using the composition of natural chlorite from differ-
ent environments and locations. Stoessell (1984) used
six end-members in a five-component reciprocal solu-
tion and assumed regular site-mixing for chlorite at
25°C. To calibrate his model, he used the solubility
data of Kittrick (1982) and the standard-state proper-
ties of clinochlore derived by Helgeson et al. (1978).
He calculated four sets of chemical potentials for his
chosen end-members, based on different sets of
exchange energies, but was not able to select a
preferred set.

The purpose of this study was to provide addi-
tional constraints on the aluminum exchange in chlo-
rite by measuring the high-temperature breakdown
of magnesian chlorite to cordierite, forsterite, spinel
and H,O using a chlorite more aluminous than
clinochlore. This equilibrium was considered
appropriate because 1) it has been previously reversed
with a chlorite of clinochlore composition, and 2)
the properties of clinochlore as well as those of the
other phases involved are constrained from other
phase-equilibrium, calorimetric and crystal-chemical
studies.

EXPERIMENTAL METHOD AND RESULTS
Starting materials

An oxide mix was prepared from reagent-grade
chemicals in the molar proportions 4.75MgO :
1.25A1,0; : 2.758i0,. Periclase was prepared by
heating MgO (Fisher Certified Reagent, Lot #741694)
for approximately 24 hours at 1300°C, and cristoba-
lite, by baking silicic acid (Fisher Certified Reagent,
Lot #730944) for approximately 24 hours at 1300°C.
AlLO; was prepared by heating Al(OH);snH,O
(Fisher Certified Reagent, Lot #745229) at 400°C for
four hours, 700°C for one hour and 1000°C for one
hour; X-ray powder diffraction showed x-Al,O,
with no trace of corundum. The oxides were ground
under alcohol and dried in a vacuum furnace for
approximately 24 hours at 120°C before use.
Appropriate proportions were carefully weighed out,
and the mixture was ground for approximately two
hours under distilled water in an agate mortar. To
ensure homogeneity, the mixture was dried periodi-
cally and collected into the bottom of the mortar.
The resulting mixture was then dried and stored in
a desiccator.

Chlorite was synthesized from the oxide mix plus
approximately 25 wt.% distilled water in two steps,
4 kbars, 400°C, 7 to 10 days and 4 kbars, 700°C,
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14 to 18 days. The first step helped prevent extrane-
ous phases such as spinel and forsterite from nugleat-
ing, and the second produced the stable 14 A Iib
polytype. An X-ray peak at about 19° 26 (CuKw radi-
ation) indicated that there may have been a small
amount of a 7 A phase, formed during the low-
temperature step and persisting metastably through
the high-temperature step. A trace of spinel was iden-
tified optically, but it was not considered to signifi-
cantly affect the composition of the chlorite. The
amount of spinel was estimated to be less than 0.1%
by volume from the Comparison Charts for Visual
Estimation of Percentage Composition (Terry &
Chilingar 1955); using volumes of spinel and chlo-
rite of 40 and 210 ¢m?, the change in the chlorite
composition was calculated to be less than 0.01 atoms
of aluminum per formula unit.

The high-temperature assemblage (cordierite, for-
sterite and spinel) was synthesized at 2 kbars and
740°C for 14 days from the run products of earlier,
less successful syntheses of chlorite. No extraneous
phases were detected by either X-ray diffraction or
optical microscopy.

Experimental technique

All experiments were conducted in horizontally
mounted standard cold-seal pressure vessels of either
Stellite K-25 or René 41 alloys, with a thermocouple
mounted in an external thermocouple well. Each unit
was calibrated at temperatures between 300 and
800°C (1 atmosphere). Temperature gradients were
found to be less than +1°C over the 3-cm length
of the sample position. Temperatures were controlled
to within + 1°C using fully proportional controllers,
and precise daily measurements were made using
either a temperature-compensated digital thermom-
eter with a resolution of 1°C or a potentiometer with
an estimated resolution of 0.1°C. Temperatures were
not monitored continuously, but measurements were
taken at different times of day to avoid possible sys-
tematic differences. None were noted. Quoted tem-
peratures are the means of the daily measurements
(corrected by the calibration determinations); the
associated errors were determined by adding two
standard deviations of the daily measurements, gra-
dient uncertainties and an estimated 3°C for uncer-
tainty in thermocouple calibration.

The pressure medium was either methane or dis-
tilled H,O. Measurements were made every one to
three days, usually daily, with either an Ashcroft
Maxisafe gauge, with a resolution of 15 bars, or a
Heise Bourdon tube gauge with a resolution of 5
bars. All gauges were checked periodically against
a factory-calibrated Heise gauge to ensure accuracy.
Experiments with pressure drops of more than 3%
were discarded. The quoted pressures are the means
of the measurements, and the associated errors are
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sums of two standard deviations plus an estimated
20 bars for gauge accuracy.

The starting materials for most of the reversal
experiments were made of two mixtures of reactants
and products: 15-20 wt.% of the reactants plus
80-85 wt.% of the products, and 80-85 wt.% of the
reactants plus 15-20 wt.% of the products. For some
of the experiments, the starting materials consisted
of either 100% chlorite or 100% cordierite + for-
sterite + spinel. In runs that used the mixtures as
starting materials, two gold capsules were loaded into
a single pressure vessel, one with the first mixture,
and the other with the second mixture. Each cap-
sule contained 10 to 20 mg of either mixture plus
approximately 25 wt.% distilled H,O. The experi-
ments were brought to temperature in about one half
hour and stabilized within two hours. Quenching was
accomplished by placing the vessel into a cooling
jacket and blowing compressed air around the ves-
sel; the temperature dropped to less than 100°C
within five minutes. The remaining pressure was
réleased, and the capsules were removed, weighed,
punctured, dried, reweighed and then opened for
examination. Only runs that showed no weight loss
during the experiment were used. Run products were
examined optically and by X-ray diffraction, and if
complete reaction had not occurred, the direction of
reaction was determined by examining X-ray diffrac-
tograms and analyzing peak-height ratios. Estimated
changes in peak heights of at least 30% for chlorite
and lesser but opposite amounts for cordierite, for-
sterite and spinel were taken as an unequivocal indi-
cation of reaction. Experiments that resulted in lesser
changes were considered indeterminate. Misinterpre-
tation of reaction direction due to changes in the
amount of the possible 7 A phase was avoided by
using the peak-height ratios.

Phase characterization

All solid phases were identified by optical proper-
ties, morphology, and X-ray powder patterns. Chlo-
rite was characterized by bulk index of refraction and
by a unit-cell refinement from powder-diffraction
data. Precise characterizations of cordierite, for-
sterite and spinel were not considered necessary, as
their X-ray patterns and optical properties were
found to be consistent with published data.

Chlorite was found to occur as fine-grained
aggregates of crystals ranging in size from <1 to 2
pm. The bulk index of refraction was bracketed
between 1.572 and 1.580 in white light, which com-
pares well with an index of 1.576 listed in Tréger
(1979, p. 116-118). The cell parameters were calcu-
lated by making four X-ray powder-diffraction
scans, two with increasing 26 and two with decreas-
ing 28, with silicon metal (@ = 5.4305 A) as an inter-
nal standard, CuKe radiation and a scan rate of
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TABLE 1. X~RAY POWDER-DIFFRACTION DATA AND REFINED CELL
PARAMETERS FOR SYNTHETIC CHLORITES

Synthetic Synthetic

cifl’grixe‘ clinochlore3
Bkl doue dose W/100°  douy
001 14.234 ———— - 14,132
002 7.117 o - 7.135
003 4,745 4752 - 4.757
020(7) 4.596 4.592 40 o
110 4576 ——— - 4.588
111 4.500 4.501 30 4.493
021 4.374 4.384 4373
111 eae el -- 4242
111 4.226 4238 20 ———
112 4.053 4.055 20 ——-
022 3.861 3.862 15 3.883
112 3.674 ——— 20 3.674
004 3.558 3.560 - 3.572
00S 2.847 2.846 - 2.864
114 2,673 e e 2.691
201 2.654 2.653 15 2.656
202 2.580 2579 35 2.584
201 2539 2.538 100 2.540
203 2438 2437 80 2.441
006 2.380 2.376 2.385
204 2257 2258 35 2.260
205 2.258 2258 20 o
007 2.033 2.034 35 2.041
204 2.004 2.004 85 2.008
206 1.884 1.385 35 1.889
205 1.826 1.826 35 1.831
008 1779 1.781 10 e
207 L7117 oo - 1.724
206 1.665 - 15 1.671
208 1.568 1.568 55 1.573
060 1.532 1,532 70 1.539
0627 1.498 1.501 20 1.502
063 1.458 -—— - 1.463
119 1.448 - - 1.455
0010 1424 1.423 20 ———-
333 1.409 - -- 1412
208 1.397 1.397 50 1.402
a 5.317(1) 5.324(1)
b 9.192(2) 9.224(3)
3 14.34902) 14.420(5)
B 97°8°(1°) 97°6'(1°)
v 209.515(51) 211.535(84)

All values of d and cell parameters are given in A, except volume in cm®/mole.
1 This study
2 From Chernosky (1974).

3 Intensities are given relative to (201). The intensities of the first five orders of
the basal repeat are di in text.

14 °28/minute. The means of the peak positions were
calculated, and the corresponding d-values were
processed with the program of Appleman & Evans
(1973) to refine the unit-cell parameters. Observed
and calculated d-values and the refined parameters
are presented in Table 1. For comparison, the data
from Chernosky (1974) are shown for synthetic
clinochlore. Note that the cell dimensions and the
volume are smaller than those for clinochlore. Also,
the peak intensities of the basal repeats are not equal
to each other; the ratios of (001):(002) and (003):(004)
were measured to be 0.42 and 0.84. This may indi-
cate the presence of stacking disorder, but was not
considered in the following analysis.

The other solid phases were identifiable by their
morphology, indices of refraction and X-ray-
diffraction patterns. Cordierite occurs as hexagonal
prisms as large as 100 um in length. Spinel usually
occurs as euhedral octahedra less than 1 pm,
although a few grains of up to 2 um were noted. For-
sterite occurs as anhedral to euhedral grains of platy
habit and ranges in size from 1 to 20 um. X-ray-
diffraction patterns show no evidence of departures
from stoichiometry in any of these phases.
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TABLE 2, EXPERIMENTAL DATA FOR THE EQUILIBRIUM:
CHLORITE = CORDIERITE + FORSTERITE + SPINEL + H;0O

Run # P (bars) T ('C) Duration Results®
(hirs)

Chl-124b1  500(20)2 594(7)2 487  80% reaction to Chl
(Chl peaks diffuse)
Chl-130a,b 500(25) 605(5) 884  a,b - 80% to Chl
Chi-131a,b  500(25) 629(5) 884  a,b - no apparent reaction
Chi-120a,b  500(25) 633(6) 480  a,b - no apparent reaction
Chl-128a,b  500(20) 640(5) 516  10% to Cd + Fo + Sp
Chl-125b  1000(25) 644(5) 487  80% to Chl (Chl peaks diffuse)
Chl-129a 1000(30) 670(4) 520  30% to Cd + Fo + Sp
Chi-112a,b 1000(20) 673(5) 480 a - 10% to Cd + Fo + Sp;
b - 100% to Cd + Fo + Sp
Chi-121a,b  1000(20) 679(7) 482  a - no reactiont;
b ~ 100% to Cd + Fo + Sp
Chl-113a,b  1000(50} 692(5) 480 a,b - 100% to Cd + Fo + Sp
Chl-101 2000(50) 650(10) 480  appearance of Chl®
Chl-132a,b  2000(30) 704(5) 759 a -~ 20% to Cd + Fo + Sp;
b - 100% to Cd + Fo + Sp
Chl-114a,b  2000(50) 705(5) 480  a - no reaction%;
b - 100% to Cd + Fo + Sp
Chl-133a,b 2000(50) 719(5) 742 a,b ~ 100% reaction to Cd + Fo + Sp
Chl-115a,b 2000(50) 729(5) 480  a,b - 100% reaction to Cd + Fo + Sp
1 a represents 4:1 mixture (by weight) of and d b 41
of prod and
2 Numt in b errors in the last significant digit(s) of the quoted
values,
3 xx% the change in ratios of reactants to products.

4 The starting material was 100% chlorite.
8 The starting material was Cd + Fo + Sp.

Experimental results

Reversals of the equilibrium, 20 chlorite [Mg, ;5
A12.5Si2_75010(0H)8] =4 Cordierite + 35 fOI‘SteI'ite
+ 17 spinel + 80 H,O were made at pressures of
0.5, 1.0 and 2.0 kilobars. The conditions and results
of the experiments are listed in Table 2. The amounts
of reaction were estimated by averaging the changes
in peak-height ratios between chlorite and each of
the other solid phases. The results confirm those of
Chernosky (1974); he measured the same equilibrium
using a chlorite of clinochlore composition.
Although the reversals at 0.5 and 1.0 kbar are more
constraining than the data of Chernosky, there is no
significant displacement of the equilibrium.

The chlorite composition in this study was moni-
tored by checking the position of the (004) peak. No
shifts were found between starting materials and run
products. The variable water content of cordierite
was not measured because the quench rates were not
fast enough to prevent rehydration (the pressures and
temperatures of the experiments were outside the
“‘quenchable’ region of Medenbach ef al. 1980). The
degrees of disorder in spinel and cordierite were not
measured.

THERMODYNAMIC ANALYSIS

A thermodynamic analysis of the experimental
data was used to test for internal consistency of the
data and to calculate the thermochemical properties
of magnesian chlorite, with the data from this and
related studies. The free energies of the phases con-
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sidered were calculated with the equations of state,
reference-state properties and heat capacity and
volume coefficients from Berman (1988). Aluminum
substitution in orthopyroxene and disorder in spinel
were calculated as in Berman (1988), and the non-
stoichiometric behavior of cordierite was accounted
for as outlined below.

A model for the composition of cordierite

Calculation of the free energy of cordierite is com-
plicated by the disorder of aluminum and silicon on
the tetrahedral sites and a variable H,O content.
The contribution of disorder on the tetrahedral sites
to the free energy was estimated by adding 8 J/mol
to the reference-state third-law entropy (Berman
1988). There are several models that predict the
H,O content of cordierite as a function of pressure
and temperature (Newton & Wood 1979, Lonker
1981, Martignole & Sisi 1981), but none of them ade-
quately reproduces the available experimental data.
As part of this study, a new model was developed
that provides a better fit to the experimental data.

Crystal chemistry

The crystal chemistry of cordierite has received
considerable attention (Wallace & Wenk 1980,
Hochella ef al. 1979, Cohen et al. 1977, Meagher &
Gibbs 1977, Gibbs 1966), and will not be con-
sidered in detail here. Briefly, cordierite
(Mg,Al,Si;0,4nH,0) is a framework silicate made
of six-membered rings of Si-O and Al-O tetrahedra
stacked along the z axis. The rings are connected by
three tetrahedra that form channels that allow con-
stituents to pass through the structure. In the chan-
nels and between the rings are cavities where ions
and molecules may reside. Schreyer (1985) has given
an excellent review of cordierite chemistry, especially
fluid contents. For the purposes of this study, H,O
is the only channel-site species considered.

In order to develop a reasonable model to describe
the H,O content of cordierite, it is necessary to
know how H,O occurs in the mineral. The occur-
rence, position and orientation of H,O in cordierite
have been studied by a number of different authors
and methods: Aines & Rossman (1984): high-
temperature infrared absorption spectroscopy,
Carson et al. (1982): nuclear magnetic resonance,
Armbruster & Bloss (1981): infrared absorption spec-
troscopy, Hochella et al. (1979): high-temperature
single-crystal X-ray diffraction, Goldman &
Rossman (1977): infrared absorption spectroscopy,
Cohen et al. (1977): X-ray and neutron diffraction,
and Tsang & Ghose (1972): nuclear magnetic
resonance. All evidence indicates that H,O occurs
as molecular H,O and is positioned in the channel
cavities; however, it is likely that there is more than



ALUMINUM SUBSTITUTION IN MAGNESIAN CHLORITE

one position in the structure. Natural and synthetic
samples of cordierite have been found to have more
than one mole of H,O per unit formula (Leake
1960, Mirwald et al. 1979); if the only position is at
the center of the channel cavities (0,0,1/4), then the
water content would be limited to one mole per unit
formula. There is a possibility of H,0, substituting
for Si0,, but Cohen et al. (1977) found no evidence
for such substitution. The orientation of water has
been examined in many of the above studies. Most
authors have concluded that H,O exists in two
orientations: Type I, in which the H-H vector is
parallel to the z crystallographic axis, and Type 11,
in which the H-H vector is perpendicular to z (nota-
tion of Wood & Nassau 1967). In both types, the
H-O-H plane is in the y-z crystallographic plane.
There are some suggestions that the H,0 molecule
occurs in other orientations. Hochella et al. (1979)
found, using neutron-density maps, that H,O exists
in only one orientation, and that Type I and II orien-
tations are vector components of that orientation.
Cohen et al. (1977) also calculated neutron-density
maps, but interpreted the results to represent a space
average of four orientations. High-temperature
infrared absorption spectroscopy at one atmosphere
by Aines & Rossman (1984) shows that below 200°C
the H,O is structurally bound, but that at 400°C,
H,O begins to exhibit gas-like characteristics. The
spectra obtained indicate that both types of H,0O
exist to temperatures of 600°C.

Thermodynamic model for cordierite

Several models for calculating the H,O content of
cordierite have been proposed. Newton & Wood
(1979) and Lonker (1981) presented models that are
based on the assumption of ideal mixing of anhy-
drous and hydrous end-members; Newton & Wood
chose 1.2 moles of H,O for the hydrous end-
member, and Lonker chose 1.0. In addition, both
models incorporated the assumption that the volumes
of the two end-members are equal. Newton & Wood
fitted the model parameters to the experimental data
of Mirwald & Schreyer (1977). Lonker calibrated two
models: one to lower-pressure, cold-seal data, and
one to higher-pressure, piston-cylinder data. Neither
model is consistent with all of the experimental data,
and he did not choose between the models.
Martignole & Sisi (1981) presented another model
in which the behavior of corderite was compared
to that of zeolites. However, many of the data they
used to calibrate their model are from Schreyer &
Yoder (1964), and many of the higher-temperature
data are suspect because they lie outside the “‘quench-
able region’” shown by Medenbach et al. (1980).

An ideal, site-mixing model similar to those of
Newton & Wood (1979) and Lonker (1981) was
chosen to describe the composition of magnesian cor-
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dierite because the existing data are not precise
enough to warrant a more complex model. The
hydrous end-member was chosen to have 2.0 moles
of H,0, because water contents of up to 1.3 moles
per unit formula for synthetic cordierite (Mirwald
et al. 1979) and up to 1.6 moles for natural cordierite
(Leake 1960) have been reported. The following
equilibrium was used to describe H,O contents in
cordierite:

Mg2A14Si5018 + 2 Hzo =
Mg2A14Si5018 . 2H20 (1)

The change in free energy for this equilibrium can
be expressed as

AG(P,T) = AGYP,T) + RTInK @

where AGY(P, T) is the standard-state change in free
energy of the reaction, and X is the equilibrium cons-
tant for equation (1). If ideal site-mixing in a binary
system and a pure vapor phase are assumed, then,

rd
RTInK = 2RTIn “"rd 3
1- crd

where x99 refers to the mole fraction of the
hydrous cordierite end-member in cordierite.

The free energy of H,O was calculated using the
Haar ef al. (1984) equation of state, and the heat
capacity of anhydrous cordierite was taken from
Berman & Brown (1985). The heat capacity of
hydrous cordierite was estimated using the predic-
tive model of Berman & Brown (1985) and adding
the heat capacity of H,O to that of anhydrous cor-
dierite. Volumes of the cordierite end-members were
assumed to be independent of pressure and temper-
ature. Reference-state enthalpy, entropy and volume
of reaction were then fitted to the existing experimen-
tal data.

Experimental data for H,O in cordierite

There are many experimental data available that
give the water content of Mg-cordierite as a func-
tion of pressure and temperature (Gunter 1977,
Duncan 1982, Mirwald et al. 1979, Mirwald &
Schreyer 1977, Holdaway 1976, Newton 1972,
Schreyer & Yoder 1964). The data chosen to calibrate
the model here are from Mirwald et al. (1979) and
Duncan (1982). The other data were not used because
of uncertainties in either the experimental or ana-
Iytical techniques used in those studies. Problems
with the experimental and analytical techniques, such
as rehydration on quench and analytical uncertainty,
are discussed in some detail by Lonker (1981).



864

Phase-equilibrium data may be expressed as in-
equalities; the free energy of reaction is greater than
zero when the reactants are stable and less than zero
when the products are stable. The experimental data
of Duncan (1982) are reversed and can easily be cast
as such inequalities; adjustments to the quoted pres-
sures, temperatures and compositions were made
using assumed errors of +20 bars, +10°C and
+ 10%. The data of Mirwald ef al. (1979) are given
as “‘equilibrium’’ compositions, although inherently
they represent bracketing compositions. In order to
test these data for internal consistency, each point
was split arbitrarily into upper and lower brackets.
As the data were presented graphically, estimates
were made of the pressures and temperatures of the
experiments, and errors in pressure and temperature
were assumed to be =3% and +10°C. Composi-
tions were adjusted using the relative error, quoted
as +6%.

Results

The adjusted experimental data were first tested
for internal consistency, and then used to calculate
internally consistent enthalpies, entropies and
volumes for the two end-members, using the tech-
nique of mathematical programming (Berman ef a/.
1986). With the assumed model and errors quoted
above, we found the data of Mirwald et al. (1979)
to be internally inconsistent. Expanding the errors
in pressure and temperature had only small effects

- -
N L3
L 1

-
o
1

Pressure (kbar)

T
0 200

1 1
600 800 1000 1200

Temperature (°C)

FiG. 1. Isopleths of cordierite; n(H,0) represents the num-
ber of moles of H,0O per 18-oxygen unit formula. The
dashed and bold lines are calculated from properties der-
ived using the heat capacity of ‘‘zeolitic water’’ and
steam, respectively, to estimate the heat capacity of
hydrous cordierite. The dotted line shows the range of
experimental P-7-X data used in the analysis.
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TABLE 3. DIFFERENCES IN ENTHALPIES, THIRD-LAW ENTROPIES AND
VOLUMES FOR ANHYDROUS AND HYDROUS CORDIERITE

ENDMEMBERS *
AH (P, T, A8 (P, T) AV (P,T,)
(3/mol) (J/mol/K) (cm3/mol)
-563493.8 156.665 23.066

* (Mg2ALSigO15 + 2H0 - Mg,ALSIs01s)

in resolving the inconsistencies; however, by relax-
ing the errors in composition to =+ 10% (pressure and
temperature errors remaining +3% and +10°C), a
feasible solution to the set of constraining inequali-
ties was obtained. The larger error in composition
is probably justified because the analytical error was
quoted as relative error, and the error may have been
greater for individual measurements.

The heat capacity of the hydrous end-member was
estimated in two ways: firstly, by adding the heat
capacity of “‘zeolitic’’ water from Berman & Brown
(1985) to that of anhydrous cordierite, and secondly,
by adding the heat capacity of steam. Both models
are consistent with the data, but they diverge beyond
the pressure and temperature range of the experimen-
tal data. Figure 1 shows the calculated isopleths of
cordierite using the two models. Note that at low
temperatures the isopleths calculated from the
models show changes in slope. There is some evi-
dence that this behavior is real and not merely a
numerical artifact of the models; Schreyer (1985)
showed a diagram in which the same behavior was
observed in an experimental study where the H,O
content of cordierite was measured at low tempera-
tures (Jochum et al. 1983). At low temperatures, the
model using the heat capacity of ‘‘zeolitic water’’
may be more reasonable; however, the estimate of
heat capacity using steam is preferred for the fol-
lowing reasons: evidence from the high-temperature
infrared absorption study of Aines & Rossman (1984)
indicates that H,O exists in cordierite, at least
partly, in a gas-like state at temperatures above
400°C (at one atmosphere); the heat capacity of
“zeolitic>® water is calculated from calorimetric data
for analcime to temperatures of 400°C, whereas the
lower limit of the cordierite hydration data is 500°C.

Mirwald (1982) presented evidence of a non-
quenchable phase transition in anhydrous cordierite,
which may affect the H,O content of cordierite.
Dynamic experiments were conducted in a piston-
cylinder apparatus, and discontinuities were found
in the piston-pressure versus displacement curves,
which he interpreted to be the result of a phase tran-
sition. He predicted the transition to be at 2.2 kilo-
bars, 25°C and at 8.8 kilobars, 900°C. The effects
of the phase transition were tested by including high-
pressure polymorphs of anhydrous and hydrous cor-
dijerite in the model. Smaller errors in composition
of =+ 8% were sufficient to fit the data successfully
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with this model; however, we chose the simpler
model because the differences in calculated compo-
sitions between the two models were small,

The final stage of modeling consisted of calculat-
ing a set of thermochemical properties for reaction
(1). The errors used for all the chosen experimental
data were +3%, +10°C and +10% in pressure,
temperature and composition, and heat-capacity
coefficients for hydrous cordierite were estimated
using steam. Ranges in internally consistent ther-
mochemical properties were calculated by maximiz-
ing or minimizing the values for each property, and
the final properties were chosen as the midpoints of
those ranges.

The differences in reference-state enthalpies,
entropies and volumes for the two end-members are
given in Table 3. Isopleths of cordierite calculated
from equation (2) with the data in Table 3 are shown
in Figure 2. Also shown, for comparison, are
isopleths calculated using the model of Newton &
Wood (1979). At pressures above 6 kilobars, the
models are in fair agreement, but at lower pressures,
their model predicts H,O contents that are approxi-
mately half the values predicted with this model (Fig.
2).

A MODEL FOR THE COMPOSITION
OF MAGNESIAN CHLORITE

Crystal chemistry

The crystal chemistry of chlorite has been reviewed
recently by Bailey (1988) and will not be described
in detail here. Briefly, the structure of 14-A chlorite
is made up of alternating 2:1 (talc-like) and inter-
layer (brucite-like) sheets. The 2:1 sheet is made up
of tetrahedra and octahedra and has an ideal com-
position of (R2*,R3*),(Si, ,R** )O,o(OH),, and the
interlayer is made up of octahedra and has the ideal
composition (R?*,R>*),(OH);. The overall formula
may  be approximated by (R * 6oy
R )(Siy R )O,o(OH), (Bailey 1980). In the
formula unit, there are six octahedrally coordinated
sites, three in the interlayer sheet and three in the
2:1 sheet, and four tetrahedrally coordinated sites,
all in the 2:1 sheet. The 2:1 sheets have a net nega-
tive charge, resulting from the replacement of sili-
con by aluminum, and the sheets of octahedra have
a net positive charge, resulting from the replacement
of a divalent ion with a trivalent ion.

The distribution of atoms among the sites in chlo-
rite is not well known. There is some evidence from
refinements of single-crystal X-ray and neutron-
diffraction data for IIb and Ia chlorites (Rule &
Bailey 1987, Bailey 1986, Joswig ef al, 1980, Phillips
et al. 1980, Brown & Bailey 1963, Steinfink 1958,
1961), NMR studies (Thompson 1984), calculations
of electrostatic energy (Bish & Giese 1981), and com-
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Fic. 2. Water contents of magnesian cordierite in
equilibrium with H,O as a function of pressure and
temperature. The isopleths are labeled with the num-
ber of moles of H,O (n) per 18-oxygen unit formula.
The bold lines are calculated from the data in Table 3,
and the dotted lines are calculated using the model of
Newton & Wood (1979).

positional and charge-balance constraints (Foster
1962). Nemecz (1981, p. 240) reported that the con-
centration of aluminum in the tetrahedral sites attains
70% in T, and 20% in T, However, Rule & Bailey
(1987) summarized existing data and predicted that
the tetrahedrally coordinated cations, as well as the
octahedrally coordinated cations in the 2:1 layer, are
disordered in IIb chlorite in most cases. They also
pointed out that existing data suggest that the octa-
hedrally coordinated cations of the interlayer sheets
are at least partly ordered, with a trivalent cation in
the centrosymmetric site M(4).

There are 12 possible polytypes of the trioctahedral
chlorite structure, based on geometrical arguments
(Brown & Bailey 1962). However, approximately
80% of natural samples contain the IIb polytype
(Brown & Bailey 1962), indicating that it is the most
stable of the possible polytypes. Very little stacking
disorder was found by Spinnler ef al. (1984); they
used single-crystal X-ray methods, high-resolution
transmission electron microscopy and electron
diffraction to study the stacking sequence of a
natural chlorite close to clinochlore in composition.

Thermodynamic model for magnesian chlorite

Solution properties of magnesian chlorite were
modeled using the end-members MggSi,O,,(OH),
(Chls) and (Mg,AL)(ALSi;)0,0(OH); (Coph),
chosen to span the compositional range of natural
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chlorite compiled by Foster (1962): 1.2 to 3.2 Al
atoms per 18-oxygen formula unit (n,). Molar
volumes of the end members at 298 K and 1 bar were
estimated by linear extrapolation from the clino-
chlore volume of Berman (1988) using the volume
data of Jenkins & Chernosky (1986); coefficients for
the volume function of Berman (1988) were assumed
to be those of clinochlore. The method of Helgeson
et al. (1978) was used to estimate end-member
reference-state entropies and heat-capacity coeffi-
cients using clinochlore, periclase and corundum
properties from Berman (1988). Thermochemical
properties for all other phases are those of Berman
(1988).

The enthalpies of the end members were fitted to
experimental data for the following equilibria (using
enstatite with a 3-oxygen formula):

5 Coph = Cordierite + 5 Forsterite +
8 Spinel + 20 H,O 4)

5 Chls + 2 Cordierite = 30 Enstatite +
4 Spinel + 20 H,0O )

1 Coph + 8 Enstatite = 1 Cordierite +
5 Forsterite + 4 H,O (6)

The technique of mathematical programming
(Berman et al. 1986) was used to calculate the ther-
mochemical properties of the chlorite end-members
from the experimental data of this study and of
Chernosky (1974) for reaction (4), and the data of
Jenkins & Chernosky (1986) for reactions (5) and (6).
Other experimental data used by Berman (1988) to
derive the properties of clinochlore were not included
here because of uncertainty in the composition of

TABLE 4, THERMODYNAMIC PROPERTIES OF MAGNESIAN CHLORITE

END-MEMBERS
AH, (298,1)F S (298,1)2 V (298,1)%
(J/mol) (3/mol/K) (3/bar)
Chls ~8720000.00 445.0 21.377
Coph ~9014400.16 4250 20917

Heat capacity coefficients for the functiion,
Comkgs kT %k, T80 k,T7°

ko ky kg ks
Chls 1225.8 ~11589 1590803 -1386186496
Coph 1202.7 ~1084S ~1590803 -~1126319872

Yolume function coefficients for the function,

yrr
Cwaio LA ViR P v(T-T,)

Vm. *
vy Vs
(108) %)
Chls -0.18195 2.64515
Coph -0.18195 264515

Chls is the aluminum-free chlorite endmember (MggSigO16(0OH)g).
Coph is the al chlorite endmember (Mg,AlSizOy0(OH)g).
1 Enthalpy of formation from the elements at 298 K and 1 bar,
2 Third-Law entropy at 298 K. and 1 bar.
8 Volume at 298 K and | bar.
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the chlorite in the experiments. Jenkins & Chernosky
observed that the chlorite in their experiments
became more aluminous than clinochlore (ny,=2.0)
at temperatures above 600°C, and reached ny =2.4
at chlorite breakdown. Consequently, the modeling
was carried out with the composition of chlorite con-
strained to be between 2.0 and 2.4 ny, for the data
of Jenkins & Chernosky (1986) and between 2.4 and
2.5 n,, for the data of this study.

Ideal mixing of aluminum in chlorite was modeled
in the following manner. The six octahedral sites of
the chlorite structure were divided into two groups,
denoted as four M1 and two M2 sites, and the four
tetrahedral sites were divided into two 71 and two
T2 sites. The following equations were used to cal-
culate the activities of the end-members:

o= AR (AR’ ™
aChn = (e ey’ ®

where oS, and oS, are the activity of Coph and
Chls in chYorite, respectively, x%,’{lg is the atomic frac-
tion of magnesium on M1 (assumed equal to one),
x¥2(n,/4) is the atomic fraction of aluminum on
M2, and x}2 [ny,~4)/2] is the atomic fraction of
Mg on M2 (n is the number of atoms of Al or Mg
per formula unit). This model incorporates the
assumptions that aluminum mixes on only two of
the six octahedral sites and that there is coupled sub-
stitution of aluminum on the tetrahedral site. These
assumptions were considered appropriate because,
on the basis of crystal-chemical evidence, it is not
likely that mixing occurs on all of the octahedral
sites; it seems most reasonable to assume that, owing
to charge-balance constraints, there is coupled sub-
stitution of aluminum on the tetrahedral site.

Analysis of the experimental data led to enthal-
pies of formation (298 K, 1 bar) for the Al-free end
member (Chls) of approximately -8760 + 5 kJ/mole.
This enthalpy was considered to be unreasonable
because the Al-free chlorite would be more stable
than chrysotile {the low-temperature phase with the
same formula), with a corresponding enthalpy of
-8726 kJ/mole. Several other activity models were
tested in an attempt to decrease the calculated sta-
bility of Chls, and the results showed that the fitted
enthalpy was not sensitive enough to different models
based on ideal mixing. The maximum contribution
from ideal mixing was calculated by assuming mix-
ing on all of the octahedral sites and all of the tetra-
hedral sites (no coupled substitution); however, this
made a difference in the calculated enthalpy of Chls
of only about + 5 kJ/mole. Therefore, the Al-free
chlorite end-member was constrained to be less stable
than chrysotile at 25°C and 1 bar, and a symmetri-
cal, non-ideal excess free-energy term was fitted to
the experimental data (using the original activity
models).
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RESULTS

The final fitted properties of the two chlorite end-
members are listed in Table 4. They reproduce all
the experimental data within their uncertainties,
using the activity model above and an excess free-
energy parameter of -121.2 kJ/mole. These proper-
ties were used to calculate stable mineral assemblages
and chlorite composition using the program
THERIAK (DeCapitani & Brown 1987); ther-
modynamic data for all other phases were taken from
Berman (1988). The composition of cordierite was
calculated with the model presented above, and that
of orthopyroxene was approximated using a site-
mixing model between the enstatite and magnesium-
Tschermaks end members. All other phases were
considered to be stoichiometric. Comparisons
between calculated equilibria and constraining
experimental data are shown in Figures 3 and 4,
where the calculated breakdown composition of
chlorite is shown as ny;. Figures 5 and 6 show com-
parisons between the experimental data of Jenkins
& Chernosky (1986) and the predicted temperature-
dependence of chlorite composition at 3 and 14
kbars. The model results predict the same trends seen
in the experimental data, and there is good agree-
ment at temperatures near the breakdown of chlo-
rite. At 3 kbars the calculated compositions agree
well with the experimentally determined values for
starting compositions of 2.4 and 2.8 n,;, and there
is fair agreement for a starting composition of
clinochlore (2.0 n,)). At 14 kbars and lower temper-
atures, the experimentally determined compositions
are slightly more aluminous than clinochlore, the
predicted composition. However, the experiments
were mainly synthesis experiments, and the chlorite
compositions may not represent equilibrium.

DiscussioN

Magnesian chlorite occurs in a number of differ-
ent metamorphic rocks, such as metamorphosed
ultramafic rocks, metadolomites, high-pressure
metapelitic rocks and corundum-bearing meta-
morphic rocks. Of course, there are many occur-
rences of chlorite in metamorphosed pelitic rocks;
however, the solution properties of iron-magnesium
chlorite are not well known, and we will not discuss
them in this paper. The aluminum content of magne-
sian chlorite depends on pressure, temperature and
bulk composition, and the calculations summarized
below explore quantitatively the effect that these vari-
ables have on chlorite composition. The results iden-
tify those assemblages in which the composition of
chlorite should be useful as a petrogenetic indicator
and also indicate which assemblages warrant atten-
tion in future field and experimental studies.
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FiG. 3. High-temperature stability of magnesian chlorite
from 1 bar to 10 kbars, calculated from the data in Table
4. Open squares represent constraining experiment
reversals in which chlorite is stable with respect to for-
sterite + spinel + cordierite or orthopyroxene. Filled
squares represent experimental reversals where chlorite
is unstable. The constraining data from this study are
plotted for the low-pressure reaction chlorite = cor-
dierite + forsterite + spinel + H,O; other data at
higher pressure are from Jenkins & Chernosky (1986).
All experiments are plotted with nominal pressures and
temnperatures; no adjustments were made for errors.
Numbers beside circles on the PT curves give the cal-
culated breakdown composition of chlorite in terms of
aluminum atoms per 18-oxygen unit formula (ny)).
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FiG. 4. Stability of magnesian chlorite + cordierite or
orthopyroxene from 1 bar to 10 kbars. These two
equilibria complete the invariant point of Figure 3. Sym-
bols and abbreviations as in Figure 3. Plotted
experimental data are from Jenkins & Chernosky (1986).
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FiG. 5. Comparison of predicted versus measured chlorite
compositions at 3 kbars. Solid lines connect calculated
compositions, and dashed lines connect measured com-
positions (Jenkins & Chernosky 1986). Starting com-
positions are the initial composition (n,;) of chlorite
for both calculated points and measured data. n,, is
the number of aluminum atoms per 18-oxygen formula
unit of chlorite.
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Fi1G. 6. Comparison of predicted versus measured chlorite
compositions (Jenkins & Chernosky 1986) at 14 kbars.
Lines, data and ny, as in Figure 5.

An example of stable assemblages and chlorite
composition is shown in Figure 7, calculated for
600°C and 3 kbars in the chemical system MgO-
Al,0;-Si0,-H,0. Note that in the model system,
the aluminum content of chlorite is fixed for a given
pressure and temperature, when it is in equilibrium
with two other solid phases. Four bulk compositions
(points A-D on Fig. 7) were chosen to give three-
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phase mineral assemblages representative of the
above rock-types, and to show how predicted com-
position of chlorite changes with pressure and tem-
perature for low-, intermediate-, and high-aluminum
assemblages. Details of the calculations for each bulk
composition are discussed separately below, and
comparisons are made with data from natural as-
semblages. Equilibration temperatures and pressures
for each of the natural assemblages were taken from
the estimates of the original work if available, or else
from phase relations calculated with the GEO-CALC
program (Brown et al. 1988), using ideal site-mixing
to account for Fe-Mg mixing in the minerals.

Bulk composition A

Chlorite is buffered to its lowest aluminum con-
tent in assemblages found in metamorphosed ultra-
mafic rocks. Bulk composition A (Fig. 7) results in
such assemblages. The predicted stable assemblages
are chlorite + forsterite plus, with increasing tem-
perature, antigorite, talc, anthophyllite, and ensta-
tite. In all cases, the composition of the chlorite is
predicted to become more aluminous with increas-
ing temperature and less aluminous with increasing
pressure (Fig. 8).

The four predicted phase-assemblages are
observed in metamorphosed ultramafic rocks,
although chlorite compositional data were located
only for the three highest-temperature assemblages.
Frost (1975) reported the composition of chlorite
coexisting with forsterite - talc, forsterite -
anthophyllite and forsterite - orthopyroxene (points
b, ¢ and d on Fig. 8) from the Paddy-Go-Easy Pass
area of Washington. Using his estimate for P(H,0)
of 2 to 3 kbars, the upper-temperature limit of the
forsterite - talc assemblage is approximately
650-660°C, the forsterite — anthophyllite assemblage
is stable between 650° and 700°C, and the forsterite
— orthopyroxene assemblage is stable with chlorite
from 700°C to chlorite breakdown at about 720°C
(assuming pure H,O in the vapor phase). The
plotted data show wider ranges in temperature,
reflecting the effects of possible reduction in the
activity of water [estimated a(H,O) between 0.7 and
1.0]. Both Trommsdorff & Evans (1969) and Arai
(1975) reported the composition of chlorite coexist-
ing with olivine and orthopyroxene. Trommsdorff
& Evans estimated conditions of equilibration of
about 600°C and 4 kbars for their samples from the
Lepontine Alps (point a on Fig. 8), indicative of low
activity of H,O stabilizing orthopyroxene relative to
amphibole or talc. Arai estimated metamorphic con-
ditions of 700°C and 2.5 kbars (point ¢ on Fig. 8).
The predicted increase in the aluminum content of
chlorite is well documented in the natural chlorite,
although the model predictions are shifted to a
slightly higher content of aluminum.
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FiG. 7. Chemographic diagram of stable assemblages, projected from pure H,O and
calculated for 600°C and 3 kbars. Stars labeled A-D represent the bulk composi-
tions that are discussed in the text. Shaded areas are two-phase fields; there are
also small two-phase fields of cordierite -~ chlorite and corundum - chlorite.
Abbreviations Ath anthophyllite, ASK aluminosilicate, Bre brucite, Cd cordierite,
Chls Al-free chlorite end-member, Cln clinochlore, Coph Al-chlorite end-member,
Cor corundum, Dsp diaspore, En enstatite, Fo forsterite, Per periclase, Qtz quartz,

Sp spinel, Tc talc.

Bulk compositions B and C

Magnesian chlorite is buffered to an intermediate-
aluminum content in assemblages found in metamor-
phosed dolomites, peridotites and high-pressure
pelitic rocks. Bulk composition B (Fig. 7) results in
an assemblage representative of the first two rock
types, and C (Fig. 7) results in an assemblage
representative of the last. Two assemblages are
predicted for bulk composition B: chlorite - brucite
- spinel and, at higher temperature, chlorite -
forsterite - spinel. Because no data were found for
the lower-temperature assemblage, only the behavior
of the higher-temperature assemblage is shown in
Figure 9. In contrast to the results summarized above
for bulk composition A, the model predicts only a
slight variation in chlorite composition with increas-
ing pressure and temperature. The assemblage chlo-
rite - talc - quartz is predicted for bulk composi-
tion C, and its high-temperature stability is limited
by the breakdown of chlorite + quartz (520°C, 1
kbar; 660°C, 8 kbars). In contrast to the results from
the other intermediate-aluminum assemblage (chlo-
rite ~ forsterite - spinel), chlorite composition
becomes more aluminous with increasing tempera-
ture and less aluminous with increasing pressure (Fig.
10).

The compositions of natural chlorite reported for
the chlorite - forsterite ~ spinel assemblage are scat-
tered, and there are no apparent trends with tem-
perature or pressure. The predicted composition of
chlorite agrees well with two chlorite compositions
reported by Lieberman & Rice (1986), point b on
Figure 9, as part of their study of the Seiad ultra-
mafic complex in California. The samples were taken
from chloritic blackwall rocks and marbles, where
the estimated metamorphic conditions were
760-800°C and 7-8 kbars. The agreement between
predicted values and those reported in other studies
is less promising. The rock types and the estimated
pressures and temperatures are: Frost (1975),
metaperidotite, 3 kbars, 670-720°C; Bucher-
Nurminen (1981), metadolomite, 7.5 kbars,
760-800°C; Arai (1975), metamorphosed ultramafic
rocks, 2.5 kbars, 670-720°C; Bucher-Nurminen
(1982), metadolomite, 5 kbars, 605-690°C; Rice
(1977),. metacarbonates, 1 kbar, 495-630°C. For
these examples, the predicted composition of chlorite
is more aluminous than the measured composition;
whereas there may be uncertainty in the pressure and
temperature estimates of the field studies, discrepan-
cies would remain because the predicted composi-
tions are not sensitive to pressure and temperature.
Further study is necessary to resolve the differences
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FiG. 8. Predicted composition of magnesian chlorite for
low-aluminum bulk composition A (see Fig. 7). Thick
lines are isobars labeled from 1 to 8 kbars. Stable
mineral assemblages are separated by the fine lines;
boxes a - e show the compositions of natural chlorite
at estimated pressures and temperatures. Box a:
Trommsdorff & Evans (1969), chlorite - forsterite -
enstatite, 4 kbars. Box b: Frost (1975), chlorite - for-
sterite - talc, 3 kbars. Box c: Frost (1975), chlorite -
forsterite — anthophyllite, 3 kbars. Box d: Frost (1975),
chlorite — forsterite - enstatite, 3 kbars. Box e: Arai
(1975), chlorite - forsterite - enstatite, 2.5 kbars. Atg
antigorite, Chl chlorite, all other abbreviations defined
in Figure 7.

between measured and predicted compositions.

The assemblage chlorite - talc - quartz has been
identified in pelitic rocks that have been metamor-
phosed under whiteschist-facies conditions (high
pressure and low temperature), and it is stable up
to the breakdown of chlorite + quartz. Chopin
(1981) reported compositions of chlorite from chlo-
rite ~ talc - quartz - phengite assemblages found in
the Western Alps, where the estimated pressure and
temperature were 4-6 kbars and 450-490°C. This
assemblage has been reported also by Abraham &
Schreyer (1976), in their study of a piemontite schist
from Serbia, Yugoslavia. Rough estimates of 9-12
kbars and 450-640°C were made for the ranges of
metamorphic pressure and temperature, using the
stabilities of the assemblages talc - muscovite and
chlorite - quartz for the low- and high-temperature
limits (¢f. Fig. 6 in Abraham & Schreyer). The model
predicts values that are in reasonable agreement with
the measured values (Fig. 10).

Bulk Composition D
Chlorite is buffered to its highest aluminum con-

tent in rocks containing corundum. The predicted
assemblages for bulk composition D (Fig. 7) are, with

THE CANADIAN MINERALOGIST

30 1 X s y 1
1-8 kbar i
2.6 \\:b 2)
1 1 ﬂ;: -3
4 LS =——=Ki a L
— 22 [F——) |=d
<
| =g
1.8 o
Chl+Fo+Sp+V
1.4 -
1.0 T T T T T
300 400 500 600 700 800 900

Temperature (°C)

F1G. 9. Predicted composition of magnesian chlorite for
intermediate-aluminum bulk composition B (see Fig. 7).
Lines are isobars labeled from 1 to 8 kbars, and boxes
a —f show the compositions of natural chlorite at esti-
mated pressures and temperatures. Box a: Frost (1975),
3 kbars. Boxes b: Lieberman & Rice (1986), 7.5 kbars.
Box c: Bucher-Nurminen (1981), 4 kbars. Box d: Arai
(1975), 2.5 kbars. Box e: Bucher-Nurminen (1982), 5
kbars. Boxes f: Rice (1977), 1 kbar. Abbreviations as
in previous figures. The assemblage chlorite - forsterite
spinel is metastable with respect to chlorite - brucite
~ spinel at temperatures below approximately 530°C at
1 kbar and 630°C at 8 kbars.
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Fic. 10. Predicted composition of magnesian chlorite for
intermediate-aluminum bulk composition C (see Fig.
7). Lines are isobars labeled 1 to 12 kbars; boxes a and
b show compositions of natural chlorite at estimated
pressures and temperatures. Boxes a: Chopin (1981),
4-6 kbars. Box b: Abraham & Schreyer (1976), 9-12
kbars. Abbreviations as in previous figures.
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increasing temperature, chlorite - diaspore - spinel,
chlorite - corundum - spinel, and chlorite - spinel
- cordierite or enstatite. The lower-temperature
assemblage is stable up to 400°C at 3 kbars, 480°C
at 8 kbars, and is not considered here. The as-
semblage chlorite - corundum - spinel is limited at
higher temperatures by the stability of chlorite +
corundum (see Fig. 11). The predicted composition
of chlorite becomes less aluminous with increasing
temperature and decreasing temperature (Fig. 11).
This behavior is opposite to that predicted for ultra-
mafic assemblages. Two other chlorite-bearing
assemblages are predicted to be stable in aluminous
bulk compositions: chlorite - corundum -
aluminosilicate - H,O and chlorite - corundum -
cordierite ~ H,O. The predicted compositions
(2.6-2.8 ny) show little dependence on pressure and
temperature.

Chlorite composition from corundum-bearing
rocks has been reported by Oliver & Jones (1965) and
Schreyer et al. (1981). Oliver & Jones reported the
composition of a chlorite coexisting with corundum
and sapphirine and estimated metamorphic pressures
and temperatures of 1.4 kbars and 500-700°C. The
predicted composition of chlorite (using the assem-
blage chlorite ~ corundum -spinel) is similar to that
measured by Oliver & Jones (Fig. 11). A more direct
comparison could not be made because the ther-
modynamic properties of sapphirine are not well
known. Schreyer ef al. reported the composition of
a chlorite (ny, = 2.48) coexisting with corundum -
andalusite - fuchsite, and estimated metamorphic
pressures and temperatures of 2-3 kbars and
400-500°C. Using the estimated pressures and tem-
peratures, the calculated n,, for chlorite in
equilibrium with corundum and andalusite varies
from 2.81 to 2.96. This range in aluminum content
is higher than the measured value; the probable
explanation for the higher predicted Al-contents is
that the natural chlorite is chromium-rich (0.26
atoms per formula unit).

CONCLUSIONS

The experimental data gathered for this study
confirm the data of Chernosky (1974) for the break-
down of magnesian chlorite to cordierite + forsterite
+ spinel + H,0. They also show that this particu-
lar equilibrium is not sensitive to the aluminum con-
tent of chlorite. However, the data from this study,
combined with experimental data from other studies,
provide loose constraints on the solution properties
of the magnesium-Tschermaks exchange in magne-
sian chlorite. A thermodynamic model that includes
both ideal and nonideal mixing has been fitted to the
experimental data, where the stability of the low-
temperature phase chrysotile was used as an
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FiG. 11. Predicted composition of magnesian chlorite for
high-aluminum bulk composition D (see Fig. 7). Thick
lines are isobars labeled from 1 to 8 kbars, the fine line
separates the stable mineral assemblages, and box a
shows a composition of a chlorite coexisting with
sapphirine + corundum: Oliver & Jones (1969), 1.4
kbars. Abbreviations as in previous figures.

additional constraint on the free energy of an Al-
free chlorite end-member.

The model for the Al-content in magnesian chlo-
rite derived above has been used to predict chlorite
composition for stable mineral assemblages as a
function of pressure and temperature. Several as-
serblages have been identified in which chlorite
composition should be useful as a petrogenetic
indicator. For assemblages typical of metamor-
phosed ultramafic rocks (chlorite — forsterite -
orthopyroxene and chlorite - forsterite — talc), chlo-
rite composition is predicted to be sensitive to tem-
perature and pressure (0.5 n, per 100°C and
0.1-0.2 n,; per 1 kbar). Chlorite becomes more
aluminous with increasing temperature and decreas-
ing pressure, a result in agreement with the compo-
sition of natural chlorite. Chlorite composition is also
predicted to be sensitive to temperature in aluminous,
corundum-bearing assemblages, but in contrast to
the ultramafic compositions, chlorite becomes less
aluminous with increasing temperature (0.3 n,, per
100°C). Assemblages that buffer the aluminum con-
tent of chlorite to intermediate values are found in
metadolomites and in pelitic rocks that have been
metamorphosed at high pressure and low tempera-
ture. The composition of chlorite predicted for the
high-pressure metapelite assemblage, chlorite - talc
- quartz, becomes more aluminous with increasing
temperature and less aluminous with increasing pres-
sure, in agreement with data from natural chlorite.
For the assemblage chlorite - forsterite - spinel, com-
mon in impure marbles and also found in metamor-
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phosed ultramafic rocks, chlorite composition is
predicted to be insensitive to pressure and tempera-
ture; however, comparison with natural-chlorite
shows a need for further study.

There are still not enough experimental data to
fully constrain the properties of the magnesium-
Tschermaks exchange in magnesian chlorite.
However, the results of this study suggest several
mineral assemblages that would be useful for con-
straining chlorite composition in future experimen-
tal studies: chlorite - forsterite — talc or ortho-
pyroxene, chlorite - forsterite - spinel, chlorite - talc
- quartz, and chlorite - corundum -~ spinel. A more
reliable model for the thermodynamic properties of
magnesian chlorite would help in understanding the
geological environments in which such chlorite is
present, and provide a more solid foundation for the
study of the more complicated Fe-Mg chlorite.
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