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Abotract

Existing experimental data among anthophyllite (A), enstatite (E), forsterite (F), quartz (Q),
talc (T) and water (W) permit a wide variety of thermodynamically consist€nt phase diagrams
(Day and Halbach, 1979). New experimental reversals have been obtained for the reactions
T + E - A, T + F : A + W and A + F : E + W. Additional experimental data for the reac-
t i o n s  T + F : E * W  a n d  T : E + Q + W  ( C h e r n o s k y ,  1 9 7 6 )  a n d  T - A + Q + W  a n d
A: E + Q + W (Chernosky and Autio, 1979) have resulted in narrower brackets for these
reactions. A phase diagram incorporating the seven equilibria of interest with the [Q] in-
variant point located at 7.7t0.5 kbar, 6E2f 10'C and the [F] invariant point located at
10.5 + 1.0 kbar, 795 t l0'C, supports the topology first suggested by Greenwood (1963). This
diagram is consistent with all of our experimental dat4 the molar volumes and heat capaa-
ties of the minerals as well as with most published experimental data for the reactions of
interest. No other phase diagram topology is permitted by these data. Although the equilibria
are well-established in the 0.5 to 6.0 kbar range, the experimental brackets are too wide to
permit the unambiguous location of the [Q] and [F] invariant points at low pressure. These
reoccur at less than 0.1 kbar and less than 4(X)oC and may be metastable with respect to
serpentine-bearing equilibria.

Introduction ment and lend confidence in the experimental results. The
Although the system MgO-SiOr-H2O was the first to principal cause of controversy regarding the anthophyllite

be studied hydrothermally (Bowen and Tuttle, 1949), inves- phase diagram is the lack of sulliciently a@urate thermody-
tigators are still debating details of the phase relations in namic data with whic[ to extrapolate phase boundaries to
this system especially as they relate to the Mg-amphibole P-T conditions outside the range in which the experiments
anthophyllite. Greenwood (1971), Chernosky (1976), were performed. Consider the minerals talc, anthophyllite
Delany and Helgeson (1978) and Day and Halbach (1979) and orthoenstatite. Although chemically simple, there is a
favor phase diagrams in which the higher pressure [Q] and discrepancy of 12.61 kJ in the enthalpy of formation of talc
[F] pair of invariant points (schematically illustrated on from the elements in the two most comprehensive compi-
Fig. l) is stable whereas Hemley et al. (1977), Chernosky lations of thermodynamic data for geologists (Robie et al.,
and Autio (1979) and Usdansky et al. (1978) favor phase 1978 and Helgeson etal.,1978); until recently, calorimetric
diagrams in which the low pressure pair of invariant points measurements for orthoenstatite were nonexistent and the
is stable. Evans (1977) and Day and Halbach (1979) sug- only calorimetric data available for anthophyllite were heat
gested that both pairs of invariant points may be stable. of solution measurements (Weeks. 1956).

With the exception of the unreversed experiments of The purpose of the present communication is to report
Bowen and Tuttle (1949), experimental data for the equilib- new experimental equilibrium data for the reactions
r ia of  in terest  obta ined by Fyfe (1962),  Greenwood (1963),  T+ E:A,  T+ F:A+W, and A+F:E +W and to
Skippen (1971), Chernosky (1976), Hemley et al. (1977) and present additional experimental data for the reactions
ChernoskyandAu t i o (1979 )a re in remarkab l ygoodag ree -  T+F :E+W,  T :E+Q+W T :A+Q+W and

0003-004x/8s/0304-0223$02.00



224 CIIERNOSKT ET AL.: STABILITY OF Ms-ANTHOPHYLLITE

, '  
F

Fig. 1. Schematic phase diagram for anthophyllite after Greenwood (1971) showing the high- and low-pressure intersections of the
vapor conservative reaction T + 4E : A with the [Q] and [F] invariant points.

A : E + Q + W. Ours are the first reported reversals for
the reaction T + E : A. The pressure-temperature coordi-
nates of all the reactions, with the exception ofT + E : A,
are well established in the 500-6@0 bar range. When com-
bined with the results of Chernosky (1976) and Chernosky
and Autio (1979), the new experimental data further con-
strain the thermodynamic parameters of the minerals of
interest. As pointed out by Zen (1977) and emphasized by
Helgeson et al. (1978), phase equilibrium data may be used
to calculate thermodynamic parameters having an accu-
racy as good as and in many cases better than that obtain-
able with calorimetric measurements.

The phase equrllbnum data lor the seven equilibria listed
in Table I support the topology of the anthophyllite phase
diagram schematically illustrated in Figure 1. Unfortu-
nately, the brackets are still too wide to assign unambigu-
ous P-T coordinates to the low-pressure pair of invariant
points. Because the low pressure pair of invariant points
occur at water pressures below 100 bars and temperatures
below zl00'C, they may be metastable with respect to
serpentine-bearing assemblages.

The degree to which thermodynamic properties of the

solid phases aflect the positions of the equilibrium curves
drawn through the experimental brackets presented in this
paper will be discussed in a companion paper (Day et al.,
1985). The data upon which this paper is based were sum-
marized by Chernosky et al. (1982).

Experimental methods
The experimental data recorded in Table I were gathered over a

period of nine years in four laboratories. During this time, tech-
niques for calibration of hydrothermal equipment, for recording
and measuring X-ray powder diffraction pattems, and for deter-
mining reaction direction have been modified an{- refined. Hence,
the data are not of equal quality. Nevertheless, our phasc equilib-
rium data are internally consistent and are in reasonable agree-
ment with the data of Greenwood (1963), Skippen (1971),
Chernosky (1976), Hemley et al. (1977) and Chernosky and Autio
(r979\.

Square brackets [ ] are used to name invariant points through-
out the paper. The starting material used for reversing a reaction
is identified by listing the abbreviations (Table 2) for all solid
phases which participate in the reaction. An experiment is identi-
fied by listing the abbreviations for all solid phases which partici-
pate in the reaction, followed by the number of the experiment. A
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Table l. (Cont.)Table 1. Experiments bracketing some reactions in the system
MgO-SiOr-H2O

Exper inent  t  P l ro  Dura t ion
l lumber  ( 'C)  (k6ar )  (hours )

Extent
o f

Coments Reaction
Exten  t

o f
React  i  on

' r r l  
Dura t ion

(kbEr )  (hours )
Experiment T

Number  ( 'C)

4 . 0  7 6 2  T ( + ) F ( + ) E ( - ) A ( + )
4 . 0  i 8 e 6  T ( - ) F ( - ) E ( + ) A ( + )
4 . 0  7 6 2  T ( - ) F ( - ) E ( + ) A ( + )
4 . 0  7 6 2  T ( - ) F ( - ) E ( + )

2 . 0  1 8 8  T ( + ) F ( + ) E ( - )
2 . 0  1 4 2  T ( + ) F ( + ) E ( - )
2 . 0  2 4 7 2  T ( + ) F ( + ) E ( - ) A ( + )
2 . 0  r e 6 8  T ( - ) F ( - ) E ( + ) A ( + )
2 . 0  1 9 6 8  T ( - ) F ( - ) E ( + ) A ( + )

3 . 0  2 7 9 4  T ( + ) F ( + ) E ( - ) A ( + )
3 . 0  2 4 1 2  T ( + ) F ( + ) E ( - ) A ( + )
3 . 0  6 e 6  T ( - ) F ( - ) E ( + ) A ( + )
3 . 0  6 e 5  T ( - ) F ( - ) E ( + ) A ( + )

r ( + ) F ( + ) A ( - )
T ( + ) F ( + ) A ( - )
r ( - ) F ( - ) A ( + )
T ( - ) F ( - ) A ( + )

T ( - ) F ( - ) A ( + )

T ( + ) F ( + ) A ( - )
T ( - ) F ( - ) A ( + )
T ( - ) F ( - ) A ( + )

T ( - ) F ( -  ) A ( + )

A(+  )  F  (+  )  E  (  -  ) r (+  )
A ( + ) F ( + ) E ( -  ) T ( + )
A ( -  ) F ( -  ) E ( + )
A ( - ) F ( - ) E ( + )

A ( + ) F  ( + ) E ( -  ) T ( + )
A ( + ) F ( + ) E ( - )

A ( + ) F ( + ) E  ( -  ) T ( +  )
A ( +  )  F  ( +  ) E  (  -  ) T ( +  )
A ( + ) F ( + ) E ( -  ) T ( + )
A ( + ) F ( + ) E ( - )
A ( - ) F ( - ) E ( + )

4  T ( + ) E ( + ) A ( - )
6 5  r ( + ) E ( + ) A ( - )

r 8 9  T ( + ) E ( + ) A ( + )
e ?  T ( - ) E ( + ) A ( + )' i l  
5  T  ( -  )E(+)A( -  )

4 8  r ( - ) E ( + ) A ( - ) Q ( + )
2 2  T ( - ) E ( + ) A ( - ) Q ( + )

3  7 6 6 ( r  )
I  0  6 9 5 ( 3 )
30 729(2)
6 R 717 13\
2 675(5)

i l  679(5)
41  744(5)
39  76r  (  5 )

T = 3 E + Q + H 2 0

7 T = 3 A + 4 Q + 4 H 2 0

l t * B  s 9 7 ( 7 )
12 iB  632(4)
20* 667 12)
7 r  6 7 8 ( 4 )

2 2 * s  5 2 6 ( s )
2 r  * B  6 4 6 ( s )

23*R 63s(6)
l 5 * 8  6 6 0 ( 3 )
14*  580(2)

8 *  5 3 3 ( 2 )
3 * B  6 6 6 ( 4 )

r 9 * R  6 7 5 ( 5 )
9* 702(3)

I  8 r  B  617 (5 )

I  0*R 666(4  )
r 7 * B  6 8 4 ( 3 )
41  697 (7 \

l 6 r R  7 1 6 ( 4 )

25* 64212].
22+B 677 l3l

21*  660(3)
24*R 677(3)

23* 6s3(4 )
20* 675(2)
l*8 695(2)
4* 734(2)

0 .5  1  608
0 5  1776
0 . 5  1 7 2 8
0.5  2184

I 0 3216
1 . 0  6 7 2 0

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

6  0  i 5 l 2

A + F = 9 E + H z o

2 603(21
r  R  6 4 0 ( s )

34b*  650(2)
3  6 7 7 ( 5 )
4  689(6)

r 8  6 6 2 ( 3 )
33b*  673(3)
12 692(5)
1 3  7 0 3 ( 3 )

r  r  686(3)
32*  69r  (3 )
e  706(3)

l 0  B  7 2 2 ( 3 )

30*B 679(2)
3l b* 694(2)

2 2 0  T ( - ) E ( + ) Q ( + )
4 8 9 6  T ( + ) E ( - ) Q ( - ) A ( + )
2 1 6 0  T ( + ) E ( - ) a ( - )
5 7 2  r ( - ) E ( + ) Q ( + )

l e 6 8  T ( - ) E ( + ) Q ( + ) A ( + )

1 4 3  T ( - ) r ( + ) Q ( + )
3 3 6  T ( + ) r ( - ) Q ( - )
7 4 0  T ( - ) E ( + ) Q ( + )
7 e 6  T ( + ) E ( - ) Q ( - )
1 4 4  T ( + ) E ( - ) a ( - )

5 r B  T ( + ) E ( - ) Q ( - ) A ( + )
2 2 s 6  T ( + ) E ( - ) Q ( - )
6 2 3  T ( - ) E ( + ) Q ( + )
5 2 6  T ( -  ) E ( + ) a ( + )
r 5 5  T ( + ) E ( - ) a ( - )

0 1 3 3
0 5
0 . 5
0 . 5
0 . 5

0 . 5 3 3
0 . 5 9 8
0 . 6 6 6
0 867
0 . 9 7 9

s  6 9 r  ( 2 )
4 0  6 4 8 ( 3 )
s9*R 656( 3 )
3 5  B  6 7 2 ( 2 1
3 7  5 8 r ( r )

4 783\21'14  R 646(2)
I  R  7 1 7  ( 2 )
7 R 684(2)

r  3  6 6 0 ( r  )

6 . 0  1 6 3 2  T ( + ) F ( + ) E ( - )
6 . 0  2 4 7 2  T ( - ) F ( - ) E ( + ) A ( + )

9 T + 4 F = 5 A + 4 1 1 1 9

3 2  6 8 0 ( 3 )  1 . 0
5 B * B  7 0 0 ( 6 )  r . 0
l 2  R  7 2 1 1 5 \  1 . 0
9  R  7 1 8 ( 2 )  1 . 2

t s  6 3 5 ( r )  1 . 4 2

53*
54*s

50*
5 t  *

52+

8 R  6 6 4 ( t )  1 . 0
5  B  6 8 7 ( 3 )  r . 0
6  7 1 4 ( 3 )  I  0

r e R  6 e 3 ( 3 )  1 . 5
9 B  7 0 1 ( 3 )  t s

6
9 R
5

2 5 R

2 0 R

3l  *B
30*

r 7  R  6 0 0 ( 5 )  0 . 5
16 B 62112)  0 .5
1 5  6 3 5 ( s )  0 . s

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

35*B 6s2(3)  1  0
7  657 \5 )  1  .0

14
t{
fi
t4

s
li

s

t4

t4
s

14

T ( + ) F ( + ) A ( - )
T ( - ) F ( - ) A ( + )
T ( - ) F ( - ) A ( + )
I ( - ) F ( - ) A ( + )

s

s
s
11
s
s

r 4 4  r ( - ) E ( + ) Q ( + )
r 6 6  T ( + ) E ( - ) Q ( - )

2 1 3 6  T ( + ) E ( - ) Q ( - ) A ( + )
5 5 2  T ( + ) E ( - ) q ( - )
2 t 5  T ( + ) E ( - ) a ( - )
2 0 0  T ( + ) E ( - ) a ( - )

1 0 8 0  T ( - ) E ( + ) Q ( + ) A ( + )
r 0 8 0  T ( - ) E ( + ) Q ( + ) A ( + )

I  466
I  669
t 8
t 8
I  . 8 6 6
1 -925
2 0
2 0

r ( - ) E ( + ) Q ( + )
T ( + ) E ( - ) Q ( - )

T ( + ) E ( - ) a ( - )

T ( + ) F ( + ) A ( - )
T ( - ) F ( - ) A ( + )

T ( + ) F ( + ) A ( - )
T ( - ) F ( - ) A ( + )
T ( - ) F ( - ) A ( + )

A ( +  )  F  ( +  ) E  (  -  ) T ( +  )
A ( + ) F ( + ) E ( - )
A ( - ) F ( - ) E ( + )

A ( + ) F ( + ) E ( - )
A ( + ) F ( + ) E ( - )

A ( + ) F ( + ) E ( - )
A ( + ) F ( + ) E ( - )

s
s

t !
s

s

14
H
w
Irt

lt
1,4
t4

}t
t4

T ( + ) E ( - ) Q ( - )
T ( + ) E ( - ) O ( - )
T ( - ) E ( + ) Q ( + )

l 0 6 l  I ( + ) A ( - ) Q ( - )
l 0 6 r  r ( + ) A ( - ) Q ( - )
2 5 4 4  T ( + ) A ( -  ) Q ( -  )
r 0 5 2  T ( - ) A ( + ) Q ( + )

7 4 4  r ( + ) A ( - ) a ( - )
8 7 2  r ( - ) A ( + ) Q ( + )
7 4 4  r ( -  ) A ( + ) A ( + )

1 8 2 6  r ( + ) n ( - ) Q ( - )
I  3 e e  T ( -  ) A ( + ) 0 ( + )

1 0 .  0  4 6
I  0 . 0  4 4
1 0 . 0  I  t 0

I  3 . 0  5 7
I  3 . 6  4 7

r 7 . 0  3 8

780(  5  )
7 e 0 ( 5 )
8 0 0 ( 5 )

8 0 0 ( 5 )
7 8 5 ( 5 )

7 9 5 {  s )

3 . 0  1 7 2 8
3.0  4488
3 0 1728
3 0  1464

4 . 0  I  6 3 2

5.0  I  344
5.0  1392
5 . 0  2 5 2 0

T  ( +  ) E  ( -  ) A ( -  ) F  ( +  )
T  ( +  ) E  ( -  ) A  (  -  ) F  ( +  )
T  ( +  ) E  ( -  ) A ( -  )  F  ( +  )
r ( - ) E ( + ) A ( + )

1608
1776
1728

3335
3312

I  656
6672

5976
1704
3072
3048

I 584
1632

I 608
I  344
4368
I 392
I 968

I 680
3024

T + 4 E = A

I  1 0 4

2064

792
3552
3552
2016

149
1 4 3

5 . 0
5 . 0
5 . 0
5 . 0
5 . 0

6 . 0
6 . 0

6 5 5 ( 2 )  5 . 0
6 6 5 ( 3 )  6 . 0
674(2)  6 .0
6 8 9 ( 3 )  6 . 0

1 5  6 1 3 ( 3 )  0 . s
1 4  6 3 0 ( 3 )  0 . 5
1 0  8  5 4 7 ( 4 )  0 . s
1 2 R  6 7 7 ( l )  0 . 5

24
2 3 8
l t  R

2 2  R  7 0 0 ( 2 )
2 1  7 2 0 ( 4 )
l 9  R  7 6 0 ( l )

1 2  7 3 7 ( 2 )  I . s
1 3 B  7 5 ? ( 2 )  1 . 5
1 4 R  7 6 7 1 4 )  l 5

t 3 *
l 4 * R
l 5 * 8

6 3 2 ( 4 )  0 . 5
667(2)  0  5

A = 7 E + Q + H 2 0

2 . 0  1  0 8 0
2  - 0  6 3 0
2 . 0  7 4 4
2.0  857

3 . 0  8 1 8

1  0 . 0  8 9
l 0  0  7 0

T + F = 5 E + H 2 0

2064
3 9 1 0
2136
I  053

t7*  554(2)  4 .0
l 9 * R  6 7 7  ( 5 )  4 . 0

' I  
.0

1 . 0

2 . 0
2 . 0

3 . 0
3 . 0
3 . 0
3 . 0

63217)
666 (4 )
675(  3  )
584(3)
7 3 5 ( r  )

56r  (2 )
7 0 r  ( 6 )

7 7 0 ( s )  8 . 0

7 3 0 ( 5 )  1 0 . 0
7 s 5 ( 5 )  r 0 . 2
7 6 5 ( 5 )  l o .  o
7 7 0 ( s )  r 0 . 0
78s(5)  

' , to .o

8 r 0 ( s )  1 0 . 0
8 4 0 ( 5 )  r 0 . 2

? 0  R  7 0 6 ( 4 )  2 . 0  ? 7 6 a  T ( + ) A ( _ ) q ( _  )
1 7  R  1 1 e ( 2 )  2 . 0  t 0 t 4  T ( _ ) A ( + ) q ( + )

. l  6 9 2 \ 1 )  3 . 0  l e e  T ( + ) A ( - ) q ( _ )
t 3  7 2 0 ( 4 )  3 . 0  t 6 s t  r ( * ) a ( _ ) r i ( _ )
3 1  9  7 2 7 1 4 )  3 . 0  2 6 8 8  T ( + ) A ( - ) a ( _ )
1 6  B  7 4 ? ( 4 )  3 . 0  e e 3  T ( - ) A ( + ) d ( + )

A ( + ) E ( -  ) Q (  -  ) T ( + )
A ( - ) E ( + ) Q ( + )
A ( - ) E ( + ) Q ( + )

A ( + ) E ( - ) a ( -  )
A ( + ) E ( -  ) Q ( -  ) T ( + )
A ( - ) E ( + ) Q ( + )

T ( + ) F ( + ) E ( - )
r ( + ) F ( + ) E ( - )
r ( + ) F ( + ) E ( - )
T (  -  ) F ( -  ) E  ( +  ) A ( +  )

664(2)  0  5  837
687 (2) 0.5 2607
7 5 8 ( 3 )  0 . 5  1 0 8 0

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

127 3
t224
| 0 5

6 t o ( 2 )  4 . 0

6 8 6 ( 2 )  s  0

A ( + ) F ( + ) E  ( -  ) T ( + )
A ( - ) F ( - ) E ( + )

T  ( +  ) E  (  -  ) A  ( -  ) F  ( +  )

T ( -  ) E ( + ) A ( + )

T ( - ) E ( + ) A ( + )
T ( - ) E ( + ) A ( + )

21'
't8*

t0*
12*
5*

l 8 * 8
6 * R

l 6 *
8*R

l'{
11
s

w
|.l
t{

v
H
tl

23*
24*
25r
t 9 *

17*
l 4 *

4*B
l 6 *

12*
'H*

A ( + ) E ( - ) a ( - )
A ( + ) E ( -  ) a ( -  )
A ( - ) E ( + ) Q ( + )

A ( + ) E ( - ) q ( - )
A ( + ) E ( - ) a ( - )
A ( + ) E ( -  ) Q ( -  ) T ( + )
A ( - ) E ( + ) Q ( + )

A ( + ) E ( - ) a ( - )

A ( - ) E ( + ) Q ( + )
A ( - ) E ( + ) q ( + )

733(2 \
751 (2 )
7 6 5 ( 4 )
7 7 5 ( 2 )

75sl2J

8 r o ( 5 )
8 2 0 ( 5 )

tl

l'l
11
l,r

s
s

3 9 1 2  T ( + ) F ( + ) E ( - )
3 9 r o  T ( - ) F ( - ) E ( + )
3 e r 0  T ( - ) F ( - ) E ( + ) A ( + )

M
ll

t4



226 CHERNOSKY ET AL,: STABILITY OF Mg.ANTHOPHYLLITE

Experinent T PHro l luration
Number  ( "C)  (kbar )  (hours )

the University of Maine were conducted in 30.5 cm long,
horizontally-mounted, cold-seal hydrothermal vessels machined
from Haynes Nloy #25 (stellite) or Rene 41. Pressures were mea-
sured with factory-calibratcd, ,10.6 cm Heise gauges certified by
the manufacturer as accurate to +O.lVo of full scale (0-.4000 bars
and 0-7000 bars). In order to conserv€ valve stems and packings,
pressures were monitored carcfully at the initiation of each experi-
ment to guard against possible pressure leaks and were then
monitored on a weekly or biweekly basis. Minor fluctuations in
pressure resulting from temperature drift did occur; however, ex-
p€riments that sufered pressure drops of greater than 50 bars
were discarded. Pressures are believed accurate to within +50
bars of the stated value.

The temperature of each experiment was recorded daily. The
"corrected" mean temperatures together with the uncertainties re-
sulting from daily temperature fluctuations, which are reported as
t 2 standard deviations about the mean temperature, are listed in
Table 1. Because the low pressure experiments werc performed
over a period of years during which the experimental techniques
were modified, it is important to discuss the corrections which
were applied to the mean temperatures reported in Table 1.

Corrections to the mean temp€raturc for experiments performed
at the USGS (Table 1, experiments TEQ-I through 38 and TFE-I
through 4) were obtained in the following manner. Each pressure
vesscl was positioned in the furnace such that th€ temperature
gradient across the experiment was minimized. A sealed
SiOr-glass tube containing dry NaCl was placed in each pressure
vessel and used to calibrate the external, sheathed thermocouples
at the melting point of NaCl (800.7"C); thermocouple calibrations
were not checked after each experiment. It was believed that this

Table 2. Symbols, abbreviations and cherrical formulae

C h € m l c a l  F o r m u l a Abbrev I  at  lon

Table 1. (Cont.)

Conments

Extent
o f

React i  on

6*B 7 9 0 ( 5 )
8 r o ( 5 )

780( 8 )
B r o ( 5 )

65
92

49
2 7

1 4 . 0
I  3 . 8

1 6 . 7
r 6  9

T ( + ) E ( + ) A ( - )
T(  -  )  E  (+  )A  (  -  )Q (+  )

T ( + ) E ( + ) A ( - )
T ( - ) E ( + ) A ( - ) Q ( + )

s

s
s

G r o w t h  o r  d i n i n u t i o n  o f  a  p h a s e  i s  i n d j c a t e d  b y  a  ( + )  o r  ( - )
r e s p e c t i v e l y ,  A l l  r e a c t i o n s  r e v e r s e d  i n  t h e  p r e s e n c e  o f  e x c e s s  H 2 0 .
P a r e n t h e s i z e d  n u n b e r 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 d t i o n s . i n  t e r m s  6 f
l e a s t  u n i t s  c i t e d  f o r  t h e  m e a n  t e n p e r a t u r e s  t o  t h e i r  i m m e d j a t e  l e f t
e x c e p t  f o r  h i g h  p r e s s u r e  ( ' 8  k b a r )  e x p e r i m e n t s  i n  w h i c h  t h e  u n c e r t a i n t v
i s  e s t i m a t e d .  S y m b o l s  S ,  1 4  a n d  } t  a r e  q u a l i t a t i v e  e s t i m a t e s  o f  t h e
extent of react ion and represent greater than B0 percent,  g0-30
p e r c e n t ,  a n d  l e s s  t h a n  3 0  p e r c e n t  r e a c t i o n ,  r e s p e c t i v e l y .  * i d e n t i f i e s
p r e v i o u s l y  u n p u b l i s h e d  e x p e r i n e n t a l  d a t a .  R  i d e n t i  t i e s  e x p e r i n e n t s  t h a t
w e r e  i n c l u d e d  i n  t h e r m d y n a m i c  c o m p u t a t i o n s  b u t  w e r e  r e d u n d a n t :  B  i d e n t i -
f i e s  e x p e r i m e n t s  i n c l u d e d  i n  t h e r r c d y n a n i c  c o m p u t a t i o n s  t h a t  k e r e  o o u n o d r y
c o n s t r a i n t s  o f  - t h e  f e a s i b l e  s o l u t i g " , : f 9 9 . - ! g l  *  a l  ,  t 9 8 4 ,  T a b l e  5 )

reaction is named by listing the abbreviations for all phases which
participate in the reaction with an equality sign separating the low
from the high temperature assemblage. For example, the reaction
ta lc :3ens ta t i te  +  quar tz  +  water isabbrev ia tedT:  EQW;
the starting material used to reverse this reaction is named TEQ
and the designation TEQ-5 refers to experiment # 5 listed under
the reaction T : EQW in Table 1.

Starting material

Mixtures having the bulk compositions MgO.SiOr, 2MgO.
SiO, and 3MgO.4SiO, were prepared by drying, weighing and
mixing appropriate proportions of MgO (Fisher, lot 787699) and,
SiO, glass (Corning lump cullet 794O,lot 62221). SiOz glass and
MgO were fired at 1000"C for two to three hours to drive off
absorbed water. Enstatite, forsterite and talc were gynthesized hy-
drothermally using the oxide mixtures as starting materials; an-
thophyllite was synthesized hydrothermally in a two- or three-
stage process using synthetic talc as a starting material. Examina-
tion of the synthetic phases with a petrographic microscope and
by powder X-ray diffraction revealed them to be entirely crys-
talline. Enstatite, forsterite and talc contained trace urmounts of
impurities which will be described in a later section, whereas anth-
ophyllite contained up to 10% by volume of a triple-chain silicate
(Chernosky and Autio, 1979).

Starting materials used to bracket the reactions were prepared
by mixing reaction proportions of the high and low temperature
assemblages and grinding very lightly for 15 to 30 minutes to
ensure homogeneity. Starting materials contained various propor-
tions, ranging from l0 to 90 wt. v., of the high temperature assem-
blage depending on the particular reaction investigated. Charges
were prepared by sealing 5 to 10 mg of starting material together
with excess distilled, deionized water in 1.25 cm long gold capsules
for low pressure (<7 kbar) experiments and in 1.0 cm long plati-
num capsules for high pressure ( > 7 kbar) experiments.

Procedure

Experiments conducteil at PH,o less than 7 kbar. Most experi-_
ments bracketing the r€actions T: EQW and TF: EW were
performed at the U.S. Geological Survey and at the Massachusetts
Institute of Technology (MIT), respectively. All other low pressure
experiments were performed at the University of Maine. Experi-
ments at the U.S. Geological Survey were conducted in 20.3 cm
long, horizontally-mounted, cold-seal hydrothermal vessels. Ad-
ditional details pertaining to experimental procedure were docu-
mented by Chernosky (1973 and 1976). Experiments at MIT and
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procedure would allow one to account for the difference in tem-
perature between the external measuring thermocouple and the
gold sample contpiner within the pressure vessel and to insure
internally consistent temperatures among experiments performed
in different pressure vessels. Unfortunately, subsequent work re-
vealed two diffrculties with this procedure. First, the correction
factor varies as a function of ternperature making it imperative to
calibrate thermocouples over a range of temperatures. Second, the
correction factor does not remain constant with time.

Every shielded thermocouple used at MIT and at the University
of Maine was calibrated after each experiment against a "stan-
dard" thermocouple which had been calibrated previously over a
wide range of temp€ratures using a variety of melting point stan-
dards. Use of a "standard" thermocouple insures internally consis-
tent temperatures among experiments performed in different pres-
sure vessels. The difference in temperature between the external
measuring thermocouple and the gold sample container within the
pressure vessel is accounted for by placing the standard thermo-
couple inside the pressure vessel while calibrating each external
thermocouple. Temperature corrections were usually less than
5'C. Measurements made at atmospheric pressure indicate that
temperature gradients in the pressure vessels were less than l'C
ovcr a working distance of 3.0 cm. Hcnce, error resulting from a
temp€rature gradient along the gold sarrple containers which were
1.25 crn long was assumed negligible.

It is dilliculr to ascess the accuracy of the mean temp€ratures
reported for experiments conducted at the USGS principally be-
cause there is no way to determine the extent to which the correc-
tion factor for each thermocouple changed with time. Based on
our experience at the University of Maine, it would be reasonable
to add *3'C to the reported uncertainty due to temperature fluc-
tuation for experiments performed at the USGS. We believe that
the principal source of uncertainty in the reported temperatures of
experiments perfonned at MIT and at the University of Maine is
due to temperature fluctuation during the experiment.

All capsules were checked for leaks before and after hy-
drothermal treatment by heating the capsule to 300"C at room
pressure for three minutes and checking for weight loss. After each
capsule was opened, the experimental products were examined
with a petrographic microscope and by X-ray powder diffraction.
Synthetic anthophyllite II was examined with high resolution
TEM by D. R. Veblen (Chernosky and Autio, 1979). Due to slug-
gish reaction rates at temperatures and pressures close to the
phase boundary, complete reaction was never observed. Determi-
nation of reaction direction at a given temperature and pressure
was based on a comparison of an X-ray pattern of an experi-
mental product with an X-ray pattern of the starting material. A
number of reflections of product as well as reactant phases were
compared in order to judge reaction direction. An experiment was
considered successful if a 20% change in the intensities of selected
X-ray reflections of an experimental product relative to those of
the starting material could be observed. Although microscopic
observation of the experimental products generally did not reveal
textural evidence that could be used as the sole criterion to judge
reaction direction, such observations were often useful supple-
ments to the X-ray data.

Unit-cell parameters for synthetic phases used in the starting
material were calculated by refining powder patterns obtained
with an Enraf-Nonius FR552 Guinier camera or an 11.46 cm
Debye-Scherrer camera and CuKa radiation; CaF, (Baker Lot
91548, a : 5.4620 + 0.005A) or BaF, (a : 6.197 | t 0.0002A) stan-
dardized against gern diamond (a: 3.56703A, Robie et al. 1967)
was used as an internal standard. Least-squares unit-cell refine-
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ments were performed using the computer program of Appleman
and Evans (1973).

Experiments conducted at PH2o greater than 7 kbar. High ptes-

sure experiments were conducted in the laboratory of R. C.
Newton and J. R. Goldsmith at the University of Chicago, using
an 0.75 inch, end load piston-cylinder apparatus. All experiments
were conducted in the piston-out mode using a low-friction NaCl
pressure cell (Johannes, 1978) wrapped in lead foil and lubricated
with dry MoSr. Experiments were conducted following the meth-
ods described by Danckwerth and Newton (1978). The cold as-
sembly was first pressurized below the desired pressure and then
heated. Thermal expansion of NaCl during heating ensured
piston-out conditions for each experiment. Temperatures were
monitored with chromel alumel thermocouples; no correction for
the effect of pressure on the emf of the thermocouple was made.
Considerable experience with the NaCl pressure cell at the Uni-
versity of Chicago indicates that reasonable pressure and temper-
ature uncertainties are * 300 bars and t 5'C, respectively (D. M.
Jenkins, pers. comm.)

Results

Synthesis anil characterization of phases
Anthophyllite [MgrSirOrr(OHr)] was synthesized in either a

two- or three-stage process. The two-stage process involved rapid
synthesis (-1 day) of anthophyllite from a mixture of oxides
having the bulk composition of talc under conditions above its
stability field (Pr,o : 1 kbar, 815"C), followed by long hy-
drothermal treatment of the synthetic product within its stability
field. The first stage resulted in a mixture of anthophyllite, cris-
tobalite, enstatite, talc and fosterite; the second stage resulted in
the recrystallization of these phases to anthophyllite with minor
talc and quartz. Chernosky and Autio (1979) used the latter as
starting material to reverse the reactions A : EQW and
T : AQW. The three-stage process involves the addition of suf-
ficient periclase (MgO) to convert the anthophyllite + talc
+ quartz mixture synthesized in the two-stage process to antho-
phyllite.

The unit cell parameters of anthophyllites synthesized in both

the two- and three-stage processes, anthophyllite II and antho-
phyllite III, respectively, are given in Table 3. The unit cell parap-

eters reported for anthophyllite II by Chemosky and Autio (1979)
(a  : 18 .57+0 .MA;  b :17 .9+0 .M4 ;  c  :  5 . 25 t0 .01A  and  V  :

1748.0+3.743) differ from the values given in Table 3. We believe
that the new refinement given in Table 3 is superior for several

reasons. The unit cell refinement reported by Chernosky and

Autio was based on 16 reflections whereas the new refinement is

based on 27 reflections. A single CaF, reflection was used to

correct the observed positions of anthophyllite reflections in the

earlier refinement; considerable experience with the Guinier

camera since the earlier refinement indicates that the correction

factor varies monotonically with 20 and that a correction curve

rather than a single value is required for higher accuracy-a cor-
rection curve was established before proceeding with the new re-

finement.
Enstatite [MgSiOr] was synthesized hydrothermally 4t P11,6 :

I kbar and temperatures ranging from 800 to 815"C in five to
fourteen days. The synthetic enstatitc crystals are fine-grained
(10p), prismatic, inclusion-free, often twinned and exhibit parallel

extinction. The unit cell parameters of enstatites used by
Chernosky (1976) and Chernosky and Autio (1979) are compared
with the unit cell parameters of enstatite used in this study in
Table 3. Although the molar volume of enstatite I is smaller than
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Table 3. Unit cell parameters of natural quartz and synthetic
anthophyllite, enstatite, forsterite and talc

a r A  b , A  c , A  U  U , i , S N

CIErtzr I  4,9124(I)

Mthadryuib II 18,632(5) l?.89(r5)
hfrr*yl t ib I I I  18.634(I7) 17,95I(15)

f f i t i te I  18.19(3) 8.763(7)
tubt ib rr  18.235tro) 8.822(3)
tuhtite III f8.22213t 8,822(I)

f t rster i te I  4.75912) 10.2t0($)
hr6te! ib I I I  4.75I( l )  m.IS(I)

Talc r  5,2111t 9.Is(2)
ralc u 5.29I(5) 9.169{?r
ralc I I r  5.293(5) 9.175(5)

5.405212)

s.2sl(3)
5.210 t5)

5.r8 (2)
5,  176 (  I )
s.r74 0)

s.987 (8)
5 . 9 ? 9  ( r )

18.65 (10)
18.982 (15)
18.984 {r1)

u2.960 (5)

1746.92 (1,48)
1763.13 (1.9)

82s(3)
832.86 ({3)
83r.85 (15)

2 9 r . 4  ( { )
289.76i'5\

s s ( 8 )
s9.47 0..28)
s8.41 (7r)

Fi$rea b parsthe*s repr*ent the 6timH 6t€rdard tteviatid in bm of I€6t uits
cit€d fo! th value b tuir ifiEdlate left, the mcerEjntieg rele €lolad uEiry a
mit{ell refimnt proglm ed retrxeq! FrciBim 61y. Abb!*iatids: I - CtEino*y
(1976); II - ftrm*y ild turio (19791r rII . this study, s - x-ray srd&rdr N - |ffii of
refldioN usd in he lefitftnt. rEhmifEd by J.S. HEtner ed X. Shav

the molar volume of enstatites II and III. we believe all enstatites
are substantially identical for the following reasons. All cnstatites
were synthesized from the same starting material under similar
P-T conditions. The unit cell refinement for enstatite I was based
on measurements of a powder pattern recorded with a Debye-
Scherrer camera whereas unit cell rcfinements of enstatites II and
III were based on pattcrns recorded with a Guinier camera. The
Debye-Scherrer powder pattern contains fewer lines all of which
were considerably broader than corresponding lines on the Guin-
ier patterns. We believe that the unit cell refinements of enstatites
II and III are more reliable than the refinement of enstatite I
because the resolution obtainable with a Guinier camera is about
twice that obtainable with an 11.46 crn Debyc-Scherrer camera.
Unfortunately, the entire aliquot of enstatite I was used before a
Guinier pattern could be obtained.

Forsterite [MgrSiOJ was synthesized hydrothermally at 800-
815'C, PH,o:0.5-1 kbar in experiments of 5-20 days duration.
Crystals are fine grained (9p) and anhedral with less than 0.5%
impurities. The powder patterns and unit ell parameters (Table 3)
compare favorably with those published for synthetic forsterite by
Fisher and Medaris (1969).

Talc [MgrSinOro(OH)r] was synthesized hydrothermally at
600"C, PH,o : 2 kbar in fivc to twenty days. Thc product typically
crystallized as aggregates of fine-grained (12p) plates with rela-
tively low birefringence and contained trace amounts of forsterite
as an impurity which may result from saturation of the fluid phase
with silica from the starting matorial or from a starting material
deficient in SiOr. Unit cell parameters for synthetic talc are given
in Table 3. Despite the smaller molar volume of talc I compared
with talc II and III, we belicve that all three talcs are identical.
The discrepancy in talc unit cell parameters is probably the rcsult
of differences in recording and measuring the powder patterns.
The powder pattern for talc I was recorded with a Debye-Scherrer
camera and consisted of relatively few, rather broad reflections
compared with patterns of talc II and III which were recorded
with a Guinier cilncra. Unfortunately, the supply of talc I was
used before its unit cell parameters could be checked. The powder
patterns and unit-cell parameters of talc II and III (Table 3) com-
pare favorably with those of natural (PDF 13-558) and synthetic
(Forbes, 1971) talc.

Natural quartz [SiOr] from Minas Gerais, Brazil was added to
the starting material used to bracket the reaction T = EQW. The
Brazilian quartz, whose unit cell parameters are given in Table 3,
was obtained from J. S. Huebner. Synthetic quartz, obtained as a
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by-product in the two-stage process used to synthesize anthophyl-
lite, was present in the starting material used to bracket the reac-
tions A : EQW and T : AQW. Although the positions of major
reflections from the synthetic quartz compare favorably with those
of natural quartz from Lake Toxaway, North Carolina (PDF 5-
M90), a unit cell refinement was not obtained due to insulficient
reflections present on a powder pattern of the starting material.

Experimental data

Experimental data for seven reactions among the phases
anthophyllite, forsterite, orthoenstatite, talc, quartz and
water are presented in this section. Figure I (after Green-
wood, 1971) is a schematic phase diagram showing all of
the stable equilibria and compatibility relations among the
phases of interest; compatibility relations are omitted from
subsequent figures for clarity. Two possible locations for
each of the two invariant points [Q] and [F] are shown in
Figure 1. Experimental data for each reaction are shown
on separate P-T diagrams because several of the reactions
are so closely spaced that experiments often overlap.
Figure I provides a convenient frame of reference which
allows us to interpret the growth of extraneous phases in
many of the experiments.

Before discussing experimental data for each ofthe reac-
tions, several important featurbs depicted on Figure I need
to be reviewed: (1) the degenerate reaction TE: A is only
stable along the solid line between the invariant points
labeled tFl, (2) the reactions T: EQW and TF: EW are
only stable on the low temperature side of the reaction
TE : A, (3) anthophyllite is stable in the region bounded
by the stable segments of the reactions TE : A and
A: EQW, (4) the assemblage anthophyllite * H2O is
stable throughout all but a portion of the anthophyllite
stability field, being unstable in the region bounded by the
reactions TE: A and TF: AW. Chernosky (1976), Day
and Halbach (1979) and Delany and Helgeson (1978) sug-
gest that the high pressure [Q] and [F] invariant points
are stable (upper half of Fig. l) whereas Hemley et al.
(1977), Usdansky et al. (1978) and Chernosky and Autio
(1979) suggest that the low pressure [Q] and [F] invariant
points (lower half of Fig. 1) are stable. Evans (1977) and
Day and Halbach (1979) suggest that both the high and
low pressure portions of the phase diagram (Fig. 1) may
exist.

Agreement among the low pressure studics of Fyfe
(1962), Greenwood (1963), Skippen (1971), Chernosky
(1976), Hemley et al. (1977) and. Chernosky and Autio
(1979) is generally quite good. Although Greenwood used
both synthetic phases and natural minerals as starting ma-
terials, only those experiments conducted using synthetic
phases are plotted on the figures. All ofthe phase equilibri-
um data obtained by Chernosky (1976) and by Chernosky
and Autio (1979) are included in Table 1 and in the accom-
panying figures for completeness. Errors resulting from
temperature fluctuation for experiments bracketing the
reactions T: EQW and TF: EW are not cited by
Chernosky (1976) but are included in Table 1. Moreover,
additional experiments were conducted in order to improve



the brackets for several reactions; the new experiments are
identified by asterisks in Table 1.

Experimental data for the three dehydration reactions
emanating from the [F] invariant point will be considered
before describing experimental data for the three dehy-
dration reactions emanating from [Q]. The solid-solid
reaction TE : A will be considered last because it serves to
link the two pairs of [Q] and [F] invariant points. Because
sev€ral of the reactions occur within a small region of P-T
space, product assemblages for five of the equilibria listed
in Table 1 often contain phases not present in the starting
material, The growth of extraneous phases was minor and
did not impair our ability to judge reaction direction. Nu-
cleation and growth ofextraneous phases indicates the op-
eration of at least one competing reaction. Unfortunately,
it was usually diflicult to identify the competing reaction(s).
All of the experimental data, including information on the
growth of extraneous phases, yields a consistent picture
and affords a reasonable interpretation of anthophyllite
phase relations. A phase diagram consistent with experi-
mental data recorded in Table I is presented in a subse-
quent section.

The equilibrium curves drawn on Figures 2 through 9
were calculated using the midpoint of the feasible solution
space which was obtained by linear programming analysis
described by Day et. al. (1985). Experiments in which ex-
traneous phases were present (Table 1) were not included
in the calculations. In addition, the errors for each experi-
ment were assumed to be at least * 5'C, whereas only the
error resulting from temperature drift is included in Table
I and on the figures. The conservative treatment of the
data results in calculated equilibrium curves which nar-
rowly "miss" three of the equilibrium brackets (see Figs. 4,
5 and 7). In each case the apparent discrepancy is due
solely to the larger possible error in temperature that was
assumed in the calculations.

The reaction T : 3E + Q + If2O. Critical experiments
bracketing the dehydration curve for the reaction
T : EQW are listed in Table I and plotted on Figure 2. In
addition to the data reported by Chernosky (1976), Table I
contains eight new experiments six of which were conduct-
ed at Pr,o: 10 kbar and above. Two different starting
materials were used to locate the curve. For experiments
conducted at P^"o: 2kbar and below, the starting materi-
al consisted of the reaction proportions of T, E and Q.
Anthophyllite spontaneously nucleated and grew (Table 1)
in most of the longer experiments suggesting that the reac-
tion TEQ is metastable with respect to anthophyllite-
bearing reactions at low pressures. It should be emphasized
that anthophyllite growth in all but one experiment (TEQ-
30 was minor and in no cases did anthophyllite growth
make judging reaction direction ambiguous.

In contrast, several early experiments conducted above
Pn,o: 12 kbar using the TEA starting material resulted in
the decomposition of anthophyllite and the growth of
either T or E * Q suggesting that the reaction T : EQW
is stable with respect to the anthophyllite-bearing reactions
T = AQW and A : EQW at pressures above 12 kbar. In
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Fig. 2. Dehydration curye for the reaction T: 3E + Q
+ H2O. Solid symbols represent gtowth of talc; open symbols

represent growth of the high temperature assemblage. Size of rec-
tangles represents uncertainty in the measurement of pressure and
temperature. The curve was not calculated at water pressures
above 10 kbar.

subsequent experiments at water pressures above 10 kbar,
the TEQ starting material was used to define the position

of the reaction T : EQW in Prre-T space (Table l).
Agreement among the low pressure experimental data in

Table 1 and the data obtained by Greenwood (1963) and
Skippen (1971) for the reaction T : EQW is excellent (Fig.

2). The curve obtained by Bowen and Tuttle (1949) lies
about 80'C above the curve obtained in this study (Fig. 2)
because these investigators performed synthesis rather than
reserval-type experiments.

Tight brackets for T : EQW, were obtained in the pres-
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Fig. 3. Dehydration curve for the reaction 7T: 3A + 4Q
+ H2O. Solid symbols represent growth of talc; open symbols
represent growth of the high temperature assemblage. Size of rec-
tangles represents uncertainty in the measurement of pressure and
temperature. Dashed curve shows where Greenwood (1963) lo-
cated this equilibrium.

sure range from 10 to 17 kbar (Fig. 2). Extrapolation ofthe
curve to water pressures above 18 kbar, however, necessi-
tates choosing either Holland's (personal communication,
1978 and 1983) preliminary bracket at 28 kbar or the ex-
perimental data of Kitahara et al. (1966). The discrepancy
between these two data sets amounts to about 50'C at
Pxro : 25 kbar. We have opted for Holland's bracket at 28
kbar because his work is more recent and conducted in R.
C. Newton's laboratory at the University of Chicago using
the same equipment and experimental procedures as those
used during this study.

The reaction 7T :3A + 4Q+ 4HrO. Critical experi-
ments bracketing the dehydration curve for the reaction
T: AQW wers performed by Chernosky and Autio
(1979); their data are summarized in Table I and plotted
on Figure 3. Experimental data for the reaction T : AQW
obtained by Fyfe (1962), Greenwood (1963), Hemley et al.
(1977), Chernosky (1976) and Chernosky and Autio (1979)
are remarkably consistent (Fig. 3).

Anthophyllite spontaneously nucleated and grew in a
number of long term TEQ experiments. Unfortunately,
anthophyllite growth in these experiments does not con-
strain the position of T : AQW because anthophyllite is
stable on botlr sides ofthis reaction (Fig. 1).

The reaction A:7E +8+H2O. Crit ical experiments
bracketing the dehydration curve for the reaction
A: EQW are listed in Table I and plotted on Figure 4.
Table 1 contains four additional experiments which sup-
plement the data reported by Chernosky and Autio (1977)
and further constrain the location of the curve. Although
two of the experiments, (TEQ-37 and TEQ-39), were per-

formed to bracket the reaction T : EQW (Chernosky,
1976), they may also constrain the location of A : EQW.
Anthophyllite spontaneously nucleated and grew in each of
these experiments suggesting that it is a stable phase under
the conditions of the experiments. Because A : EQW de-
limits the high temperature side of anthophyllite's stability
field, the phase boundary for this reaction probably lies on
the high temperature side of experiments TEQ-37 and
TEQ-39. Experiment TEQ-37 narrows the bracket at
Pu,o : 500 bars by 18'C. Although experiment TEQ-39
does not narrow the bracket at PA2o:2000 bars and
hence is not plotted on Figure 4, it does confirm
Chernosky and Autio's result at this pressure. Two new
experiments at PHzo: 10 kbar, AEQ-30 and AEQ-31, con-
strain the curve to lie at temperatures below 810'C at this
Pressure.

Experimental data recorded in Table I for the reaction
A: EQW are consistent with the experimental data of
Fyfe (1962) and Greenwood (1963) and with the equilibri-
um temperature of 729"C at Pr,o: 1000 bars calculated
by Hemley et al. (1977). However, the curve obtained in
this study has a flatter slope (Fig. 4) than the curve ob-
tained by Greenwood (1963) chiefly due to added con-
straints imposed by the 500 bar experiments.

The reaction T + F :58 + H2O. Critical experiments
bracketing the dehydration curve for the reaction
TF : EW are listed in Table 1 and plotted on Figure 5. In
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Fig. 4. Dehydration curve for the reaction A: 7E + Q
+ H2O. Solid symbols represent growth of anthophyllite; open
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pressure and temperature.
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Fig. 5. Dehydration curve for the reaction T + F : 5E + H2O.
Solid symbols represent growth of the low temperature assem-
blage; open symbols represcnt growth of the high temperature
assemblage. Size of rectangles represents uncertainty in the
trteasurement of pressure and temperature.

addition to the experimental data reported by Chernosky
(1976), Table I contains seven new experiments conducted
with the TFE starting material. The experiments at
Puro:6 kbar (Table 1, TFE-30 and -31b) are particularly
important because they clearly indicate that the P-T slope
of the dehydration curve changes sign at a fairly low pres-
sure. Chernosky (1976, Table 3, experiment #6) reported
that the high temperature assemblage grew at 663+3"C,2
kbar. This experiment was omitted from Table I because
three more recent experiments (TFE-I1, -33b and -35) sug-
gest that the reaction lies at a slightly higher temperature.

Anthophyllite spontaneously nucleated and grew (Table

l) on both the high and low temp€rature sides of the reac-
tion TF : EW in most of the longer experiments conduct-
ed using the TFE starting material. Anthophyllite growth
suggests that the reaction TF : EW is metastable with re-
spect to the anthophyllite-bearing reactions TF: AW,
AF : EW andlor TE : A under the conditions of the ex-
p€riments. Anthophyllite growth was minor in all cases and
did not interfere with our ability to judge reaction direc-
tion.

The experimental data recorded in Table I are consistent
with,Greenwood's (1963) two widely-spaoed reversals and
indicate that the equilibrium curve lies on the low temper-
ature side of the unreversed curve obtained by Bowen and
Tuttle (1949). The high temperature reversal at PH2o: 6
kbar, 694'C (Table l) indicates that the high pressure re-
versals of Kitahara et al. (1966) lie at too high a temper-
ature. This discrepancy probably results from inaccurate
calibration of the piston-cylinder apparatus used by these
investigators.

The reaction 9T + 4F :5A + 4HrO. Critical experi-
ments bracketing the dehydration curve for the reaction
TF : AW are listed in Table 1 and plotted on Figure 6. In
addition to the experiments listed under TF : AW, four
experiments listed under TE: A (TEA-23, -24, -25 and
-19) and plotted as hexagons on Figure 6 and seven experi-
ments listed under AF : EW (AFE-S, -12, -13, -16, -17, -2O
and -23) and plotted as solid triangles on Figure 6 are
consistent with the location of the curve.

Forsterite nucleated and grew together with talc whereas

590 610 630 650 670 690 7tO 730
r{'c )

Fig. 6. Dehydration curve for the reaction 9T + 4F: 5A
+ 4H2O. Solid symbols represent growth of the low temp€rature

assemblage; open symbols represent growth of the high telnper-
ature assemblage. Size of rectangles repreents uncertainty in the
measurement of pressure and temperature. Dashed curve shows
where Greenwood (1963) located this equilibrium.
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enstatite and anthophyllite were almost entirely consumed
in experiments TEA-23, -24 and, -25 (Fig. 6, solid hexa-
gons); if the assemblage T * F is stable under the con-
ditions of these experiments, they probably lie on the low
temperature side of TF : AW. In sharp contrast, forsterite
was absent and anthophyllite grew in experiment TEA-19
(Fig. 6, open hexagon) suggesting that this experiment
might lie on the high temperature side of the reaction
TF : AW. Talc nucleated and grew in a number of experi-
ments performed with the AFE starting material (Table 1).
If the assemblage T + F + A is stable in these experiments,
they probably lie on the low temperature side of TF : AW
(Fig. 6). Although experiment AFE-20 lies on the high tem-
perature side of the calculated curve, it does lie within the
experimentally established bracket at Pr"o: 3 kbar.

Our experimental data for this reaction are inconsistent
with the data of Greenwood (1963). Our calculated curve
which lies at the low temperature end of the 3 kbar experi-
mental bracket is about 25"C lower than Greenwood's
curve (Fig. 6). Perhaps the discrepancy is the result of dif-
ferences in the starting material used to reverse the reac-
tion. Greenwood used a starting material containing a fine-
grained, intimate mixture of anthophyllite, clinoenstatite,
cristobalite, talc and forsterite whereas the starting material
used during this study did not contain clinoenstatite or
cristobalite. Although Greenwood's starting material was
far more reactive, as shown by higher degrees of conversion
from one assemblage to another in experiments of shorter
duration (compare Greenwood, 1963, Table 4 with this
study, Table 1), it did contain extraneous phases; perhaps
anthophyllite grew at the expense of the extraneous phases
contained in Greenwood's starting material.

The reaction A + F -- 9E + H2O. Critical experiments
bracketing the dehydration curve for the reaction
AF: EW are listed in Table 1 and plotted on Figure 7.
Talc spontaneously nucleated and grew in a number of
experiments conducted on the low temperature side of
AF: EW (Table 1). Talc growth in these experiments did
not impair our ability to judge reaction direction. Due to
the close spacing of the reactions emanating from the [Q]
invariant point, growth of talc in some of the AF : EW
experiments suggests that the experiments lie on the low
temperature side of TF : AW as discussed previously. The
nucleation and growth of anthophyllite in TF : EW exper-
iments does not assist in locating AF : EW in P-T space
because anthophyllite is stable on both sides of TF : EW.
Although our experimental data for the reaction AF : EW
are consistent with all of Greenwood's (1963) experiments
(Fig. 7), our curve lies about 13'C lower than Greenwood's
curve at PHro : Zkbar.

The reaction T + 4E : A. Critical experiments, the first
reported in the literature, bracketing the equilibrium curve
for the reaction TE: A are listed in Table I and plotted
on Figure 8. Examination of Figure 1 indicates that antho-
phyllite is stable in the presence of excess HrO along those
segments of TE : A which lie between the [Q] and [F]
invariant points and metastable in the presence of excess
water along that portion of TE : A which lies between the
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Fig. 7. Dehydration curve for the reaction A + F : 9E + H2O.
Solid symbols represent the growth of the low temperature assem-
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two [Q] invariant points. Although vapor-conservative,
this reaction was reversed in the presence of excess water in
order to promote reaction rate and to maintain hydrostatic
pressure within the gold capsules containing the starting
material.

Although somewhat ambiguous due to the nucleation
and growth of new phases and the persistence of meta-
stable phases, we believe that the experimental data for
TE : A tightly constrain the position of this reaction at
Paro : 10 kbar and provide high temperature limits at 5
and 6 kbar.

Experiments performed with the TEA starting material
at water pressures above 13 kbar clearly indicate that pure
Mg anthophyllite is unstable at these pressures. Anthophyl-
lite was completely decomposed in all four high-pressure
experiments (Fig. 8). Talc and enstatite grew in the low-
temperature pair of experiments (Fig. 8, large solid rectan-
gles) whereas quartz nucleated and grew together with en-
statite in the high temperature pair (large open rectangles).
These experimental results suggest that T: EQW is a
stable reaction at water pressures above 13 kbar. The high
pressure experiments were used to help define the position
of T: EQW (Fig.2).

The seven experiments at P*ro: 10 kbar suggest that
the [F] invariant point occurs at water pressures above 10
kbar. With increasing temperature the assemblage T * E
(Fig. 8, partially filled rectangles) gives way to a relatively
narrow field in which the assemblage A + E grows (Fig. 8,
large hexagons), followed by a field in which the assem-
blage E * Q grows. The key to our interpretation is the
narrow field containing A + E separating the T * E assem-
blage from the E + Q assemblage; examination of Figures
I and 8 suggests that this can only occur if the invariant
point lies at water pressures above 10 kbar. Because antho-
phyllite and enstatite both grew in the two experiments at
8 and 9 kbar (Fig. 8, large open hexagons), the equilibrium
curve for TE : A must lie on the low temperature side
(Fig. 8) of these experiments. Although the growth of
T + E and E + Q from a starting material containing T, E
and A and having a bulk composition corresponding to A
is reasonable, growth of the assemblage A * E can only
occur if the bulk composition of the starting material is
either depleted in Si or enriched in Mg. Although quartz
was not observed in the X-ray patterns, we suggest that
some Si was dissolved in the vapor phase which constituted
about 50 percent by weight of the charge. This suggestion
is supported by the observation that Si was readily leached
from experiments which developed a leak.

The experiments performed at and below water pressures
of 6 kbar place high temperature limits on the position of
the phase boundary for TE: A and help define the lo-
cation of the [Q] invariant point. The four experiments
designated by solid triangles in Figure 8 resulted in the
growth of talc, the nucleation and growth of forsterite and
the complete disappearance of anthophyllite and enstatite;
in other words, the enstatite-H2O and anthophyllite-H2o
tie lines were broken in favor of the talc-forsterite tie line.
Enstatite and anthophyllite grew in the two experiments

designated by small open hexagons (Fig. 8). If the [Q]
invariant point were located at water pressures below 6
kbar, one would expect to encounter the assemblage T + E
between the T + F and the E + A assemblages (Fig. l). The
assemblage T + E was not encountered at Prro:6 kbar
suggesting that the [Q] invariant point lies at water pres-
sures above 6 kbar. Because the assemblage T + F isstable
on both sides of TE : A at water pressures below [Q], this
assemblage cannot be used to place constraints on the
position of TE : A. The phase boundary for TE : A must
however lie on the low temperature side of the assemblage
E + A at water pressures below [Q].

Discussion

A phase diagram for Mg-anthophyllite consistent with
the phase equilibrium data set down in Table 2 and with
the thermodynamic data discussed in Day ot al. (1985) is
shown in Figure 9. The diagram was constructed for the
condition Psro : Pto,",; the effects of lowering the ar"o and
of substituting "impurities" such as Fe in the Mg-silicates
will be discussed later.

Although the experimentally determined brackets are
tight, the high pressure [Q] and [F] invariant points are
diflicult to locate precisely because the curves are closely-
spaced and intersect at shallow angles, However, as dis-

r{tl

Fig. 9. Phase diagram for anthophyllite consistent with the
phase equilibrium data pres€nted in Table I and in Figs. 2
through 8, and consistent with the molar volumes and heat ca-
pacities of the mincrals involved in the equilibria of interest. Equi-
librium curves for the reaction TE : A calculated by Hcmlcy et al.
(1977) and Delany and Helgeson (1978) are included for compari-
son.
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cussed in our companion paper (Day et al., 1985), thermo-
dynamically consistent invariant points lie at 10.511.0
kbar, 794+ 10"C for [F] and 7.7 +0.5 kbar, 682 t 10'C for
[Q]. The low-pressure [Q] and [F] invariant points are
also di{licult to locate but appear to occur at water pres-
sures below 100 bars and temperatures below,t00"C and
may be metastable with respect to serpentine-bearing equi-
libria.

The phase diagram depicted on Figure 9 differs consider-
ably from the diagram first proposed by Greenwood (1963)
and later modified by him (Greenwood, 1971) and from the
diagram proposed by Hemley et al. (1977) even though the
experimental data upon which all of these diagrams are
based are, for the most part, in excellent agreement. The
chief reason for the discrepancy is that the available ther-
modynamic data arc not suffrciently precise to allow ex-
trapolation of the equilibria far outside the pressure range
in which the bracketing experiments were performed. In
addition, until now, experimental data for the reaction
TE: A were unavailable. Because TE: A does not in-
volve a volatile phase, AS and LV of reaction are small
hence the position of this reaction in P-T space is very
sensitive to small changes in the thermodynamic properties
ofthe constituent phases. For example, the phase boundary
for TE : A calculated by Greenwood (1971) lies more than
200"C below the position calculated by Hemley et al.
(1977) at Pn,o : 2 kbar (Fig. 9). Although Delany and Hel-
geson (1978) used Hemley et al.'s (1977) solubility data,
which were obtained at PH,o : 1 kbar, to calculate a phase
diagram for Mg-anthophyllite, their diagram differs mark-
edly from the one proposed by Hemley et al. (1977) who
suggested that the low pressure [Q] and [F] invariant
points are stable and that the corresponding high pressure
invariant points are m€tastable; the opposite viewpoint
was supported by Delany and Helgeson (1978). Although
Delany and Helgeson's calculated slope for TE : A is
slightly flatter than ours (Fig. 9), the topology and calcu-
lated positions for the relevant equilibria are in remarkably
good agreement with our diagram especially when uncer-
tainties involved in calculating equilibrium curves are con-
sidered.

Application to rocks

Although the presence of additional components, no-
tably FeO and COr, may substantially influence the posi-
tions of the curves, the phase relations for Mg-
anthophyllite depicted on Figure 9 are in general accord
with field observations. The assemblage T * F which is
limited by the reactions TF: AW and An: FTW has a
stability field about 140'C wide which is in good agreement
with the field-based estimate of Evans (1977). The assem-
blage A * F which is limited by the reactions TF: AW
and AF: EW has a stability field about 50'C wide for
water pressures of2 to 3 kbar; the stability field for A + F
narrows with increasing pressure and is terminated by the
[Q] invariant point at about P"ro : 7.5 kbar.

Evans and Trommsdorfl (1974) observed that enstatite
and talc coexist in textural equilibrium in rocks recrystal-

lized at 6001100"C and Pr,o about 7 kbar. Although
these observations are consistent with the phase diagram
presented in Figure 9, the minerals involved contain iron
which markedly affects the position of the reaction
T E :  A .

Rabbitt (1948) and Sanford (1977) observed the "stable"
coexistence of An * A + T. Hemley et al. (1977) and San-
ford (1977) postulated that the reactions An : FTW and
TF: AW intersect and generate an invariant point (Fig.
10) involving the phases A, An, F, T and W. According to
Hemley et al. (1977, p. 369), the invariant point occurs at
water pressures above 10 kbar with the assemblage
An + A * T stable on the high pressure side of the in-
variant point; in other words, these authors believe that the
enantiomorphic form of the topology shown on Figure 10
is correct. On the other hand, Sanford suggested that the
orientation shown in Figure 10 with the assemblage
An * A * T on the low pressure side of the invariant point
is correct. The phase equilibrium data reported in this
paper and the thermodynamic analysis by Day et al. (1985)
suggest that a stable invariant point does not exist at high
pressure. Although our phase diagram is consistent with
the orientation proposed by Sanford, the calculations (Day
et al., 1985) suggest that ifthe invariant point occurs at low
pressure, it must lie at a water pressure less than 100 bars
and a temperature less than 350'C. In either case, our
analysis suggests that in Fe-free rocks, An + A + T is not
likely to be observed as a stable assemblage.

Influence of other components on anthophyllite phase
relations

Although the Mg-anthophyllites found in metamor-
phosed siliceous dolomites are relatively pure, the fluid
phase coexisting with these anthophyllites probably con-
tained a significant CO, content. Anthophyllites from ul-
tramafic rocks commonly contain about 10 mole percent
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Fig. 10. Invariant point at which anthophyllite, antigorite, for-

sterite, talc and water are in equilibrium.
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FeO and often coexist with fluids containing COr. Hence it
is important to consider the effect of additional compo-
nents on the phase relations depicted on Figure 9.

Decreasing the ar,o in the fluid phase will cause dehy-
dration reactions to be displaced toward lower temper-
atures but will not effect vapor conservative reactions such
as TE : A (Greenwood, 1961). As the dehydration reac-
tions are displaced with respect to TE : A, the [Q] and
[F] invariant points will pro$essively "slide" down the
curve for TE : A toward lower pressures and temperatures
with decreasing aszo.Although the stability field for the
assemblage A + F will be restricted to lower pressures, it
will widen because the reaction TF: AW which involves
four moles of HrO will be displaced further toward lower
temperatures than AF : EW which involves only one mole
of HrO.

Evans (1977) evaluated the effect of substituting Fe for
Mg on the positions of the equilibria shown on Figure 9.
When average Mg,/(Mg + Fe) ratios for the appropriate
minerals are used, the displacement of the dehydration
reactions under consideration range from +10"C for
AF: EW to -40'C for TF: AW. Since the width of the
A + F stability field is governed by the reactions AF : EW
and TF : AW, the substitution of appropriate amounts of
Fe in the Mg-silicates will increase the width of this field
(Evans, 1977) from 50'C in the Fe-free system to about
100"C in the Fe-bearing system. Evans and Trommsdorff
(1974) calculated that the reaction TE: A would be dis-
placed by about -180'C due to the substitution ofrealistic
amounts of Fe in the Mg-silicates. Hence the locations of
invariant points tal and tFl depend on the
Mg/(Mg * Fe) ratios of the minerals stable at each in-
variant point. A decrease in Mg/(Mg * Fe) results in a shift
of [Q] and [F] toward higher pressures and somewhat
lower temperatures.

In an attempt to explain the occurrence of the assem-
blage An + A + T, Sanford (1977) calculated (at 2 and 6
kbar and at a*zo: 1) that the substitution of appropriate
amounts Fe for Mg would lower TF: AW by -120 to
-150'C rather than by -37"C as calculated by Tromms-
dorffand Evans (1974) and would raise the invariant point
depicted on Figure l0 to a pressure regime which might be
attained in nature. Unfortunately, the details of Sanford's
calculations were not provided in his abstract. It should be
pointed out that all such calculations are heavily depen-
dent on the AS assumed for the reaction.

Acknowledgments
Discussions with H. J. Greenwood and E-an Zen throughout

JVC's involvement with anthophyllite phase relations have been
both stimulating and fruitful. T. J. B. Holland kindly provided
some unpublished experimental data. R. C. Newton is especially
thanked for generously providing the laboratory facilities and
supplies (funded by NSF Grant EAR 78-15939 to R. C. Newton)
which enabled JVC to perform the high pressure experiments dis-
cussed in this paper. R. C. Newton, D. M. Jenkins and D. Perkins
III provided invaluable advice and assistance in carrying out the
high pressure experiments. Discussions with G. R. Robinson con-
cerning the thermodynamic parameters for the minerals of interest

215

were very helpful. Perceptive reviews by R. G. Berman, T. J. B.
Holland and M. Engi resulted in substantial improvements in the
manuscript. Financial support throughout the study was provided
by NSF Grants EAR 7+13393 AOI and EAR-7904092 to JVC
andEARTT-22775 to HWD.

References

Appleman, D. E. and Evans, H. T., Jr. (1973) Job 9214: Indexing
and least squares refinement of powder diffraction data. Nation-
al Technical Information Service, U.S. Department of Com-
merce, Springfield, Virginia, Document PB-216 188.

Bowbn, N. L. and Tuttle, O. F. (1949) The system
MgO-SiOr-HrO. Geological Society of America Bulletin, 60,
4394ffi.

Chernosky, J. V., Jr. (1973) An experimental investigation of the
serpentine and chlorite group minerals in the system
MgO-AlrO.-SiO2-H2O. Ph.D. Thesis, Massachusetts Institute
of Technology, Cambridge, Massachusetts.

Chernosky, J. V., Jr. (1976) The stability field of anthophyllite-A
reevaluation based on new experimental data. American Miner-
alogist, 61, I 145-1 155.

Chernosky, J. V., Jr. and Autio, L. K. (1979) The stability of
anthophyllite in the presence of quartz. American Mineralogist,
64,294-303.

Chernosky, J. V., Jr., Day, H. W. and Caruso,L. J. (1982, A phase
diagram for Mg-anthophyllite (abstr.). Transactions of the
American Geophysical Union, 63, 1 151.

Danckwerth, P. A. and Newton, R. C. (1978). Experimental deter-
mination of the spinel peridotite to garnet peridotite reaction in
the system MgO-AlrOr-SiO, in the range 900-1100'C and
AlrO, isopleths of enstatite in the spinel field. Contributions to
Mineralogy and Petrology, 66, 189-201.

Day, H. W. and Halbach, H. (1979) The stability field of antho-
phyllite: The effect of experimental uncertainty on permissible
phase diagram topologies. American Mineralogist, 64, 809-823.

Day, H. W., Chernosky, J. V. and Kumin, H. J. (1985) Equilibria
in the system MgO-SiOr-HrO: A thermodynamic analysis.
American Mineralogist, 70, 237 -248.

Delany, J. M. and Helgeson, H. C. (1978) Calculation of the ther-
modynamic consequences of dehydration in suMucting oceanic
crust to 100 Kb and >800'C. American Journal ofScience,278,
638-686.

Evans, B. W. (1977) Metamorphism of Alpine peridotite and ser-
pentinite. Annual Reviews Earth and Planetary Sciences, 5,
397-447.

Evans, B. W. and Trommsdorfl, V. (1974) Stability of en-
statite + talc, and COr-metasomatism of metap€ridotite, Val
d'Efra, Lepontine Alps. American Journal of Science, 274,274-
296.

Fisher, G. W. and Medaris, L. C., Jr. (1969) Cell dimensions and
X-ray determinative curve for synthetic Mg-Fe olivines. Ameri-
can Mineralogist, 54, 7 47-7 53.

Forbes, W. C. (1971) Iron content of talc in the system
MgrSinOro(OH)r-Fe.SioOro(OH)r. Journal of Geology, 79,
63-74.

Fyfe, W. S. (1962) On the relative stabilities of talc, anthophyllite
and enstatite. American Journal of Science, 27O, l5l-154.

Greenwood, H. J. (1961) The system NaAlSirOu-HrO-Argon:
Total pressure and water pressure in metamorphism. Journal of
Geophysical Research, 66, 3923-3946.

Greenwood, H. J. (1963) The synthesis and stability field of antho-
phylfite. Journal of Petrology, 4,317-351.

Greenwood, H. J. (1971) Anthophyllite. Corrections and com-

CHERNOSKY ET AL.: STABILITY OF Ma-ANTHOPHYLLITE



236

ments on its stability. American Journal of Science, 270, l5l-
154.

Helgeson, H. C., Delany, J. M., Nesbitt, H. W., and Bird, D. K.
(1978) Summary and critique of the thermodynamic properties
of rock-forming minerals. American Journal of Science, 278-A,
11t9.

Hemley, J. J., Montoya, J. W., Shaw, D. R., and Luce, R. W. (1977)
Mineral equilibria in the MgO-SiO2-H2O system: II Talc-
antigorite-forsterite-anthophyllite-enstatite stability relations
and some geologic implications in the systcm. American Journal
of Sciencc, 277, 353-383.

Johannes, W. (1973) A simplified piston-cylinder apparatus of high
precision. Neues Jahrbuch liir Mineralogie-Monatsheftc, 337.

Johannes, W. (1975) Zur Synthese and thermischen Stabilitat von
Antigorit. Forschritte der Mineralogie, 53, l-36.

Kitahara, S., Takenouchi, S., and Kennedy, c. C. (1966) Phase
relations in the system MgO-SiO2-HrO at high temperatures
and prcssures. American Journal of Science, 2U,223-233.

Rabbitt, J. V. (1948) A new study of the anthophyllite series.
American Mineralogist, 33, 263-323.

Robie, R. A., Bethke, P. M., and Beardsley, K. M. (1967) Selected
X-ray crystallographic dat4 molar volumeg and densities of
minerals and related substances. United States Geological
Survey Bulletin 1248.

Robie, R. A., Hemingway, B. S., and Fisher, J. R. (1978) Thermo-

CfIERNOSKy ET AL.: STABILITY OF Ms-ANTHOPHYLLITE

dynamic properties of minerals and related substances at 298.15
K and I bar (l0s Pascals) pressure and at higher temperatures.
United States Geological Survey Bulletin 1452.

Sanford, R. F. (1977) The coexistence of antigorite and anthophyl-
lite in ultramafic rocks. (abstr.) Geological Society of America
Abstracts with Programs, 9, 115+1155.

Skippen, G. B. (1971) Experimental data for reactions in siliceous
marbles. Journal of Geology, 79,4574E1.

Trommsdorff, V. and Evans, B. W. (1974) Alpine metamorphism
of peridotitic rocks. Schweizerische Mineralogische und Petro-
graphische Mitteilungen, 54, 333-352.

Usdansky, S. I., Mohr, R. E., and Stout, J. H. (1978) Some topo-
logical constraints on the stability of anthophyllite. (abstr) Geo-
logical Society of America Abstracts with Programs, 10, 507-
508.

Weeks, W. A. (1956) Heats of formation of metamorphic minerals
in the system CaG-MgG-SiOr-HrO and their petrological sig-
nificance. Journal of Geology, &, 45H72.

7nn, E-an (1977) The phase-equilibrium calorimeter, the pet-
rogenetic grid, and a tyranny of numbers. American Mineral-
ogist,62, 189-20/..

Manuscript receiued, December I, 1983;
acceptedfor publication, October 12, 1984.


