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Calculaled 

HI 

122 
321 
041 

113 

231 

331 

331 

322 

421 

332 
050 
15T 
233 
0·1-2 
233 
-i12 
3-10 
051 
'510 
11-+ 
25T 

d(A) 

2.529 
2.480 
2..150 

2.353 

2 .315 

2.232 

2.163 

2.116 

2.035 

1.988 
1.973 
1 .918 
1.912 
1.898 
1 .882 
1.875 
1 .856 
1.831 
1 .81-1 
1.806 
1 .787 

Measured" 

1 

3 
7 
5 

1 
5 
7 
2 
2 
3 
1 
3 
7 
4 
4 
3 

2 
2 
3 

14, 
3 
1 
6 
2 
8 

13 
3 

5 
1 
1 
3 

13 
1 
3 
2 
4 

d(A) 

2.529 
2.476 
2.4-+6 
2.40-!-
2.365 
2.336 
2.300 
2.292 
2.274 
2.269 
2.255 
2.2-i8 
2.233 
2.216 
2.208 
2.196 
2.189 
2.182 
2.159 
2.1-!8 
2.127 
2.112 
2.05-i 
2.0-il 
2.026 
2.005 
1.990 
1.97-i 
1 .922 
1.91-1 
1.900 
1.882 
1.875 
1.858 
1 .835 
1.81~ 

1 .805 
1. 788 
1.722 

• 1\.01 phoJ radin lion, romda = 1.7889 A. 
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both crystal systems. The caicualion assllllllllg monoclinic symmet.ry 
did nol converge. The cell parameters obtained from the final least 
squares adjustment, assuming triclinic symmetry, arc as follows: 
a=9.15±0.01 A, b=10.00 ± 0.01 A, c=7.2-l:±0.02 A, a=98.6±0.1°, 
,8=93.6±0.1°, -y=93.2±O.lo, V=652±2 A.3, Z=2 (using above de
scribrd chemical formula), Pcn lc= 2A65, Pmca. = 2.2- 2.3. (by Xorrish c/ al.) 

~Ieta-kingite, which is obtained by dehydrating kingite at 160°C and 
gives the same X-ray pattern as that reported by )Jorris et oZ., gives 
insufficient c1ifiraction spots in the electron diffraction pattern lo allo\\' a 
similar calculation of unit-cell parameters. 

The author would like to acknowledge Drs. K. :'\'orrish and E. W. 
Radoslovich, Soils Division (Adelaide), C.S.I.R.O ., for the sample, X
ray data ancl facilities. The C.D. C. 3600 compuler at the Computing 
Centre of C.S.J.]~ . O. and HITAC 5020E computer at the Computing 
Centre of Universit)· of Tokyo were used. 
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THE Sn,THESIS Of CHLORTTOID AT Lo\\, PRESSl"RES 

R. A . F. GIUE\,E AKD J. J. FA \\'CETT, Department oj Geology, 
UlIitJersity of Toronto, Toroll/o, Canada 

ABSTRACT 

At oxygen fugacities along the Ni-::\iO buffer, triclinic chloritoid has been synthesized 
from oxide mixes at waler pressures be tween 8.7 kbar and I kbar and at temperatures be
tween 650°C and 525°C respectively. The data indicates that the 7 A chlorite assemblage, 
previously considered to be the low pressure metastable equivalent of chloritoid, is un
slable with respect to chloritoid. 

The mineral chloritoid, FeAI 2SiOo(OHh has been the subject of 
several experimental studies in recent years. (Halferdahl, 1961 , Ganguly 
and ~e\\'ton, 1968). Although it has been describrd from various ap
parently low-pressure geological environments, including contact meta
morphic aureoles, chloritoid has never been successfully synthesized 
below pressures oi the order of 10 kbar. The lowest pressure of synthesis 
reported is at 9.2 kbar and 650°C by Halferdahl (1961). 

In previous low pressure studies on chloritoid by Halferdahl and on 
Iron cordierite (composition : chloritoid+Si02, Fig. 1) by Schreye~ 
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FIG, 1. Crystalline phases in the system FeO-Fe20 a- AhO,-SiO,-H,O projected onto 
the ]-"eO-AhOa-Si02 plane. 

(1965) the use of highly reacti\'e oxide mixes resulted in the crystalliza
tion of relatively less reactive crystalline phases .. -\ t ,,"a ter pressure below 
10 kbar, and within the apparent stability field of chloritoid, a 7 A iron 
chlorite (chamosite) bearing assemblage \\'as persistent and attempts to 
synthesize chloritoid failed. Both workers considered the chamosite 
assemblage to be metastable, but wcre unable to produce any conclusiyc 
data on th e relative stabilities of chloritoid and the chamosite ,lS

semblage. In the present study it has been established that the chamosite 
assemblage is, in fact, unstabl e with respect to chloritoid at pressures 
from 1to 10 kbar. 

Standard hydrothermal techniques and equipment were used in thc 
current study. All the experiments were carrieo out in cold seal bombs, 
with the oxygen fugacity controlled by the :\'i-:\'iO buffer. The charge 
arrangement was similar to th at of Eugster and \Yones (1962) and the 
start ing materials were either oxide mixtures or synthetic crystalline 
phases. Argon was used as the pressure medium at 5.5 kbar and above, 
ancl water at lower pressures. 

Data from the present study is shown in Table L Identification of 
chloritoid was based primarily on X-ray difTraction patterns of the 
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TAULE 1. EXPERIME:'\TAL DATA, CO~IPOS1TlO>l FcOAI,0 3SiO"+ExCESS H"O, ON TH E 
SVNTIIESIS OF CllLORITom [fCO,) DF.FIXED BY THE Ki-XiO DUFFER] 

Run St a rt ing material 
p T Timc 

(kbar) (OC) (Ius) 
Productsb 

1 Ctd . qtz . her. minor cor. 8.7 675 229 Fc·anth . qtz. her. cor. 
2 Oxicles 8.7 650 242 Ctd." 
3 Oxides 8.7 625 185 Ctcl. minor qtz. her. cor. 
4 Oxides 8 .7 600 139 Ctcl. cham. qtz. her. cor. 
S Oxides 8.7 Si5 267 ~hall1. qtz. her. cor. min or ctd . 
6 Cham. qtz. her. cor. minor ctcl. 8 .7 5i5 228 Ctcl. minor qtz. her. cor. 

7 Ctcl. minor qtz. her. cor. 7 650 456 Fe-anth. q tz. her. cor. 
8 Oxicles 7 625 503 Ctcl. minor qtz. her. cor." 
9 Oxicles 7 600 200 Cham. qlz. her. cor. 

10 Cham. q tz. her. cor. 7 600 600 Ctcl. minor qtz. her. cor. 

11 Oxides 5.5 600 -lOO Ctd. cham. qtz. her. cor." 
12 Ctd. cham. qtz. her. cor. 5.5 600 692 Ctd . 

13 Oxides 525 2132 Cham. q lz . her. cur. 
14 Cham. qtz. her. cor. 550 2489 Fe-Curci. her. qtz. 
15 Fe-cord. her. qlz . S2S 2132 Ctcl. cham. qtz. her. cor." 

• Highest tcmperature of chloritoid syn thesis. 
L Abbreviations: cham- chamosite: cor- corundum: ctd- chloritoicl: fe -anth-ferro-

anthophyllite: Fe-cord - Fe corclierite: her- hercyni te rich sl-lineJ: qtz-quartz. 

reaction products. The d-spacings and unit cell constants for chloritoid 
synthesized at 8.7 kbar and (iSO°C and at S.S kbar and 600°C a re lis ted 
in Table 2. Th e unit cell constants wt!re refined on :l. triclinic cell using 
a least squares cell edge program written by Applema n, H a nclwerker 
and Evans (1963). . 

At water pressures bet ween 8.7 and 5.5 kbar the ener CT \ ' barrier which 
must exist .be~\\'een the " metastable" chamosite asse~1blage a'nd the 
stable chl~rltotd was overcome by either increasing the temperature of 
the experiments (Runs 2, 3, 4) up to th e upper temperature limit of 
ch loritoid synthesis, or by increasing the duration of the experiments b\· 
re-running the initial prod ucts at the same t emperature (Runs 5 6 9 
10, 11, 12). At 1 kbar \\'at er pressure and 52SoC runs over 2000 'ho'ur~ 
duration failed to yield chloritoid from an oxide mix. In creas in ct the 
te . t f -? -0 C - - ° ( b . mpela ure rom J_J to JJO C Run s 13, 1-1-) was equally unsuccessful 
It1 produ cing chloritoid du e to the appearance of the h.igh temperature 
breakdown products iron cordierite, hercynite and quartz. Th e hercynit e 
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TABLE 2. PARTIAL LISTING 01" SPACI NGS OJ: SDITBETIC CHLOR·ITOID 

2 

d hkl I d Ilkl I 

4.472 201 10 4.468 201 10 , 
002 002 1 

3.25-1" 112 2 3.253" 112 2 i 112 1I2 , 

2.970 003 8 2.970 003 8 j 
2.925 112 , 

202 i 
\ 

2.776 203 2 2.77S 203 2 I 2.698 021 3 2.699 . 021 4 
311 311 

\ 

2.462 312 6 2.461 312 6 I 
022 022 . 

r 
2.400 311 2.400 311 

I 2.372 :L! f 
401 

2.302- 22 1 113 2.302- 121 113 
l 

221 203 221 203 ( 
2 . 1.10 221 313 I 123 401 023 

1.580 331 225 1.580 331 
025 025 225 

a 9.S02±0.01 A 9.483 ±O .003 

, 
b 5.491±0.005 A 5 .538±0.005 
c 9 .185±0.006 A 9 .174±0 .005 
a 96°37'±4' 96°48'±5' 
fj 101°56' ±6' 101°·J9'·±4' 

"Y 89°56' ± 3' 89°59'±3' 

1 Synthesized at 6S0°C and 8.7 kbar 
2 S~'nlhe~ i zcd at 600°C and 5.5 kbar 
• Listed by Halfcrdahl (196 1) as unique to lricl in ic polymorph. 
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,I'AC1:\CS OF SYNTUl::TlC CIlLORlTOlD 

har 
bar 

d 

4.468 

3.253" 

2.970 
2.925 

2.775 

2.699 

2.4-61 

2.400 

2.302' 

1.580 

2 

I1kl 

201 
002 

112 
112 

003 
112 
202 

203 

021 
311 

312 
0'22 

311 

121 113 
221 203 

331 
025 215 

9.483 ±O .003 
5 .538± 0 .005 
9 .174± 0 .005 
96°48'±5' 
101°49'±4' 
89°59'±3' 

JTliqlle to triclinic polymorph. 
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and quartz arc considered to be mutually unstable, the equilibrium high 
temperature breakdown assemblage being iron cordierite and hercynite. 
It was, ho\\'e\'(;r, possible to synthesize chloritoid, mixed with chamosite, 
quartz, hercynite and corundum, by taking this high temperature as
semblage, iron cordierite, hercynite and quartz, and holding it at a 
temperature, wilhin the chloritoid stability field (Run 15). The chlori
toid, chamosite, quartz, hercynite and corundum assemblage is unstable 
and is an intermediate step in the reaction in which chloritoid is the final 
stable product. (Compare with Runs 11, 12). 

These results at 1 kbar water pressure are most easily accounted for 
by a.ssuming that, \\'ithin the chloritoid stability field, both the iron 
cordierite and chamosite bearing assemblages have a lo\\'er Gibbs free 
energy than the oxide mix but higher than chloritoid. However, from an 
oxide mix chloritoid nucleates and grows much more slo\\'ly than the 
chamosite assemblage, requiring either a temperature close to tbe upper 
stability limit of chloritoid or long run duration or both to produce 
ch loritoid. At 1 kbar water pressure the run times to produce chloritoid 
from an oxide mix, via the chamosite assemblage, are prohibitive, but 
arc of reasonable length starting from the iron cordierite bearing as-
emblage. 

The synthesis of chloritoid at \\'a tel' pressures as low as 1 kbar, ill a 
hydrostatic environment, shows conclusively that stress is not a major 
factor affecting chloritoid stability, (Harker, 1932, pp. 147-151) and 
erves to emphasize the need for careful experimentation in iron-alumi

Ilum-silica systems, where reaction rates are slow and resultant "meta
stability" may be common. 
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