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water pressure

Pernn D. FuutNc'e,un J. J. Fe,wcarr

Department of Geology, Uniuersity of Toronto
Toronto. Canada

Abstract

The upper stability of chlorite + quartz assemblages at oxygen fugacities defined by the
Ni-NiO buffer has been investigated at 2.07 kbar water pressure. Starting materials were
oxide mixes, and in most of the later runs, crystalline products of earlier experiments' A
variety of compositions was selected to intersect a wide range of chlorite-quaftztie lines. In
the system MgO-AlzOs-SiOr-HrO the assemblages stable below 590 + l0'C are, with
increasing alumina content, talc * chlorite * quartz, chlorite * quartz, cordierite * chlorite
* quartz; above this temperature the stable assemblage is cordierite * talc * chlorite. For
compositions with Fel(Fe+Mg): 0.5 in the system MgO-FeO-AlrOs-SiOr-HzO, the assem-
blages stable below 595 + l0'C are, with increasing alumina content, talc * magnetite.,*
chlorite + quartz, magnetite * chlorite + quartz, chlorite + quartz, cordierite * chloritp *
quartz; the assemblage orthorhombic amphibole * cordierite * talc * magnetite is stable
above about 600'C; although not delineated experimentally, the assemblage cordierite * talc
* magnetite + quartz should be stable in a field occupying the narrow temperature interval
between the chlorite-quartz assemblages and the amphibole-cordierite assemblage. For com-
positions with Fel(Fe+ Mg) : 0.082 and Fel(Fe+ Mg) : 0.75, the upper stabil ity of chlorite
+ quartz is again close to 590'C. For the experimental conditions employed, the upper
thermal stability of chlorite + quartz in a wide variety of assemblages is independent of both
their alumina content and their Fel(Fe+Mg).

Introduction
The assemblage chlorite + quartz is widespread in

metamorphic rocks of very low (e.9. Coombs, 1954)
to relatively high grades (e.9. Carmichael, 1970). In
many rocks the breakdown of chlorite * quartz oc-
curs before its maximum upper thermal stability by
virtue of reactions with other phases such as musco-
vite, andalusite, and garnet. Reactions such as these
are considered by many petrologists (e.g. Winkler,
1965, p. l0l) to take place at or near the boundary
between the greenschist facies and amphibolite facies,
or, at lower pressures, between the albite-epidote
hornfels and hornblende hornfels facies. Experimen-
tal studies on such reactions thus provide useful esti-
mates of PI conditions at the facies transition (e.9.
Seifert, 1970; Bird and Fawcett, 1973; Seifert and
Schreyer, 1970; Hsu and Burnham, 1969). As a result
of these reactions at lower temperatures, the simpler
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reactions of chlorite + quartz are not realized in
many common rock types such as pelites, and only
become important in those whose compositions
approx imate  the  less  a luminous  par ts  o f
MgO-FeO-AlrOs-SiOr-HrO (Fig. l). Nevertheless,
experimental studies on the upper stability of chlorite
+ q\aftz assemblages can still provide useful, limit-
ing estimates of the PZ conditions experienced by
some rocks. For example, the appropriate results
might be applied as an additional estimate of the
maximum possible temperatures experienced by the
chlorite * quartz-bearing pelitic assemblages that are
apparently stable well into the sill imanite zone of the
Whetstone Lake area described by Carmichael
(1970). This and other examples illustrate the point
emphasized by Turner (1968, p. 127) that reactions
representing the maximum thermal stability of chlo-
rite t quartz are not diagnostic of facies bound-
aries (c/ Akella and Winkler,1966, P. 10). Rocks that
approximate part of the system MgO-FeO-AlrO3-
SiO2-HrO, although not abundant, have been well
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documented from several localit ies (Eskola, l9l4;
Val lance,  1967;  Froese,  1969;  Lal  and Moorhouse,
1969; Spence, 1969). These "cordierite-anthophyllite"
rocks have often been shown to have unusually chlorite
(* quartz)-rich antecedents, and results from experi-
ments on chlorite + quartz can be usefully applied in
the elucidation of their petrogenesis.

As part of , an investigation of the system
MgO-Al,Os-SiO,-H,O, Yoder (1952) studied the
breakdown of clinochlore (5MgO . Al2O3 . 3SiO,
.4HrO) at 2 kbar water pressure, and with inter-
vening contributions by others (notably Nelson and
Roy,  1954,  1958;  Roy and Roy,  1955),  the work was
later extended and elaborated by Fawcett and Yoder
(1966). Hydrothermal work on the stabil ity of iron
chlorites began with the 2 kbar work of Turnock
(1960) and has been continued at higher pressures by
James e/ al. (1976), and the dehydration and break-
down of Mg-Fe chlorites of the clinochlore-daphnite
(5FeO.Al2Os.3SiOr.4HrO) ser ies have been studied
at 2 kbar water pressure by McOnie et al. (1975).

The studies of Fawcett and Yoder (1966) were the

first to experimentally verify the existence of chlorite
* quartz tie-l ine in their work on the upper stabil ity
of Mg chlorite + quartz at 2 kbar and 5 kbar Psp.
Their experiments were mainly of the synthesis type,
with glasses as starting materials, and no good reac-
tion reversals were obtained. Expcriment products

were chlorite * quartz below about 575"C and cor-

dierite * talc at higher temperatures. Turnock's
(1960) work in the system FeO-AlzOa-SiOr-HrO
showed that the upper stabil ity of Fe-chlorite *
qvartz is also at a temperature close to 575'C. It was
noted by Fawcett and Yoder (1966) that the upper
thermal stabil ity of chlorite * quartz might be more
or less independent of FelMg ratio. The present work

tests this proposition, and has determined the various

stable assemblages and their phase relationships in

the  re levan t  pa r t  o f  t he  sys tem MgO-FeO-
Al2Os-HrO. Part of Fawcett and Yoder's work in the
system MgO-AlrOr-SiOr-HrO was repeated as well,

except that the starting materials were oxide mixes
and synthetic crystall ine 1un products rather than
glasses, in an attempt to obtain reaction reversals
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across the proposed phase boundaries. Preliminary
data from these studies were presented by Fleming
and Fawcett (1974).

Experimental methods

Starting materials

Starting materials were prepared for 28 mixtures
that correspond to various anhydrous composi-
tions in the orthoamphibole solid solution series an-
th op hyllite-gedrite-ferroanthophyllite-ferrogedrite
(except mixes 10-16, which had compositions very
slightly more sil ica-rich than orthoamphibole com-

positions). The molecular proportions of oxides
used in each mix are listed in Table l, and the
resulting compositions shown graphically on Figures
I and 2. The range of compositions was selected to
intersect chlorite-quartz tie lines over a wide range of
bulk composition.

Oxides were each prepared in platinum crucibles
from certified purity reagents, using the methods
noted at the foot of Table l. They were then weighed
into mixtures, which, in the case of Fe-bearing com-
positions, were heated for one hour in air to decom-
pose ferrous oxalate to FerOs. Thorough mixing of
the oxides was then ensured by grinding under ace-
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tone for 4 hours in a mechanical mortar. Finally, the
mixes were dried at I l0'C for 24 hours.

As the work progressed, the reactants in many of
the experiments were the products of earlier runs
rather than the raw oxide mixes mentioned above.

Equipment and techniques

All runs were made at 30,000 p.s.i. (2.07 kbar),
with water as the pressure medium. Equipment and
techniques were essentially the same as those de-
scribed in earlier papers from our laboratory (Bird
and Fawcett, 1973: Grieve and Fawcett, 1974;
McOnie et al., 1975).

All results reported for the buffered experiments
apply only to the charge contained inside the silver
tube (Eugster and Wones,1962). Temperatures could
be controlled to within 5'C of the set point and were
measured with chromel-alumel thermocouples (man-
ufacturer's certified accuracy: + 0.75 percent of
measured temperature). The temperatures were auto-
matically measured and recorded, usually at two-
hourly intervals, by a multichannel data acquisition
system, the Kaye System-8000.2 Each temperature
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reported in this work is the mean temperature calcu-
lated from all temperatures recorded at regular 8-
hour intervals (or 12 hours for some of the earlier
runs) for the entire run duration. An uncertainty is
also listed with each temperature, and was computed
as the thermocouple accuracy correction plus two
standard errors of the mean temperature (Eisenhart,
1968). Water leaks in pressure system were rare, but
the run was aborted if its pressure dropped by more
than 3 percent. The maximum comhined error in
precision and accuracy of the pressure measurement
is less than * 5 percent of the reported value.

Total run times varied from about 4 weeks for
some of the Fe-free compositions up to about 27
weeks for some of the Fe-bearing compositions.
Commonly, the longer experiments were quenched,
examined, lightly ground by hand, and reloaded sev-
eral times during the total run time. All experiments
were quenched at constant 2 kbar pressure with a jet
of compressed air that cooled the bomb to approxi-
mately 80'C in about two minutes.

Identification and description of phases

A combination of both optical and X-ray diffrac-
tion methods was used to identify products of the2 Kaye Instruments Inc., Cambridge, Massachusetts



experiments. In general, most products were very
fine-grained (- 0.001-0.005 mm). Nevertheless, after
some experience, most or even all phases present
could be optically identif ied in oil mounts. The ma-
jority of difficulties were encountered in distinguish-
ing between very fine-grained (in the order of 0.001
mm) talc and chlorite, and also between fine-grained
(0.01 mm) quaftz and anhedral cordierite. On the
other hand, in some runs, certain phases (e.g. amphi-
bole and cordierite) identit if ied optically could not be
discerned on the X-ray diffractograms, because of the
small amount present and/or because their diffrac-
tion peaks were masked by strong peaks of other
phases. Routine X-ray identif ication was performed
with Fe radiation, using either a Phil ips diffractome-
ter equipped with a focussing monochromator, or an
Fe target Norelco diffractometer employing a Mn
filter.

The following descriptions are intended only as an
outline of the distinguishing features and general ap-
pearance of each phase.

Chlorite produced in these experiments generally
shows the characteristic strong 14 A and 7 A basal
reflections. In a few noncrit ical low-temperature runs
only a 7 A structure appeared to have crystall ized.
The chlorite generally formed very fine-grained mas-
ses in which individual grains were not readily dis-
cerned, and was often intimately intergrown with
other fine-grained phases such as talc, quartz, and
magnetite. Scanning electron microscope images of
products from a few runs revealed that the chlorite is
present as masses of f ine, pseudohexagonal plates a
few microns in diameter. In Fe-free charges the chlo-
rite was colorless; in Fe-rich charges pale yellowish-
green colors were characteristic. Some of the chlorites
produced below about 500"C contained fine, color-
less, high-relief inclusions of corundum(?). A number
of such products were rerun, and the inclusions de-
creased in size and abundance and finally dis-
appeared entirely.

Quartz was a common stable or metastable prod-
uct and occurred as small anhedral grains usually
intergrown with other phases.

Talc occurred in some charges as relatively coarse
(0.05 mm), highly birefringent colorless flakes, but in
many it formed very fine-grained (0.001 mm) admix-
tures with other phases. Its presence could generally
be readily detected from its strong I A IOOZ; X-ray
reflection.

Cordierite commonly could be recognized in the
charge with the naked eye, forming large (up to 0.6
mm diameter), stubby, pseudohexagonal prisms.
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This morphology also led to optical identif ication of
small amounts of f ine cordierite in charges where
diffractograms did not reveal its presence. In a few
charges, small amounts of questionable anhedral cor-
dierite could not always be unequivocally distin-
guished from quartz. Cordierite was colorless and
generally inclusion-free in Fe-free charges; in Fe-
bearing compositions a very faint pinkish tinge was
evident under the microscope. Cordierites from a few
of the Fe-bearing runs had a small core dusted with
fine magnetite inclusions.

Orthorhombic amphibole was the only elongate
prismatic to acicular phase recognized in the run
products. It was always too small (often < 0.005 mm
long) for detailed optical examination, but larger
prisms consistently exhibited parallel extinction,
length-slow character, medium birefringence and re-
l ief, and a very pale yellowish color. Diffractograms
from charges containing higher proportions ofortho-
amphiboles revealed relatively weak reflections in the
12 to 37" 20 (FeKa) range that corresponded to
orthorhombic amphibole reflections l isted in the
A.S.T.M. index of powder diffraction patterns (cards
16 -401 ,13 -506 ) .

Magnetite occurred generally as anhedral grains,
fine granules, and dust. Approximate hercynite con-
tents determined using the method of Turnock and
Eugster (1962) did not exceed l0 mole percent. Those
magnetites produced in long runs above 595oC were
apparently pure FesO*.

Hematite was identif ied together with magnetite in
a few noncrit ical runs below about 500'C. In rare
cases, hematite had not been reduced to magnetite
even after 100 days total run time. Apparently at
temperatures below 500oC, the oxygen buffering ac-
tion of Ni-NiO through the platinum wall of the
outer sample capsule was not always completely ef-
fected over even such relatively long run times.

Results

A total of about 250 runs has been completed on
the compositions l isted in Table l. The results for
only the more crit ical runs have been listed in Tables
2 and 3, and plotted on Figures 3, 5, and 9.

Mixes with Fe-free compositions

The results for critical runs on Fe-free composi-
tions are listed in Table 2, and are interpreted on a
temperature-composition projection along the join
anthophyll ite (7MgO. 8SiO,. 2HrO)-magnesian ged-
rite (5MgO-2Al2Os-6SiOr.2HrO) in Figure 3. The
symbols in Figure 3 represent the assemblages inter-
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preted as stable; additional phases persisted in some
runs near boundary curves (Table 2). All assemblages
contained water as one additional stable phase. Six
reversal experiments (runs 157B, 1588, 159, 160,
l6lB, 163) produced only partial destruction of the

higher-temperature assemblage Co * Tc * Chl,8 but
were nevertheless successful in closely bracketing at

s References to particular assemblages will hereafter employ the

abbreviations noted at the foot of Tables 2 and 3.

Tneln 2. Critical run data for the upper stability limit of chlorite + quartz

assemblages in Fe-free compositions at Pgrq. = 2'07 kbar.

Ru No.
Tmperature* Duration

( "C)  (hours ) Reactants Product s**

I t Ix  27 (6.75 MgO 0.2541203 7.75 s i02)

L66
1 5 6

155
L64

Mix
Diix

Mix
Mix
2 Product

4 6 0 . 0  r  5 . 0
499 .8  !  4 . 2
499 .6  !  3 . 9

520 .7  !  4 , 6
520 .8  t  4 . 4
5 7 0 . 6  r  4 . 8

Mlx 28

530 ,4  i  4 . 3  L05Z
560 .0  !  4 . 4  LO52

Tc+Chl
Tc+Chl

Tc+Chl+Q
Tc+Chl+Q
Tc+Chl+ (Q)

Tc+Chl
Tc+ch1+Q (-)
Tc*Chl

Tc+Chl+Q
Tc+Ch1+Q
Tc+Ch1+Q

Tc+Ch1+Q
co (-)+Tc (-)+Chl+Q (+)

CelTc+Ch1
Co+Tc+Ch1
Cql-Tc+Chl

chl+Q
Tc+Ch1+Q
TqFChl+Q
Tc+Chl-+Q

Tc+Chl+Q
co (-)+Tc (-)+cbl (+)+Q

Co+Tc*ChI
Co+Tc+Chl

ch1+Q
Tc (-)+Ch1 (+)+Q
Tc+Ch1+Q

co (-)+rc (-)+ch1 (+)+Q
Co+Tc+Ch1+Q
Co*Tc+ChI

Mix  2  (6 .5  l4g0 0 .5A1203 7 .5  S i02)

72
74

r58B

2

9

896
8 9 6

20r0

933 Mix
722 74 Product
811 Mlx

(6.37sMs0 0.62541203 7.375 s1o2)

530 .4  i  4 . 3  L052  M lx
560 .0  r  4 . 4  1052  M ix
580 .5  1  4 ,7  1052  M ix

Mix 3 (6.25I"1g0 0.75A1203 7.25 SL02)

6 7
161B
125

69
L28

7 3
7 5

4
1 1

1 8
1 5 0

1  8 9 6
20r0
1156

896
TL57

896
896
940
811

L954
to52
I I ) O

896

792
LO52
L954

L052
L252
896

5 8 4 . 9  !  4 . 7
5 8 5 . 0  !  4 . 5
6 0 4 . 2  !  5 . 0
6 4 9 . 8  !  5 . 6
6 7 5  '  +  5  ?

4 6 0 . 0  r  5 . 0
4 9 9 . 8  !  4 . 2
5 2 0 . 3  r  3 . 4
5 7 0 . 6  !  4 . 7

5 8 5 . 4  !  4 . 8
5 8 5 , 3  t  4 . 6
5 9 5 , 3  !  4 . 7
6 4 9 . 8  r  5 . 6

5 7 0 . 8  !  4 . 7
5 8 0 . 5  r  4 . 5
5 8 5 . 4  i  4 , 8

5 8 5 . 3  r  4 , 6
6 1 0 . 0  r  4 . 7
6 4 9 . 8  r  5 . 6

M i x  4  ( 6 . 0  M g O  1 . 0  A 1 2 0 3  7 . 0  S i 0 2 )

Mix
Mix
Uix
Mix

Mlx
70 Produc t
1l Product
Mix

Mix
125 Produc t
67  Produc t
Hix
69 Product

Mix
19 Product
Mix

71 Product
il1x
Mlx

M i x  5  ( 5 , 7 5  M g O  1 . 2 5  A 1 2 0 3  6 . 7 5  s i 0 2 )

L2
L62
19

159
49
7 I

'  
Uncertaintg calalated as: 0.0075 of mean temperdtt@e + 2 standmd

ercors of mean tenpervtuve. See tett,

** 
Abbxeuiations: Co, cordierite; chL, chl'orite (ui); chL7, ehlotite
(? Z); A, qtnrt; Tc, talc; (+) indi.cates that the anomt of tte pLnse

increased uith inereasing rm tine; (-) indicates a decnease tvith

i.nc,z'easing ran tine. Parentheses ( ) enclosing a phase indicate a

trace anomt res present. Al'L assenbla4es cmtained uater as att
additiornL p?nse.

**r 
Mitn" ee Listed in ordet, of tncreasing aLwn'Lna content (See ?ab\e 1

for cotnpositions). Rm data for each mia are Li'sted in order of
inueasing tetperctwe.
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T.csls 2. continued

Run No.
Tenperature* Duration

(oC)  (hours ) React ants Products*x

l { i x  6  ( 5 . 5  M s O  r . 5  A 1 2 0 3  6 . 5  S i 0 2 )

1 3 8
163

2 0
15 8B

5 1
122
126

50B
7 7

I29B
L 4 B

5 2
L 2 7

8
165

6 8 B
1 5  7 B

5 1 0 . 4  !  4 . 7
5 8 0 . 5  I  4 . 5
5 8 5 . 4  t  4 . 8
5 8 5 . 0  1  4 ,  5

5 9 5 . 7  !  4 . 7
5 9 5 . 3  !  4 . 7
6 0 4 . 2  !  5 . 0
6 0 9 . 8  1  4 . 9
6 0 9 . 8  t  4 . 9

Mix 7

5 6 0 . 0  r  4 . 5
5 7 0 . 4  !  4 . 7
5 9 5 . I  x  4 . 7
6 0 4 . 2  !  5 . 0

5 9 5 . t  !  4 . 7
5 9 5 . 3  !  4 . 7
6 0 9 . 8  r  4 . 9

Mix
50B Produc t
Mix
126 Produc t

Mix
77 Produc t
20  Produc t
Mix
51 Produc t

chl+Q
co ( - )+ rc  ( - )+ch1 (+)+Q

chl+Q
co ( - )+Tc  ( - )+ch1 (+)+Q

ch1+Q
Co+Tc+Chl
Co+Tc+Chl
Co+Tc+Chl
Co+Tc+C'.1

Co+Ch1+Q
Co+Ch1+Q
Co+Chl+Q
Co*Tc*Ch1

chl+Q
Co+Ch1+Q
ch1+Q

co( - )+rc ( - )+ch1 (+)+Q

Co+Ch1+Q
Co+Tc*Ch1
Co+Tc+Chl

2044
1052
1954
2010

t252
f 1 ) o

f a f o

2 7  6 4
t 5r2

( 5 . 2 5  M e O  1 . 7 5  A 1 2 0 3  6 . 2 5  S r 0 2 )

2209
2044
1252
115 6

5 L 9 . 5  r  4 . 4  1 8 1 6
5 3 0 . 4  1  4 . 3  1 0 5 2
5 8 5 . 3  r  4 . 5  2 9 4 8
5 8 5 . 0  r  4 . 5  2 0 1 0

1 2 ) z

1156
t572

1 4 b  r r o d u c f

Mix
Mix
52 Produc t

Mix  8  (5  MgO 2  A1203 6  s i02)

5 3
L23
t8

Mix
8 Produc t
Mlx
123 Produc t

Mix
/o  r roduc f
53  Produc t

590'C the reaction chlorite + quartz = talc * cor-
dierite + vapor, limiting the upper stability of assem-
blages containing chlorite * quartz. The results of
two other reversal experiments on lower-temperature
curves are also shown on Figure 3.

The results are essentially similar to those obtained
by Fawcett and Yoder (1966) from experiments on
glasses, but combining both sets of results, the config-
uration of curves shown in Figure 3 satisfies the re-
sults better than that of Fawcett and Yoder (1966,
Fig. 4, p. 372). Relative to Figure 4 of these authors,
the present configuration places the upper stability of
chlorite * quartz about l5oC higher, and at t€mper-
atures higher than about 500oC, restricts the field for
the assemblage Tc + Chl to slightly less aluminous
compositions.

Chernosky (1975) has recently determined the up-
per stability of the clinochlore f qoaftz assemblage
at water pressures from 0.5 to 4 kbar. At 2 kbar the
temperature of the curve was stated to be 527" t
l0'C. (A better determination is now thought to be
513' + lOoC, Chernosky, personal communication.)
Our data do not give a very precise estimate of this
same point. The clinochlore * quaftz join projects
onto Figure 3 approximately midway between mix
numbers 4 and 5. For that composition Figure 3
shows an upper temperature limit for the chlorite

plus quartz field of about 565'C. The controls on this
curve are not good, and it may be necessary to mod-
ify its slope to accommodate Chernosky's data. Ac-
cording to our data, however, Chernosky should not
have encountered cordierite below temperatures of
about 590'C at 2 kbar.

The phase relations are conveniently il lustrated by
the series of isothermal sections of the system
MgO-AlrO'-SiOr-HrO shown in Figure 4. Construc-
tion of compatibility triangles has been completed
using appropriate data of earlier workers as noted in
the figure caption. With respect to Figures 3 and 4,
the comments and discussion of Fawcett and Yoder
(1966, p. 368-377) are stil l generally appropriate, and
most will not be repeated.here. However, a few com-
ments on the compositions of coexisting phases will
be made below.

From Figures 3 and 4 it can be deduced that the
alumina content of chlorite in equilibrium with
quartz * talc increases slightly with temperature,
whilst the chlorite in equilibrium with cordierite +
qvattz decreases markedly in alumina content. The
compositional range of chlorites in equilibrium with
quartz (only) narrows correspondingly, and at the
upper stability of chlorite * quartz (590'C) a sin-
gle composition, clinochlorer.amesiter{, obtains. It
should be noted that although Figure 4 indicates that
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Tlsle 3. Critical run data for the upper stability limit of chlorite + quartz assemblages

in Fe-bearing compositions at Ps,o :2 07 kbar, buffered with Ni-NiO

Run No. 
t"'?3;;t"'* Duratlon

(hours) Rea ctant a Products**

Conpositions with Fe/FeH'Ie = 0.082

Mix  10  (5 .85  } feo  0 ,52  FeO 0 .5  A1203 7 .5  S i02)

5 5 0 . 1  t  4 . 3  1 1 2 8  M i x
600,6  t  5 ,0  1296 Mix

Mix  11  (5 .625 MgO 0 .5  FeO 0 .75  AI203 7 .25  S iO2)

31 550,2  !  4 .5  1128 Mlx

M l x  1 2  ( 5 . 4  M g O  0 . 4 8  F e O  1 . 0  4 1 2 0 3  7 ' 0  S i 0 2 )

499.6  !  4 ,7  840 Mix
5 4 9 . 4  !  4 . 4  1 1 3 0

30
38

32

34
42

Mtx

l '1 lx  13  (5 .175 MgO 0 .46  FeO 1 .25  41203 7 .0  s i02)

Tc+Chl+ (Q)
Tc+Ch1

Tc+Chl+Q

Tc+Ch1+Q
Tc+Ch1+Q

ch1+Q
chl+Q
chI+Q
Co+Tc+Ch1+Q
ColTc+Ch1+Q (-)

ch1+Q
Co+Tc+Ch1+Q

chl+Q

ch1+Q
Co+Tc+Ch1+Q

Tc+ltt+chl+Q
Tc+Mt+Ch1+Q

Oa+Co+Tc+Mt+Chl+Q (-)

oa+co (+)+Tc (+)+l'It (+)+ (Q) (-)

7 . 5  s i 0 2 )

2 5  4 9 9 . 6  !  4 . 2  8 3 4
3 3  5 5 0 . 5  !  4 . 1  1 1 3 0

1 9 5  5 7 9 . 7  !  4 . 5  1 3 4 3
r 8 9  s 9 0 . 4  !  4 . 7  1 3 4 3

4 1 8  6 0 0 . 1  !  4 . 6  2 2 5 2

2 8  5 O O , 2  !  4 . 4  1 1 0 6
4 4  6 0 0 . 1  !  5 . 2  9 1 0

conpositlons with Fe/Fe+Mg = 0.5

140 550. r  !  4 .4  1440
L 9 7  5 8 9 . 8 r 4 . 7  1 0 1 0
1 4 1 C  6 0 0 . 6  1  4 . 8  2 3 4 3
r 4 2 B  6 5 0 . 0  r  5 . 0  1 7 7 5

M i x  1 4  ( 4 . 9 5  M e O  0 . 4 4  F e O  1 . 5  A 1 2 0 3  5 . 5  s 1 0 2 )

5 5 0 . 5  1  4 . 4  1 1 3 1  M i x
6 0 0 . 0  I  4 . 8  9 1 0  M t x

M i x  1 5  ( 4 . 7 2 5  W 0  O , 4 2  F e O  1 . 7 5  A 1 2 0 3  6 . 2 5  S i 0 2 )

5 5 0 . 0  r  4 . 8  1 1 3 1  M i x

Mlx  16  (4 .5  MgO 0 .4  FeO 2 .O Ar2Q3 6 '0  s102)

Mlx
Mix
Mix
25 Produc t
Mlx

Mlx

Uix

Mix  29  (3 ,375 MgO 3 '375 FeO 0 .25  AI2O3 7 '75  sL02,

Mix
140 Product
Mix
M1x

M i x  1 8  ( 3 . 2 5  M g O  3 . 2 5  F e O  0 . 5  A 1 2 0 3

99 45O.I ! 3.7 1268 )tix Tc+Mt+lftn+Ch1+Q
61 5OI.2 ! 4.3 7494 l4ix Tc+Mt+Chl+Q

I54 590.1 r 4.6 L4j-4 1208 Product Tc+ilt+Chl+Q
I2OB 649.7  !  5 .5  2L89 61  Produc t  0a+co(+)+Tc(+)

uix 19 (3.125 Mso 3.12s FeO 0.75 ol 'ror r.rr rror, 

*"t t* '*tQ" '

79 450'4 ! 3'6 2904 Mjx Mt+Iknl{h1+Q
64 499,7 ! 4.1 1656 Mlx Tc+Mt+Chl+Q

101 525.5 I 4.1 1268 Mix Tc+Mt+Ch1+Q
65 550,2 ! 4.4 1493 Mix Tc+Mt+ChI+Q

100 599,3 1 5.0 1268 65 Product Oa+CqfTc+Mt'fChI+Q
I?IC 650.2 r 5.1 3288 101 Product Oa+Co+Tc+Ut

* thtcertainty calcuLated as for labLe 2.

" Abbreuiations: oa' ortho"honbic anphibole; Mt' nognetite; Itnn hematLte;
(?), presene of phase is meertain; otTer abbteuiatiml as for Table 2'

ALL reserblages contaired uate" as m additimaL phase.

**r 
Mir"u and. run data uithtn each constoLt Fe/Fe+Mg set ue grctped aceord-
i.nq to the schere noted in Iable 2.
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Tenle 3. continued.

Temoera ture t
Kun No.  (oC)

Duration
(hour s) Reac tant s Produc t  sx*

Mix  30  (3 .0625 MgO 3 .0625 FeO 0 .875 41203 7 .125 Sr02)

L 4 3  5 0 0 . 4  t  3 . 9  7 6 8
1 4 4  5 5 0 . 8  !  4 . 3  7 6 8
r 4 5  5 7 4 . 9  !  4 . 6  7 6 8
1 7 1 C  6 3 0 . 2  !  4 . 8  2 6 8 8

81 550.r  !  4.4 1270
82  574 .9  !  4 . 6  L270

153  589 .9  !  4 . 7  r 4L4
80D  600 .1  1  4 .7  4556
83C 650.4 r  5.2 3337

194  583 .0  r  4 . 7  t 342

r72B  630 .4  r  5 . 1  7364

1 8 3 8  5 8 5 . 5  !  4 . 6  1 5 7 6

8 4 B  6 0 0 , 4  r  5 . 0  2 3 s 4

146  550 .1  !  4 . 4  768
r47  570 .4  !  4 . 5  767
148  585 .2  !  4 . 6  1768

M i x  2 0  ( 3 . 0  M g O  3 . 0  F e O  1 . 0  A 1 2 0 3  7 . 0  S i 0 2 )

Mt+Chl+Q
(Tc)+Mt+Ch1+Q
(Tc)+Mt+Chl+Q
0a+Co+Tc+Mt

Mt+Ch1+Q
Mt+Ch1+Q
(Tc)+Mt+Ch1+Q

Oa+Co+ (Tc)+Mt+Ch1+Q (-)
Oa+Co+Tc+Mt

oa (-)  co (- )+rc
(-)+Mt+Chr+Q

Oa+Co+Tc+Mt

(-)+ch1 (+)+Q (+)
oa+ (+)+Co (+)+Tc (+)
+Mt (+)+chl (-)+Q (-)

(Mt)+Ch1+Q
(Mr)+Ch1+Q
chl+Q

Mb+llfl+Chl+Q
Mt+Ch1+Q
chl.+Q
chl+Q

co+( Tc ) + (Mt )+Ch-l+Q
0a+Co+Tc+l'ft

(Mt )+Hn+Chl+Q
(Mt ) +chl+Q
ch]+Q
ChI+Q
ch1+Q
Co+Cb1+Q
Co+Chf+Q

oa(  ?  )+co+(Tc  )+(Mt  )+ch l

Ch1?+Q
Ctil+Q
Co+Ch1+Q
Co+Ch1+Q

oa(?  )+co+(Tc  )+( l , { t  )+cnr
0a+Co+Tc+Mt
0a+Co+Tc+Mt

Mt+ch1+Q
Mt+chl+Q
co ( ? )+Mt+ch.l+Q
co+Mt+chl+Q
0a+Co+Mt+Ch1+Q
0a+Co+Mt+Ch-l+Q

Mlx 31 (2.9375 t { 'g9 2.9375 FeO 1.125 AI2O3 7. I25 s i02)

Mix
Mix
82 Product
Mix
Mlx

1728 Produc t

Mix

Mix
M1x
Mlx
Mix

Mix
Mix
Mix

Mix
89 Product
Mix

Mix
oo froouct

Mix

95 Product
Mix
Mix
150 Product
93 Product
Mix

Mlx
Mix
aao Frooucr
Mix
Mix
yo rroouc!
yo Koduct

Mix
It4ix
Mix
Mix
Mix
Mi.x

Mix  2 I  (2 .875 MgO 2 .875 FeO 1 .25  t I203 6 .75  S i02)

848 Produc t  Oa( - )+Co( - )+Tc( - )+Mt

Mix

M i x  3 2  ( 2 . 8 L 2 5  M g O  2 . 8 1 2 5  F e O  1 . 3 7 5  A 1 2 0 3  6 , 6 2 5  s i 0 2 )

Mix  22  (2 .75  MeO 2 .7 '  Feo  1 .5  A1203  6 .5  S i02 )

9 r  \ 5 0 . 6  !  3 . 7  2 ! 0 0
r \9  ,2 r . r  !  )+ . r  r \16

89 ,5A. )1  !  )+ .6  L272
a 9 6  5 8 0 . 0  I  l + . t  1 0 0 9

8 8  6 0 0 . 0 1 l + . 6  ! 2 1 2
I32C 510.2  1  )+ .8  2688

Mix 23 (2.62,  Me) 2.625 FeO r .75 A: .2a3 6.25 s i1z)

9 5  4 ) + 9 . 8  1 3 . 6  r 2 7 L
150 )165.0 !  3.6 r ! )+O
135  \ ' l ) t . 9  !  3 . 7  1440

9)1 \99.9 !  3.9 : '693
9 3  5 5 0 . 1  I  1 . 3  ! 6 9 3

1B2B 559.9 !  \ .3 1967
Ir2 589.9 !  1+.6 r l+1)+

92  600 .5  t  \ . 8  1268

115  )+50 ,1+  13 .8  1 )+19
98  500 .0  1  l + .2  767

r81B  5 \o .2  t  \ . 2  1967
151 589.7 !  \ .9 1)+r)+
96  j 99 . j  !  \ . 7  719

l3 r+c  6a9 .7  !  j . 2  2686
L76B 610.r  !  5. r  2)+18

Conpositions vith Fe/Fe+l4A = 0.75

185  5To . r  1  \ . 5  g j 9
I92 58A.2 !  )1.7 1340
186  59a .2  !  ) 1 . 8  958
191 600 .1 i l+ . ? t3)+2
1BT  610 . )+  I  5 . 0  958
r 8 8  5 3 0 . 5  I  5 . 0  9 5 8

M ix  2 r+  (2 .5  Me )  2 .5  r ' eo  2 .0  A1203  6 .0  s i 02 )

M ix  26  (1 .5  Mso  )+ .5  Feg  1 .0  A - r203  7 .0  S i02 )
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Mix  No
3 4 5 62A

the range of chlorite compositions extends to that of
amesi te (aMgO.2Al2Oa.2SiOr.4HrO),  the range of
compositions investigated in this work gives no in-
formation on the real l imit. and in fact. there is some
doubt whether the 14 A chlorite solid solution ex-
tends (broken or unbroken) to the amesite composi-
tion (Velde, 1973). At the low-alumina end of the
chlorite solid-solution range, the configuration of the
Tc f Chl f Q and Tc + Chl f ields (Fig. 4) requires
that the solid solution extend to compositions rather
less aluminous than clinochlore (5MgO . Al2O3 . 3SiO,
.4HrO),  and possib ly  c loser  to pennine (5.5MgO
.0.5A1'O. .3.5SiOr.4HrO).  However,  the composi-
tional range studied is too l imited to allow more ac-
curate est imat ions of  the min imum alumina content
of 14 A chlorites. An attempt was made to use
Nelson and Roy's data on d-spacings for synthetic

P . D

. \ 6 0 0

at
l

Y
(D 446
o_"""
c

' q )

7l\4gO8SiO2 6MgOAl2037SiO2

M g S i -  A l A l

Frc 3.  Cr i t ical  runs def in ing the upper stabi l i ty  ofchlor i te + quartz in Fe-f ree composi t ions

aI  Ps'o -  2 kbar.  The resul ts are shown on a temperature-composi t ion sect ion along the jo in

antho-phyl l i re (7MgO SSiOr '2HrO)-magnesian gedr i te (5MgO 2Al ,O' .6SiO,.2HzO) The

symbols represent the assemblages interpreted as stable;  addi t ional  phases pers isted in some

runs near boundary curves (see Table 2 for  detai ls)  Al l  assemblages contained vapor as an

addi t ional  stable phase

5 M9O2 Al20365lO2

chlorites to further explore the change in chlorite
composition with temperature and bulk chemistry.
Although general trends similar to those mentioned
above were obtained, the alumina contents were
unreasonably high, even allowing for large errors
arising from the fact that spacings were determined
from routine diffractograms. Application of Albee's
(1962,  F ig.  5,  p.  867)  equat ion for  natura l  ch lor i tes
resulted in unreasonably low alumina contents, as
expected from earlier experiences (Gil lery, 1959;
Albee,  1962).

The configuration of talc-bearing fields with re-
spect to bulk composition (Figs. 3 and 4) requires
that talc has a significant alumina content, as pre-
viously noted by Fawcett and Yoder (1966, p.374).
In fact, it can be deduced graphically from Figures 3
and 4 that the talc contains rrp to 2.2 atom percent

Fftr":-= zo?Lbl
+

Cord ie r i te  *  To lc  *  Ch lor i te

Ch lor i te  *

Chlori le * Quortz



All(Al+Mg*Fe), or 4.2 weight percent AlrOr. This
is confirmed by the alumina contents determined
from the measurements of talc c dimensions, using
the 2 kbar curve of Fawcett and Yoder (1966, Fig. 5,
p. 375). A maximum content of 4.0 weight percent
Al2O3 was determined (runs 19 and 67 at 585"C). The
present work and the evidence from analyses of natu-
ral talc strongly support Fawcett and Yoder's sugges-
tion that the maximum alumina content of talc is
about 4.0 weight percent.

Compositions with Fel(Fe+Mg) : 0.5

Crit ical results for these compositions are l isted
in Table 3, and are interpreted on a temperature-
composition projection along the join FeMg-antho-
phy l l i t e  (3 .5Mgo .3 .5FeO.8S iO , .2H ,O) -FeMg-
ged r i t e  (2 .5MgO.2 .5FeO.2A l ,O , .6S iOr .2HrO)  i n

UPPER STABILITY OF CHLORITE + QUARTZ I  1 8 5

Figure 5. The symbols represent the assemblages in-
terpreted as stable; additional phases persisted in
some runs near boundary curves (Table 3). All as-
semblages contained water as an additional stable
phase.

Below approximately 595'C the sequence of chlo-
rite * quartz assemblages with increasing bulk alu-
mina content is Tc + Mt + Chl + Q, Mt + Chl + Q,
Chl + Q, Co + Chl * Q-rather similar to the
situation for Fe-free compositions except for the
modifications introduced by the occurrence of mag-
netite. For runs of long duration at or above 600oC,
the assemblage Oa f Co t Tc * Mt results. The pair
chlorite * quartz thus becomes unstable above about
595'C. This boundary was confirmed by three re-
versal experiments (runs 154, 1838, 194) including
one (154) in which the higher temperature assem-

Al203 Mso

MsO SPINEL Al2O3 MSO SPTNEL AlzO3

Mole Percent

Ftc. 4. Isothermal projections in the system MgO-ALO'-SiO,-H,O ar Ps,6 = 2 kbar. The compatibility triangles
have been completed by incorporat ing the data of  Yoder (1952),  Roy and Roy (1955) and Sei fer t  and Schreyer
(1970),  and Sei fer t  (1973).  Abbreviat ions:  Cl ,  c l inochlore;  Am, amesi te.

sio2
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No.
3 t  2 l

(3MgO.3FeO)Al2036SiO2

(Mg,Fe)Si .. AlAl
K E Y

(2.5M9O.2 5FeO)2Al2036Si02

Mix
18 t9 50 20

O ooo

o

+

o
P 55o
E

, o

V  T c + l v l l + C h l  + Q
O  M t + c h l + Q
a  c h l + Q
O  C o + C h l  - l Q

O  O o + C o + T c t M t

biage Oa * Co * TC + Mt was apparently com-
pletely replaced by the lower temperature assemblage
T c * M t + C h l + Q .

The replacement of the chlorite * quartz-bearing
assemblages by the higher-temperature assemblage
Oa * Co + Mt is probably deceptively simple for the
following reason. Ignoring for the moment HzO as a
phase or a component, if the boundary between Oa *
Co * Tc * Mt and the lower-temperature assem-
blages represents isobaric univariant equil ibrium, the
phase rule requires that only five (P : C * I - l)
different phases may coexist at the boundary (FerO,
is the fifth component). Figure 5 shows that six differ-
ent apparently stable solid phases coexist at the
boundary-a situation that can only arise in the pres-
ent system if the equil ibrium is isobarically invariant.

l---'l From oxide mix
7 From similor ossembloge produced ot lower temperoture
F From lower temperoture ossembloge
El From higher lemperolure ossembloge ("Reversol")

Frc 5.  Cr i t ical  runs def in ing the upper stabi l i ty  of  chlor i te + quartz in composi t ions wi th Fel(Fe +

Mg) : 0.5 at Ps,6 : 2.07 kbar. The results are shown on a temperature-composition section along the
jo in FeMg-anrhophyl l i te(3.5MgO 3.5FeO.8SiO,.2H,O)-FeMg-gedr i re(2.5MgO 2.5FeO 24l ,O. 6SiOz
'2HrO).  The symbols represent the assemblages interpreted as stable;  addi t ional  phases pers isted in

some runs near boundary curves (see Table 3 for  detai ls)  Al l  assemblages contained vapor as an

addi t ional  stable phase.

That the conditions for this set of experiments hap-
pened to coincide with those of the invariant point
involving chlorite, quartz, orthorhombic amphibole,
cordierite, talc, and magnetite would seem to be un-
convincingly fortuitous, and other possibil i t ies are
discussed below.

The results of a Schreinemakers' analysis, depicted
in Figure 6, show the distribution of all possible
univariant curves around the invariant point in-
volving the above six phases plus a vapor (HrO)
phase. The precise composition of phases used in the
analysis (see Figure 6 caption) were chosen as reason-
able approximations of those expected at the bound-
ary between the Oa * Co * Tc t Mt field and the Tc
+ Mt + Chl + Q field (see later discussion of mineral
compositions). Because of solid-solution ranges, par-

Ni-NiO buffer.Pu-n = 2,O7kb

c

Orthoomphibole + Cordier i ie * Tolc f  Mognet i te

o

v  6  
v  _  

\  \  Cord ie r i re+

Tolc + Mogneti te +
Chlor i te * Quorf  z

O  \ A  A

Mognetiie * Chlorile * Quortz
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t icularly in chlorite, cordierite, and orthorhombic
amphibole, the chemographic relationships between
the seven phases wil l vary with bulk composition, and
in some cases, possible variations from the composi-
tions chosen for the above treatment cause the
Schreinemakers' solution to differ slightly from that
obtained in Figure 6. Such alternative solutions were
explored, however, and it was found that the differ-
ences do not, in general, affect the discussion below.n

Returning to the Schreinemakers' solution of Fig-
ure 6, it can be deduced that to first produce ortho-
rhombic amphibole and cordierite from chlorite +
qvartz assemblages, two univariant curves must be
crossed-either (Co) and then (Tc), or (Oa) and then
(Chl). The fact that the assemblage chlorite plus
quartz is apparently unstable in orthorhombic am-
phibole-bearing assemblages, and the fact that, al-
though cordierite and orthorhombic amphibole both
appear within a few degrees above 595"C, cordierite
is generally recognized before orthoamphibole in the
progress of a run, would suggest that (Oa) and (Chl)
are the reactions responsible for the assemblage Oa *
Co * Tc + Mt. The compatibil i ty diagrams for areas
between the curves of Figure 6 have been con-
structed, but are not reproduced here because ofper-
spective problems in small diagrams. For the bulk
compositions investigated, the sequence of stable as-
semblages with increasing temperature should be Tc
+ Mt + Chl  + Q(or  Mt + Chl  + Q;  orChl  *  Q,  orCo
+ Chl  + Q),  Co *  Tc *  Mt  + Q(orCo *  Tc *  Mt  *
Chl for the very aluminous compositions), Oa * Co
* Tc t Mt. Apparently then, the assemblage Co *
Tc * Mt + Q (or Co * Tc + Mt + Chl) is stable over
a narrow range,  in  the order  of  l0-20 'C (Fig.  5) ,
between the upper stabil ity of chlorite * quartz as-
semblages and the lower stabil ity of the Oa * Tc *
Mt assemblage. The width of this temperature inter-
val is evidently so narrow as to prevent the field from
being easily resolved experimentally, although the
early appearance of cordierite relative to orthorhom-
bic amphibole in the present runs may well have been
a real indication of its predicted existence. Further,
considering the small temperature interval, one may
presume also that either the present experiments have
been conducted at pressures close to the invariant

n For example, when using an orthorhombic amphibole compo-
sition that is significantly more Fe- or Al-rich than used in the

treatment of Figure 6, the solution is similar except that the se-
quence of curves (Tc) and (Co) are interchanged, and the reactions

across them are modified to Co * Mt + Chl + Q = Oa + HrO,

and Mt + Chl + Q = Oa f Tc * H,O respectively.

Ftc.  6 Schreinemakers '  analysis of  the invar iant  point  involv ing

chlor i te (3MgO 2FeO. Al ,O, SiO,.4HzO-cl inochlore.odaphni terc) ,

anhydrous Mg cordierite (2MgO 2ALO. 5SiO,), talc (3MgO 4SiOz

2H,O),  or thorhombic amphibole ( l5FeO. l0MgO 3ALO. '29SiO,
.4H2O = FeMg anthophyl l i te.oFeMg gedr i te,o) ,  quartz (SiO,) ,

magnet i te (FerOr) ,  and vapor (HrO) For each curve the label  in

parentheses indicates the absent phase for the particular reaction.

The vapor-absent curve is  omit ted as i t  cannot be shown on the

accompanying diagram. Abbreviat ions as for  Tables 2 and 3

point shown in Figure 6, or the univariant curves
(Oa) and (Chl) are closely adjacent, and by implica-
tion, (Co), (Tc), and (Mt) are also closely adjacent.

Figure 5, therefore, is probably incomplete, and
the nature and configuration of assemblage fields re-
placing chlorite * quartz fields with increasing tem-
perature are probably more l ike those shown sche-
matically in Figure 7. Fields I and, in part, 2 are
those deduced above, whilst a consideration of the
isothermal sections shown in Figure 8 and discussed
below seems to requi re f ie lds 2,  3,4,  and 5.

The phase relationships experimentally determined
or inferred above are i l lustrated by the series of iso-
thermal projections in Figure 8. As discussed for
Figure 2, the contents of the FeO-MgO-AlrO'-SiO,
tetrahedron are projected onto the MgO-AlzOr-SiOz
face to avoid many of the problems of apparent
crossins of t ie l ines that would result from other more

(4
l " o o \
lr;- - --- -
=
\.-' /
chr /

Mgo

o roa (
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(Mq Fe)Si *  AlAl 2 5lvlqo2 5Feo2A12o365i02

FIc. 7. Schematic configuration of stability fields near the upper
thermal  stabi l i ty  of  chlor i te + quartz.  F ie lds ( l )  to (5)  were not
exper imental ly  del ineated,  but  are required f rom other consid-
eratrons-see text.

familiar projections [e.g., AFM, A(F,M)S].It should
be remembered that for assemblages containing mag-
netite, t ie l ines connect other members of the assem-
blage to magnetite, assumed for the purposes of this
discussion to l ie at the FeO apex.s Thus, in terms of
MgO-FeO-Al2Or-SiOr, the apparent three-phase
fields are four-phase volumes, and two-phase fields
are really three-phase triangles. Unlike the projec-
tions for the Fe-free compositions discussed earlier,
no attempt has been made in Figure 8 to show all
possible assemblages for Fe-bearing compositions.
This is partly because much of the necessary detailed
information is not available, although some data are
in hand (e.g. Akella and Winkler, 1966 Hsu, 1968;
Hsu and Burnham, 1969). To depict satisfactori ly the
complete phase relationships ev'n for Pn,o : 2kbar
and NNO requires a three-dimensional model of the
MgO-FeO-AlrOa-SiO, tetrahedron or a much more
Iengthy ser ies o l  pro ject ions.

In four-component systems it is diff icult to deduce
the compositions of coexisting phases from tie-l ine
orientations. It is also unfortunate that most prod-
ucts were too fine-grained to analyze with the elec-
tron microprobe. Nevertheless, some useful observa-
tions on the chemistry of coexisting phases can sti l l  be
made and are elaborated below.

As in the assemblages from Fe-free mixes, the
range of compositions of chlorite in equil ibrium with
quartz (only) contracts with increasing temperature.

6 As noted in the earlier section on experimental methods, mag-
netite in stable assemblages above 595'C is apparently pure FerOa.
The other magnetites may contain up to l0 percent hercynite

component, but this does not seriously affect the ensuing dis-
cusslon.

As shown by the solid bar in Figure 8, the composi-
tions can be defined, because the chlorites must have
the same Fel(Fe + Mg) : 0.5 as the mixes. Further-
more, it can be seen that the range decreases with
increasing temperature whilst embracing progres-
sively less aluminous chlorite compositions, unti l at
595'C, the upper stabil ity of chlorite * quartz, the
chlorite is close to daphniteuoclinochlorgo. It is of
some interest to note that the chlorite at the upper
thermal stabil ity of the pair chlorite * quartz in Fe-
free compositions (Fig. 4) also has a relatively low
alumina content (clinochlorer.amesitetn). It can also
be deduced that chlorites in equilibrium with quartz
* cordierite have Fel(Fe + Mg) : 0.5, and decrease
in alumina content with increasing temperature unti l,
at 595oC, they also reach the composition daph-
niteuoclinochloreuo. On the other hand, those in equi-
l ibrium with magnetite + quartz * talc have un-
known pe/(Fa + Mg) ratios (but < 0.5), and increase
in alumina and Fel(Fe + Mg) as they approach the
daphniteuoclinochloreb. composition at 595'C. Meas-
urement of basal spacings to estimate alumina con-
tents in chlorites using the data of Nelson and Roy
(1958) proved to be unsatisfactory, as were similar
attempts for the chlorites from Fe-free runs. It is well
known that FelMg ratios in chlorite influence the b
cell-dimension (e.9., see Bailey, 1972),but there was a
very poor resolution of chlorite peaks corresponding
to (0ft0) reflections in the diffractograms of the pres-
ent products, and estimates of chlorite Fel(Fe + Mg)
ratios from cell dimensions were not practical.

The departure of talc from its ideal Fe- and Al-free
composition could not be accurately gauged from the
isothermal sections, except that, given the determined
extent of the Tc + Mt + Chl + Q and Oa t Co * Tc
* Mt assemblages to low alumina compositions (Fig.
5), and allowing for the accommodation (above
600"C) of the even lower alumina assemblage Oa *
Tc * Mt + Q (Fig.7), it would seem that talc All(Al
+ Mg * Fe + Si) probably does not exceed about 1.5
atom percent (2.9 weight percent Al2Os), as indicated
on Figure 8. The iron content of the talc is also
probably low, if the results of Forbes's (1971) experi-
ments on Al-free mixes are applicable. Those results
imply that, for P",6 : 2 kbar, Ni-NiO and temper-
atures greater than about 500'C, talc is l ikely to have
less than about 5 atom pdrcent Fel(Fe + Mg). Lim-
ited information may be obtained from the diffracto-
grams of the talc-bearing products. As mentioned
earlier, Figure 5 of Fawcett and Yoder (1966) shows
a regular decrease in talc basal spacing with increas-
ing alumina content. Work on synthetic talc in alu-

T c t M i + C h l + Q , / \ \ C o + C h l + o

M r + c h r + o  \ c h l  ^
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mina-free charges (Forbes, 1969) suggests that in-
creasing Fel(Fe + Mg) in talc has the opposite effect
and increases the talc c-dimension. Hence, these two
pieces of information allow estimates of minimum
values for weight percent AlrO, and f 'el(Fe + Mg) in
talc produced in the present experiments. Given this
limitation, the highest atom percent Fel(Fe + Mg) in
talc (produced at 450'C) was 4.3, and Fel(Fe + Mg)
decreased with increasing temperature as predicted
by Forbes (1971), unti l above 600'C no iron was
detected. The talc produced below 600'C contained
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( 1.4 weight percent Al2Os; above 600oC it contained
I 2.7 weight percent AlrO3.

Cordierite in equil ibrium with chlorite * quartz
wil l have the same pel(Fe + Mg) : 0.5 value as the
starting mix. The work of McOnie et al. (1975) on the
upper stabil ity of chlorites of the clinochlore-daph-
ni te sol id-solut ion ser ies at  PHro:  2 kbar  (Ni -NiO)
implies that at 600'C the field for the assemblage Co

+ Mt + Q extends to within a few atom percent p'el(Fe

+ Mg) of pure Mg-cordierite. It is therefore considered
that cordierite in the assemblage Oa * Co * Tc * Mt,

UPPER STABILITY OF CHLORITE + QUARTZ

MSO MSO

Mole Perceni
At2o3

FIc 8 Isothermal projections from FeO-H,O in the Ni,zNio-buffered system MgO-FeO-ALO,-SiOz-H,O at Ps"s = 2kbar,
for  buf  k composi t ions wi th Fe, / (Fe + Mg) = 0 5 With the except ion that  some data of  Mconie et  a l  (1975)

have been incorporated on the low MgO side of  the diagrams, the project ions i l lustrate only the phase re lat ions inter-
preted f rom Figs.  5 and 7,  and are therefore grossly incomplete.  Chlor i tes in equi l ibr ium wi th quartz (heavy l ine) have

Fel(Fe + Mg) :  0 5.  The assemblages near the lef t  and r ight  s ides of  the diagrams also contain magnet i te as indicated.
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and also in the assemblage Oa * Co * Q + Mt (in-
ferred for compositions with slightly less MgO) is
virtually pure Mg-cordierite, as indicated on Figure 8.

The composition of orthorhombic amphibole in
the assemblage Oa * Co i Tc * Mt is much more
equivocal. Even if reliable methods were available to
relate the composition of intermediate members of
the orthorhombic amphibole solid-solution to their
unit cell or optical parameters, the necessary data
were not readily obtainable from the run products,
due to poor resolution of X-ray reflections from the
very fine grain-size of individual amphibole crystals.
However, a few compositional l imits can be inferred.
Assuming that the first orthorhombic amphibole to
become stable is not alumina-free [and hence the
rationale for f ields (3), (4), and (5) in Figure 71, a
small f ield for Oa * Tc * Mt + Q should be stable
for compositions with very low alumina. Accepting
too that the present work has established the extent
of the Oa * Co * Mt * Tc assemblage to quite low
alumina compositions, the amphibole composition in
equil ibrium with those two assemblages must have
pel(Fe + Me) ) 0.5 and must l ie on the Tc-Oa line
(Fig. 8) or its further extension to higher Fel(Fe *
Mg) and slightly higher AlrO, values. The amphibole
therefore, has a composition with f 'el(Fe + Mg) >
0.5, in which the (Fe) anthophyll ite component domi-
nates over the (Fe) gedrite component by a ratio of at
least  4 to l .

Assuming that the magnetite contains l itt le or no
magnesioferrite component, their approximate hercy-
nite contents, determined using the X-ray determina-
tive metho.d of Turnock and Eugster (1962), were (

l0 percent. Magnetite coexisting with talc * chlorite
I quarlz contained an average of6 percent hercynite,
whilst in the more aluminous magnetite t chlorite *
quartz assemblage it contains about l0 percent hercy-
nite; in equil ibrium with orthorhombic amphibole i
talc, the magnetite is apparently pure FerOo.

Compositions with Fel(Fe + Ms) : 0.082 or0.75

Because relatively few runs were performed on the
set of mixes with Fel(Fe + Me) : 0.082 and the mix
with Fel(Fe * Mg/ : 0.75, and because many of the
run times were not long enough to produce equil ib-
rium assemblages, a comprehensive delineation of
stable assemblages in relation to temperature and
composition is not possible at this time. However, the
results l isted in Table 3 indicate that the breakdown
temperature for chlorite t quartz in both sets of
compositions was again in the vicinity of 590'C. In
mixes with f 'el(Fe + Mg) : 0.082, the stable assem-

blage above this temperature appears to be Co * Tc
+ Chl (as for the Fe-free compositions), while for

compositions having pel(Fe + Mg) : 0.75, the
stable assemblage at least above 610'C probably con-
tains orthorhombic amphibole, cordierite, and mag-
netite, with either chlorite or quartz; the latter would
be expected if the amphibole-bearing fields of Figure
8 show, approximately, the correct topology.

Discussion

Considering the results of experiments on all
mixes, it now seems that at Ps"6 : 2 kbar, and at
oxygen fugacites defined by the Ni-NiO buffer, the
upper stabil ity temperature of chlorite * quartz is
virtually independent not only of alumina content,
but also of Fel(Fe + Mg) ratio, and that in the sys-
tem MgO-FeO-AlrOg-SiOr-HrO a wide variety of
stable assemblages containing chlorite + quartz at
lower temperatures wil l become unstable at 590 t
l0'C, yielding cordierite-bearing assemblages. There-
fore, a series of temperature-composition projections

embracing the field of chlorite * quartz assemblages
along lines of increasing Fel(Fe + Mg) ratio wil l have
forms similar to those already depicted (Figs. 3 and

5) along lines of increasing alumina content at con-
stant Fel(Fe + Mg). This is a TX projection on to
the l ine 6MgO '  A l2Os'7SiOz-6FeO.Alroa.7SiO,
joining orthorhombic amphiboles of intermediate
alumina content (Fig. 9). Only the results crit ical to
the upper stabil ity of chlorite * quartz are plotted.
The point at Fel(Fe + Mg) : 1.0 is deduced from
Turnock (1960, Figure 40, p. 103), and represents the
temperature where the chlorite-quartz tie-l ine would
become unstable in Ni/NiO-buffered assemblages in
the system FeO-AlzOs-SiOr-HrO at 2 kbar total
pressure. The assemblages stable above and below
the chlorite + quartz breakdown are interpreted from
the results of the present experiments, and also, at
the high f 'el(Fe + Mg) end, from those of Turnock
(1960).  The composi t ion of  mix l3  does not  l ie  pre-

cisely in the projection plane, but is sufficiently close
to be useful in determining the field boundary shown.
The boundary curves are shown schematically, be-
cause in most cases the experimental data are as yet
sti l l  too sparse for more accurate estimates. Where
the slope of a boundary could not be reasonably
estimated, it is shown as vertical.

The chlorite * quartz upper stabil ity temperature
of 590 + 10'C is obviously only valid for the bulk
chemistry and physical conditions of the experi-
ments. For example, addition of KrO to the system

MgO-FeO-AlrO3-SiOr-HzO will lower this temper-
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Frc.  9.  Largely schemat ic temperature-composi t ion sect ion at  Pr"o = 2 kbar a long a l ine 6MgO AlrO3'  TSiOr-6FeO'AlrO. 7SiO,

joining orthorhombic amphiboles of intermediate alumina content. Results of runs delineating the stability of chlorite + quartz are

indicated Circles, chlorite + quartz assemblages interpreted as stable; dots, chlorite + quartz unstable, and assemblage contains

cordier i te f  or thorhombic amphibole;  the plot  at  Fel(Fe + Mg) = I  is  deduced f rom Turnock (1960, Fig.40,  p.  103).  Other boundar ies

were inserted af ter  considerat ion of  resul ts of  a l l  runs,  but  are diagrammatic only,  the number of  runs performed and the range of  mix

compositions being inadequate for more precise delineation. Vertical boundaries are inserted where the sign of the slope could not be

reasonably guessed.

o.9 t.o
(6FeO.Al2Os.7SiO2)

ature; the work of Seifert (1970) and Bird and Faw-
cett (1973) on part of the system K,O-MgO-AI2O'-
SiOr-HrO indicates that at 2 kbar total pressure
chlorite + quartz will react with muscovite at some
80'C below this temperature to produce cordierite
* phlogopite * vapor. Another example is found
in the recent work of Liou et al. (1974), whose
experiments on natural rock powders show that the
presence of CaO can lower the chlorite * quartz
upper stability temperature by at least 40'C from
that determined in the present experiments. At higher
pressures the chlorite I quartz breakdown tempera-
ture will increase by the order of abottl 25oC/
kbar for Fe-free compositions (Fawcett and Yoder,
1966). An increase in oxygen fugacity above that
corresponding to the Ni-NiO buffer would be
expected to significantly decrease the chlorite *
qvartz breakdown temperature, and lower,fo, values
might produce less significant changes in chlorite *
quarlz upper stability (Turnock, 1960, Fig. 40, p.
103).6 Important changes in stability of other phases
could also be expected at oxygen fugacities different

6 More significant changes in the breakdown temperature with

increasing/6,  are indicated by Akel la and Winkler 's  (1966) exper i -
ments in the QFM field. However, these experiments were con-
ducted on amphibole-seeddd charges of natural chlorite + quartz,

and comparison with the work in the synthetic FeO-MgO-
AlrOs-SiO, system should be made wi th some caut ion.

from those of this experiment; for example, at fugac-

ities equivalent to the quartz-fayalite-magnetite
buffer, some of the cordierite fields delineated in the
present work could be infringed upon by gar-
net-cordierite fields (Hsu, 1968; and Hsu and Burn-
ham, 1969).

Application to natural assemblages

As discussed above, the physiochemical parame-
ters governing the upper thermal stabil ity of natural
chlorite + q\artz assemblages only approximate
those responsible for the assemblages produced ex-
perimentally, and hence the results of the present

studies should only be applied to natural assemblages
with caution.

Some of the rocks whose compositions most closely
resemble the relatively simple MgO-FeO-Al2O'-SiOr-
HrO composition of the experimental system are the
so-called "cordierite-anthophyll ite rocks" described
from a wide variety of localit ies. The occurrence of
the cordierite-anthophyll ite assemblages has been
commonly ascribed to isochemical "contact" meta-
morphism (Vallance, 1967; Spence, 1969) or regional
metamorphism (Froese, 1969) of chlorite-rich rocks.
The peculiar chemical composition of the chlorite-rich
rocks is often attributed to hydrothermal alteration

of volcanics, sometimes associated with base-metal
sulfide mineralization (Spence, 1969; Froese, 1969);
other authors have suggested that some localities have

Co+Tc+Chl+Mt Oo+Co+Mf+Q I Co+Mt+Q

I
I

\Co+Tc+Chl+Mt

Tc+Mt+Ch l+Q - /

C o + T c + Q + M t

Mt+ Ch l+Q
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derived their unusually MgO- and FeO-rich composi-
t ions by metasomat ism (Eskola,  1914) or  by segrega-
tion and removal of the granitic products of differential
mel t ing (Eskola,  1933,  Grant ,  1968,  Lal  and Moor-
house,  1969).  Whatever  the or ig in of  the unusual
chemical compositions, it is generally accepted that
metamorphism is responsible for the cordierite-
anthophyll ite assemblages, and many of them are
very similar to those produced in the present experi-
ments. For example, the chlorite * quartz assem-
blages of the hydrothermal-alteration pipes in sil icic
volcanics of the Noranda-Rouyn Cu-Zn sulfide de-
posits in Quebec are replaced close to the Lac
Dufault granodiorite by assemblages of the type or-
thorhombic amphibole I cordierite + magnetite +
chlorite * biotite t quartz (Spence, 1969). The pro-
gression is quite similar to the experimental observa-
tions, except for the presence of KrO indicated by the
occurrence of biotite. Thus, the results of the present
studies could, with suitable reservations, be used to
significantly contribute to the evaluation of metamor-
phic conditions in this and in many other areas con-
taining cordierite-anthophyll ite assemblages.

The introductory remarks noted that the results of
the present work may also be useful in establishing
certain l imits for metamorphic conditions experi-
enced by rocks whose comp,ositions are more diver-
gent from those discussed above. For example, in
view of the possible persistence to relatively high
temperatures (approaching 600'C, as established in
these experiments) of chlorite * quartz assemblages
with suitable bulk composition, it is of interest to
note that, in some of the high-grade pelit ic assem-
blages of the (admittedly higher pressure) Whetstone
Lake area (Carmichael, 1970), mutually stable chlo-
rite and quartz are observed to persist almost to the
sil l imanite isograd (kyanite = sil l imanite), and have
evidently been replaced by orthorhombic amphi-
bole-cordierite assemblages just below the somewhat
higher-grade sil l imanite-garnet-biotite isograd (Car-
michael ,  1970,  p.  157 and 181).  One may speculate
more generally that chlorite in quartz-bearing assem-
blages of many high-grade metamorphic rocks may
not necessarily all be retrograde and that, as has
sometimes been suggested from petrographic evi-
dence, (e.9. Green, 1963), chlorite * quartz assem-
blages may be stable in some rocks to at least the
middle of the amphibolite or hornblende hornfels
facies, or higher.
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