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D.lvrn M. JnNxrNs*
Department of the Geophysical Sciences, University of Chicago, Chicago, Illinois 60637

Josnpn V. CnrnNosxv. Jn.
Department of the Geological Sciences, University of Maine at Orono, Orono, Maine 04473

AnsrnLcr

New experimental data on the upper thermal stability of chlorite in the system H'O-
MgO-AlrOr-SiO, are reported here and are combined with other experimental data, molar
volumes of the solid phases, heat capacities, HrO fugacities, and activity expressions for
cordierite, chlorite, and orthopyroxene to obtain an array of univariant curves about an
invariant point at 720 + l0"C and2.75 + 0.3 kbar where chlorite, cordierite, forsterite,
orthopyroxene, spinel, and water are in equilibrium. A crystallochemical study of chlorite
synthesized from three different bulk compositions at 3 and 14 kbar and over the tem-
perature range of 650-850"C suggests that Mg-chlorite attains a composition of (Mg.rAl'.r)
(Sir 8Alr ,)Oro(OH)8 at its upper thermal stability at all pressures. Thermochemical data for
clinochlore were derived from the experimental data on the dehydration of chlorite above
3.5 kbar, yielding values of -8220.452 + 27 kJ/mol and -2186.2 + 33 J/(K'mol) for
AG! and AS!, respectively, at I bar and 298 K.

INrnooucrroN

Chlorite is observed as a common rock-forming mineral
within pelitic, mafic, ultramafic, and calc-silicate assem-
blages. To a close approximation, natural trioctahedral
chlorite compositions can be expressed as binary com-
binations of the endmembers (FeiAl) (Si3Al)Oro (OH)s
(daphnite) and (Mg,Al[Si3Al)O,0(OH), (clinochlore) (e.g.,
Shirozu, 1978). The upper thermal stability of Mg-rich
chlorite in ultramafic and calc-silicate assemblages in-
volves the phases cordierite, spinel, forsterite, orthopy-
roxene, and water in the array ofunivariant curves that
is shown schematically in Figure l. Although there is a
considerable amount of experimental dala concerning
chlorite phase relations in the simplified system HrO-
MgO-AlrOr-SiO, (e.g., Fawcett and Yoder, 1966; Cher-
nosky, I 974; Staudigel and Schreyer, I 977), there has been
relatively little work on chlorite-cordierite relations below
3 kbar and no rigorous reversals of Reaction C (Fig. l)
between 3 and l0 kbat (7nn, 1972).There is also consid-
erable disagreement within the literature (e.g., Shirozu and
Momoi, 1972) concerning the unit-cell parameters of
clinochlore and the degee to which they change with com-
position (primarily as a result of the exchange of Mg and
Si for Al). The purposes of this study are to (l) establish
a well-calibrated graph of the shift in the c parameter of
Mg-chlorite as a function of the AlrO, content, (2) present
new experimental data for the reactions (written in terms
of the endmember phases)
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2(Mg,AlXSi,Al)O,o(OH)8 + 3Mg,Si,Ou
chlorite orthopyroxene

+ MgzAlr(AlSis)o.8 + TMgrSiOo + SHrO (A)

cordierite forsterite vapor

and

5(Mg,Al)(Si,Al)O,o(OH)E + Mg,Alr(AlSi5)O,B
chlorite cordierite

= l0MgrSiro6 + TMgAlro4 + 20Hro, (B)

orthopyroxene spinel vapor

(3) compile new and existing experimental data for the
reaction

(Mg,Al)(Si,Al)O, o(OH)t
chlorite

= MgrSirou + MgAlrO4 + MgrSioo + 4Hro, (C)

orthopyroxene spinel forsterite vapor

and (a) derive thermodynamic data for clinochlore that
agree with the extant experimental data.

Table I lists abbreviations and symbols used through-
out this article.

ExpnmnrnNTAL TEcHNTeUES

The experimental results discussed in the following sections
were obtained at the University of Maine and at the University
of Chicago using different starting materials and experimental
techniques. At present, we believe that the differences between
starting materials and experimental techniques are insigtificant
and that the results from both laboratories are directly compa-
rable. Nevertheless, even small differences in experimental tech-
niques may become significant in view of future investigations,
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Table l. Abbreviations and symbols
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t
I
P

c h l

Cord

Fo

opx

t :

A
a i

cP
-H.0
T o _ t

^c;,  ̂ Hi,  ̂s i

C h l o r i t e  ( t r s , A l ) , ( s i , A l ) , 0 1 t ( O t l ) t

C o r d i e r i t e  l 4 s 2 A l 3 ( A l s i 5 ) q B . n H z o

F o r s t e r i t e  M g 2 S i 0 4

0 r t h o p y r o x e n e  ( t ' l g , A l  ) 2 ( s i , A l ) 2 0 6

Spinel l '4gAl 204
S u p e r s c r i p t  i n d i c a t i n g  t h e  p r o p e r t y  o f  a
p u r e  p h a s e  a t  I  b a r  a n d  a  g i v e n
!emperature
A c t i v i t y  o f  c o m p o n e n t  i  i n  p h a s e  A
S t a n d a r d  s t a t e  i s  u n i t  a c t i v i t y  f o r  t h e
pure phase at the pressure and
tenperature of interest.
H e a t  c a p a c i t y  a t  c o n s t a n t  p r e s s u r e  ( l  b a r )

F u g a c i t y  o f  p u r e  H r o  a t  a  g i v e n  p r e s s u r e
(P) and tenperaturb (T) referenced to the
i d e a l  g a s  a t  I  b a r  a n d  T .
F r e e  e n e r g y ,  e n t h a l p y ,  a n d  e n t r o p y ,
r e s p e c t i v e l y ,  o f  f o m a t i o n  o f  a  p u r e  p h a s e
from the elements in their  reference
states at 298K and I  bar
Free energy and entropy change'
r e s p e c t i v e l y ,  o f  r e a c t i o n  a t  2 9 8 K  a n d
I  b a r .
A symbol represent ing the sumation of
t h e  r i g h t - h a n d  t e m s  o f  e q u a t i o n  3
Third- law entropy of a pure phase at
tenperature T,
v o l u m e  o f  o n e  n o l e  o f  a  p u r e  s o l i d  P h a s e
at the designated pressure and temperature.
I4ole fract ion of component i  in phase A.

C a t i o n s  o f  A l  i n  t h e  c h l o r i t e  f o r m u l a
( i ls6_xAl 

x) 
(s i4_XA' l  

x)01 0(0H)s

^Go,  AS '

G '

s9

.AT ------>

Fig. l. Schreinemaker's analysis of univariant curves about
ttre invariant point involving chlorite (Chl), cordierite (Cord),
forsterite (Fo), orthopyroxene (Opx), spinel (Sp), and excess HrO
(V) in the system HrO-MgO-AlrO3-SiO2. Letters refer to reactions
in the text.

and, therefore, the techniques used and results obtained in each
laboratory are clearly distinguished.

Apparatus

Three types ofexperimental apparatus were used depending
on the pressure range of the experiments. Experiments in the
range 0.5-6 kbar were performed in cold-seal vessels at the Uni-
versity of Maine according to the procedure described by Cher-
nosky (1982); pressures were measured with factory-calibrated
Heise gauges and temperatures were measured with calibrated,
sheathed, chromel-alumel thermocouples. Pressure measure-
ments are believed accurate to + 50 bars of the stated value, and
temperature uncertainties are reported as +2 standard deviations
about the mean temperature for each experiment. Experiments
in the range 6-8 kbar were made in an internally heated gas vessel
at the University ofChicago according to the procedure described
by Jenkins (1983); pressures were measured with a factory-cali-
brated manganin cell (with an estimated accuracy of -r50 bars),
and the temperature giradients (3-8') across the charges were
measured with two calibrated, sheathed, chromel-alumel ther-
mocouples. Experiments in the range of lG-14 kbar were per-
formed in a piston-cylinder apparatus at the University of Chi-
cago using a 34-in. NaCl assemblage. Using the procedure described
by Jenkins (1981), sample pressures are v.ithin 300 bars ofthe
gauge pressure, and temperatures, measured with chromel-alu-
mel thermocouples, are believed to be accurate to + 5oC.

Starting materials

All phases were synthesized from mixtures of oxides and/or
hydroxides. Reagents used at the University of Maine were MgO
@sher, lot 787699), fused SiO, (Corning lump cullet 794Q,lot
62221), and 7-AlrOr, prepared by firing AlClr.6HrO (Fisher, lot
792733\ at 400t for 2 h, at 700qC for 5 h, and at 900qC for I
h. Reagents used at the University of Chicago were MgO, either

from single crystals (Mussel Shoals Electrochemical Co.) or fired
from hydrous MgCO. (Baker, lot 36416); fused SiOr; and A1rO3,
either as a-Al2O3 (Baker lJltrex, lot 4901) or as AI(OH), (Mal-
linckrodt, checked gravimetrically for stoichiometry).

The compositions and synthesis conditions ofthe phases used
to investigate Reactions A, B, and C are recorded in Table 2. All
phases used at the University of Maine were synthesized hydro-
thermally, whereas only clinochlore was synthesized hydrother-
mally at the University of Chicago. Each synthetic phase was
carefully inspected for purity using both optical and X-ray dit
fraction techniques. Synthetic clinochlore (X: 1.0) consisted of
aggegates of fine-grained (5-30 pm) plates having an X-ray dif-
fraction pattern corresponding to the IlbJayer polytype @ailey
and Brown, 1962; Carroll,1970). An extensive discussion ofthe
lattice parameters of clinochlore is given below. Hydrothermally
synthesized cordierite, though free of impurities, was found to
have numerous inclusions of what appeared to be entrapped
water. After a 5-d heat treatment at 900"C to drive offentrapped
water and to anneal the structure, the unit-cell parameters were
found to be a : 17.086(l) (uncertaintyin last dicr|, 6 : 9.740(8),
and c: 9.353(4) A. Enstatite, with the unit-cell parameters d :

18.222(3'), b:8.822(l), and c: 5.174(l) A, was used for Re-
actions A and B. An aluminous enstatite with about 4 wt% AlrO3
was used for investigating Reaction C because this is the ap-
proximate composition of orthopyroxene in equilibrium with
forsterite and spinel (Gasparik and Newton, 1984). The spinel
and forsterite used in both laboratories were virtually identical,
with a:8.079(3) and 8.083(l) A for the spinel synthesized at
Maine and Chicago, respectively, and d,ro values (Schwab and
Kiistner, 1977) of 2.7 64 and 2.765 A for the forsterite synthesized
at Maine and Chicago, respectively. It is believed that spinel does
not deviate significantly from the composition MgAlrOn (i.e.,
show solubility toward AlrO) throughout these reactions because
ofits coexistence with the Mg-rich phases forsterite and cordierite
(Schreyer and Schairer, I 96 I ) and because no sigrrificant shift in
the X-ray peak positions was observed.
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Table 2. Compositions and synthesis conditions of phases used for investigating Reactions A, B, and C

P h a  s e
( c o d e  n u m b e r ) Conpos i  t i  on

S y n t h e s i s  c o n d i t i o n s
m

S t a r t i n g  m i x t u r e s
R e a c t i o n

A B Chours

C l  i n o c h l o r e

Cl i  nochl ore
( c H L o  r  - 3 0 )
Cordi  er i  te

E n s t a t i  t e

0rthopyroxene
(oPx 4-2)

Forsteri te

Forsteri te

S p i n e l

Sp i  ne l

(  Ms,A l  )  (  s i  rA l  )0 , , (0H)s

(MsrA l  ) (s i ,A l  )0 , , (0H)g

l4S2Al45 i50 t8  nH20

llqSi0"

(Ms2s i206)0 .92

( l4sA l  
rS i  06)s .ss

1.49,Si 0,

MgrSi0,

1,4sA1"0,

lYgAl ,0,

650 3  kbar  500-1200 14  X X 0

6 8 0  l s k b a r  1 2 0  C  0  0  X

B l 0  ] k b a r  1 9 0 - 2 4 0  M  X  X  0

8 1 0  l k b a r  
' 1 2 0 - 3 4 0  M  X  X  0

1 3 5 0  l 5 k b a r  9 8  C  0  0  X

8 0 0  ] k b a r  9 6 - 3 4 0  M  X  0  0

1 3 5 0  l a t m  2 1 6  c  0  0  X

800 lkbar  240-360 M 0  X 0

'1350 
I  a tm 278 C 0  0  x

X  =  p h a s e  p r e s e n t ;  0  =  p h a s e  a b s e n t ;  *  L a b o r a t o r y  d e s i g n a t i o n s :  [ 1  =  U n i v e r s i t y  o f  l 4 a i n e ;
C  =  l l n i v e r s i t y  o f  C h i c a g o

Each reaction was investigated with starting mixtures that con-
tained equal proportions ofthe low- and high-temperature as-
semblage. Typically 5-10 mg of starting mixture was sealed \rdth
excess distilled water (25-40 wto/o) in a Au or Pt capsule. Suc-
c€ssfril experiments were evidenced by the constancy ofthe cap-
sule weight before and after each run and by the appearance of
water upon opening the capsule. Reaction direction could be
discerned by comparing X-ray diffractometer patterns of the
starting mixtures and of the run products. Changes of at least
20o/o in the relative peak heights were required to indicate a
significant change in the modal abundance of the phases. Micro-
scopic examination ofexperimental products was used to confirm
the X-ray diffraction results but was of limited use in determining
reaction directions owing to the fine grain size ofreactants and
products.

Analyticrl techniques

Unit-cell parameters were obtained using two different pro-
cedures. At the University of Maine, cell parameters for all phas-
es, except cordierite, were obtained from X-ray powder-diftac-
tion patterns obtained with an Enraf-Nonius Fr 552 Guinier
camera using CuKar radiation and an internal standard of CaF,

BF C MFJ SS JC1e73'" i""Jl i in"r l"J'  1sa4

Fig. 2. Values of c pararneter of clinochlore synthesized by
various investigators: BF : Bird and Fawcett (l 97 3); C : Cher-
nosky (1974); MFJ : McOnie et al. (1975); SS : Staudigel and
Schreyer (1977); JC: this study.

[Baker, lot 91548, a:5.4620(5) A] calibrated against dia-
mond (4 : 3.56703 A, Robie etal., 1967). Unit-cell refinements
were obtained with the least-squares program of Appleman and
Evans (1973). Cordierite was refined from a powder-diffraction
pattem obtained with an I 1.46-cm Debye-Scherrer camera using
CuKa radiation and an internal standard of BaF la : 6.197 l(2)
A1. At the Univenity of Chicago, cell parameters were obtained
from X-ray diftactometer scans made on a Norelco diftactom-
eter (CuKa radiation) at a scanning rate of W2|/min and using
corundum as an internal standard. The corundum was annealed
AlrO, (Fisher, lot 533145) having the hexagonal parameters d :

4.7593(3) A and c : 12.991(l) A, which was calibrated against
NBS Standard Reference Material640 (Si, a : 5.43088 A1. Unlt-
cell refinements were made using the least-squares program of
Burnham (1962).

Rrsur-rs
Characterization of Mg-chlorite

Although previous attempts at synthesizing Mg-chlorite
have been fairly successful, they have not yielded consis-
tent values for the unit-cell parameters of clinochlore or
for the variation in unit-cell parameters as a function of
the AI content of chlorite. For example, Figure 2 shows
a comparison of c parameters for clinochlore synthesized
by Bird and Fawcett (1973), Chernosky (1974), McOnie
et al. (1975), Staudigeland Schreyer (1977), andthis study.
Part ofthe discrepancy couldbe attributable to differences
in the techniques of unit-cell refinement (i.e., type of in-
strument, number of peaks used, choice of indices, etc.),
but part of it could be caused by genuine differences in
chlorite composition arising from incomplete yields of
synthetic chlorite. In this study, chlorite synthesized over
a ftrnge of bulk compositions was carefully examined for
extraneous phases using the petro$aphic microscope,
which could be used very effectively for detecting trace
amounts of forsterite, orthopyroxene, spinel, and cor-
dierite.

Earlier attempts at calibrating the unit-cell parameter
(c in particular) of synthetic chlorite as a function of com-
position have indicatedthat c decreases as the Al content
increases but preyious workers have disagreed on the mag-

{ rn

14
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Table 3. Synrhesis conditions for chlorite on the join MgrSirAlrO'o(OH)r-Mg uSir uAl, 8O10(OH)8
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Exper i  ment
no

c h l  - l
c h t  - 2
ch t  -3
ch l  -4

c H L o  I  - 1 8
cHLo I  -25
cHLo I -l 3
cHL0 I  -26

cHLo 1  - l  7
cHLo I  -29
CHL0 I  -23a
cHLo I  -23b

cHLo I  -3
cHLo 1  -27
cHLo I  - l  2
CHPR 6-10

L a b * Products

I 632
2040
2232
2136

t4
T4
14
M

l 0
l 0
t 0
t 0

t 0
1 . 0
i . 0
l 0

t 0
t 0
l 0
l 0

1 . 0
t 0
l 0
t 0

3 0
3 0
3 0
3 0

' 1 4 . 0

1 4 . 0
t 4  0
t 4  0

t 4  0
t 4  0
1 4 . 0
1 4 . 0

6 4 7 ( 3 )
6 7 e ( 3 )
7 0 3 ( 2 )
12315)

c h l
Chl + trace Fo, Cord & Ta
C h l  +  m i n o r  F o ,  C o r d  &  T a
C h l  +  m o d e r a t e  F o ,  C o r d  &  T a

r 4 . 0  8 1  5 ( 5 )
1 4  0  8 2 0 ( 5 )
r4  0  700/820(5)
t 4  0  8 5 0 ( 5 )

5 l  c h l
4 9  c h l
2 4  C h l  +  t r a c e  F o ?
26 Chl + trace Fo + opx

2 3  C h l  +  m i n o r  F o
4 8  C h l  +  m i n o r  F o  +  o p x ?

1 A 2 / 9 1  C h l  +  n i n o r  F o
102/97 Chl + minor Fo + oPX

1 6 / 2 7 / 4 2  C h l  +  m i n o r  F o  +  o P X
54 Ch' l  + moderate Fo + oPX

45/37 Chl + moderate Fo + oPX?
47/87 Chl + moderate Fo + opx

6 5 0 ( 5 )
675(  5  )
700(5)
7 3 0 ( s )

7 6 5 ( 5 )
7 6 5 ( 5 )

7 6 s ( 5 )

ch t  -8
ch l  -9
ch t  - t  0
ch t  - t  I

c h l  - 5
ch t  -6
ch t  -7

14 r  2  3 .0  547(3)  1632
f4 r 2 3 o 679(3) 2A40
lY r  2  3  0  703(2)  ?232
f4 I 2 3 0 723(5) 2136

11 r  4  30  647(3)  1632
r '1  r .4  3  o  67e(3)  2A4o
1,4  r  4  3  o  703(2)  2232

c h t
Chl + trace Fo, Cord & Ta
Chl + trace Fo, Cord & Ta
Chl + trace Fo, Cord & Ta

c h l
C h l  +  t r a c e  F o ,  C o r d ,  T a  &  5 P
C h l  +  m o d e r a t e  F o ,  C o r d ,  T a  &  S P

- G b o r a t o r y  d e s i g n a t i o n s :  I ' l  =  U n i v e r s i t y  o f  l l a i n e ;  C  =  L J n i v e r s i t y . o f  c h i c a g o
* *  A l u m i n u m  i o n t e n [ s  a r e  r e p r e s e n t e d  b y  x  i n  t h e  f o r n u l a :  ( l ' 1 9 6 - x A ' ] x ) ( S i 4 - x A l x ) 0 1 0 ( 0 H ) B

I  N u m b e r s  i n  p a r e n t h e s e s  r e p r e s e n t  t w o  s t a n d a r d  d e v i a t i o n s  f r o m  t h e  c a l c u l a t e d  m e a n  t e m p e r a t u r e s  t o  t h e i r

i m m e d i a t e  l e f t .  A b b r e v i a t i o n s :  C h l  =  c h l o r j t e ;  F o  =  f o r s t e r i t e ;  C o r d  =  c o r d i e r i t e ;  o p x  =  o r t h o p y r o x e n e ;

T a  =  t a l c ;  5 p  =  s p i n e l

nitude and absolute value of this decrease (Fig. 3). In
Figure 3, we present a calibration line for the c parameter
of chlorite synthesized from the bulk compositions X :

1.0, 1.2, and 1.4, where Xdesignates the number of Al
cations in the formula (Mg-"Alr)(Sio-"A1,)O,o(OH)'. This
line is based on the unit-cell refinements (Table 4) of the
purest chlorite syntheses in Table 3 (nos. Chl-l, -8, -5),
namely those chlorites that have no extraneous phases
observable under the microscope and that display con-
stancy in their c parameters (discussed below). The line
obtained in this study is in excellent agreement with that
of Shirozu and Momoi (1972\but difers from the curves

ofNelson and Roy (1958) and Gillery (1959) in both slope
and absolute position. Nelson and Roy (1958) and Gillery
(1959) apparently did not consider the efects that minor
amounts of impurities would have on the composition of
synthetic chlorite and thus failed to make the corrections
that were made by Shirozu and Momoi (1972).

It was first reported by Jenkins (1980) that chlorite syn-
thesized from a fixed bulk composition and at a given
pressure displayed a systematic change in its c parameter

as a function of the synthesis temperature. This change
in c is shown in Figure 4, which is based on the data in
Tables 3 and 4 for chlorite synthesized at 14 kbar. There
is little change in the c value of chlorite synthesizedbelow

14.38

I  1 0  1 . 2  1 4

X Va lue

Fig. 3. Calibration curves ofc as a function ofchlorite com-
position for chlorite synthesized in the system HrO-MgO-Al'Or-
SiOr. X refers to the AI cations in the formula (Mgu-"Al")
(si4_xAlx)oro(oH)8.

600 700 800

T, "c
Fig. 4. Values of c parameter of chlorite synthesized at 14

kbar (P"ro: P.J from clinochlore bulk composition. Bold ar-
rows indicate re-equilibration of chlorite from an initial c at the
tail of the arrow to a final c at the tip of the arrow. Upper stability
ofchlorite from Fig. 8.

900
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Table 4. Unit-cell parameters, volumes, and measured doon values for synthetic chlorite

E x p e r i m e n t
n o .

B u l k  V
conpos i t ion  : -  :  :

{ x )  ( A )  ( A )  ( A )  ( A " )
"004

{ A )

c H L o  l - l 8  I  0
c H L 0  l - l 8  I  0
cHLo l -25  I  0
c H L o  l - 1 3  I  0

c h l  - t
ch l  -2
ch l  -3
ch t  -4

ch t  -5
ch t  -6
ch t  -7

5  3 1 9 ( r )
5 320(r  )
s . 3 1 e ( r  )
5 .320 ( t  )

5 320(r  )
5 . 3 1 8 ( r  )
5 . 3 2 2 ( 1 )

3  5 7 6 ( 4 )
3  5 7 6 ( 2 )
3 . 5 7 2 ( 2 )
3 . s 7 0 ( 4 )

3 .57312)

3  s 7 3 ( 2 )

0
0
0
0

4
4
4

t 0
l 0
t 0'I 

0
1 . 0

l 0
1 . 0
1 . 0
1 . 0

9 . 2 r 5 ( r  )  1 4 . 4 0 4 ( 3 )  7 0 0 . 6 9 ( 1 5 )
9 . 2 1 7 ( 1 )  1 4 . 4 1 0 ( 2 )  7 0 1 . 1 8 ( 1 2 )
9 . 2 1 5 ( r )  1 4 . 3 8 8 ( 2 )  6 9 9 . 7 8 ( 1 2 )
9 . 2 1 5 ( 1 )  1 4 . 3 7 7 ( 3 )  6 9 9 . 3 9 ( 1 4 )

e . 2 1 8 ( 2 )  r 4 . 3 e 2 ( 3 )  7 o o . r 5 ( r 9 )
9 .211 (2 )  r  4 .393(  2 )  699.97  (17 \
9 . 2 1 7 ( 3 )  1 4 . 3 8 7 ( l )  6 9 9 - 9 5 ( ? 1 )
9 . 2 0 4 ( 3 )  1 4 . 3 9 4 ( 2 )  6 9 9 . 7 0 ( 1 9 )

9 . 2 1 5 ( 3 )  r 4 . 3 8 8 ( 2 )  7 o o . o 7 ( 1 8 )
9  . 2 1 1 ( 2 \  r  4 . 3 8 4 ( l  )  6 9 9 . 5 0 ( 1  3 )
9 . 2 1 4 ( 1 J  1 4 . 3 9 7 ( 3 )  7 0 0 . 5 3 ( 1 4 )
9 . 2 1 9 ( 6 )  1 4 . 3 7 8 ( 4 )  6 9 9 . 7 2 ( 4 6 )
9  2 1 6 ( 5 )  1 4  3 8 2 ( s )  6 e 9  6 4 ( 3 6 )

9 .208(4)  14 .368(2)  698.26(26\
9 . 2 1 1 ( l )  1 4 . 3 7 6 ( 2 )  6 9 8 . 7 5 ( l l )
9 .213(2)  14 .372(2)  699.02(20)
9 . 2 0 5 ( 2 \  1 4 . 3 6 7 ( r )  6 9 7 . 9 9 ( 1 4 )

9 . 2 t 3 ( 4 )  1 4 . 3 7 3 ( 6 )  6 9 8 . 8 7 ( 4 0 )
e . 2 o o ( 5 )  1 4 . 3 7 7 ( 7 )  6 e 7 . 6 3 ( 4 9 )
9 . 2 r 0 ( 2 )  r 4 . 3 7 3 ( 3 )  6 9 8 . 5 1 ( , l 9 )
9 . 2 r 3 ( r )  1 4 . 3 7 5 1 2 )  6 9 9 . 1 5 ( l l )

9 .208(2)  14 .337(5)  6e8-4e(27)
e . 2 0 7 ( 3 )  1 4 . 3 3 5 ( 8 )  6 9 6 . 1 3 ( 4 3 )
9 . 2 1 0 f i  )  1 4 . 3 6 r  ( 3 )  6 9 7 . 9 6 ( 1 5 )

cHLo l -26
cHLo l - ' ]7
cHLo I  -29
CHLO 1 -23a
cHLo I  -23b

cHL0 I  -3
cHL0 I  -27
cHLo I  - l  2
CHPR 6-1  0

5  320 ( r )
5 320(r  )
5  - 3 2 2 ( 1 )
5 .3 r9 (4 )
5  3 1 8 ( 3 )

5  3 rB (2 )
s  3 1 8 ( r  )
5 320(2)
5  . 3 1 8  ( r  )

5  3 r e ( r  )
5  3 1 5 ( 2 )
5  3 1 7 ( r )
5 .320 (  r  )

s . 3 1 7 ( r  )
5  3 1 7 ( r )
5 . 3 1 e ( r  )

cht  -8  1  .2
ch t  -9  1  .2
c h l - 1 0  1 - 2
c h t - l ]  1 - 2

3 . 5 6 2 ( r  )

3  566( r  )
3 .568(  3  )

* F j g u r e s i n p a m i e d s t a n d a r d d e V i a t , i o n i n t e r m S o f ] e a s t

u n i t s  c j t e d  f o r  t h e  v a l u e  t o  t h e i r  i m e d i a t e  l e f t ;  t h e  u n c e r t a i n t i e s  r e p r e s e n t  p r e c i s i o n  o n l y .s  d 0 0 4  o f  c h l o r i t e  w a s  o b t a i n e d  o n  c h l o r i t e s  r e f i n e d  a t  t h e  U n i v e r s i t y  o f  l 4 a i n e  b y  a v e r a g i n g  6 - 8  d i f f r a c t o m e t e r

s c a n s ;  t h e  u n c e r t a i n t y  r e p r e s e n t s  t w o  s t a n d a r d  d e v i a t i o n s  a b o u t  t h e  m e a n  v a l u e .

about 700'C. Above 700"C there is a distinct decrease in
c with a concomitant appearance oforthopyroxene and
forsterite which gradually increase in modal abundance
with increasing temperature. Both the decrease in c and
the appearance of orthopyroxene and forsterite suggest
that chlorite synthesized above 700"C is more aluminous
than clinochlore. The constancy of the c values and the
absence of coexisting phases below 700.C suggests that
pure clinochlore can only be synthesized below this tem-
perature (at 14 kbar).

The behavior ofchlorite displayed in Figure 4 does not
appearto be an artifact ofthe synthesis technique as shown
by the results of a re-equilibration experiment (bold ar-
rows). In this experiment, one chlorite was synthesized at
8 I 5.lC and one at 650'Q both were analyzed and resealed
with excess HrO in separate capsules, placed side-by-side
in the same experimental assemblage, and re-equilibrated
at765C and 14 kbar (runs CHLO l-23aand b in Table
3). Both chlorites exhibited a significant shift from their
initial c values toward those obtained from the svnthesis

o

14.42

14.40

14.38

14.36

14,34

14.32

k b a  l

/
C h l o r i l e

s t a b i l i t y  l i m i t

660 680 720

T, 
oC

Fig. 5. Values of c parameter ofchlorite synthesized at 3 kbar
(P"ro = P.J from bulk compositions corresponding to X: 1.0,
1.2, and 1.4 (X defined in Table l). Upper stability of chlorite
from Fig. 8.

Fig. 6. Schematic representation of the change in chlorite
composition with increasing temperature at a constant pressure
(=P"ro) of 3 kbar. Numbers refer to the X parameter of chlorite
defined in Table l. Abbreviations in Table 1.
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Table 5. Phase-equilibrium data for Reactions A, B, and C
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E x p e r i m e n t
n o

T
( ' c )  (

otro D u r a t i  o n
( h o u r s )

Extent of
React i  on**

React ion  A:

1 3
2 2
t 5
1 6
'il

24
t 8
I

4
6

25
I

9
20
7

3
5

21
2

C h l + o p x = F o + C o r d + H 2 0

5 9 5 ( 3 )  0  5
612(2)  0 .5
6 2 2 ( 2 )  0 . 5
6 3 3 ( 2 )  0  s

6 3 4 ( 2 )  r  0
6 6 0 ( 3 )  I  0
67012) r 0
6 7 6 ( 3 )  r  0

6 1  5 ( 3 )  2 - 0
6 6 7 ( 4 )  2 . 0
6 9 1 ( 3 )  2 . 0
6 e 5 ( 5 )  2 . 0

697 (2 )  2 .0
7 0 6  (  3 )  2 . 0
717\4)  2  0

6 7 8 ( 3 )  3  0
7 1 9 ( 4 )  3 . 0
734\?)  3 .0
7 3 7 ( 3 )  3 . 0

I 464
| 2 8
1 2 2 4
1  1 7 6

I  459
1  1 5 2
I  1 7 6
I  446

1824
5064
1296
I 680

I  459
I 008
I 440

1 800
5064
I  1 0 4
I 800

c h l  ( + ) 0 p x ( - ) F o ( - ) c o r d (  - ) T a ( + ) r
Ch l  (  - )opx  (  - )  Fo(+)cord(+)
c h l  ( - ) o p x ( - ) F o ( + ) c o r d ( + )
c h t  (  - ) o p x ( - ) F o ( + ) c o r d ( + )

Ch l  (+ )opx(  -  )  Fo(  - )cord(  - )Ta  (+)
C h l  ( - ) o p x ( - ) F o ( + ) c o r d ( + )
ch l  ( -  )opx(  - )Fo(+)cord  (+)
ch l  (  -  )opx(  - )  Fo(+)Cord(+)

ch l  (+ )opx(  - )Fo  (  - )cord  (  -  )Ta  (+)
Ch l  (+ )opx(+)  Fo(  -  )cord  (  -  )Ta  (+)
c h l  ( + ) o p x ( + )  F o  (  - ) c o r d  ( - )
C h l  ( + ) o p x ( + ) F o ( - ) c o r d ( - )

c h l  ( - ) o p x ( - ) F o ( + ) c o r d ( + )
ch t  (  - )opx(  - )Fo(+)cord  (+)
ch l  (  - )opx  (  - )  Fo(+)cord  (+)

ch l  (+ )Opx(  -  )  Fo(  - )Cord(  - )Ta  (+)
ch l  (+ )opx(+)  Fo(  - )cord(  - )
ch l  (  - )opx(  - )  Fo(+)Cord{+)
C h l  ( - ) o p x ( - ) F o ( + ) c o r d ( + )

Ch l  ( - )cord( - )opx(+)  Sp(+)

ch l  (+ )cord(+)opx(  - )sp( -  )

C h l  ( + ) c o r d ( + ) o p x (  - ) S p ( - )

c h l  ( - ) c o r d ( - ) o p x ( + ) s p ( + )

ch l  (+ )cord(+)opx(  -  )sp(  - )Ta  (+)
c h l  ( + ) c o r d ( + ) o p x ( - ) s p ( - )
ch l  (+ )  cord  (  + )  opx(  -  )sp  (  -  )

c h l  ( + ) c o r d ( + ) o p x (  - ) s p ( - ) T a ( + )

M
t'l
lvl
M

t4
tvl
T,I
s

s
s
Ir,1
S

t1
s
5

s
s
t4
s

1"1

R e a c t i o n  B :  C h l  +  C o r d  =  o p x  +  S p  +  H 2 0

C H P R  7 - 6
C H P R  7 - l  2
C H P R  7 - 8
C H P R  7 - 7
C H P R  7 - 4

C H P R  7 - 9
c H P R  7 - l  3
C H P R  7 - t  I
C H P R  7 - l  0

740(  3  )

/ J r ( J l

7 3 0 ( 4 )

7s0(6)

7 2 2 ( 4 )
7 3 5 ( 3 )
744(2)

731(2)

710{5)
775(2)
780(4)
7eo(  3  )
8 0 0 ( 3 )

800(3)
804(  3 )
8 r o ( 3 )
8 2 0 ( 3 )

6 . r  ( r  )
6 .05 (5 )
6 .05 (s )
6 . 0 ( r  )
6 . r ( 1 )

I  0 ( r )
I  0 ( r  )
I  02 (7 )
I  09 (7 )

t 8

t 5

l 0

4

B
9

t 9

1 l

3 . 0

3 . 5

4 0

4 7

5 0
5 . 0
5 . 0

6 . 0

I 368

I 560

I 488

I  655

I  656
I 560
336

| 2 8

React ion  C:  Ch l  +  opx  +  5p  +  Fo +  H20

70
65
1 1
93

24
36
43
45

*  +  =  G r o w t h  o f  p h a s e ;  -  =  D i m i n u t i o n  o f  p h a s e
* *  S y m b o l s  S ,  1 4 ,  ; n d  H  a r e  q u a l i t a t i v e  e s t i n a t e s  o f  t h e  e x t e n t  o f  r e a c t i o n  a n d  r e p r e s e n t  g r e a t e r  t h a n  7 5 % ,

75-25/",  and, less than 25% react ion, respect ively
t  T a  =  t a l c ;  o t h e r  a b b r e v i a t i o n s  s a m e  a s  i n  F i g  I

c h l  ( + ) o p x (  - ) s p ( - ) F o ( - )
c h l  ( + ) o p x ( - ) S p {  - ) F o ( - )
c h l  ( - ) o p x ( + ) S p ( + ) F o ( + )
c h l  (  - ) 0 p x ( + ) S p ( + ) F o ( + )
c h l  ( - ) o p x ( + ) s p ( + ) F o ( + )

c h l  ( + ) 0 p x ( - ) s p ( + ) F o (  - )
c h l  ( + ) o p x ( - ) s p ( - ) F o ( - )
c n l  ( + ) o p x (  - ) s p ( - ) F o (  - )
C h l  ( - ) o p x ( + ) s p ( + ) F o ( + )

runs, which gives strong evidence for the reversibility of
this process.

A similar study ofthe change in the chlorite c parameter
as a function of temperature was conducted at 3 kbar and
over a range of bulk compositions. The results of this
study (Tables 3 and 4) are plotted in Figure 5. For X:
1.0 (pure clinochlore), the change in c is nearly identical
to that in Figure 4, namely, there is a distinct decrease in
c and, a concomitant appearance of coexisting Al-poor
phases at and above 680t. Chlorite synthesized from the
bulk composition X: 1.2 shows very little change in c
and has only trace amounts of coexisting phases. Chlorite
synthesized from the bulk composition X: 1.4 displays
a distinct inueasein c and co€xists with the Al-rich phase
spinel at and above 680qC. Thus all three curves display
a convergence toward a single c value and, presumably,
toward the same composition near the stability limit of
chlorite at 3 kbar.

A comparison of Figures 4 and 5 shows that the c pa-
rameter of chlorite at its maximum thermal stabilitv is

essentially the same (14.363 vs. 14.367 A) for the bulk
compositions examined in this study. Based on Figure 3,
this value of c corresponds to X : 1.2, which is a chlorite
that is slightly more aluminous than clinochlore. This
particular composition is in accord with the experimental
work of Fawcett and Yoder (1966) and Fleming and Faw-
cett (1976), who found that Mg-chlorite at its maximum
stability in the presence of quartz is more aluminous than
clinochlore and falls within the range of Al contents that
is optimal for relieving the structural misfit between the
tetrahedral and trioctahedral sheets in the chlorite struc-
ture (e.g., Bradley, 19591,Znn, 1960). Moreover, the sim-
ilarity in chlorite composition over such a wide pressure
interval (3-14 kbar) suggests that the composition ofchlo-
rite is constant(i.e., X : 1.2) at its upper thermal stability.

An alternative way ofrepresentingthe change in chlorite
compositiondescribed above is with a series ofisothermal
projections from HrO onto the ternary plane MgO-AlrOr-
SiOr. Figure 6 is a schematic representation of the com-
positional limit of chlorite as the temperature increases
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Fig.7. Experimental data for Reactions A (square symbols)
and B (rounded symbols) in the text. Abbreviations in Table l.
Filled and open symbols represent growth of the low-temperature
and high-temperature assemblage, respectively. Brackets labeled
S are reversals for Reaction B by Seifert (1974). Curves are taken
from Fig. 8.

from 680'C to the upper thermal stability of chlorite at 3
kbar (730'C). The composition of chlorite in equilibrium
with forsterite and spinel has been approximated as
indicated by the question mark. A similar set of diagrams
could be constructed for pressures above 3 kbar, using
orthopyroxene in place of cordierite, where the final or
terminal chlorite composition would again correspond to
x :  t . 2 .

Identification of 7-A phases

Since the pioneering study of Yoder (1952), consider-
able effort has been devoted to identifoing and determin-
ing the stability of"7-A chlorite" or serpentine (lizardite)
that could be coexisting with synthetic l4-A chlorite (Roy
and Roy, 1955; Nelson and Roy, 1958; Gillery, 1959;
Velde, 1973; Cho and Fawcett, 1986). The identification
of serpentine by X-ray diffraction is rather difrcult be-
cause its basal (00 l) reflections overlap with those ofchlo-
rite. The criterion set forth by Chernosky (1974),who has
assigned a reflection with d : 4.59 A to fzardite, is nec-
essary but not sufficient for the positive identification of
a 7-A phase. Many natural llb chlorites (14 A) have X-ray
reflections at d:4.59-4.61 A (Shirozu, 1978). Further-
more, this peak is observed in X-ray patterns of chlorite
synthesized individually and in reversal mixtures made
in this study at temperatures as high as 820'C, which is
above the stability of most serpentine phases (e.g., Caruso
and Chernosky, 1979). Even with multiple grindings and
hydrothermal treatments at 820"C and 14 kbar, this peak
persists at about the same intensity. All of these obser-
vations suggest the peak at 4.59 A belongs to chlorite and
not serpentine. Thus if one is to use a single X-ray peak
for the identification of7-A phases, it should be used in
conjunction with either a careful study of relative peak
intensities (Yoder, 1952) or an independent technique such
as infrared spectroscopy (Shirozu and Ishida, 1982).
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o
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Fig. 8. Univariant curves pertinent to the upper stability of
Mg-chlorite in the system HrO-MgO-AlrOr-SiOr, with excess HrO,
calculated from the experimental brackets shown here. Circled
letters refer to reactions in the text. Experimental brackets are
from the following sources: Unlabeled: this study; C : Cher-
nosky (1974); FY : Fawcett and Yoder (1966); J : Jenkins (198 1);
S : Seifert (197a); SS : Staudigel and Schreyer (1977). Abbre-
viations in Table l.

Experimental phase equilibria

The maximum thermal stability of chlorite in the pres-
ence of orthopyroxene is governed by (endmember) Re-
action A. Key experiments delimiting the position of Re-
action A are listed in Table 5 and are represented by filled
and open symbols corresponding to gowth of the low-
temperature or high-temperature assemblage, respective-
ly, in Figure 7. Although talc nucleated spontaneously in
the lowest-temperature experiments (Table 5), its modal
abundance was not sufficient to obscure the phase rela-
tions ofinterest. The appearance oftalc is probably caused
by the metastability of enstatite and water with respect to
talc and forsterite in the lowest-temperature experiments.

The maximum stability of chlorite in the presence of
cordierite is governed by (endmember) Reaction B. Ex-
periments pertaining to Reaction B are listed in Table 5
and are plotted in Figure 7. As in Reaction A, talc was
observed to nucleate in two of the runs (nos. 8 and I l)
but was not present in sufficient amounts to compromise
the results. Also shown in Figure 7 are two experimental
brackets for Reaction B from Seifert ( I 974) suggesting that
Reaction B lies 10-30' higher in temperature than we have
placed it. This discrepancy could be caused by a combi-
nation of the markedly shorter run durations used by
Seifert (1974) (165-283 h) and the proximity of these
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Table 6. Volumes and heat-capacity equations used in Equation 3

93r

P h a s e

\ , 1  b a r
' 2 9 A  K
^ _  a  b  ^  a  .

c m r / m o l e  { x l o - z )  ( x l o o )
d "

{  x ]  0 ' )
e -

( x t o - 5 )

C l  i n o c h l  o r e
Cord i  er i  te
E n s t a t i  t e
Forster i  te
S p i  n e l
H Z o  (  s t e a m )

t 2  8 t
4  3339

-0 0l 5538
0 . 3 4 ]  3 9
o 61267
2 1468

-17 984
- a  2 1 1 2
-0 7086
-0 .89397
-l 6857
- o  2 2 3 1 6

-t 5458
-5  .003
- t  4 3 1 6
-1  .1446
- l  551 2
0 . 3 6 1  7 4

-2 1857

-0 .48 |  7

2 r0 .9 ( r  ) *  aou .e+ -
zt t . t iz \*  ezr . :a l .
3 r . 34 (2 ) l *  172 .961 '
43.67(r  ) l  221 .e8:
39 .75 ( l  )  222 .91 "

7 .3680 '

C o e f f i c r e n t s  t o  t h e  h e a t - c a p a c i t y  e x p r e s s i o n s  a p p l y  t o  t h e  r e l a t i o n :  C ^  =  a  +  b T  +  c / f z  +  d 1 f i  +  e ( T z )  J / m o ]  K
* Thi s study

r +  E s t i m t e d  b y  s u m i n g  c ^  d a t a  f o r  b r u c i t e ,  t a l c ,  a n d  t h e  d i f f e r e n c e  b e t w e e n

g e h l e n i t e  a n d  a k e r m n i i e ,  f r o m  R o b i e  e t  a l  ( 1 9 7 8 )
s s  K r u p k a  e t  a l .  ( 1 9 7 9 ) ,  r e f i t t e d  t o  a  4 - t e r n  p o l y n o m i a l  ( H o l l a n d ,  l 9 8 l )

* *  G a n g u l y  a n d  G h o s e  ( 1 9 7 9 )
J  C h a r l u  e t  a l  ( 1 9 7 5 )
I  R o b i e  e t  a  l .  ( 1 9 7 8 )

experiments to the metastable extension of Reaction A
(where chlorite could grow metastably at the expense of
cordierite). In any case, it is believed that the results of
the present study represent a closer approach to equilib-
rium conditions than do the results ofSeifert (1974).

The upper thermal stability of chlorite above about 3
kbar is governed by (endmember) Reaction C. Experi-
mental results pertaining to Reaction C at 6 and 8 kbar
are listed in Table 5 and are shown in Figure 8 along with
experimental results obtained at l0 kbar by Fawcett and
Yoder (1966), at ll-18 kbar by Staudigel and Schreyer
(1977), and at 10-14 kbar by Jenkins (1981).

TrrsRMooyNAMIc cALcur.arIoNS

There are two main objectives to the thermodynamic
analyses performed here: (l) to determine whether or not
the experimental brackets for a particular reaction are
consistent with each other and (2) to determine if the
entire set of experimental brackets for all of the reactions
permit construction of an array of univariant curves that
converge on an invariant point. The approach to both of
these objectives lies in the thermodynamics of univariant
reactions, which are briefly reviewed below.

At each value of P and ?n along a univariant curve, the
following relationship must be obeyed:

rr rP
LG,.,:0 : a68.," 

J" 
oS., O, * 

J,o 
AVff" dP

+ nRTlr'fq.f + R?"ln K",

where Po and Toare the reference pressure (taken here as
I bar) and temperature, respectively, the standard state is
that of unit activity for the pure solid phase at P and T,
and the ideal gas at I bar and Z for HrO. If heat-capacity
dala are available for all of the phases, then the second
term on the right-hand side can be expanded to give

: a,sg.,r.(z - 4)

Substituting Equation 2 into Equation I and rearranging
gives the relation

-AG'^ .^+a$o, ,o ( r -zo)

r ' l  r 'Ac t  .P
: - 

J,"lJ,"; dr)dr + JPo ^vf:f' dP

+ RTlnfF.zf + RZln K"

:  G'.

The terms on the right-hand side of Equation 3 are com-
bined into a single term called G', which will be treated
as a constant at any given P and, T. By doing this, we are
asserting that the heat capacities, volumes, HrO fugacities,
and activities are betterknown than the entropies or Gibbs
free energies ofthe phases and that these latter two quan-
tities are viewed as unknowns or variables. The accuracy
ofthis assertion is certainly debatable; nevertheless, this
approach is adopted here in order to avoid a lengthy dis-
cussion ofeach datum that enters into the thermodynamic
calculations and to simplifu attaining the objectives of
this study.

Evaluation ofEquation 3 requires knowledge ofthe heat
capacities and volumes of the pure solids, water fugacity,
and activity-composition relations for the phases that have
variable compositions (i.e., chlorite, cordierite, and or-
thopyroxene). One simplification that will be made is that

LVf'f' dP : (LV":t#,,n, J AP

(i.e., 7"oua* : constant), which is generally thought to in-
troduce insignificant errors over a range of 10-20 kbar
(Helgeson et al., 1978, p. 32). Heat-capacity expressions
and volumes used in this study are listed in Table 6. Note
that the heat-capacity expression for enstatite has been
refitted to a 4-term polynomial expression to provide a
reasonable extrapolation ofthe heat capacities beyond the
temperature at which they were measured. Water fugac-
ities below I 0 kbar were taken from Burnham et al. ( I 969)
and above 10 kbar from Delany and Helgeson (1978). Of

(3)

( l )

.[. ̂*, ,r: I:[o*.. . I+arfar

.l,U^#'4* (2)
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= 149 728 kJ

AS", J/K
Fig. 9. Graphical solution to the linear programming analysis

of Reaction C in the text. Shaded area is the region of feasible
AGo and ASP of reaction values satisfring all of the experimental
brackets.

the phases considered here in the system HrO-MgO-AlrOr-
SiOr, only chlorite, cordierite, and orthopyroxene expe-
rience any significant change in composition. Although
chlorite can assume variable AlrO, contents, it was argued
above that the composition of chlorite remains essentially
constant, as (MgrAl,rXSir.EAlr2)Oro(OH)r, at its upper
thermal stability. It will sufrce for the present purposes
to fix the activity of (MgrAlXSi3ADO,o(OH), in chlorite
(agil.) at 0.8, which is equivalent to treating chlorite as
an ideal mixture of the components (MgrAl)(SirAl)O,o
(OH), and (MgrAl,XSi,Alr)O,o(OH)8. The primary com-
positional variable for cordierite in this system is its HrO
content. Recent thermodynamic treatments have sought
to characterize Mg-cordierite as an ideal mixture of hy-
drous and anhydrous cordierite endmembers (Newton and
Wood, 1979), as the solution of HrO into MgrAloSirO,,
according to Henry's law (Martignole and Sisi, l98l), and
as an ideal one-site mixture of HrO in MgrAloSirO,, (Ion-
ker, 1981). None of these activity models is in complete
agreement with the experimental data on cordierite. How-
ever, we have chosen the Newton and Wood (1979) model
for determining the activity of MgrAloSirO,, in hydrous
cordierite (433H "ro) both for its simplicity and because
it is based on the data of Mirwald and Schreyer (1977)
which were obtained in a P-T range where equilibrium
water contents are thought to be quenchable (Medenbach
et al., 1980). Orthopyroxene in this system consists of
enstatite with variable amounts of AlrOr. To a close ap-
proximation, the AlrO, content of orthopyroxene in each
reaction is fixed by the phases forsterite and spinel. Gas-
parik and Newton (1984) determined the compositions
oforthopyroxene in equilibrium with forsterite and spinel

and found that the activity of MgrSirOu in orthopyroxene
(4j.) is quite accurately expressed by the ideal activity
expression

dff.: (xMAXxM), g)

where ffi and Xffi are the mole fractions of Mg on the
M2 and Ml octahedral sites, respectively. Using the cat-
ion distribution scheme proposed by Wood and Banno
(1973), one sees that y&?: 1.0 and XMJ : Xff. : a?3'.
Combining this with the experimental data of Gasparik
and Newton ( I 984), one obtains ( 1" in kelvins; P in bars)

&^:#,
a
I

(5)o
< 160

3 . 4 2 7 - 0 . 1 8 r ' s - J A V d P

where

k :  exp
-29190 + |

8314327

and

IAV dP: [0.013 + 3.34 x l0-'(7 - 298)
- 6.6 x l}-7PlP.

The internal consistency ofa set ofexperimental brack-
ets for a given reaction can be determined by using linear
programming (e.g., Gordon, 1973). Each experimental
bracket delimits a rectangular area in P-T space (or half
of a rectangle in the case of "half-brackets") within which
a univariant curve must lie, and the two furthest possible
points of each experimental bracket (i.e., a diagonal of a
rectangle) define a line in P-Z space through which the
curve must pass. At either end of this line, one has the
thermodynamic relation (from Eq. 3)

_AGo + A,So(?" _ To) > or < G,, (6)

which states that the G' value of the univariant boundary
must be gf,eater than or equal to or less than or equal to
the G' value at either end ofthe line. In a graphical sense,
Equation 6 allows a univariant boundary to pass through
any part ofan experimental bracket, includingthe extreme
corners, but the boundary cannot lie outside the bracket.
Using Equation 6, one can formulate inequality expres-
sions at the extreme corners of each experimental bracket,
plot these as straight lines on a graph of AGo vs. AS0, and
shade in the areas that satisfu the inequalities for each
expression. Ifthere is an area that satisfies all ofthe in-
equalities, then there is a feasible range of values of AGo
and AS0 of reaction that satisfies all of the experimental
brackets, and the experimental data are said to be inter-
nally consistent. Ifthere is no such range offeasible so-
lutions, then the experimental data are inconsistent.

The procedure outlined above was performed on Re-
actions A, B, and C already discussed above as well as for
(endmember) Reaction D,

MgrAlr(AlSir)O,' * 5MgrSiOo
cordierite forsterite

+ 5MgzSizOo + 2MgAl2O4, (D)

orthopyroxene spinel



Table 7. Numerical values for the terms composing G'
(Eq. 3) for Reactions A-E
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Table 8. Equilibrium constants for Reactions A-E

React i  on

("::* 
"') /(.:11.")'(.:i-)'

("Pl")''/ (Bil,")'("8:l!',';
fPr)/ (.3i1"")
(.:r)7(":rl',')
("::i: ',)/(.:1r"")'

- 

: i: i i" l i l"= 
activjtv or r1o'Ar'(Arsiu)0't in hvdrous

a ! f ] n o  =  a c t l v i t v  o f  ( M s 5 A l ) ( S i 3 A l ) 0 1 0 ( 0 H ) B  i n  c h l o r i t e

aPlx = activity of lvlg2si206 in orthopyroxene

which was investigated by Chernosky (1974). The exper-
imental brackets reported in Table 5 for Reactions A, B,
and C and in the literature for Reactions C, D, and E were
"expanded" to their greatest possible P-?" range by in-
cluding the reported uncertainties in the measurement of
pressure and temperature. These expanded brackets are
shown in Figures 7 and 8. It should be noted that the 1000
and I l00lC brackets for Reaction D from Seifert (1974)
are not shown in Figure 8 but were included in the cal-
culations (Table 7). The corners ofeach bracket farthest
from the anticipated location ofthe univariant boundary
were identified. and the value of G' calculated at these
corners. The P, T, and thermodynamic values entering
into the calculation of G' at the diagonal corners ofeach
bracket are listed in Table 7, and the equilibrium constant
for each reaction is defined in Table 8. Inequality expres-
sions were formulated using Equation 6 and the data in
Table 7, and the range of feasible values of AGo and AS0
ofreaction for each reaction was determined both graph-
ically and analytically using a linear programming com-
puter program modified after that ofFrazer (1968). The
results oflinear programming reveal that the experimental
brackets for each reaction taken separately are internally
consistent for all five reactions. Reaction C is shown in
Figure 9 as an example of the graphical solution to the
linear programming analysis. Notice that the area of fea-
sible AGo and A,9 values is a very slender trapezium whose
four corners are labeled on the figure. The maximum and
minimum values of AGo and A,S0 for the five individual
reactions are listed in Table 9. Notice that Reaction B has
a feasible range of values with no upper limit.
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Ku"
q ^ '  '  F .  A *" ' ; - ; -  B r a c k e t d i a q o n a l '

" " i . i ton  
T  P

d i rec t ion**  (K)  (kbar )
,on RTlnKuss nnr lnt fz!

( k J )  ( k J )  ( k J )

/aVdP

(  k J )

R e a c t i o n  A :  2  C h l  +  3  o p x  =  C o r d  +  7  F o  +  I  H 2 0

J C

J C

3 . 0 5 0
3 . 3 5 8
2 933
3 332

865 0. 55 -3.842
887 0  45  -3  143
905 I .05 -7 334
936 0 .95  -6  636

145.469
I  50  298
149.922
1 5 5 . 1 9 2

J C L
R

J C L
R

0 5l -13 477
0.49  - t  2  948'| 

02 -26 953
0.98  -25  896

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

5 2 . 3 1  6
5 6 . 2 5 3
5 9 . 5 5 9
65.412

7 0 . 6 9 0
7 2 . 4 7 4
75.706
8 0 . 0 1 7

3 4 6 . 6 1 5
348 076
394 501
407.031

J C

J C

ss

J C

1 0 0 3  3 . 5 5  - 1 3 6  2 3 1
1 0 1 6  2 . 9 5  - l t 3  2 0 6
t  0 l  5  5 . 0 5  - t  9 3 . 7 9 3
1029 4.65 -178-444

1 0 9 3  I 0 . 1
i l 1 5  9 . 9
1 0 8 3  l 0 - 3
i l 0 3  9 . 7

]088 12  0
i l23  t0  0
i l08  12  3
1 1 2 8  1 1 . 7

7 ' , I 5 5  t 3 0 9  i l 9
6 .369 1294.739
8 . 6 0 3  1 4 0 7  8 1 2
7 . 9 8 5  1 4 t I  4 4 0

2.582 461 248
2 825 464 023
1.926 502 443
2.317 513 421

1 200 353 851
1 . 1 7 8  3 6 0 . 0 4 8
I  209 351.862
I  190 354.126

1 207 366_ 537
t . l 7 t  3 6 3  7 0 0' I  

I90  375-922
I I 68 378-632

963
972
988

I 009

1 6 . 0
1 4  0
t 4  3
l 3  7
t 9  0
1 7  . 0

l | 8  2 . 9 0
|83  3  35
1268 2 .70
1278 3  t0
] 3 6 8  2 . 4 0
1378 2  90

2 . 0 5  - l  4 . 3 1  9
1  . 9 5  - 1  3  6 2 1
3.05  -21  304
2.95  -20  606

React ion  B:  5  Ch l  +  Cord  =  10  opx  +  7  Sp +  Zg 11rg

React ion  C:  Ch l  =  opx  +  Fo +  Sp +  4  H20

JC

JC

J C

J C

5

5

s

c

c

1046
I 066
107 4
r 096

6. l l  -39 .593 35 .642 1-?32
5.90  -38  232 37  366 1 .215
B  t 4  - 5 2 . 7 4 7  3 8 . 0 6 3  I  2 1 3
8.00  -51 .840 40  003 ]  192

302 362
307.174
330 588
337 031

6 599 834 024
7 421 910.793
6  7 7 7  9 8 1 . 8 0 2
7.260 1026 631

-65 448 39.737
-64.152 41 705
-66 744 38 .853
-62.856 40.628

-77 760 39.294
-64.800 42 428
-79.104 41  075
-75.816 42  883

R e a c t i o n  D :  C o r d  +  5  F o  =  2  S p  +  5  o p x

-17 328
- 2 0 . 0 1 6
-16.1  32
-18.522
-14 340
-17 328

. .103.680 41  075 1 .196 402-452
-90.720 43 339 I . I 70 397 .288
-92.664 41 976 I . I 83 394 036
-88.776 43  196 1 .162 396.894

-123 120 43 .796 1 .169 434.284
-1  I  0  160 47  043 1  .128 433.077

- l  9 .804 - t  963
-22 932 -2 656
-27 315 -4 929
-27 867 -4 879
-32.431 -7 .233
-33 389 -7 .123

- 5 3  9 0 7  1 5 6 _ 6 5 8  6 . 3 9 1  l t 5 0  9 4 1- 5 1 7 9 3  1 6 8 I 2 9  6 8 0 7  l t 8 4 8 3 6
-80 860 170 803 5 .860 1266 314
-77 .690 t 8t 720 5 I 84 I 297 3t B

I  108
I  1 3 3
l l l S
I  138
I  l38
I  1 7 3

React ion  E:  5  Ch l  =  l0  Fo  +  3  Sp +  Cord  +  20  H20

1 0 8 . 5 ' I 8
I  35  839
132.1 64
1 4 7  l B l

844
9 1 3
904
940

962
988
994

I  018

I

q

S o u r c e s  o f  e x p e r i m e n t a l  d a t a :  C  =  C h e r n o s k y  ( 1 9 7 4 ) ;  F Y  =
F a w c e t t  a n d  Y o d e r  ( 1 9 6 6 ) ;  J C  =  T h i s  s t u d y ;  S  =  S e i f e r t
( 1 9 7 4 ) i  S S  =  S t a u d i g e l  a n d  S c h r e y e r  ( 1 9 7 7 ) .
R e a c t i o n  d i r e c t i o n :  L  =  l e f t - h a n d  a s s e m b l a q e  q r e w  a t  t h e
e x p e n s e  o f  t h e  r i g h t - h a n d  a s s e n b l a g e ;  R  -  ( v i i e  v e r s a )
Experimental  brackets incorporate the maxinum uncertaint ies
c i t e d  b y  e a c h  i n v e s t i g a t o r  S e e  t e x t  f o r  f u r t h e r  d i s c u s s i o n
T h i s  i s  t h e  n u m e r i c a l  v a l u e  f o r  t h e  t e m

I  l l ^ c o  I- ,  l ,  - ! d T l d T
/TO 

LJTO 
' 

I
K ^  e x p r e s s i o n s  i n  T a b l e  8 .

It is a relatively simple task to perform linear program-
ming on the experimental brackets of all five reactions

whichwasinvestigatedbySeifert (1974),andReactionE, simultaneously to determine if they are consistent with
one another and with an array of univariant curves about

5(Mg'AlXSi'Al)o'o(oH)8 an invariant point. Two adiitional constraints, namely
chlorite that the summation of AGo and ASo for all reactions about

+ MgAlr(AlSis)Or8 + lOMgrSiOq ?n invariant point be zero (Gordon, lg73), were added
cordierite forsterite to the linear programming problem. Given the stoichi-

+ 3MgAlrO4 + 20HrO, (E) ometry of Reactions A, B, C, D, and E as written in this
spinel studY, these summations are
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Table 9. AGo and A,So values at 298 K and I bar for Reactions A-E

React i  on
I n d i v i d u a l  r e a c t i o n s *

max mt n max ml n

l n v a r i a n t  p o i n t  a r r a y * *
ffirrf

m a x .  n t n .  m a x ,  m l n -

B
c
D
E

491 798 298 862 l52l 80 1229 28
-  590 488 -  2717 73

196 951 142 542 658 43  591 t6
3 478 -20 024 -47 60 -72 10

13A5 122 568 681 3432 24 2743 35

491 798 308 077
953 735 590 491
r  96  951 I  96 .951
-20.024 -24 .024
915 9 l0  736 387

r52t  B0 1245.53
3214 65 2717 73
658.43  658 43
- 7 2 . 1 0  - 7 2 . 1 0

3225 99 3005 35

*  I v l a x i m u m  a n d  m i n i m u m  v a l u e s  f o r  e a c h  i n d i v i d u a l  r e a c t i o n  o b t a i n e d  v i a  l i n e a r  p r o g r a m m l n g

* *  F l a x i m u m a n d m i n i m u m v a l u e s f o r a l l  r e a c t i o n s  s u b j e c t t o  t h e  s t o i c h i o m e t r i c r e l a t i o n s h i p t h a t A -  B  -  2 C  + 3 D +  E =  0 '
o b L a i n e d  v i a  I  i n e a r  p . o g . d n m i n g

AGI - AGg - 2AGoc + 3AGg + AGg:0 (7a)

asR - asB - 2asB + 3asB + asg:0. (7b)
Applying these two additional constraints to the data, one
can determine via linear programming that there is a range
offeasible values ofAGo and AS0 for all five reactions and
that the data are internally consistent with an array of
univariant curves about an invariant point. The maxi-
mum and minimum values of AGo and AS0 for each re-
action in this array are given in the last four columns of
Table 9.

An array of univariant curves has been calculated for
the experimental brackets in Figures 7 and 8 using Equa-
tion 3 and the average of the AGo and AS0 values in the
last four columns of Table 9. The calculated invariant
point lies at720 + 10'C and2.75 + 0.30 kbar (Fig. 8),
which is slightly lower in P and T conditions than the
invariant point determined by Fawcett and Yoder (1966)
(765 + lO'C, 3.25 ! 0.25 kbar). The close proximity of
Reactions A, B, C, and E reflects a property that might
be coined "dehydration degeneracy." Each of these re-
actions involves the release of 4 mol HrO per I mol chlo-
rite, which dominates the entropy and free-energy change
ofthe reactions. The result is that these boundaries nearly
coincide.

DrscussroN

Current estimates of the thermochemical parameters
LG|', AHg, and AS! for pure clinochlore (X: 1.0) show
considerable scatter (Table l0). The experimental phase
equilibria and crystallochemical data presented here should
provide the best determinations to date.

Reactions A, B, C, and E deal explicitly with the clino-
chlore component in chlorite and, therefore, allow the
extraction of thermochemical data for clinochlore from

the AGo and AS0 values reported in Table 9. It is stressed,
however, that an accurate assessment of the equilibrium
constant is necessary for this task and that one must choose
experimental data involving phases with well-known ac-
tivity-composition relations. This immediately rules out
all reactions involving cordierite, whose hydration state
and activity-composition relations are widely debated, and
leaves Reaction C as the best candidate. From Table 8
one can see that there are only two terms in Reaction C
to consider: 49f'and a$il,". The former term is well known
from such studies as Gasparik and Newton (1984) where
the AlrO, content of orthopyroxene in equilibrium with
forsterite and spinel is dealt with explicitly. The latter
term, however, has only been approximated in this study
(a&1. = 0.8), with no independent experimental evidence
to demonstrate the validity of this approximation. For-
tunately, the energetics of Reaction C are such that any
reasonable choice of allil. (i.e., 0.65-1.0) produces only
trivial changes in the derived values of AGP (+ 1.5 kJ/mol)
and ASP (+4JlK.mol).

The derivation of AGP and ASP for clinochlore follows
directly from the values of AGo and AS0 for Reaction C
that were obtained in the previous section (Table 9) and
the relations

A4 (clinochlore): AGo (reaction) + > AGP (reactants) (8a)
ASP (clinochlore): AS" (reaction) + > AS? (reactants). (8b)

The "reactants" in Equations 8a and 8b are enstatite,
forsterite, spinel, and HrO (steam). Values of AGF and
A,Sg at I bar and 298 K for spinel, forsterite, and steam
were taken from Robie et al. (1978) (with ,S0 of spinel
corrected for l0o/o Mg and Al disorder according to Nav-
rotsky and Kleppa, 1967), whereas the data for enstatite
(MgrSirOu) were obtained from the calorimetric work of
Charlu et al. (1975) and Krupka et al. (1979), yielding

Table 10. Thermochemical data for clinochlore at I bar and 298 K

I n v e s t i  g a t o r
kJ/mo l J / K  m o l

oHi
k J/mo1

' 2 9 A

J / K ' m o I

Thi s study
Hel  geson e t  a l  .  (  I  978  )
chernoskyJltT4 )
B i rd  and Anderson (1973)

-8220 452 ! 27
-8207.765
-8237.88  1  33
-8260.47  1  33

-2186.2 1 33
-2179.906
-2167 3 ! 12
-2188 2 ! 42*

-8A71 940 ! 27
-8851 377
-3882 63 ! 37
- B 9 l  2 . 5 6  1  3 6

4 5 9 4  r 3 3
465 .261
476 12

1457 37 ! 42)**

* ^S? from len (1972)
**  Based on  as i  f rom Zen (1972)  and S ' fo r  the  e ' lements  f rom Rob ie  e t  a l  (1978)



AH? : -3097 .14 + 2.5 kJ/mol, A,SP : - 585.41 + 0.5 J/
(K'mol), and AGP : -2922.688 + 2.5 kJ/mol at I bar
and 298 K. Substituting these data along with the aver-
age of the maximum and minimum values of AGo :
169.746 + 27 kJ/mol and AS0 : 624.79 + 33 J/(K.mol)
for Reaction C into Equations 8a and 8b gives AG!:
-8220.452 + 27 kJ/mol and ASp -- -2186.2 + 33 J/(K.
mol) for pure clinochlore at 298 K and I bar. The extant
thermochemical data for clinochlore from various sources
are compared in Table 10.

The results of this study are consistent with the com-
positions and compositional variations of natural chlorite
that are observed in ultramafic and calc-silicate assem-
blages. For example, Frost (1975) found that the most
stable chlorite in a contact-metamorphosed serpentinite
has the composition (M& rAl, rXSi, 8Al, z)Oro(OH)s (X :
1.2). Rice (1977) found that chlorite in metamorphosed
carbonate assemblages also appears to have a composition
of X = 1.2. In addition, Frost (1975) and Pinsent and
Hirst (1977) saw distinct increases in the Al content of
chlorite with increasing proximity to the thermal contact
of contact-metamorphosed peridotites. This increase in
the Al content of chlorite with progressive metamorphism
agrees with the data in Figures 5 and 6 whereby the com-
position ofchlorite in equilibrium with forsterite and either
talc, anthophyllite, or orthopyroxene gradually increases
from X : I .0 to X : 1.2 with increasing temperature.

As with any experimental study dealing with a simple
chemical system, caution must be exercised in extrapo-
lating the results of this study to natural systems that are
not appropriate, namely, those with significant amounts
of other components (notably Fe), those saturated in silica,
or those known to have equilibrated in HrO-poor envi-
ronments.
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