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The stability of anthophyllite-A reevaluation based on new experimental data
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Abstract

The un ivar ian t  reac t ions  ( l )  Ta  +  Fo :  5En *  S tm and (2 )Ta:3En *  Qtz  *  S tm have
been experimental ly reversed at P",o : Ptot"r.  Smooth curves drawn between the brackets pass
through the  coord ina tes  0 .5  kbar ,  617 'C;  I  kbar ,638.C;  2kbar ,662"C;3  kbar ,  679.C;4  kbar ,
696oC fo r  reac t ion  (1 ) ;  and 0 .5  kbar ,660 'C;  I  kbar ,  697"C;2kbar ,738.C,  fo r  reac t ion  (2 ) .
The posit ions of the curves are probably within 5"C of the stated values. Intersections of
reactions ( l  )  and (2) with the reversed reactions (3) 9Ta * 4Fo : 5Ant * 4Stm and (4) Ant :
7En * Qtz * Stm, respectively, generate two invariant points. The reaction (7) Ant :  Ta *
4En is common to both invariant points and together with reactions (3) and (4) serves to
bound the stabi l i ty f ield ofanthophyl l i te. Reactions (2) and (4) intersect at Ps,6: 5 kbar, and
their posit ions are consistent with the P-T diagram proposed by Greenwood. However, the
slope of reaction (1) is less posit ive than the slope ofreaction (3), and this is inconsistent with
Greenwood's proposed P-T diagram.lf  reaction ( l  )  is accurately posit ioned, the confl ict can
be resolved in one of two ways. Reaction (3) can be rotated unti l  i ts slope is less posit ive than
the slope of reaction ( l) ,  or the P-T diagram can be inverted. The f irst alternative is most
plausible. I f  Greenwood's proposed P-T diagram is correct, the data presented here l imit the
stabi l i ty of pure Mg-anthophyl l i te with respect to the assemblage Ta * En to a maximum
pressure of about 5 kbar Pr,o.

Introduction

Because of the potential value of anthophyll ite as
an indicator of metamorphic grade in magnesium
sil icate (-carbonate) assemblages, considerable effort
has been expended to determine its stabil ity f ield
(Bowen and Tuttle, 1949; Yoder, 1952 Fyfe, 1962;
Greenwood, 1963) and to obtain its thermodynamic
constants (Greenwood,  1963 and 1971;  Mel 'n ik  and
Onopr ienko,  1969;  and Zen,  1971).  Based on a hy-
drothermal investigation of phase equil ibria in the
system MgO-SiOr-HrO, Bowen and Tuttle (1949)
concluded that anthophyll ite does not have a true
stabil ity f ield. After conducting experiments using
natural anthophyll ite as a starting material, Fyfe
(1962) suggested that Bowen and Tuttle were not able
to determine a stabil ity f ield for anthophyll ite be-
cause it was a very diff icult phase to nucleate. Green-
wood (1963) supported Fyfe's conclusion by experi-
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mentally determining that anthophyll ite did have a
true stabil ity f ield.

During the course of the present study, the reac-
t ions

Mg,SiOn *  Mg,SioO,o(OH),  :  5  MgSiO, + H,O ( l )

forsterite talc enstatite steam

and

MgrSinO,o(OHD : 3 MgSiO, + SiO, + H,O

talc enstatite quartz steam e\

were bracketed, with reversed experiments, &t PH,s
below 4 kbar in order to define more closely the
maximum pressure to which anthophyll ite is stable.
The reader is referred to Table I for compositions of
phases and balanced reactions considered in this pa-
per. The preliminary results of the experimental work
have been reported (Chernosky, 1974).'

'zNote that  react ions ( l ) ,  (3)  on one
other have been accidently reversed in
rnosky,  1974) of the problem.

hand and (2) ,  (4)  on the
an earlier statement (Che-
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Anthophyl l i te
Ens ta t  i t e
Fors ter i te
Quartz
Steam

Test-r  l .  Abbreviat ions and composi t ions of  phases and balanced

reacuons
by Chernosky (1973). Temperatures were controlled

to within L 2"C for the duration of each experiment

and are judged to be accurate to within * 5oC of the

stated value. Pressures were measured with l6 inch,

factory-calibrated Bourdon-tube gauges and are be-

lieved accurate to * 2 percent of the stated value.

Unit-cell parameters for synthetic phases were cal-

culated by refining powder patterns obtained with an

11.46 cm Debye-Scherrer camera and CuKa radi-

ation. BaFz @ : 6.1971 + 0.00024) and sil icon
(Johnson Matthey Lot Number 53354, a : 5.43067

+ 0.000184, Huebner and Papike, 1970) were used as

internal standards. Sil icon and BaF, were stand-

ardized against gem diamond (a : 3.56703, Robie er

al., 1966). Sufficient high-angle forsterite reflections

were present to permit a fi lm shrinkage correction

without recourse to an internal standard. Least

squares unit cell refinements were performed with a

computer program written by Appleman and Evans
(1973).

The products of each experiment were examined

with a petrographic microscope and by X-ray powder

diffraction. Because reaction rates at temperatures

near the equil ibrium cutves were sluggish, complete

reaction was generally not obtained. Judgement as to

which assemblage is stable at a given pressure and

temperature was based on an examination of the X-

ray diffractometer trace over the interval 5" to 36o 20

(CuKa radiation). In order to ascertain the range of

intensities which could be obtained from a given re-

flection within a particular sample, ten smear mounts

of the same aliquot (-20 mill igrams) of each starting

material were successively prepared and X-rayed.

The variation in intensities for a given reflection was

remarkably small. Based on observation of these dif-

fraction patterns, a reaction was considered reversed

if a 30 percent change in the intensities of X-ray

reflections relative to those of the starting material

could be observed after the completion of an experi-

ment.

Results

Phas e c harqct e rizqt ion

Enstatite (MgSiO3) was synthesized hydrother-

mally in experiments of 5 to 7 days duration at

8l5oC, Pt,o : I kbar' Synthetic enstatite typically

crystall ized as fine-grained prismatic crystals which

were free of inclusions. The synthetic crystals exhibit

parallel extinction, and their powder pattern corre-

sponds to that of enstatite from the Bishopvil le mete-

orite (ASTM powder pattern 
'7-216), suggesting that

Ant

En
Fo

Qtz
Stm

Mg7S is022  (0H)  z
MgS i0 3
Mg2Si04
S i02
Hzo
Mg3S iaO1s (O I t )  2

1 .

2 .
1

q

6 .

7 ,

T a * t r ' o = 5 E n + S t n

T a = 3 E n + Q t z + S t n

9 T a l L 4 F o = 5 A n r + 4 s r n

A n t = 7 E n + Q t z + S t m

A n E + F o = 9 E n + S t m

7 T a = 3 A n t + 4 Q L z + 4 s t m

A n t = T a + 4 E n

Experimental methods

Starting material

Mixtures with bulk compositions corresponding to

MgO.SiOz,  2MgO'SiO, ,  and 3MgO'4SiO, were pre-

pared by weighting and mixing requisite proportions

of MgO (Fisher, 1ot787699) and SiO, glass (Corning

lump cullet 7940, lot 62221). MgO and SiO, glass

were fired at 1000'C for two hours to drive off ad-

sorbed water. Forsterite, talc, and enstatite were

synthesized hydrothermally from the mixes; exam-

ination of the synthetic phases with a petrographic

microscope and by X-ray diffraction revealed them to

be entirely crystall ine, with less than 0.5 percent im-

purit ies, which wil l be described in a later section.

Synthetic talc, enstatite, forsterite, and natural
qvartz mixed in the appropriate proportions with an

excess of disti l led, deionized water were used as the

starting materials for the bracketing experiments.

The high-temperature assemblage constituted 69

weight percent (excluding HrO) of the starting mate-

rial for the reaction Ta : 3En * Qtz t Stm'and 38

weight percent (excluding HrO) of the starting mate-

rial for the reaction Ta * Fo : 5En * Stm.

Procedure

All experiments reported in this paper were con-

ducted in horizontally mounted, cold-seal hydro-

thermal vessels (Tuttle, 1949). The reaction Ta : 3En

* Qtz t Stm was bracketed at the United States

Geological Survey; the reaction Ta * Fo : 5En *

Stm was bracketed at the Massachusetts Institute of

Technology. Details concerning the procedure for

calibrating the hydrothermal apparatus are described



STABILITY OF ANTHOPHYLLITE | 147

the synthetic product is orthorhombic enstatite. The
unit-cell parameters for synthetic enstatite are given
in Table 2.

Forsterite (MgrSiOn) was synthesized hydro-
thermally in experiments of 5 to l0 days duration at
810"C,  Ps,o :  I  kbar .  The synthet ic  product  typ i -
cally crystall ized as small prismatic or rounded crys-
tals and contained tiny inclusions which were inter-
preted as entrapped fluid. The powder pattern and
unit-cell parameters (Table 2) compare favorably
with those published for synthetic forsterite (Fisher
and Medaris, 1969).

Talc IM93Si4O10(OH)r] was synthesized hydro-
thermally in experiments of 5 to l0 days duration at
680oC, Pn"o:2kbar.  Synthet ic  ta lc  typ ical ly  crysta l -
l ized as aggregates of very fine-grained plates. The
synthetic product contained less than 0.5 percent for-
sterite as an impurity. The unit-cell parameters of
synthetic talc are given in Table 2.

The natural quartz (SiOr) used in the bracketing
experiments is from Minas Gerais, Brazll. The care-
fully-cleaned quaftz is from a lot obtained by J. S.
Huebner from E. Roedder. Unit-cell parameters are
given in Table 2.

The reqction Ta -f Fo : 5En * Stm
The crit ical experiments which bracket the position

of the univariant curve for the reaction (1) Ta f Fo

TlsI- r  2 Uni t  cel l  parameters of  natural  quartz and synthet ic  ta lc

enstatite. and forsterite

b

b

N

S

4 . 9 1 2 4 ( r )

5 . 4 0 s 2 ( 2 )

1 1 2 .  9 6 0 ( 6 )

1 3

s i  I  i con

TaIc

s  . 2 1  ( 4 )

9 . l s ( 2 )

18 .66 (10 )

8 8 5  ( 8 )

700" 2l '

9

BaI2

Ensta t i te  Io rs te r i te

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

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

s . 1 8 ( 2 )  5 . 9 8 7  ( 8 )

8 2 5  ( 3 )  2 9 L . 4 ( 4 )

t 2  3 1

BaI 2

Ft.gures in parentheses repretent the standd?d de,Lqt ian in

tems of Least uni ts ci ted for the paLue ta their  imediate

Leit ;  tnese uere cal ,euLated bU th.e pragrm used ta reJ" ine the

parametcr '  and represent precision only

Abbreoiation.s: S = X-ra1J stan.iard; ll = nwbet of refl,eetions

use-d in ref inenent,  CeLl.  paweters ane expressed. in ang3l rot4s

*Dete"n' ;ned b!1 J.S. duebner and I i  Shau.

= 5En * Stm are summarized in Table 3. The reac-
tion is plotted in Figure 1, where it is compared to the
curve obtained by Bowen and Tuttle (1949) and two
reversed experiments obtained by Greenwood (1963).
The bracketing data are consistent with Greenwood's
reversals; however, the equil ibrium curve l ies at a
temperature 20"C (at Ps,o : I kbar) lower than the
curve determined by Bowen and Tuttle, which is

Tnsls 3.  Exper iments bracket ing the react ion Ta *  Fo :  5En f  Stm

Experiment
number

p-  
H z 0

( b a r s )
Dura t ion

(hour  s  )

T
(  " c ) Coments

t 7
t6
15

t4
a

7

2
I
6

4

I O

1 1

I J

l 1
q

l0

500
500
500

I000
1000
1000

2000
2000
2000
2000
2000

3000
3000
3000

4000
4000
4000

3912
3910
3910

2064
3910
1053

27 94
696
696

7 6 2
7 6 2
I  O L

600
627
6 3 5

620
637
657

603
640
663
o t  I

689

6 6 2
A O )

703

188
t42

3908
1968
1 968

ra(+) Fo(+) En(-)
r a ( - )  Fo ( - )  En (+ )
Ta ( - )  Fo ( - )  En (+ )

Ta (+ )  Fo (+ )  En ( - )
r a (+ )  Fo (+ )  En ( - )
Ta ( - )  Fo ( - )  En (+ )

ra (+ )  Fo (+ )  En ( - )
r a (+ )  Fo (+ )  En ( - )
r a ( - )  Fo ( - )  En (+ )
Ta ( - )  Fo ( - )  En (+ )  An r (+ )
ra ( - )  Fo ( - )  En (+ )

ra (+ )  Fo (+ )  En ( - )
Ta ( - )  Fo ( - )  En (+ )
Ta ( - )  Fo ( - )  En (+ )

ra (+ )  Fo (+ )  En ( - )
Ta ( - )  I ' o ( - )  En (+ )
ra ( - )  Fo ( - )  En (+ )

686
706
7 2 2

Grouth ov, diminution of a phase is ind.icated by a (+) ov' (-) r,espectiuely.
ALL assembLages incLude steon.
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based on synthesis rather than on reversed experi-

ments.

The reaction Ta : 3En * Qtz I Stm

The crit ical experiments which delineate the posi-

tion of the univariant equil ibrium curve for the reac-

tion (2) Ta = 3En -f Qtz * Stm are summarized in

Table 4 and plotted in Figure 2. Reaction rates near

the equil ibrium curve were sluggish, especially at low

pressure, where experiments of 659 hours (Table 4,

experiment 38) and 699 hours (Table 4, experiment

o
Q

-
c

a

-
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I

EE Enstatitc
Stcam

I . - /'T E

I
  A Grecnwood (1963)

Bowen and Tuttlc (19{9)

I E Thisstudy

575 6m 625 650 675 7m 725 7$ 175

Temperature, in 'C

Frc.  l .  Dehydrat ion curve for  the react ion Ta *  Fo :  5En *  Stm. Sol id symbols represent growth of

the high-temperature assemblage; open symbols represent growth of the low-temperature assemblage

Rectangles and solid line represent data obtained during this study. Size ofrectangles represents uncer-

ta inty in pressure and temperature.  Tr iangles represent reversals obtained by Greenwood (1963);  dashed

curve is  f rom Bowen and Tut t le (1949).

33) duration did not result in any detectable reaction.

The solid curve shown on Figure 2 was drawn so as to

be consistent with the brackets obtained in this studys

and with Skippen's 2 kbar bracket. Even though

Skippen's experiments were performed under Ni-

" The P-T coordinates of experiments shown in Fig 2 were
chosen for  the purpose of  test ing Chayes'  (1968) idea of  pro-
babal is t ic  locat ion of  univar iant  curves by random select ion of
P-I values of experiments. The result of that test will be reported
elsewhere.
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Tnst-r 4. Experiments bracketing the reaction Tc : 3En * Qtz * Stm

Exper iment t " ro

number (bars)
T

( " c )
Dura t  ion

(  hours  ) Comen t s

5
40
3 8
3 5
3 7

4
L4

I
7

L 3

3
1 0
3 0

6
2

1t-
4 I
3 9

32
3 3
T2
9

r 5

1 3 3
500
500
500
500

1925 619
2000  I  44
2000  76 I

s33
5 9 8
666
867
9 t 9

1000
1000
1000
1200
L420

L466
16  69
1800
r803
1866

69r
648
659
6 1 2
681

183
6 4 6
7r1
684
660

6 8 0
699
1 2 L
7 1 8
635

1 6 6
695
7 2 9
717
o / )

2 2 0
4896
1 9 6 8

6 1 2
1  968

143
336
1 4 0
7 9 6
L44

618
618
6 2 3
5 2 6
766

L44
7 6 6

2136
552
275

200
1080
1080

ra  ( - )
Ta(+)
T r ( + l

Ta(+ )
Ta (+)

Ta ( - )  En (+ )  Q tz (+ )
T a ( + )  E n ( - )  Q t z ( - )
no  de tec tab le  r eacE ion
Ta ( - )  En (+ )  Q tz (+ )
Ta ( - )  En (+ )  Q tz (+ )

Ta ( - )  En (+ )  Q rz (+ )
T a ( + )  r n 1 - ;  q 1 r 1 - ;
r a ( - )  En (+ )  Q tz (+ )
r a ( + )  E n ( - )  Q t z ( - )
r a ( + )  E n ( - )  Q t z ( - )

r a ( + )  E n ( - )  Q t z ( - )
no  de tec tab le  r eac t i on
Ta ( - )  En (+ )  Q rz (+ )
Ta ( - )  En (+ )  Q tz (+ )
r a ( + )  E n ( - )  Q r z ( - )

En (+ )  Q tz (+ )
E n ( - )  Q t z ( - )
E n ( - )  Q t z ( - )  A n t ( + )
E n ( - )  Q t z ( - )
E n ( - )  Q t z ( - )

t a ( + )  E n ( - )  Q t z ( - )
Ta ( - )  En (+ )  Q rz (+ )  An t (+ )
Ta ( - )  En (+ )  Q tz (+ )  An t (+ )

GrotDth oz, dirninution of a phase t-s indtcated bg a (+) or (-) respectiuely.
ALL  assemb lc tqes inc l ude  s ted rn .

NiO buffer conditions, his reversals are very close to
the ones obtained in this study because the activity of
HrO in his experiments was greater than 0.998.

The curve obtained by Bowen and Tuttle (1949)
(Fig. 2) l ies at a temperature l00oc (at PH"s : I
kbar) above the equil ibrium curve determined in the
present study, because Bowen and Tuttle's curve is
based on synthesis rather than on reversed experi-
ments. The reversed brackets obtained in the present
study are consistent with Greenwood's bracket at
Ps,o = 2 kbar.

Discussion

A nthophyllile stability

Six invariant points involving the phases talc, for-
sterite, quattz, anthophyll ite, enstatite, and steam are
possible in the ternary system MgO-SiOr-HrO. The
closed net depicting the chemographic relations of
the phases in this multisystem is shown in Figure 3;
the area within which anthophvll ite is stable is

shaded.  Of  the s ix  possib le invar iant  points,  only  two,

[Qtz] and [Fo], are l ikely to be stable, because the
others imply that qlJartz and forsterite can coexist in
equil ibrium. The univariant scheme about these two
invariant points is depicted in Figure 4, which shows
both possible enantiomorphic forms of the phase dia-
gram. Figure 4a shows anthophyll ite as a low-pres-
sure phase relative to enstatite i talc; this version is
preferred by Greenwood (1963). Figure 4b depicts
anthophyll ite as a high-pressure phase relative to en-
statite f talc. The stabil ity f ield of anthophyll ite
(shown by shading) is bounded by the following two
reactions which have been experimentally bracketed
by Greenwood (1963):

9Ta f  4Fo :  5Ant  *  4Stm (3) ,
and Ant : 7En f Qtz * Stm (4).

The slopes of reactions (3) and (4) were extrapo-
lated by Greenwood to a pressure of about 20 kbar
where they intersect two other reactions involving
anthophyl l i te  (F ig.  4a) :  Ant  *  Fo :  9En *  Stm (5) ,
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and 7Ta : 3Ant f 4Qtz * 4Stm (6). The invariant
points generated by the intersection ofthese reactions
are connected by the reaction Ant : Ta + 4En (7)
which, according to Greenwood, bounds the max-
imum pressure to which anthophyllite is stable. Reac-
tions (1) and (2) were bracketed during this study in
order to locate the [Qtz] and [Fo] invariant points

a
o

-
e

I  r n

=
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TcmPeraturc, in 'C

Frc. 2. Dehydration curve for the reaction Ta = 3En + Qtz + Stm. Solid symbols represent growth of

talc, open symbols represent growth of the high-temperature assemblage, and half-filled symbol repre-

sents ..no reaction." Rectanlles and solid curve represent data obtained during this study; size of

rectangles represent reversals-obtained by Greenwood (1963), hexagons represent reversals obtained by

Skippen (1971),  and dashed curve is  f rom Bowen and Tut t le (1949) '

more accurately in pressure-temperature space'

tion reduces to:

I
I

I

I

I
Enstatite

Quartz
SteamfI

4r

E
A

A
/'*

E
I

EE

/ t=
OC
AA

This $udt

SAippen (1971)

Greenwood (1963)
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whererfs,. is the fugacity of H2O, P, is the pressure on
the solid phases, AF1 is the enthalpy of reaction, and
R is the gas constant. Orvil le and Greenwood (1965)

I  l 5 l

have shown that a dehydration boundary wil l plot as
a straight line on a log fH,s-l/T diagram if AH at
constant P" is constant. All data points have been
replotted as they would have appeared if the experi-
ments had been performed at the same constant total
pressure (2000 bars). The correction term applied to
the fugacity (Eugster and Wones, 1962) is

STA BILITY OF A NTH O P H Y LLITE

FIc.  3.  Closed net  for  the ternary mul t isystem MgO-SiO,-HrO involv ing the phases anthophyl l i te,  enstarrre,
forster i te,  quartz,  s team, and ta lc.  Anthophyl l i te can only be a stable phase wi th in the shaded region.  Composi t ional
re lat ions wi th in the compat ib i l i ty  d iagrams are distor ted for  i l lustrat ion purposes.
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(Ant)

A lo9/1,6 = - LV"'(l- = =P=*o)
2.303RT

where P is the pressure to which the points are being

moved (2000 bars) and P"*o is the experimentally-
determined pressure.

Figure 6a is an attempt to combine the equil ibrium
curves obtained for the reactions (l) and (2) (this

study) with curves for reactions (3) and (4) and sev-

eral reversed experiments for reactions (5) and (6)

obtained by Greenwood (1963). The experimentally
located positions for reactions (2) and (4) about

the [Fo] invariant point are consistent with the

JOSEPH V. CHERNOSKY, JR.

(a)

(b)

(Ant)(Ant)

Frc.  4.  Detai ls  of  the phase re lat ions in the mul t isystem of  Fig.  3;  only the stable

invar iant  points are included. The stabi l i ty  f ie ld for  anthophyl l i te is  shaded. Fig.4a is

the vers ion prefemed by Greenwood (1963);  Fig 4b is  the enant iomorphic form of

Fig 4a Equi l ibr ia numbered as in text ;  compat ib i l i ty  re lat ions are shown in Fig.  3.

univariant scheme depicted on Figure 4a' Because the

brackets for reaction (4\ are broad (see Fig. 5), the

equil ibrium boundary may be rotated considerably in

P-T space; consequently, the resolution for locating

the IFo] invariant point is not good. Figure 6a sug-

gests that the intersection of reactions (2) and (a)

should occur near a pressure of 5200 bars rather than

at 20 kbar as suggested by Greenwood' The experi-

mentally located positions for reactions (l) and (3)

(Fig. 6a) are inconsistent with the univariant scheme

depicted on Figure 4a. The stable portion of reaction

(3) must l ie between reaction (7) and the metastable

extension of reaction (1) (see Fig. 6a, dashed curve).



Figure 6a clearly i l lustrates that reaction (3) has
much too steep a slope. The inconsistency cannot be
remedied by rotating the reactions within the experi-
mentally-determined brackets.

Chernosky (1974) suggested that the inconsistency
could be resolved by inverting Greenwood's pro-
posed chemography (Figs. 4b and 6b), i.e. by consid-
ering that anthophyll ite rather than talc + enstatite is
stable at high pressures. This solution seems implausi-
ble in l ight of four lengthy low-pressure experiments
(Table 4, experiments 30, 39 and 4l; Table 3, experi-
ment 3) during which anthophyll ite nucleated and
grew from a starting material which init ially con-
tained talc * enstatite * quartz or forsterite. These
four experiments suggest that anthophyll ite is more

I  1 5 3

stable than the assemblage talc + enstatite at P;p,"6 1

2 kbar, which is consistent with the negative volume

change (-0.23 J bar-') for reaction (7), Ant : 4En *
Ta,  at  298 K,  I  bar .

A second way to resolve the inconsistency is to
concede that the bracketing data for at least one of
the reactions (l) or (3) are incorrect. Because of the

diff iculty of synthesizing anthophyll ite, Greenwood
( 1963) used starting materials which contained talc *
anthophyll ite * clinoenstatite * cristobalite +
quartz or forsterite to reverse reaction (3). The use of
clinoenstatite * cristobalite instead of enstatite +
quartz could make a great difference in the position

and slope of reaction (3). Clearly, additional experi-
mental work is needed to resolve the inconsistency

STABILITY OF ANTHOPHYLLITE

i .o
Frc.  5 Log . f r "o- l /T p lot  of  exper imental  data avai lable for  react ions ( l ) - (6)

(equi l ibr ia numbered as in text) .  Al l  data points corrected to P,o61 = Puzo :  2000

bars.  Data points for  react ions ( l )  and (2)  are contained in Tables 3 and 4;  data

points for  react ions (3)-(6)  are f rom Greenwood (1963).

I  !  nFo+ Ia=En+
2 (D OIa=En+Qtz+Stm
3 O OFo+Ia=Ant+Stm
4 /l z\ Ant=En+Qtz+Stm

5 r trf Ant+Fo=En+Stm

o I Qr'=mt+Ot'*st'
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0 9 5  l 0  1 0 5  l l 0

I  x ro -3x

Frc.  6.  Logfu,o- l l7 p lots showing two possib le ways to combine

Greenwood's exper imental  data wi th the data of  th is study Equi-

l ibr ia numbered as in the text  Figs 6a and 6b correspond to Figs.

4a and 4b, respectively. The slope of reaction (3) (Greenwood,

1963) is  inconsistent  wi th the topology of  Fig.6a;  to resolve the

discrepancy,  react ion (3)  must  be rotated to the posi t ion shown by

the arrow

and to locate unambiguously the [Fo] and [Qtz] in-
variant points in pressure-temperature space.

G e ological a pplication

If the [Qtz] and [Fo] invariant points occur at low
pressure and if anthophyll ite is stable at low pressure
relative to talc * enstatite, as is suggested by the
results of this study, the presence or absence of an-
thophyll ite might be a useful indicator of the pressure
and temperature of recrystall ization of magnesium
sil icate (-carbonate) assemblages. The presence of
anthophyll ite would suggest recrystall ization within a

restricted range of P-Z conditions, whereas the pres-

ence of talc + enstatite would indicate recrys-

tall ization at relatively higher pressure (> 5 kbar).

Several occurrences of apparently stable talc * ensta-
tite in regional-metamorphic rocks of the Central
Alps (Evans and Trommsdorff, 1974) support the
inference that the reaction Ant : Ta * 4En occurs at
pressures lower than those suggested by Greenwood
( 1 9 6 3 ) .

Caution should be exercised in applying the experi-
mental results to natural rocks. The experiments were

conducted at PH,o: Ptotrr (i.e., aH"s = 1); however, if

the aqueous fluid phase in nature contained COz (as

was the case in rocks studied by Evans and

Trommsdorff, 1974) then as,e ( I and the equil ib-
rium boundaries would be shifted to lower temper-
ature. Furthermore, the synthetic phases did not con-
tain iron or aluminum in solid solution. The

experimental work of Hinricksen (see Ernst, 1968, p.

43) shows that the thermal stabil ity of anthophyll ite
decreases by approximately 100'C with 60 percent of
the magnesium replaced by iron. Based on micro-
probe analyses of enstatite (Xp1": 0.900), talc (X'"
: 0.973 + 0.002), and anthophyll ite (XMs : 0.88 +

0.01), Evans and Trommsdorff (1974) calculate that
the reaction Ant : Ta * 4En (7) occurs at a lower
pressure or a higher temperature in the iron-free sys-

tem by an amount given by LT : RTILS ln K - 200
+ 95'C. They emphasize that "the magnitude of the
compositional effect is so great" that the topology
shown in Figure 4 could be "a function of the compo-
sition of the system alone."
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