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A kinetic study of clinochlore and its high temperature equivalent
forsterite+ordierite-spinel at 2 kbar water pressure
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Abstract

Clinochlore and its higher temperature equivalent assemblage, forsterite<ordierite-spi-
nel-HrO have been synthesizedat2kbarwater pressure, using oxide mixtures ofclinochlore
composition as starting material. A time-temperature-transformation (TTT) diagram has
been established in the range 600-750'C for periods up to 250 days. Following Ostwald's
rule, the final stable phase assemblages (14 A chlorite or forsterite<ordierite-spinel) are
synthesized only through the prior formation of metastable assemblages 7 A chlorite-
forsterite+xide mix, 7 A chlorite-forsterite-talc-oxide mix or talc-forsterite-spinel. From
the TTT diagram, the apparent activation energy for the heterogeneous nucleation ofthe
14 A chlorite from 7 A chlorite is calculated as 6313 kcaVmole. Rate studies employing
the parabolic rate equation x : kt" indicate that the activation energy for this transformation
changes from 90+35 kcal/mole below 670'C, to 177!'ol'kcal/mole between 670 and 691'C.
Such high values suggest that the polymorphic transition of chlorite involves the rear-
rangement of Si-O bonds which might be the rate-determining process. The higher acti-
vation energy above 670C can be attributed to the "stable" coexistence offorsterite and
talc with 14 A chlorite, which is more aluminous than clinochlore. The most stable Mg-
chlorite has the approximate composition (M&,nAl, ,r)(Si2 8eAlr ,)Oro(OH)8.

Introduction

A substantial effort has been made recently to decipher
the kinetics and mechanisms of reactions in the solid-
liquid systems; e.g., the rate laws of mineral leaching and
dissolution, and growth and dissolution mechanisms (see
Lasaga and Kirkpatrick, l98l). However, relatively few
studies have been done on solid reaction systems, prin-
cipally because ofthe very slow reaction rates, metasta-
bility and lack ofappropriate techniques to deal with nu-
cleation problems (Greenwood, 1963). The present study
has been undertaken to provide information on the mech-
anisms and kinetics involved in synthesis of clinochlore
and ofits high temperature breakdown products forster-
ite<ordierite-spinel. These assemblages are related by the
reaction:

5MgrAlrSirO,o(OHL : l0MgrSiOo * MgrSi,AlnO,r. nHrO
clinochlore forsterite cordierite

+ 3MgAl,O4 + (20 - n)H,O (1)
spinel vapor

Reaction (l) was first investigated by Yoder (1952) who

t Present address: Department of Geology, Stanford Univer-
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determined the reaction temperature as 720C at 30000
p.s.i. water pressure. He found a new polymorph, a 7 A
structure and termed it aluminous serpentine, which has
also been referred to as septechlorite, 7 A chlorite and
lizardite by subsequent authors. Yoder noted that for-
steritespinel-talc was a metastable assemblage trans-
forming into forsterite<ordierite-spinel above the equi-
librium temperature of the reaction (l). Roy and Roy
(1955) synthesized a mixture of clinochlore and alumi-
nous serpentine at temperatures as low as 450"C at 20000
p.s.i. water pressure. They attributed the extreme slug-
gishness ofthe transition ofaluminous serpentine to clino-
chlore to the very large energy barrier involved in the
rearrangement of Si-O bonds. Nelson and Roy (1958)
showed that the 7A series extended between the chrysotile
and amesite compositions and that clinochlore had a max-
imum thermal stability of 710"C at 20000 p.s.i. Fawcett
and Yoder ( I 966) synthesized the chlorite-talc-forsterite
assemblage at 3.5 kbar and forsterite<nstatite<hlorite at
5 and l0 kbar water pressure. They concluded that at
water pressures above 3.5 kbar the composition of the
most stable magnesian chlorite is more aluminous than
cliniochlore, lying about halfway between clinochlore and
corundophyllite (Fig. l).
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Fig. l. Phases encountered in this study. The diagram is a
projection, in mole percent, from the HrO apex onto the MgG
AlrO.-SiO, plane.

Chernosky ( I 974) redetermined the position ofreaction
(l) with reversed experiments, using synthetic crystalline
phases as starting materials (Fig. 2). He also examined the
variation in chlorite composition by measuring do* and
found no evidence for compositional variability at water
pressure up to 2 kbar. His work provides the best estimate
for the reaction coordinates at lower pressures.

In their high pressure experiments (up to 35 kbar), Stau-
digel and Schreyer (1977) also reported no shift in clino-
chlore composition. However, Jenkins (1980, l98l) in-
dicated that chlorite becomes more aluminous than the
clinochlore composition with increasing temperature at
pressures above 4 kbar, and that the compositional shift
in chlorite composition may be dominantly temperature-
dependent.

Two major aspects of clinochlore synthesis with which
this study is concerned are the conversion ofthe 7 A to
14 A structure and the possibility of compositional vari-
ation in cliniochlore, which appear to be kinetically con-
trolled processes. To investigate these kinetic problems
in clinochlore synthesis, long runs up to 249 days were
conducted at 2kbar water pressure, using oxide mixtures
of clinochlore composition as starting material.

Preliminary results reporting aspects of this work were
given by Cho and Fawcett (1982).

Experimental methods

AIl runs were conducted at 2 kbar (29000 p.s.i.) water pressure
using conventional hydrotherrnal techniques. Details are de-
scribed by McOnie et al. (1975) and Cho (1982). Temperatures
of the experiments were monitored by internally fitted chromel-
alumel thermocouples (Zu inch O.D.), and measured by either a
KAYE 8000 multichannnel recorder or a Leeds and Northrup
potentiometer (model 8690-2) using zero degrees centigrade as
a reference temperature. Each internal thermocouple and the
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Fig.2. Dissociation curves for the reaction clinochlore : for-
sterite + cordierite * spinel + vapour. Solid curve is for the
reaction involving anhydrous cordierite and short-dashed one
for the reaction involving I .8 wt.0/0 HrO in cordierite (Chernosky,
1974). Dashed line is the dissociation curve determined by Yoder
(1952). The dots indicate the experimental conditions ernployed
in this study.

associated measuring and recording circuitry were calibrated
against the melting point ofNaCl (800.4'C). Uncertainties in run
temperatures are a combination of the thermal gradient over the
capsule length (+2"6, Cermignani, 1979), uncertainty in ther-
mocouple calibration (+2'C) and the variance ofthe day-to-day
fluctuations in recorded temperature (+0.5 to t3'C; I standard
deviation), and total 14.5 to +7oC. Pressures were measured on
a 50000 p.s.i., I 1-inch-diameter Heise gauge (manufacturer's cer-
tified accuracy +50 p.s.i. at all pressures) and are believed to be
accurate to + 100 p.s.i.

The starting material was an oxide mix of MgO, AlrO, and
SiO, in the stoichiometric proportion of clinochlore composition
(5MgO' AlrO, . 3 SiOr). The following reagents were used in prep-
aration of the oxide mixture: Magnesium carbonate-Fisher Cer-
tified Reagent (lot 762372) heated in air to produce MgO; alu-
minum hydroxide-Fisher Certified Reagent (lot 791077) heated
in air to produce tr-alumina; silica glass-Specpure JMC 425 fired
overnight at 900€ to drive offabsorbed water. SEM observation
revealed that the grain size of the oxide mix was less than I 5 pm
and averaged about 3 pm.

Starting materials were weighed into the annealed gold tubes
(2.5 cm in length) with excess water, which was approximately
equal to 25 vrt.o/o of the charge. In most cases one capsule was
run per experiment. By pre-heating the furnaces it was possible
to reduce the warm-up time to about 30 minutes which served
to minimize the kinetic efect ofwarm-up on the final run product.
Reported "run duration" times do not include the warm-up time.

Quench time (to room temperature) was less than 3 minutes.
The products of each experiment were examined with a bin-

ocular and petrographic microscope, and by X-ray powder dif-
fractometry. Due to the extremely fine-grained nature of most of
the run products, identification was based exclusively on X-ray
diffraction (XRD) methods. A Philips X-ray diffractometer, em-
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LOG TIME ( hours )
Fig. 3. A TTT diagram for the synthesis ofclinochlore and forsterite + cordierite + spinel. Long-dashed curve is the calculated

line for the complete conversion of 7 A chlorite to 14 A chlorite and short-dashed curve for 7 5Vo conversion. Some runs that merely
confirm the boundaries as shown, are not plotted for clarity. Abbreviations: Chl (chlorite), Fo (forsterite), Tc (talc), Sp (spinel), Cord
(cordierite) and O.M. (oxide mix).
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ploying Ni-filtered, Cu-rKa radiation, was used to examine smear
mounts on glass slides.

Selected samples of low temperature (below 694'C) assem-
blages were examined by electron microprobe to determine the
chemical composition of the run products. Fragments of run
products were mounted with epoxy on a glass slide andanalyzed
on an ARL instrument with an energy-dispersive, solid state
detector, using accelerating potential of 20 kV and a beam di-
ameter of approximately 2 pm.

Results
Mineral phases and their compositions encountered in

this study are plotted in Figure l. Temperature and mn
duration were varied to determine their effects on the
kinetics ofsynthesis. In order to investigate synthesis of
the clinochlore composition far below and above the equi-
librium temperature of reaction (l), the temperatures of
individual experiments varied from 600 to 750.C in l0
and 25 degree increments, and the run duration from l0
minutes to 249 days. The results of the experiments are
presented in Table l.

T he time-temperaturrtransformation diagram

A TTT diagram (Putnis and McConnell, 1980) dis-
playing the time dependent transformations at different
temperatures has been established from the results ofthe
various hydrothermal experiments for reaction (l) (Fig.
3).

Most boundaries delineating individual fields of the as-
semblages are well constrained by the synthesis experi-
ments and appear to be curvilinear. They show negative
slopes except the one for the disappearance of 7 A chlorite,
which shows a C-type curve typical of many TTT dia-
grams (Putnis and McConnell, 1980). Some runs alapar-
ticular temperature and duration were duplicated and the
assemblages were found to be reproducible. For example,
three 20 day runs were made at 689"C (runs 7, 30 and 3 l,
Table l): Runs 30 and 3l represent the duplicates from
the two capsules loaded together in a pressure vessel. All
three run products contain the same mineral assemblage
of 14 and 7 A chlorite * talc * forsterite, although the
modal abundances of individual phases are slighty vari-
able (see Table 1 for further examples).

At temperatures higher than720"C, talc + forsterite +
spinel occurs as a metastable phase assemblage in short
duration runs, crystallizing earlier than the stable assem-
blage, forsterite * cordierite * spinel. The proportion of
metastable talc increases gradually with time in runs of
short duration. However, it decreases rapidly and finally
becomes zero as the more stable cordierite appears and
becomes more abundant with increasing run duration.

Below 740t, 7 A chlorite-forsterite-talc or 7 A chlo-
rite-forsterite assemblages have been identified in shorter
runs. The occurrence of non-aluminous phases with chlo-
rite requires additional material that is more aluminous
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Table l. Run data Table l. (cont.)

Run b .  Tenpera tures  ln  h ra t lon  C lys ta l l ine  P lduc ts

7 l

89
9 0

1 2 4
46

1 3 1

3{
3 3

126
129

6 0
53
9 5

39
1 0 5

1 0 8

62

122

112
9 6

102

1 1 0

9 1

79

36
1 2
1 l

12d
t 55d
20d

50d
122d

9d
20d
5 r d
70d

t d

9d
20d

52d

r 5 0 d

1 d
9d

20d

52d

72d

l 0 n
l h
3h
1 d

0 . 1 0
0 . 1 4
0 , 3 0

o . 2 1
0 . 5 1
0 . 6 5

0 ,  r 8
0 . 5 0

0 .  { 3
0 , 5 4

n . 6 2

0 , 5 6

0 . 3 8
0 . 5 0

0 . 5 7

o . 6 2

0 . 5 5

0 . 3 5

5 9 ? . 3 ! ? . 0 ,  n - 5 6
5 9 8 . 1 1 7 . 7 ,  n = 1 0 6
6 2 4 . 5 ! 5 . 1 ,  n - 1 6
6 2 4 . 9 ! 5 . 5 ,  n = 3 4
6 2 7 . 1 ! 5 . 0 ,  F l 4
623.7!7.0, n-37

5 4 9 . 1 i 5 , 2 ,  n = 9
6 4 8 . 9 1 4 . 9 .  n - l g
6 5 0 . 5 ! 6 , 7 ,  n - 1 9
5 5 0 . 9 i 6 . 7 '  n = 2 5

6 7 0 . 1 1 1 . 5 '  n - - 2
5 5 9 . 9 1 5 . 8 '  n - 5
6 6 9 . 4 J 5 . 4 '  n - 1 5
6 7 2 , 3 ! 5 . 1 ,  n = 1 0

6 7 0 . 9 ! 6 . 4 .  ^ = 3 2
5 7 0 . 7 1 5 . 8 ,  F 5 6

6 7 0 . 7 1 5 . 8 ,  n - 5 6

674.0!6,2, n-57

6 8 0
5 7 5 . 6 1 6 . 1 ,  n = 3
5 8 0 . 1 1 5 . 4 ,  n - l {
682.4!5.4. n-zo

5 8 I . 8 1 5 . 5 '  n = 4 1

6 € I . l ! 5 . 3 ,  n - 5 1

5 8 I . 5 1 5 . 4 ,  n = 7 1

6 8 9 . 3 ! 5 . 0 '  n = 1 0
690
5 9 0
6 8 9 . ? 1 4 . 5 ,  n - 6
5 8 9 . 4 J 4 . 7 ,  n = l 8

7A Chl-tr .  Fo
? s 1 4 A f r t
14 & 7A chl
14A Chl

7A or-tr .  b
7A Chl-tr .  Fo
T d l 4 A s l
1l  e ?A Chl-tr .

f t - t r .Fo
lt  r  7A chl
1 4  E  7 A  s l - t ! .

Tc-t ! ,Fo
14 r ?A chl- tr .

Tc-tr .Fo
144 sl- tr .Tc-t ! .Fo

7A fr l -Frtr .Tc
7A chr4c-Fo
14 & 7A sl-Tc-Fo
1 4  &  ? A  c h t - t r .

&-tr .Fo
1l E 7A Chl-tr .

&-tr .Fo
1 4  6  7 A  C h l - t r .

b-tr .Fo
144 ChI-tr ,Tc-tr .Fo

7A chl-Fo
7A cht-Fo-rr .  t
7A chl-Fetr.  ?c
?A frt-tc-Fo
7 r l4A chl-lc-Fo

5 8 9 . 5 1 1 . 8 ,  n = 1  t 9

5 8 9 . 1 ! 1 . 5 ,  n - 2 0
6 8 9 . 1 1 1 . 5 '  n - 2 0
5 9 0 , 1 1 { , 8 ,  n = 2 9

5 8 9 . 9 i 4 . 5 ,  n = 3 4
5 8 9 , 5 ! 5 . 3 ,  n = 5 6
5 8 9 , 5 i 5 . 3 ,  n - - 5 6

6 9 2 . 8 1 5 . 8 ,  n - 7 3

5 9 3 . 5 i 5 . 5 ,  n - 8 4
5 9 3 . 2 1 6 . 3 '  n = 1 5 0
7 0 8 . 5 1 4 . 8 '  n = 1 0
7 O 4 . 2 ! 3 . 1 ,  n = Z O
7 0 2 . 6 ! 6 . 4 ,  F 4 2
7 0 1 . 3 1 5 . 6 ,  n = 2 9

7 O 2 . 1 ! 6 . 2 ,  n = 7 I

716,2!4.5. n-2
7 1 7 . 5
7 1 3 . 8 1 4 . 8 '  n - 5
7 1 7 . 1 1 4 . 5 ,  n = 8
7 1 5 . 8 1 4 . 9 ,  n = 1 2
7 1 6 . 9 ! 5 . 2 '  n - l 5
7 1 2 . 1 ! 5 . 2 .  n - 5 3

7 1 9 . 6 1 5 . 4 ,  n = 3
7 2 9 . 4 ! 4 . 5 .  n = 5
724.016.1 |  a=4
7 2 2 . 1 ! 4 , 9 '  n - 9
7 2 1 . 1 1 4 . 8 '  n = 1 5
1 2 5 . 7 ! 6 . 0 '  ^ = 2 5

7 4 2 . 3 1 5 . 3 '  n = 1 0
7 5 2 . 5 1 5 . 8 '  n = 1 0
713
740
7 4 ! . 1 ! 6 . 4 t  n - 2
7 4 4 . 1 ! 6 . 4 ,  n - 2
7 4 2 . 7 ! 7 . 1 ,  n - 8
7 4 0 . 3 ! 5 . 2 ,  n - 1 8

lt  s 7A fr l - t r .
Tc-tr .  Fo

14 r 7A &I+-Eo
14 r 7A Cbl-Tc-Fo
1 t  &  7 a  S r - t r .

Tc-tE. Fo
14 s ?A chl-Tc-Fo
14 e 7A Chl-tE. Fo
1{ r  7A fr l - t r ,

t {  &  7 A  6 1 - u ,
Tc-tE . Fo

1 4AsI-tr .Tc-tr .Fo
1{A chl- tr .Tc-t ! .Fo
?A &I-Fetr.  t
14 & 7A chI-Tc-Fo
1{ & 7A ch1-Tc-Fo
t4 & 7A Chr4c-Fr

14 e ?A chr-Tc-Fe
t! .  6rd-tr ,  sP

Tc-Fr7A ChI
&-ao-? r l4A frt
lt 6 7A chr{c-Fo
Tc-8o-r4 & 7A fr I-SP(?)
Tc-EeSI{ord
Eo-Co!d-SP
Cord-FrsP

Tc-? e 144 ChI-Ao
&-Fo-sp

Tc-Fo-Sp{ord

@rd-Fo-sP

Fo-rc-7A 6t
Tc-ArSp
Ac-Fo-Sp
Tc-Fe8p
ft-Fo-Sp-lr, 6Ed
Tc-Frststr. Cord

Fo-AP{oEd

7A sI
7 & t4A chl
zA chl
7 & 1{A cbl
T E r t A s l
7 a r4A chl

7

3 0
3 l

l 9

2 7

r 1 1

29
28A
9 I

1 0 5
r 0 3
1 1 9

1 0 4

6 7
80
5 3
70
5 5

7 3

9 8
9 3

1 0 0
8 4
7 2

75
9 2
7 7

1 1 8
58
8 3
5 5
5 2

20d

20d
20d
28d

36d
12d
72d

1 0 9 d

r 4 0 d
249d

l 0 n
20d

46d

s2d

l l h
l d

9d
20d
40d
72d

1 0 h
l d
4d

2 1 . 8 d

l 0 n
1 0 n

l h
1 0 h

r . 5 d
3d
9d

l 7 d

0 . 4 5  5 4

0 . 5 1  7 3
o . 4 7  6 7
0 . 5 1  1 3

0 . 5 3  7 6
0 . 6 0  8 6

0 . 5 5  9 3

0 . 7 0  t 0 0
0 . 5 8  9 7

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

t 4
2 0
4 3

3 0
a 7
9 4

7 I

5 t
7 1

8 9

9 4

5 a
7 I

8 I

8 9

9 4

Run No. TenFratures in Duration Cryatalllne Plductg

Abbrev la t lons :  ChI  (Ch lor i te ) ,  Fo  ( ro rs le r i te ) ,  &  (Ta Ic ) ,

Sp (Sp ine l ) ,  6 !d  (CoEdier l te ) ,  n  (n tnu te) ,  h  (hour ) ,

d  (day)  ad  t ! ,  ( t race)

* I r  -  rn tens l ty  ra l io  o f  (001)  and (002)  re f lec l tons  o f  ch lo l i te  p lFo lpha.

* *xch l  =  Percent  tEans fo ina t ion  o f  d lo r i te  p lForphs ,

than clinochlore composition. However, no phases other
than chlorite, forsterite and talc appeared in XRD anal-
yses. This may be attributed to a very small amount of
the assumed aluminous phase(s), or to the amorphous
nature of the assumed aluminous material. The latter may
be the case since abundant isotropic aggregate, which ap-
pear to be partially-reacted oxide mixture, are detected
by the petrographic microscope in shorterruns. The amor-
phous oxide mixture occurs as aggregates, composed
of extremely fine grains of less than 0.5 pm size and the
very fine grain size ofthis material precludes exact iden-
tification.

The occurrence of phases with little or no alumina, i.e.,
forsterite and talc, in addition to 7 A chlorite may imply
that the nucleation rates offorsterite and talc are greater
than that of chlorite as pointed out by Staudigel and
Schreyer (1977).

7 A chlorite persists metastably for a very long time
(over 72 days at 600'C) and finally converts to l4 A chlo-
rite through the mixture of 7 A and 14 A chlorite. The
transformation of 7 A chlorite to 14 A chlorite will be
discussed in detail in a later section.

In summary, the present experiments suggest that the
assemblages chlorite-forsterite, below 670.C (Chernosky,

The order of phases llsted @lres[Ends !o one of decreaslng lntenslty of

tbel.r strongest characteristic peak, although the relativ€ proPortlons of lhe

phaees identlfled @uld no! be esllnated Eellably bcauEe of the

pre fer  rea l -o !  ien la !1on e f  f  ec t .

rr*n ! nmber of temperature reasurenents.

1975) and talc-forsterittsspinel (Yoder, 1952; Segnit, 1963)
described by previous investigators, are metastable and
crystallize earlier than the final stable assemblage but per-
sist for long periods of time. Most stable phase assem-
blages are synthesized only through an intermediate as-
semblage, providing a good demonstration of Ostwald's
rule ofthe prior formation of unstable phases. The gradual
transformation of several metastable phase assemblages
to final stable assemblages can be traced on the time-
temperature-transformation diagram. The recognition of
metastable phase assemblages using a TTT diagram shows
that reactions are extremely sluggish both at low temper-
atures and near the reaction temperature. This provides
further reinforcement of the need to demonstrate reaction
reversals in phase equilibrium studies. Therefore, the im-
portance of this diagram cannot be overemphasized in
understanding solid state reactions. Unfortunately, at the
present time very few TTT diagrams are available for
metamorphic reactions.

Rate stu.dies

Rate studies have been carried out for the transfor-
mation of 7 A chlorite to 14 A chlorite below the equi-
librium temperature of reaction ( I ), using products of runs
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TIME, days

Fig. 4. Variation of d and X- as a function of run duration (in days). Mean experimental temperatures are 626, 650, 670, 68 I,
and 691"C. Length ofsolid bar represents precision ofmeasurement and dotted lines connect duplicate runs.

5 0 8
x

that yielded 7 A and 14 A chlorite assemblages. Quanti-
tative determination of the extent of transformation was
determined by measuring the peak heights from basal
reflections of chlorite on powder X-ray diffraction charts.
The relative intensities (1,) of (001) and (002) basal re-
flections from a 7 A and 14 A chlorite mixture were used
for quantitative analyses of 14 A chlorite, because both 7
A and 14 A chlorites will orient to the same degree to
eliminate the effect of the preferred orientation (Mossman
etal.,1967). All samples were scanned three to eight times
at lolminute to determine the ratios of the peak heights
(Table l). In calculating the percent reaction (X"n), it is
assumed that the intensity ratio of (001y(002) for pure
14 A chlorite is 0.7 which is the maximum value obtained
in this study as shown in Figure 4. The ratio increases
with run duration and reaches a steady state value of0.7
in experiments ofabout 150 days. The precision ofthe
method was estimated to be better than + l0o/o X.ny

Figure 4 is the plot of { versus run duration. Mean
experimental temperatures werc 626, 650, 67 0, 68 l, and
691"C. Duplicate runs are also plotted, which show a fluc-
tuation of up to l5o/o X"n. As a small degree of reaction
cannot be determined by XRD, the initial stage of trans-
formation at each specific temperature is difficult to de-
fine. Large uncertainties in X"n, also make it difficult to
distinguish experimentally between the various solid state
reaction models (Sharp et al., 1966). However, the curves
connecting experimental data points appear to be para-
bolic in shape, with rapid initial reaction.

The simple model equation to best fit the experimental

data is the parabolic rate equation (Kridelbaugh, 1973;
Matthews, 1980):

X"r,r: k't '  (2)

where X", is the percent of transformation, k, the rate
constant, t is time in days, and n is the order of reaction.
Writing equation (2) in logarithmic form:

l o g X " n , : l o g k + n l o g t  ( 3 )

gives a straight line with a slope of n and an intercept of
log k in a log X"n, versus log t plot.

Figure 5 is the plot of experimental dala at each tem-
perature showing linear-regression lines based on equa-
tion (3). The values ofthe constants n and log k for equa-
tion (3) are presented in Table 2. Times for the 7 5o/o and
complete conversion of 7 A chlorite to 14 A chlorite are
calculated from the linear-regression equations at each
temperature. They are also listed in Table 2 and plotted
in Figure 3. As can be expected, it required very long
durations for the complete conversion both at low tem-
perature (312 days at 626C) and near the reaction tem-
perature. The apparent inflections at 670C (Fig. 3) might
indicate a change in reaction mechanism that will be dis-
cussed later.

The uncertainties in the above values are calculated by
weighting the standard deviations at each data point @e-
vington, 1969, Chapter 6). When the standard deviations
(ol and o2) for each data point are different because of
the nonJinear scale, the averages, o : (ol * o2)/2, are
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taken throughout the study. Two different standard de-
viations for a few cases are listed together.

The order ofreaction decreases gradually with increas-
ing temperature from approximately 0.9 at 626 and 650C
to 0.15 at 69I'C (Table 2). This variation in n indicates
a change in the mechanism of the reaction (Busenberg and
Plummer, 1982).

The rate constant ft) is related to an activation energy
(HJ bV the Arrhenius equation:

k: A exp (-H"/RT) (4)

where A is a temperature-independent frequency factor,
R is the gas constant and I is the absolute temperature.
Writing equation (4) in logarithmic form:

log k: log A - H^/2.303RT (5)

Therefore, the Arrhenius plot oflog k versus l/T gives a
straight line of slope -HJ2.303RT and intercept log A.

Figure 6 is the Arrhenius plot of k derived from equa-
tion (5). There is an apparent break in the slope at about
670C, which indicates a change in reaction mechanism.
An activation energy of 90+35 kcal/mole (f1",) was cal-
culated at temperatures below 670'C and an activation
energy of 177!t^t3 kcal/mole'? (H"r) at temperatures be-
tween 670 and 691'C. The uncertainties in H^, and Hu,
are calculated by considering only the uncertainties in k
and temperature, respectively. A single line, with no change
in slope could be fitted to all five data points on Figure
6. We prefer the interpretation shown in the figure because
independent evidence, discussed later in the paper, sug-
gests a change in chlorite composition at about 670"C.
Our interpretation of these data is also consistent with the
inflection noted at this temperature for the boundary curves
shown on Figure 3.

The high value of H,r, as compared to I1., can be
related to the stable existence offorsterite + talc with 14
A chlorite at about 670-696C, as will be demonstrated
in a later section. As the 14 A chlorite in the chlorite-
forsterite-talc assemblage is more aluminous than the ide-
al clinochlore composition, H", may represent the acti-
vation energy for the transformation of Mg-chlorite poly-
morphs that are more aluminous than the ideal clinochlore
composition.

An activation energy larger than 90 kcaVmole might
indicate that diffusion is probably not the rate-controlling
step for the transformation of chlorite polymorphs (see
Table 3). As suggested by Roy and Roy (1955), a number
of Si-O bonds must actually be broken and rearranged,
so that every alternate layer ofSia+ ions in the silica layer
of 7 A chlorite can form new Si-O bonds with the linked
tetrahedra pointing in the opposite direction. Such a rear-
rangement of the Si-O bonds might be the rate-deter-
mining process for the transformation from Z A to tq A
structure.

2 Two different standard deviations due to the non-linear scale
are listed together.

0 1 2

tOG TIME. daYs

Fig. 5. A plot of log X"o, versus log time (in days) showing
linear-regtession lines at each temperature. Symbols are the same
as in Figure 4. Uncertainties on X." are all the same but appear
different due to the log scale.

10.2 r0.4 10.6 10.8 ll.0 ttz

y t 'm1 'K-1

Fig. 6. The Arrhenius plot of log k versus l/I (in degrees
Kelvin). A change in the reaction mechanism is suggested by the
change in slope at approximately 670{.
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[0G TIME, hourc

TIME, days

Fig. 7. A plot of log time against l/Z(in degrees Kelvin) showing the bracketing data (solid dots) between 7 A chloriteforsterite-
oxide mixture (open triangle) and 7 A and 14 A chlorite (open rectangle). Thick solid line represents an estimate of the phase
boundary between the two assemblages. Dotted area represents "envelope ofuncertainty." *Three day runs are included in order
to reduce the range ofuncertainty. This does not affect the present interpretation because fI" without 3 day runs is 62 kcallmole.
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Nucleation activation energy of la i chlorite

The activation energy for the nucleation of I 4 A chlorite
from 7 A chlorite-forsterite-oxide mixture can be cal-
culated from the TTT diagram.

The rate of nucleation K at any temperature is the prod-
uct of the thermodynamic factor and kinetic factor (Putnis
and McConnell, 1980):

K: C exp (-AG*/RZ) exp (-H^/RT) (6)

where C is constant, AG* is free energy of activation for
the formation of a critical nucleus, and H^ is activation
energy for a kinetic process. Writing (6) in logarithmic
form:

ln K: ln C - (AG*/RT) - (H^/RZ") (7)

From equation (3), ln X"o, : ln K * n ln t. Therefore,

n ln r: (AG*/R7) + (H,/RT) - ln C' (g)

Table 2. Values ofthe constants n and log k for the equation,
log X"" : log k + n log /, and the calculated times for the 75o/o
and complete conversion of 7 A chlorite to 14 A chlorite at each

experimental temperature

?enlErature
( ' c )  n

Tlme fo r  @nvers ion  (dayE)

I @  k  7 5 1  1 0 0 t

where C' is constant. For all low temperatures AG* = 0
(Putnis and McConnell, 1980; Putnis and Bish, 1983),
and

ln t: II,/nRT - lnC" (9)

where C" is constant. The activation energy for the nu-
cleation of 14 A chlorite can be found from the slope in
the ln t versus l/Iplot at low temperatures. It should be
noted that the activation energy for nucleation, calculated
using the equation (9) represents the maximum value be-
cause AG* is assumed to be zero.

The curve for the appearance of 14 A chlorite is almost
linear at temperatures below 670'C (Fig. 3). Experimental
data are plotted again in Figure 7 on a log t versus l/Z
diagram to define the curve for the first appearance of 14
A chlorite. The uncertainties in the bracketing data be-
tween the two assemblages were calculated using equation
6a of Demarest and Haselton (1981). Only the uncertain-
ties in temperature are considered since the errors in run
duration plotted in log scale are small in long runs. An
activation energy of 6313 kcal/mole was calculated for the
first appearance of 14 A chlorite from the TTT curve,
using n : 0.9 (from Table 2), as compared to a value of
90 + 35 kcallmole from the rate study. The errors are taken
from the slopes of two extreme lines.

The activation energy calculated from the TTT curve
is smaller than the activation energy obtained from the
rate studies, implying that nucleation is not the rate-con-
trolling mechanism. However, because of large uncer-
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Table 3. Activation energy scale (kcaVmole); from Fyfe et al.
(  l  978)

Table 4. Representative electron microprobe analyses of two
selected chlorites

1 2-20

3 9
6 7 0 . 9

3 6

3 1 , 7 4
1 7 . 2 2
2 8 , 1 1
7 7 , 1 3

2 4
6 8 9 . s

7 2

2 9 , 8 1
1 6 , 9 0
26,47

4 . 8 8 9
2 . 1 9 2
2 . 9 1 2

Dehydration and hydracion

u ig ra t io  o f  a lka l i  ca t ion8 Ehrough o lEn s t ruc tu rea

seple No.
Tenperature ("C)
Duracld {day6)

Oxides et. t

MgO
A l 2 0 3
SIO2
Total

15-30 Brchange di f fuEion of Na, K, interat i t ia l  (vacanci ' )

di f fu6ion

25-40 Displacigetransfornat lon

50-70 Exchange niglat ion of s i ,  A1

50-90 O-Si-O bonds frm non-brldglng dygens

100-200 Latt ie energie6, break up of O-si{  bond6
U9

s i

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

tainties involved, there is still a possibility that nucleation
of 14 A chlorite is a rate-controlling process. In this case,
the difference in calculated activation energies could be
attributed to two factors. First, small amounts of forsterite
and oxide mixture coexisting with 7 A chlorite might have
decreased the activation energy for the conversion of7 A
chlorite to 14 A chlorite by providing appropriate material
for nucleation of 14 A chlorite. Second, the activation
energy obtained from the TTT curve may represent an
activation energy of a heterogeneous transformation, since
the charge container may have provided heterogeneous
nucleation sites and decreased the activation energy for
the appearance of l4 A chlorite. Heterogeneous phenom-
ena in nucleation and $owth of chlorites are ubiquitous
in the run products, as demonstrated in the SEM study
(Cho and Fawcett, 1986).

C hlorit e-for s te rit e-t al c as s e mb I a ge

This assemblage was first identified by Fawcett and
Yoder (1966) in 3.5 kbar water pressure experiments and
was interpreted by them to be a stable one in which Mg-
chlorite becomes more aluminous than clinochlore com-
position. Jenkins (1980, l98l) further indicated this shift
in composition at pressures above 4 kbar. At l4 kbar and
850'C he estimated the composition of the most stable
chlorite to be (Mg ssAlr rrxsi2 8sAlr r2)Oro(OH)r. Cher-
nosky (1974) did not detect any compositional variability
for water pressures up to 2 kbar and concluded that the
most stable Mg-chlorite is of clinochlore composition.

Several longer runs, up to 249 days, were conducted at
temperatures between 670'and 693'C, in order to inves-
tigate the stability or metastability of the chlorite-for-
sterite-talc assemblage. This assemblage persisted in each
of those runs, even beyond the time calculated for the
complete conversion of 7 A chlorite to 14 A chlorite (Fig.
3). The 150 day experiment at 674C helps confirm the
persistence of the assemblage and, together with shorter
duration runs, establishes temperature limits for the chlo-
rite-forsterite-talc assemblage (Fig. 3). Field boundary
configurations on the TTT diagram strongly suggest that
this assemblage is stable over a relatively narrow tem-
perature interval.

To investigate the stability of the chlorite-forsterite-

talc assemblage, the peak position of the dooo reflection
was determined for 14 A chlorite obtained in runs longer
than 3 days (Chernosky, 1974). Three to eight oscillations
were made ftom 24.5 to 27" 20 at a scanning speed of I /4"
20/min., using quartz as an internal standard. The ser-
pentine determinative curve (Chernosky, 1975) which is
also applicable for 14 A chlorite (Schiffman and Liou,
1980) was used to estimate the Al content of these
synthetic chlorites. The precision of this method is
+0.015'2d (CuKa), which corresponds to a compositional
variation of about 10.04 in the formula,
(Mgu-,Al-)(Si4--Al")O,o(OH)e (Caruso and Chernosky,
r979).

Several electron microprobe analyses of chlorite were
performed to calibrate the XRD measurement of chlorite
composition. Unfortunately, the analyses always gave
lower totals than the ideal chlorite composition by l0-
l5ol0, which may be accounted for by the porous nature
of the disaggregated chlorites (Table 4). However, a few
analyses showing good chlorite stoichiometry proved to
be consistent with XRD results, especially in the 690"C
run product.

The results are listed in Table 5 and illustrated in Figure
8. It is evident that with increasing temperature there is
a sudden decrease in dooo spacing at about 670'C, and
that the chlorite composition varies from pure clinochlore
at temperatures below 670'C to more aluminous chlorite
of the approximate composition with x: Lll+0.04 at
temperatures between 680 and 693C. This x value is
consistent with x: l.l2 obtained at 14 kbar by Jenkins
(1981). Therefore, the maximum stability of clinochlore
is defined not by reaction (l) but by an overall reaction
such as:

l.IIMgrAlrSirO,o(OH)r : (M&.rAlt 'XSi2 sAlr rr)Oro(OH)8
Mg-chlorite

+ 0.264Mg,SiOn
forsterite

+ 0.044MgrSLOro(OH),
talc

+ 0.396H,O (10)
vapor

clinochlore
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Fig. 8. Variation of dooo and Al content in terms of x value
in synthetic chlorites as a function of temperature. Open circles
represent the analyses determined by XRD and solid dots by
electron microprobe.

whose reaction temperature is approximalely 670.C at 2
kbar water pressure. Further detailed studies are required
in order to characterize the reaction governing the trans-
formation of clinochlore to the more aluminous chlorite,
because Figure 8 does not preclude the possibility of a
continuous reaction involving the coupled substitution of
2Al = Mg + Si in chlorite. If the latter is true, clinochlore
will gradually change its composition towards the more
aluminous chlorite (x : l.l 1) within a short temperature
interval ofless than 20'C at 2kbar water pressure.

The upper thermal stability of the most stable Mg-chlo-

Table 5. Variation in doon of chlorite and the calculated x values,
using the calibration curve ofChernosky (1975)

Durat ion Tenperature
R u n  n o .  i n  d a y s  ( ' C )  2 e ( 0 0 4 )  d ( 0 0 4 )

x values

o {

.E 3.570

cf
ct
ct
-t

rite with x : I . I I can be estimated from the TTT diagram.
In runs longer than 46 days at 701'C, cordierite and spinel
have formed together with the chlorite-forsterite-talc as-
semblage, suggesting that the latter assemblage is not the
stable one above 701'C. This is also consistent with Cher-
nosky's (1974) bracketed reaction temperature of
696+ 10"C. Yoder's (1952) reaction temperature which is
20 degrees higher than that ofthis study probably resulted
from the metastable persistence of the chlorite-forsterite-
talc assemblage above the equilibrium reaction temper-
ature. Thus the importance of reversals in classical syn-
thesis experiments cannot be overemphasized in deter-
mining phase equilibria.
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