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Abstract 

The kinetics and reaction mechanisms of chlorite breakdown have been studied in a series of 
experiments at conditions similar to those achieved during contact metamorphism (T = 600-725 ~ P 
= 1 kbar). Cores of chlorite schist were used as starting material in order to simulate natural 
metamorphic systems and preserve reaction textures. Reaction products were analysed by electron 
microprobe, scanning- and transmission-electron microscopy (SEM, TEM). Although the texture of 
the original chlorite was preserved in experiments run below 680 ~ talc had replaced chlorite. Olivine 
and spinel formed along grain boundaries, indicating long-range diffusion of aluminium. Above 680 ~ 
the chlorite was replaced by patches of disordered, aluminous pyroxene. Olivine and spinel grew both 
within the pyroxene and along what are believed to be former chlorite grain-boundaries. Reactions 
relevant to the observed textures and assemblages are: 

Chl = T l c  + O1 + Spl + H20 
Chl = Opx + O1 + Spl + H20 

Thermodynamic calculations show that both of these reactions are metastable in the F e O - M g O -  
A1203-SiOe-H20 system in the P-T range of our experiments. In addition, previous experimental 
studies and our calculations indicate that the stable reaction is: 

Chl = Crd + Ol + Spl + HeO. 

The absence of cordierite in the run products, and the formation of talc and orthopyroxene while 
thermodynamically metastable, show that the ease of nucleation of these phases controlled the reaction 
mechanisms in the early stages. 

KEVWORDS: chlorite breakdown, reaction mechanisms, kinetics, metastable, talc, orthopyroxene, 
spinel, olivine. 

Introduction 

IN metamorphic environments where heating and 
cooling are rapid, chemical and textural equilib- 
rium may not be achieved and mineral transfor- 
mations may be incomplete. Disequilibrium reac- 
tion textures are occasionally preserved in contact 
metamorphic rocks and record evidence of the 
stages of mineral transformation. Natural ex- 
amples of these 'stranded' textures have yielded 
information about the reaction mechanisms of the 
thermal decomposition of glaucophane (Wirth, 
1986), biotite (Brearley, 1987a), muscovite 
(Brearley, 1986), chlorite and phengite (Worden 
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etal., 1987, 1988, 1992). Some workers have 
attempted to induce the disequilibrium break- 
down of biotite and muscovite and to put 
temperature-t ime limits on the formation of these 
textures by experimentally simulating pyrometa- 
morphic conditions in natural rock cores (Brear- 
ley, 1987b; Bearley and RuNe, 1990; Rubie and 
Brearley, 1987, 1991). We have used similar 
techniques to investigate the kinetics and mech- 
anisms of chlorite breakdown. 

Chlorite breakdown was chosen for several 
reasons. Firstly, chlorite is a common and abun- 
dant constituent of low-grade metamorphic rocks 
and its breakdown is therefore an important part 
of the reaction history of many metamorphic 
rocks. Secondly, there have been numerous 
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experimental studies of chlorite stability in the 
ideal MgO-A1203-SiO2-H20 (MASH) and 
FeO-MgO-A1203-SiO2-H20 (FMASH) systems 
(Roy and Roy, 1955; Nelson and Roy, 1958; 
Fawcett and Yoder, 1966; Velde, 1973; Cher- 
nosky, 1974; McOnie et al., 1975; Fleming and 
Fawcett, 1976; Jenkins and Chernosky, 1986). 
Thirdly, natural examples of disequilibrium 
chlorite breakdown from contact aureoles have 
been described (Worden et al., 1987, 1988). The 
results of experiments in the ideal systems and 
observations of natural chlorite breakdown 
textures provide a good framework for the 
analysis of experiments in which rock cores are 
used as starting material. Fourthly, workers who 
used natural muscovite schists and biotite schists 
as starting materials (Rubie and Brearley, 1987, 
1990; Brearley and Ruble, 1990; Brearley, 1987b) 
have produced disequilibrium reaction textures 
containing appreciable amounts of reaction pro- 
ducts within reasonably short run times (10s to 
100s of hours). It was thought that, as another 
phyllosilicate, chlorite would also break down 
easily. 

Most experimental studies of chlorite stability 
have been designed to determine the location of 
equilibria in ideal chemical systems (see above 
references). The starting materials used in these 
earlier studies were pure, powdered oxide rea- 
gents and/or powdered, synthetic, crystalline 
phases. The use of pure starting materials allows 
correlation of experimental results with previous 
experiments and theoretically derived thermo- 
dynamic models. Use of powdered materials 
ensures rapid reaction rates and allows equilib- 
rium to be established in experimentally reason- 
able times. In our experiments we used small 
cores of natural chlorite schist as starting mater- 
ial. Although it was difficult to control fully the 
homogeneity of the starting material in terms of 
composition and grain size, we hoped that the use 
of rock cores rather than powders would simulate 
natural systems and preserve textural evidence of 
the processes involved in metamorphism. 

Methods 

Starting material. The rock used in this study 
was chosen for its simple assemblage, the abun- 
dance and composition of the chlorite and the 
chlorite's apparent textural and chemical 
homogeneity. A magnesian chlorite schist was 
used because of the abundance of experimental 
data on the stability of Mg end-member chlorite 
(clinochlore). In order to simplify the experimen- 
tal system and to minimise the number of possible 
reactions, a nearly monomineralic chlorite schist 

was chosen. In a preliminary set of experiments 
we used a chlorite + quartz schist that contained 
minor amounts of calcite and albite. It was found 
that, even at the lowest run temperatures, Ca and 
Na participated in the chlorite breakdown reac- 
tions. Both chlorite + quartz reactions and 
chlorite decomposition reactions occurred in 
these runs, making textural and kinetic interpre- 
tation very difficult. 

The rock used in the present study is from a 
blackwall zone adjacent to a serpentinite body in 
lower Kaponig Tal, S.E. Tauern Window, Aus- 
tria. It is a magnesian chlorite + magnetite schist 
and consists of pale green, interlocking chlorite 
laths (>0.50 mm long, 0.01-0.10 mm wide) and 
large, euhedral, magnetite crystals (1-2 mm dia- 
meter). The chlorite has a composition which falls 
entirely within the FeO-MgO-A1203-SiO2-H20 
(FMASH) system, excepting a trace of TiO2, and 
has an Mg/(Mg + Fe) value of 0.75-0.79 
(Table 2). Small amounts of talc are present 
around the magnetite crystals. TEM analyses 
showed that the chlorite was undeformed and 
apparently unreacted and that there was no 
evidence of its being intergrown with another 
phyllosilicate (e.g. talc). 

Experimental procedure: Experiments were 
performed in cold-seal apparatus at the Grant 
Institute of Geology, Edinburgh University. 
Cores of starting material were prepared by 
cutting small rods from the rock and turning them 
on a diamond lap until smooth cores (12-15 mm 
long, 3-4 mm diameter, 0.14-0.20 g weight) were 
produced. Cores were welded into Pt capsules, 
which were then placed in cold-seal bombs and 
stabilised at 1 kbar pressure (Ar gas pressure 
medium) before being heated to the desired run 
temperature. Temperature and pressure were 
recorded regularly during the experiments. Tem- 
perature could be determined to within +2 ~ and 
pressure to within +0.1 kbar. At  the end of each 
run, the experiments were quenched using a 
pressurised air collar fitted over the bomb. The 
temperature of the bomb during quenching 
dropped below 300~ within five minutes. The 
cooled capsules were weighed and opened. The 
cores were extracted and weighted. Doubly- 
polished thin sections and polished blocks were 
made from each core. These materials were used 
for petrographic, microprobe, TEM and back- 
scattered SEM analyses. Table 1 gives the tem- 
perature-pressure-t ime conditions of the 
experiments. 

The experiments were performed without an 
added buffer because the oxygen fugacity within 
the bombs was approximately that of the Ni-NiO 
buffer. The presence of spinel in the run products 
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Table 1: Pressure-temperature-time conditions of chlorite breakdown experiments. 
*poor temperature control during heating (>100"C overstep of desired temperature), 

#capsule failure. Temperatures have a maximum uncertainty of 5"C. 
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Experiment T (~ P (kbar) Duration (hours) 

C101* 700 1 168 

C102 700 1 335 

C103 # 660 1 168 

C104 642 1 168 

C105 640 1 599 

C106 601 1 335 

C107 660 1 168 

C108 725 1 168 

C109 7 2 1  1 599 

Table 2: Representative compositions of chlorite. 898 is the chlorite in our starting 
material, and W is the composition of regional metamorphic chlorite reported by 
WoMen et al. (1987, Table 2). Other analyses are l~om the indicated experiments. 

898 W c i04  C105 C107 

SiO2 28.53 24.88 29.30 19.00 28.46 
g1203 20.06 21,01 18.68 19.00 19.62 
FeO 14.41 30.66 13.88 13.65 13.96 
MgO 25.22 11.28 25.60 24.68 24.39 
TiO 2 0.10 0.0 0.10 0.01 0.0 
MnO 0.04 0.0 0.16 0.04 0.01 
Na20 n.a, n.a, n.a. 0 .17  0 .41  
total 88.36 88.15 87.72 86.08 86.85 

oxygens 14.00 14.00 14.00 14.00 14.00 

Si 2.81 2.68 2.90 2.87 2.84 
Al(i*) 1.19 1.32 1.10 1.13 1.16 
Al<~i) 1 .14  1.36 1.08 1.12 1.15 
Fe 1.18 2.77 1.14 1.15 1.16 
Mg 3.70 1.82 3.77 3.70 3.64 
Ti 0.01 0.0 0.0 0.0 0.0 
Mn 0.0 0.0 0.01 0.0 0.0 
Na n.a. n.a. n.a, 0.04 0.08 
total 10.03 9.95 10.00 10.01 10.03 
M/FM 0.76 0.40 0.77 0.76 0.76 

confirms that the fo2 was buffered near this value. 
It was assumed that Ptotal = PH:O during the 
experiments because any amount of chlorite 
breakdown releases water and all capsules emit- 
ted a vapour phase when opened at the end of the 
experiments, 

Resu l t s  

The observations described below were made 
using optical microscopy, electron microprobe 
analysis (energy-dispersive analyses with the 
Cameca Camebax at the University of Manches- 
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Table 3: Representative compositions of spinel and olivine. Fe 3+ calculated 
by the method described by Droop (1987). * indicates Mg/(Fe 2§ + Mg). 

spl spl spl ol ol ol 
C105 C109 C108 C107 C109 C108 

SiO 2 3.06 3.07 4.91 37.92 38.31 37.39 
A1203 56.14 60.90 60.20 1.22 0.16 0.41 
FeO 14.81 17.55 17.97 19.76 20.29 17.38 
Fe203 8.90 . . . .  0.00 0.00 0.00 
MgO 17.83 17.57 18.73 41.96 40.02 39.88 
TiO 2 0.06 n.a. 0.08 0.0 0.04 0.00 
MnO 0.04 n.a. 0.15 0.17 0.18 0.16 
Na20 0.75 n.a. 0.20 n.a. n.a. 0.09 
total 101.59 99.11 102.24 101.03 99.00 95.31 

oxygens 32.00 32.00 32.00 4.00 4.00 4.00 

Si 0.63 0.64 0.98 0.96 1.00 1.00 
A1 13.94 14.85 14.21 0.04 0.01 0.01 
Fe 2+ 2.55 3.04 3.01 0.42 0.44 0.39 
Fe 3§ 1.38 . . . .  0.00 0.00 0.00 
Mg 5.48 5.42 5.59 1.60 1.55 1.60 
Ti 0.01 n.a. 0.01 0.00 0.00 0.00 
Mn 0.01 n.a. 0.03 0.00 0.00 0.00 
Na 0.30 n.a. 0.08 n.a. n.a. 0.00 
total 24.00 23.95 23.91 3.02 3.00 3.00 
M/FM 0.68* 0.64 0.65 0.79 0.78 0.80 

ter, operated at 15 kV, and wavelength-disper- 
sive analyses with the Cameca Camebax at the 
University of Edinburgh, operated at 20 kV) 
SEM (JEOL JSM-6400 at the University of 
Manchester) and TEM (Philips EM430 at the 
University of Manchester/UMIST operating at 
300 kV). Back-scattered electron (BSE) images 
were obtained with the microprobes and the 
SEM. Mineral analyses are listed in Tables 2-5. 

C106 (601 ~ 335 hrs). No changes in the 
original texture or chemistry were detected. 

C104 (642 ~ 168 hrs). Chlorite laths retain 

Table 4: Representative compositions of  talc. 

C104 C105 C107 

SiO 2 59.26 61.75 61.96 
AI203 1.77 0.03 0.21 
FeO 5.64 6.11 6.70 
MgO 27.16 26.82 26.95 
TiO 2 0.06 0.08 0.02 
MnO 0.02 0.02 0.05 
Na20 n.a 0.06 0.26 
total 93.91 94.87 96.15 

oxygens 22.00 22.00 22.00 

Si 7.81 8.05 8.00 
AI 0.28 0.0 0.04 
Fe 0.62 0.67 0.72 
Mg 5.34 5.2l 5.19 
Ti 0.01 0.01 0.0 
Mn 0.0 0.0 0.0 
Na n.a. 0.02 0.01 
total 14.06 13.97 13.96 
M/FM 0.90 0.89 0.88 

their original appearance and grain boundaries 
are generally smooth and straight. Chlorite- 
chlorite grain boundaries often contain grains of 
an opaque phase that are <3 p.m in diameter. This 
phase is also sometimes found along chlorite 
cleavage planes. The grains are too small for 
quantitative microprobe analysis, but qualitative 
analysis shows that they are rich in Fe and Mg and 
have a high A1 content and are therefore probably 
spinel. Another grain-boundary phase has Si, Mg 
and Fe concentrations indicative of olivine. The 
chlorite has its original composition. A few 

Table 5: Representative compositions of pyroxene. 

C102 C102 C108 

SiO z 53.70 50.10 51.52 
A1203 8.43 11,70 10.30 
FeO 5.60 6.66 6.37 
MgO 23.45 22.73 22.62 
TiO 2 0.21 0.10 0.15 
MnO 0.04 0.02 0.05 
Na20 n.a. n.a. 0.23 
total 91.43 91.31 91.24 

oxygens  6.00 6.00 6.00 

Si 1.98 1.87 1.92 
AI~ i*) 0.02 0.13 0.08 
AI~ v~) 0.35 0.39 0,37 
Fe 0.17 0.21 0.20 
Mg  1.29 1.26 1.26 
Ti  0.01 0.0 0.0 
Mn 0.0 0.0 0.0 
Na n.a. n.a. 0.02 
total 3.82 3.86 3.85 
M/FM 0.88 0.86 0.86 
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Fl~. 1. (a) Back-scattered electron (BSE) micrograph of C105 (640 ~ 1 kbar, 599 hours). Chlorite laths (Chl, light 
grey) have been partially replaced by talc (Tlc, darker material, see discussion in text). The direct replacement of 
chlorite by talc is facilitated by the similarity between talc and the 'talc' interlayers in the chlorite crystal structure. 
Bright spots along chlorite grain boundaries are spinel and olivine (Spl, O1, centre). (b) BSE mierograph of C107 
(660 ~ 1 kbar, 168 hours). Some chlorite laths have been completely replaced by talc (Tic, dark laths), but retain 
the original chlorite texture. Spinel and olivine (bright spots) occur along grain boundaries and selected chlorite 
cleavage planes. (c) BSE micrograph of C109 (721 ~ I kbar, 599 hours). Patches of fibrous orthopyroxene (Opx, 
dark grey) are surrounded by blocky areas comprising intergrowths of olivine (O1) and spinel (Spl). Olivine and 
spinel are also finely intergrown with the pyroxene (bright streaks). The fibrous pyroxene-olivine-spinel patches 
mimic the size and shape of the original chlorite laths. (d) BSE micrograph of C102 (700 ~ 1 kbar, 335 hours). Fine 
intergrowths of pyroxene (dark grey) and olivine and spinel (light grey) are found near the edges of the reacted rock 
core. This symplectite texture may form when melt produced during the experiment is quenched. This texture was 

found in all experiments run at or above 700 ~ 

chlorite laths have internal bands of talc which 
appear to have grown along the length of the laths 
parallel to chlorite cleavage planes. Where devel- 
oped, the talc may replace more than 50% of the 
original lath. 

C105 (640 ~ 599 hrs). Almost  all chlorite laths 
have been replaced to some extent by talc, spinel 
and olivine (Fig. la) .  Grain-boundary spinel may 
be up to 10 ~tm in diameter. 

C107 (660~ 168 hrs). As in C104 and C105, 
chlorite laths retain their original texture. While 
microprobe analysis reveals that a few laths have 

been completely replaced by talc, most are 
unreacted chlorite (Fig. lb) .  Apart  from having 
slightly different BSE intensities, talc and chlorite 
are texturally indistinguishable. Small grains of 
spinel and olivine occur along grain boundaries 
and cleavage planes. 

C102 (700 ~ 335 hrs), C108 (725 ~ 168 hrs), 
C109 (721 ~ 599 hrs). These samples have 
developed very different textures from those run 
at lower temperatures.  The original chlorite lath 
texture has been lost and is replaced by spinel, 
olivine and fibrous, aluminous pyroxene 
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FIG. 2. The microstructure of the pyroxene. (el) Electron micrograph showing that the pyroxene consists of bundles 
of sub-parallel 'fibres' elongated parallel to the (1{}(}) plane. Specimen C102 (700 ~ 1 kbar, 335 hours). (b) Typical 
electron diffraction pattern from a pyroxcnc crystal. The pattern can bc indexed as [011] of orthopyroxene. Notice 
{hat sharp (9 * )  and diffusc (t8 ~.) spots altcrnate parallel to a* and arc joined by continuous streaks. Specimen 
C109 (721 ~ 1 kbar, 599 hours). (c) High-resolution micrograph of a rcgion that gave the diffraction pattern in (b). 
Notice the variation in the (1{}(}) lattice spacing. Twin-rclated clinopyroxene (9 A) reg ons are labelled TI and T2. 
(d) [011] electron diffraction pattern from the region shown in (a). The stacking of the (100) layers is so disordered 
that only 9 A spots are present. Notice that reciprocal lattice rows for which k + l 4 = 3n show continuous streaking 

parallel to a* and only poorly-defined reflections. 

(Fig. lc).  T E M  shows that the pyroxene occurs as 
sub-parallel fibres approximately 0.7 btm wide 
which are elongated parallel to their (100) planes 
(Fig. 2a). Electron diffraction indicates that there 
is considerable stacking disorder of the (100) 
layers of the pyroxene.  Fig. 2b can be indexed as 
an or thopyroxene,  but sharp (9 ~ )  and diffuse 
(18 A) spots alternate parallel to a* and are 
jo ined by continuous streaks. High-resolut ion 
images (Fig. 2c) confirm that the structure of 
regions giving such a diffraction pattern is made 
up of random intergrowths of 9 and 18/1~ phases, 
with occasional 27 A layers. Some pyroxene 
grains are even more disordered. Fig. 2d is a 

diffraction pattern from another  pyroxene fibre 
taken in the same orientation as Fig. 2b, but in 
this case there are no 18 A spots and reciprocal 
lattice rows for which k + l ~ 3n show continuous 
streaking parallel to a* and only poorly-defined 
reflections. The pattern indicates that there is 
' semi-random stacking' (in the nomencla ture  of 
Brown and Bailey, 1962) of the (100) pyroxene 
oxygen layers with a fault vector  equal to +b/3.  b 
is one of the directions in pyroxene in which the 
oxygen sub-lattice is approximately close-packed 
and b/3 is approximately equal  to the spacing 
between adjacent oxygen ions. This kind of 
stacking is common in phyllosilicates such as 
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FIG. 3. (a) Electron micrograph of olivine and enclosed spinel grains (Spl) from a region of pyroxcne fibres in sample 
C109 (721 ~ 1 kbar, 599 hours), (b) Diffraction pattern of ~the intergrown olivine and spinel in (a). The clusters of 

spots arise by double diffraction between the phases. 

chlorite (Brown and Bailey, 1962) and biotite 
(Bell and Wilson, 1986). 

Patches of olivine occur within the regions of 
fibrous pyroxene and, in turn, spinel grains (up to 
1 ~m in size) occur within the olivine (Fig. 3a). 
The spinel and olivine are crystallographically 
oriented with respect to one another (Fig. 3b) 
with: 

(100)ol//{lll}sp6 [001]ol//( l l0)spl.  
This is the same orientation relationship as found 
previously between olivine and magnetite (e.g. 
Champness, 1970) and corresponds to the closest- 
packed planes and closest-packed directions 
being parallel in the two phases. 

The composition of the pyroxene was difficult 
to determine by electron microprobe analysis. 
The poor wt.% and cation totals (reported in 
Table 5) are probably the result of the fibrous 
nature of the phase and its intergrowth with spinel 
and olivine on a very fine scale. The pyroxene has 
a rather high and variable Al-content, although 
similar Al-contents were reported by Worden 
et al. (1987, Table 10) for orthopyroxene from the 
breakdown of natural chlorite in a metamorphic 
aureole. The fibrous pyroxene-olivine-spinel 
intergrowths form patches that tend to mimic the 
size and shape of the original chlorite laths. On 
the edges of the fibrous patches (presumably 
along what were the original chlorite grain 
boundaries) are coarse (up to 10 x 50 ~m), 
somewhat blocky areas which comprise complex 
intergrowths of spinel and olivine. Individual 
crystals of spinel and olivine were not resolved 
using BSE, but elemental X-ray maps and micro- 
probe analyses from the same blocky area 
(Table 3) confirm that the two minerals are finely 

intergrown in approximately equal modal propor- 
tions. Talc was not detected in these experiments, 
but in samples run for 335 hrs at 700 ~ and for 
168 hrs at 725 ~ rare, remnant chlorite occurs as 
irregular, ragged areas bordering the pyroxene. 
The absence of talc and presence of remnant 
chlorite suggest that pyroxene may have replaced 
chlorite directly, rather than having been pre- 
ceded by talc formation. Fine intergrowths of 
pyroxene and olivine crystals are found near the 
edges of the rock core (Fig. ld) .  These resemble 
quench textures and may indicate the presence of 
a melt phase during the experiment. 

The textural features observed can be summar- 
ised as follows: 

(a) Between 6404i60~ chlorite is partially 
replaced by talc. In experiments of short duration 
(168 hours) only a few chlorite laths show 
evidence of replacement, while most laths in the 
longer experiment (599 hours) were partially 
replaced. In either case, the original lath texture 
is retained. Spinel and olivine are found along 
grain boundaries and, to a lesser extent, along 
(001) chlorite cleavage-planes. 

(b) At  700 ~ and above chlorite is replaced by 
aluminous pyroxene, spinel and olivine. The 
original lath texture is lost, although fibrous 
orthopyroxene-spinel-olivine intergrowths 
mimic the lath shapes. Olivine and spinel also 
occur in complex intergrowths along the original 
chlorite grain boundaries. 

Interpretation 
Stable equilibrium phase relations. Interpre- 

tation of our experimental results requires com- 
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parison with data on stable equilibrium phase 
relations. In the pure MgO-AI203-SiO2-H20 
(MASH) system, the four most likely terminal 
chlorite-breakdown reactions are: 

MgChl = MgOpx + Fo + MgSpl + H20 (1) 

MgChl = MgAth + Fo + MgSpl + H20 (2) 

MgChl = Fo + MgCrd + MgSpl + H20 (3) 

MgChl = Fo + MgTlc + MgSpl + H20,  (4) 

(see Appendix for abbreviations of mineral 
names). Information on the relative stabilities of 
equilibria 1-4 has been gained from experimental 
studies and thermodynamic calculations. The 
experimental studies (Roy and Roy, 1955; Nelson 
and Roy, 1958; Fawcett and Yoder, 1966; Velde, 
1973; Chernosky, 1974; Fleming and Fawcett, 
1976; Jenkins and Chernosky, 1986) show that 
between 1 and 3 kbar, and in the temperature 
range of interest, reaction 3 is the stable terminal 
reaction in the MASH system. According to 
Fawcett and Yoder (1966), Chernosky (1974) and 
Jenkins and Chernosky (1986), reaction 1 
becomes stable relative to reaction 3 at pressures 
above 3 kbar and temperatures above 750-800 ~ 
and the equilibrium assemblage becomes En + 
Fo + SpI. This means that, in the MASH system, 
enstatite is stable above 3 kbar and cordierite is 
stable below 3 kbar. 

We came to similar conclusions from thermo- 
dynamic calculations. Equilibria among the com- 
ponents clinochlore, amesite, talc, Mg-Tscher- 
maks talc, enstatite, Mg-Tschermaks pyroxene, 
forsterite, Mg-spinel, Mg-cordierite,  corundum, 
chrysotile, 13-quartz and aqueous fluid were calcu- 
lated for the MASH system at 1 kbar and unit 
water activity using the program THERMO- 
CALC (Powell and Holland, 1988) in conjunction 
with the self-consistent thermodynamic dataset of 
Holland and Powell (1990) and the activity 
models listed in Table 6. Equilibria involving 
aluminous orthoamphibole could not be calcu- 
lated owing to the absence of thermodynamic 
data for an aluminous anthophyllite component in 
the dataset used. 

The results of the 1 kbar MASH calculations 
are presented in Table 7 and Fig. 4; the key 
points are as follows: 

(a) At 1 kbar, the most thermally stable Mg- 
chlorite has a composition close to ClinvsAmes2s 
and breaks down to Fo + MgCrd + MgSpI by 
rection 3 at --664 ~ 

(b) Reactions I and 4 are both metastable with 
respect to reaction 3. However, the temperature 
differences (--4~ between 1 and 3, --6~ 
between 4 and 3) are small and similar in size to 
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the lo  error on the equilibrium temperature of 
each reaction. 

(c) Mg-chlorites with compositions between 
ClinysAmes25 and ClinssAmes15 begin to break 
down at a temperature between --655~ and 
664 ~ (depending on composition) to forsterite, 
Mg-cordierite and more aluminous Mg-chlorite 
by the continuous reaction 

MgChl = MgCrd + Fo + A12Mg 1Si i + H20,  
(5) 

which proceeds with rising temperature until 
reaction 3 is intersected. 

(d) Mg-chlorites with compositions less alumi- 
nous than Clin85Ames~5 begin to break down at a 
temperature below --655 ~ to forsterite, more 
aluminous Mg-chlorite and aluminous Mg-talc by 
the continuous reaction 

MgChl = Fo + MgTlc + AlzMg_aSi_a + H20,  
(6) 

which continues until --655 ~ at which point the 
discontinuous reaction 

MgChl + MgTlc = Fo + MgCrd + H20 (7) 

occurs. Further Mg-chlorite decomposition then 
takes place by reactions 5 and 3. In the MASH 
system, therefore, talc appears as a stable inter- 
mediate breakdown product of low-alumina 
Mg-chlorite. 

(e) Orthopyroxene is not a stable breakdown 
product of any Mg-chlorite composition, though 
it does appear as a stable phase in bulk compo- 
sitions less aluminous than the forsterite-Mg- 
cordierite joint at temperatures above -649  ~ 

(f) Corundum is a stable intermediate break- 
down product of Mg-chlorites with compositions 
more aluminous than Clin53Ames47. 

Adding iron to the system will make equilibria 
1--4 divariant (univariant at constant pressure), 
and should allow chlorite to coexist with four 
dehydration product phases (three solid, one 
fluid) over a finite temperature interval. The 
experiments of McOnie et al. (1975) in the F e O -  
MgO-AI203-SiO2-H20 (FMASH) system at 
2 .07kbar  lead to the following conclusions 
regarding reaction 3; (a) the reaction is stable for 
the chlorite composition range Mg/(Mg + Fe) = 
0.5-1.0, (b) it must have a very narrow divariant 
field (<20 ~ and (c) the equilibrium tempera- 
ture decreases slightly as Mg/(Mg + Fe) decreases 
[60 ~ lower for Mg/(Mg + Fe) = 0.5 compared 
with 1.0]. Neither talc nor orthopyroxene 
appeared as a stable breakdown product in 
McOnie e ta l .  (1975), but both appeared as 
metastable products which disappeared with 
increased time. 
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Table 6: Activity models used in calculations. See Appendix for component abbreviations. 
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Component Formula Activity Model 

Clin MgM1MgM2A1M2A1T2siT2si~I O10(OH)] M1 4 M2 M2 T2 T2 16(XMg ) .(XMg).(XAl ),(XA1),(Xsi) ..... (1) 

Ames MgM1A~I2A~2siT1 O10(OH~ (~Mg)" MI , ,  ,.,M2,2 , . . [ A A ,  ) "[AAI)T2"2 ..... (1) 

MgCrd Mg2A~SisO18 (XMg)2 ..... (3) 

Fo Mg2SiO 4 (XMg)2 ..... (3) 

MgSpl MgA~O 4 (XMg).(XAI)2 ..... (3) 

MgTa Mg 2M1MgM2si 2T2 Si 2T1010(OH ~ (xMI~2 (xM2-~ (xT2~2 ..... (1) 
~' Mg j "" Mg p" Si" 

TaTs M~M1A1M2AIT2siT2siT1010(OH~ 4r 2 r (xT2"~ r 
~, Mg j .,, AI].~, AIJ.~, Si j ..... (1) 

M2 M1 T ..... (2) En Mg Mg Si206 (xM2-~ ( ,  Mix 
�9 , MgP,,-x- Mg) 

MgTs MgM2A1M1A1TsiTo6 M2 M 1 (XMg).(XAI) ..... (2) 

Sources: (1): Holland and Powell (1990); (2): Wood and Banno (1973); (3): Assumes ideal ionic mixing. 

The foregoing conclusions are supported in all 
important respects by our thermodynamic calcu- 
lations. THERMOCALC results for the FMASH 
system indicate that Mg/(Mg + Fe) values of 
coexisting minerals increase in the order Spl 
Ol ,~ Opx .~ Chl < Tlc ~ Crd at any given 
temperature in the range 600-660 ~ The effect 
of this is to lower the equilibrium temperatures of 
reactions 1, 3 and 4 with increasing iron content 
(Fig. 5). The decreases in temperature of 3 and 4 
for a given increase in the iron content of chlorite 
are similar to one another and larger than the 
temperature decrease of 1, with the result that 3 is 
the stable FMASH isobaric univariant chlorite 
breakdown reaction at 1 kbar over a wide range 
of chlorite Mg/(Mg + Fe) values (Fig. 5). 

Another implication of the calculated Fe/Mg 
partitioning data is that the equilibrium curve of 
the reaction 

Fo + MgCrd = MgOpx + MgSpl, (8) 

which has a low d P / d T  and occurs at P > 2.5 kbar 
in the MASH system (see also Fawcett and 
Yoder, 1966; Seifert, 1974; Herzberg, 1983), is 
deflected to higher pressures with increasing iron 
content, consistent with reaction 1 becoming 
progressively more metastable at 1 kbar. 

The calculated alumina content of chlorite 
coexisting with olivine, cordierite, spinel and 
H20 increases with increasing iron content from 
--25% Ames at Mg/(Mg + Fe) = 1.0 through 
--33% Ames at Mg/(Mg + Fe) = 0.69. 

The calculated sequences of stable equilibrium 
breakdown reactions of low-alumina chlorites in 
the FMASH system mimic those in the iron-free 
system. As in the MASH system, talc can only 
appear as a stable product if the alumina content 
of the original chlorite is low enough (Ames + Fe- 
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7. Isobaric invariant equilibria among the phases chlorite, talc, orthopyroxene, 
olivine, cordierite, spinel, corundum, chrysotile and quartz in the MgO-AI20 3- 
SiO2-H20 system at 1.0 kbar and unit water activity, calculated using the 
thermodynamic data of Holland and Powell (1990) and the activity models in 
Table 6. One-sigma errors on individual temperatures are typically in the range 
3-6~ The quantities cht vrt~ XAmes, ATaTs and X~Ts are measures of the Tschermak 

cht contents of chlorite, talc and orthopyroxene, respectively; X A m e s  = 2(X~,~-l) = 
rz -rtr ~z "rz opx M1 = 2X~I. Numbered equilibria are 2(Xa -I), XTaTs = Xaj = 2Xal; X~gTs = XAj 

mentioned in the text. All listed equilibria are stable apart from chlorite 
terminal equilibria 1 and 4. See appendix for abbreviations. 

Chl TIc Opx 
T (oc) E q u i l i b r i u m  XAmes XTaTs XMgTs 

707 MgTa = En + Qtz + H20 0.00 0.00 

670 (4) MgChl = MgTlc + Fo + MgSpl + H20 0.25 0.16 

668 (1) MgChl = MgOpx + Fo + MgSpI + H20 0.25 0.05 

665 Fo + MgTIc = MgOpx + MgCrd + H20 0.12 0.03 

664 (3) MgChl = Fo + MgCrd + MgSpl + H20 0.25 

655 (7) MgChl + MgTlc = Fo + MgCrd + H20 0.15 0.13 

649 Fo + MgTa = En + H20 0.00 0.00 

621 MgChl + Cm = MgCrd + MgSpl + H20 0.47 

427 Chr = Fo + MgTa + H20 0.00 

Ames  < 15%). On heating,  slightly more  alumi- 
nous chlorites should undergo the F M A S H  equi- 
valent of  reaction 5, 

Chl = Ol + Crd + MgFe_ l  + A12Mg_ISi_I 
+ H20 ,  (9) 

before  intersecting the cont inuous reaction 

Chl = O 1 +  Crd + Spl + MgFe t + MgSiAI 2 
+ H20 .  (10) 

This is the F M A S H  equivalent  of reaction 3 and 
proceeds  with rising tempera ture  and increasing 
Mg/(Mg + Fe) values of all minerals (Fig. 5) until 
the ol iv ine-cordier i te-spinel  plane intersects the 
bulk composi t ion of the precursor  chlorite,  at 
which point  chlorite should finally disappear.  

Table 8 summarises  the results of our  equilib- 
rium calculations on the decomposi t ion path of 
the chlorite used in our  exper iments  (898 in 
Table 2). At  1 kbar  and unit water  activity, 
chlorite of this composi t ion should break down to 

combinat ions of cordieri te,  olivine, and spinel 
over a 40 ~ tempera ture  interval (--600~540 ~ 
Nei ther  talc nor  or thopyroxene  nor  corundum 
should appear  as stable phases  ( though talc is 
almost stable at - 6 0 0 ~  The final chlorite 
should have an Mg/(Mg + Fe) value of --0.92. 

Compar ing the run tempera tures  of our experi- 
ments  with Table 8, we conclude that while little 
or no reaction should have occurred in the 601 ~ 
run (C106), the stable mineral  assemblage in all 
the o ther  runs (>640 ~ should have been  Crd + 
O1 + Spl. 

Observed reactions. The reactions that  actually 
occurred in our exper iments  are: 

Chl = Tic + O1 + Spl + H 2 0  (11) 

Chl = Opx + O1 + Spl + H 2 0  (12) 

These reactions are equivalent  to reactions 4 and 
1, respectively, and are metas table  in the 
F M A S H  system. 

It is inevitable that  chlorite b reakdown 
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700 

680  

660 

P = 1 kbar 

a l l 2  0 = 1  

Fo+MgCrd+MgSpl 

MgChI+Fo+ MgCrd 

--7/-. 
0 
o 640 

D. 
E 

620 I- 

Mg Chl+ MgTIc + Fo 

MgChl+ MgCrd+ MgSpl 

600  

5 8 0  

MgChl 

MgChl+MgSpl+ Crn 

560 

I I 1 I l i I " I i I 

0 0.2 0.4 0.6 0.8 1.0 

Chl 
Clinochlore X Ames Amesite 

FI6.4. The clinochlore-amesite pseudobinary section in the MgO-AI203-SiO2-H20 system calculated for 1 kbar 
pressure and unit water activity using the thermodynamic data of Holland and Powell (1990) and activity models in 

Table 6. See Appendix for abbreviations of mineral names. 
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F=c. 5. T-X(Mg,Fc) plot showing how Mg/(Mg + Fe) values of coexisting minerals vary with temperature in the 
assemblage chlorite + cordierite + olivine + spinel + H20 (solid lines), the assemblage chlorite + talc + olivine + 
spinel + H20 (dashed lines) and the assemblage chlorite + ortbopyroxene + olivine + spinel + H20 (dotted lines). 
Calculated using the thermodynamic data of Holland and Powell (1990). Note that the talc- and orthopyroxene- 
bearing assemblages are metastable with respect to the cordierite-bearing one. 898 is the composition of the 

precursor chlorite. 

occurred by disequilibrium processes. In none of 
the experiments was the precursor chlorite heated 
slowly through the 600-640 ~ temperature  inter- 
val, and in no instance, therefore,  did it have the 
opportunity to undergo reactions 9 and 10 under  
equilibrium conditions. Consistent with the non- 
at tainment of equilibrium is the fact that chlorite 

is present in the products of exper iment  C107, run 
at 660 ~ This temperature  is --20 ~ higher than 
that at which we predict all chlorite should have 
disappeared, and - -60~ higher than that at 
which the original chlorite composit ion becomes 
metastable (Table8) .  Also consistent is the 
observation that the chlorites in the --640 ~ runs 



Table 8. 

CHLORITE BREAKDOWN 

Temperature ranges of stable equilibrium mineral assemblages in 
a bulk composition Mg3.67FeI.16AI2.34Si2.83O10(Otl)8 (a stoichio- 
metric FMASH analogue of the chlorite starting material used in 
our experiments), calculated for a pressure of I kbar and unit 
water activity using the thermodynamic data of Holland and 
Powell (1990) and the activity models in Table 6. Also shown are 
the calculated equilibrium compositions of minerals at 'transition' 
temperatures (temperatures at which the assemblages change). At 
temperatures above 598~ compositional parameters for each 
mineral change smoothly between one 'transition' temperature 
and the next. 
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T (*C) Stable Assemblage Mg/(Mg+Fe) % Ames 

Chl OI Crd SpI 

>640 OI + Crd + Sol 

640 0.92 0.76 0.93 0.65 26 
615 - 640 Chl + OI + Crd + Spl 

615 0.79 0.52 0.81 0.40 29 
598 - 615 Chl + O1 + Crd 

598 0.76 0.47 0.79 17 
<598 Chl (starting material) 0.76 17 

(C104 and C105) show no evidence of signilicant 
compositional change during the experiments, of 
the kind that would be expected [increasing 
alumina and Mg/(Mg + Fc)] had the chlorites 
madc any chemical adjustment towards the 640 ~ 
terminal equilibrium composition ('Fable 8). 
There is, however, evidence for a closc approach 
to Fe/Mg-exchange equilibrium among the 
anhydrous reaction products, particularly olivine 
and spinel. Given that the calculated equilibrium 
constant for olivine-spinel Fe/Mg exchange is 
virtually independent of temperaturc in the range 
600-730~ measurcd Mg/(Mg + Fe) compo- 
sitions of coexisting olivine and spincl from run 
C109 (Table3) are remarkably close to the 
predicted values (Table 8). 

The orthopyroxene in our experiments exhibits 
considerable stacking disordcr, is variable in 
composition and has a high Al-content (-- 18-26% 
Tschermak components) compared to the calcu- 
lated composition of orthopyroxene in equilib- 
rium with olivine + spinel in thc 700-720 ~ range 
(--6---7% Tschermak components). Thcse 
features may b c a  rcsult of the pyroxcnc growing 
metastably. Similar compositional and structural 
variation has been found in metastable phases 
produced in other disequilibrium reaction experi- 
ments (Brearley, 1987b). 

If chlorite breakdown proceeded via reaction 4 
in the 640-660 ~ experiments, we would expect 
to see significant amounts of olivine and spinel in 
the run products. The expected volume propor- 

tion of olivine + spinel : talc would be 1.9 : 1 for 
pure spinel and forsterite (molar volume data 
from Robic et al. ,  1978). This ratio would be evcn 
greater for Fc-bcaring olivine and spinel. Fig. la 
and b do not seem to show enough spinel and 
olivine to balance the apparent amount of talc 
present. The BSE images may give a false 
impression of the amount of chlorite that has been 
converted to talc. In general, darker arcas of the 
chlorite laths have talc composition, but it may be 
that the poor quality of the sample polish makes 
some unreactcd chloritc appear dark and leads to 
an overestimate of the amount of talc present. 
Similarly, olivine and spincl would not be obvious 
in poorly l~lishcd areas, and this would cause an 
underestimate of the amotmt of these phases 
present. The amount of olivine and spinel evident 
in the BSE images thcrefore roughly reflects the 
minimum amount of reaction that has occurred. It 
seems clear, however, that chlorite breakdown 
has produced talc + olivine + spinel since no 
other product phases (such as cordierite, ortho- 
pyroxcne, or orthoamphibolc) have becn identi- 
fied in the 640--660~ experiments, and olivine 
and spinel were not present in the starting 
material. 

The absence of cordicrite in our run products is 
unexpected. In thc pure MASH system, Cho and 
Fawcett (1986) synthesised cordieritc in onc week 
(168 hrs) at 720 ~ and in two weeks (336 hrs) at 
710~ McOnie et al. (1975) found cordierite in 
FMASH experiments run at 690 ~ for 568 hours, 
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with conditions very similar to those of some of 
our experiments (C109). Perhaps the most signifi- 
cant difference between our experiments and 
those of other workers is that the latter used oxide 
powders as starting materials while we used 
natural rock cores. The absence of cordierite as a 
reaction product in our experiments is probably 
due to the difficulty of nucleating it in a bulk 
sample of natural rock. In their TEM study of 
pyrometamorphosed schists Worden et al. (1987) 
fotmd aluminous orthopyroxene and hercynitic 
spinel as breakdown products of chlorite, but 
cordierite only occurred near the margins of 
grains where the reaction was most advanced. 
Talc and olivine were not found. Worden et al. 
(1987) ascribed the complete absence of olivine 
and the absence of cordierite in the cores of their 
chlorites to the effect of the high Fe[Mg/(Mg + 
Fe) ~ 0.3] of their chlorite (Table 2), arguing that 
the assemblage Spl + Opx is stable at much lower 
pressures in high-Fe pelites than in the pure 
MASH system. However, our calculations (see 
above) suggest that this explanation is wrong. 
Moreover, this argument cannot explain the 
absence of cordierite in our runs that did not 
produce orthopyroxene. As the stable phases 
olivine and spinel have managed to nucleate, 
nucleation of stable cordierite was, in effect, 
competing with nucleation of metastable talc 
below 680 ~ and of metastable orthopyroxene at 
700 ~ and above. The absence of cordierite must 
therefore be the result of the relative ease of 
nucleation of talc (or orthopyroxene) compared 
with that of cordierite. In a study similar to ours 
involving disequilibrium breakdown of biotite, 
Brearley (1987a) found that spinel nucleated 
easily in the early stages of his experiments. If 
both talc (or orthopyroxene at higher T) and 
spinel nucleate easily, the formation of cordierite 
would be greatly suppressed. 

The structures of chlorite and talc are very 
similar; chlorite actually contains 'talc layers" 
parallel to (001). From the textures observed in 
BSE images, the (001) plane of talc appears to be 
parallel to the (001) plane of chlorite, as would be 
expected. Although cordierite also contains six- 
fold rings of (Si ,AI)-O tetrahedra parallel to 
((X)I), the rings do not form continuous sheets as 
they do in chlorite, so there is no long-range 
resemblance of the two structures. Thus A G * ,  the 
activation energy for nucleation, will be very 
much lower for the nucleation of talc in chlorite 
than for the nucleation of cordierite. The diffi- 
culty of nucleating cordierite in layered silicate 
structures is illustrated by the fact that it was 
found to be unorientcd in natural chlorite 
(Worden e ta l . ,  1987) and phengite (Worden 
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e ta l . ,  1992). It therefore probably nucleated 
incoherently, consistent with a high value of 
AG*. 

In contrast to cordierite, the other stable 
phases olivine and spinel both have layers of 
approximately close-packed oxygen ions (parallel 
to (100) and (111} respectively). They would be 
expected to nucleate with their close-packed 
planes parallel to (001) of chlorite, though no 
electron diffraction studies have been carried out 
as yet to confirm this. We have found, in the 700- 
725 ~ experiments, that the close-packed planes 
and close-packed directions of olivine and spinel 
(in olivine-spinel intergrowths within pyroxene) 
are parallel. Worden et al. (1988) determined the 
orientation relationships of reaction products in 
pyrometamorphosed chlorite to be: 

(001)(:hull { 111 }Sp6 [010k,hd/( 110)sv~ 
and we expect that this relationship would hold 
for our experimentally reacted samples. Because 
they have some structural similarity to chlorite, 
olivine and spinel will have significantly lower 
activation energies for nucleation than cordierite, 
but not as low as talc. Significantly, at 640-660 ~ 
olivine and spinel were found to have nucleated 
only on the (high energy) grain-boundaries or 
cleavage-planes, despite the resulting need for AI 
to diffuse comparatively long distances, whereas 
talc was able to nucleate within the chlorite 
because of its very much lower AG*. 

At  700-725 ~ olivine and spinel were found 
along grain-boundaries and within the patches of 
orthopyroxene that had replaced the chlorite 
grains. Nucleation on less potent, intra-granular 
sites is to be expected at temperatures further 
from equilibrium, where the contribution of the 
driving force, AG,,, to the activation energy, 
AG*, is larger. 

The texture of the pyroxcne in the 700-725 ~ 
experiments suggest that the pyroxene grew from 
the chlorite in an oriented fashion. The structure 
of orthopyroxcne consists of layers of oxygen ions 
parallel to ((X)I) that arc partially approximately 
close-packed, and orthopyroxene was found to 
form an orientated reaction product of the 
pyrometamorphism of chlorite with (/X)l)chi# 
(l(X))Opx; [010](:hi#[010] o r  [013]op, (Worden 
et at., 1987, 1988). Its structure is not, however, 
as close to that of chlorite as talc's, and, for that 
reason, orthopyroxene forms at temperatures 
further from equilibrium where AG,, is larger. 
The temperature range of these experiments is 
50~ or more above that of the metastable 
reaction that produces orthopyroxene from chlor- 
ite (the FMASH equivalent of reaction 1). 
Another reason for the predominance of pyrox- 
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ene in the 7fKJ-725 ~ experiments is that, at such 
temperatures,  talc is less stable than orthopyrox- 
enc in the presence of olivine. (In the M A S H  
system, the assemblage MgTIc + Fo gives way to 
MgOpx + MgCrd at ~665 ~ [Table 7]; because 
of the way in which Mg and Fe arc parti t ioned 
between these minerals, adding iron to the system 
will result in minimal change in the equilibrium 
temperature  of this reaction.) This means that at 
temperatures in the range 700-725 ~ formation 
of  or thopyroxene will lower the total energy of  
the assemblage more than the formation of talc, 

C o n c l u s i o n s  

Natural rock samples of chlorite [Mg/(Mg + 
Fe) = 0.75~).79] underwent thermal decompo-  
sition by mctastable reactions 5 and 6 (above) 
when heated experimentally to temperatures in 
thc rangc 640-725 ~ at 1 kbar for 168-599 hours. 
The stable breakdown assemblage (Crd + O1 + 
Spl) was not observed in any cxperimcnt.  Bclow 
680 ~ chlorite was partially replaced by talc, and 
olivine and spinel nucleated along chlorite/chlor- 
ite grain-boundaries.  Talc nucleated in parallcl 
orientation within the chlorite because of the 
close correspondence of the two structures. The 
case of talc nucleation suppressed nucleation of 
stable cordicritc. At higher temperatures (greater 
reaction overstepping) mctaslablc orthopyrox- 
erie, rather than talc, replaced chlorite. Spinel 
and olivine nucleated both within pyroxene and 
along chlorite/chlorite grain-boundaries.  

The mechanisms of chlorite breakdown reac- 
tions in natural rock cores under disequilibrium 
conditions arc very different from the mecha- 
nisms observed in experiments on powdered 
oxides. The degree of similarity betwcen the 
crystal structures of potential product phases and 
the reactant mineral can profoundly affect the 
kinetics of a decomposit ion reaction and may 
result in the nucleation of product phase well 
outside its stability field or  inhibit the nucleation 
of a stable phase. 
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A p p e n d i x  

Abbreviations for mineral names and end-member 
comtxments (asterisked). Adapted from Kretz (19831. 

Amesite 
Chlorite 
Chrysotile 
Clinochlore 
Cordierite 
Corundum 
Enstatite 
Forsterite 
Aluminous Mg Orlhoamphibole solid 
solution 
Aluminous Mg Chlorite solid solution 
MgCordierite 
Aluminous Mg orthopyroxcne solid solution 
MgSpinel 
AI-free Mg Talc 
Ah,minous Mg Talc solid solution 
MgTschermaks Pyroxene 
Olivine 
Orthopyroxene 
['~-Ouartz 
Spinel 
MgTsehermaks Talc 
Talc 


