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The stability of anthophyllite—A reevaluation based on new experimental data

JoserH V. CHERNOSKY, JR.!

U.S. Geological Survey, Reston, Virginia 22092

Abstract

The univariant reactions (1) Ta + Fo = 5En + Stm and (2) Ta = 3En + Qtz + Stm have
been experimentally reversed at Py, = Pioar. Smooth curves drawn between the brackets pass
through the coordinates 0.5 kbar, 617°C; 1 kbar, 638°C; 2 kbar, 662°C; 3 kbar, 679°C; 4 kbar,
696°C for reaction (1); and 0.5 kbar, 660°C; 1 kbar, 697°C; 2 kbar, 738°C, for reaction (2).
The positions of the curves are probably within 5°C of the stated values. Intersections of
reactions (1) 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 stability field of anthophyllite. Reactions (2) and (4) intersect at Py,q = 5 kbar, and
their positions are consistent with the P-T diagram proposed by Greenwood. However, the
slope of reaction (1) is less positive than the slope of reaction (3), and this is inconsistent with
Greenwood’s proposed P-T diagram. If reaction (1) is accurately positioned, the conflict can
be resolved in one of two ways. Reaction (3) can be rotated until its slope is less positive than
the slope of reaction (1), or the P-T diagram can be inverted. The first alternative is most
plausible. If Greenwood’s proposed P-T diagram is correct, the data presented here limit the
stability of pure Mg-anthophyllite with respect to the assemblage Ta + En to a maximum

pressure of about 5 kbar Py,.

Introduction

Because of the potential value of anthophyllite as
an indicator of metamorphic grade in magnesium
silicate (-carbonate) assemblages, considerable effort
has been expended to determine its stability field
(Bowen and Tuttle, 1949; Yoder, 1952; Fyfe, 1962;
Greenwood, 1963) and to obtain its thermodynamic
constants (Greenwood, 1963 and 1971; Mel’nik and
Onoprienko, 1969; and Zen, 1971). Based on a hy-
drothermal investigation of phase equilibria in the
system MgO-SiO,-H,0, Bowen and Tuttle (1949)
concluded that anthophyllite does not have a true
stability field. After conducting experiments using
natural anthophyllite as a starting material, Fyfe
(1962) suggested that Bowen and Tuttle were not able
to determine a stability field for anthophyllite be-
cause it was a very difficult phase to nucleate. Green-
wood (1963) supported Fyfe’s conclusion by experi-

! Present address: Department of Geological Sciences, Univer-
sity of Maine, Orono, Maine 04473

mentally determining that anthophyllite did have a
true stability field.

During the course of the present study, the reac-
tions

Mg,Si0, + Mg,Si,0,(OH), = 5 MgSiO, + H,0 (1)

forsterite  talc enstatite  steam

and

MgsSi,0,4(OH), = 3 MgSiO; + SiO, + H;0O

talc enstatite quartz steam

)

were bracketed, with reversed experiments, at Py o
below 4 kbar in order to define more closely the
maximum pressure to which anthophyllite is stable.
The reader is referred to Table 1 for compositions of
phases and balanced reactions considered in this pa-
per. The preliminary results of the experimental work
have been reported (Chernosky, 1974).2

? Note that reactions (1), (3) on one hand and (2), (4) on the
other have been accidently reversed in an earlier statement (Che-
rnosky, 1974) of the problem.
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TaBLE 1. Abbreviations and compositions of phases and balanced

reactions

Anthophyllite Ant Mg7Sig0y, (OH)
Enstatite En MgSiQj
Forsterite Fo Mg,8i0y

Quartz Qtz Si0;,

Steam Stm H,0

Talc Ta Mg3Siy01¢(0H) 2

Ta + Fo = 5En + Stm

1

2 Ta = 3En + Qtz + Stm

3 9Ta + 4Fo = 5Ant + 4Stm
4, Ant 7En + Qtz + Stm
5

6

7

9En + Stm
3Ant + 4Qtz + 4Stm

Ant + Fo =
7Ta

]

Ant Ta + 4En

Experimental methods

Starting material

Mixtures with bulk compositions corresponding to
MgO-Si0,, 2MgO-Si0,, and 3MgO-4Si0, were pre-
pared by weighting and mixing requisite proportions
of MgO (Fisher, lot 787699) 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 crystalline, with less than 0.5 percent im-
purities, which will be described in a later section.

Synthetic talc, enstatite, forsterite, and natural
quartz mixed in the appropriate proportions with an
excess of distilled, deionized water were used as the
starting materials for the bracketing experiments.
The high-temperature assemblage constituted 69
weight percent (excluding H;O) of the starting mate-
rial for the reaction Ta = 3En + Qtz + Stm'and 38
weight percent (excluding H;O) 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 + 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
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by Chernosky (1973). Temperatures were controlled
to within £ 2°C for the duration of each experiment
and are judged to be accurate to within &+ 5°C of the
stated value. Pressures were measured with 16 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 CuKe radi-
ation. BaF, (@ = 6.1971 + 0.0002A) and silicon
(Johnson Matthey Lot Number S3354, a = 5.43067
+ 0.00018A, Huebner and Papike, 1970) were used as
internal standards. Silicon and BaF, were stand-
ardized against gem diamond (@ = 3.56703, Robie et
al., 1966). Sufficient high-angle forsterite reflections
were present to permit a film 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 equilibrium curves 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 36° 26
(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 milligrams) 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

Phase characterization

Enstatite (MgSiO,) was synthesized hydrother-
mally in experiments of 5 to 7 days duration at
815°C, Pu,o = | kbar. Synthetic enstatite typically
crystallized 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 Bishopville mete-
orite (ASTM powder pattern 7-216), suggesting that
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the synthetic product is orthorhombic enstatite. The
unit-cell parameters for synthetic enstatite are given
in Table 2.

Forsterite (Mg,SiO,) was synthesized hydro-
thermally in experiments of 5 to 10 days duration at
810°C, Pu,o = 1 kbar. The synthetic product typi-
cally crystallized 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 [MgsSi,0,,(OH),] was synthesized hydro-
thermally in experiments of 5 to 10 days duration at
680°C, Py,o = 2 kbar. Synthetic talc typically crystal-
lized 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 (SiO,) used in the bracketing
experiments is from Minas Gerais, Brazil. The care-
fully-cleaned quartz is from a lot obtained by J. S.
Huebner from E. Roedder. Unit-cell parameters are
given in Table 2.

The reaction Ta + Fo = 5En + Stm
The critical experiments which bracket the position
of the univariant curve for the reaction (1) Ta + Fo
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TaBLE 2. Unit cell parameters of natural quartz and synthetic talc,
enstatite, and forsterite

Quartz* Talc Enstatite Forsterite
a 4.9124(1) 5.27(4) 18.19(3) 4.769(2)
b o 9.15(2) 8.763(7) 10.210(15)
& 5.4052(2) 18.66(10) 5.18(2) 5.987 (8)
v 112.960(6) 885(8) 825(3) 291.4(4)
B8 R 100°27" o o
N 13 9 12 31
S silicon BaF, BaF,

Figures in parentheses represent the standard deviation in
terms of least wnits cited for the value to their immedicte
left; these were caleulated by the program used to refine the
parameters and represent precision only.

Abbreviations: § = X-ray standard; N = number of reflections

used in refinement. Cell parameters are expressed in angstroms.

*Determined by J.S. Huebner and K. Shaw.

= 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 equilibrium curve lies at a
temperature 20°C (at Py,o = 1 kbar) lower than the
curve determined by Bowen and Tuttle, which is

TaBLE 3. Experiments bracketing the reaction Ta + Fo = 5En + Stm

PH20

Experiment T Duration
number (bars) (°c) (hours) Comments
17 500 600 3912 Ta(+) Fo(+) En(-)
16 500 621 3910 Ta(-) Fo(-) En(+)
15 500 635 3910 Ta(-) Fo(-) En(+)
14 1000 620 2064 Ta(+) Fo(+) En(-)
8 1000 637 3910 Ta(+) Fo(+) En(-)
7 1000 657 1053 Ta(-) Fo(-) En(+)
2 2000 603 188 Ta(+) Fo(+) En(-)
1 2000 640 142 Ta(+) Fo(+) En(-)
6 2000 663 3908 Ta(-) Fo(-) En(+)
3 2000 677 1968 Ta(-) Fo(-) En(+) Ant(+)
4 2000 689 1968 Ta(-) Fo(-) En(+)
18 3000 662 2794 Ta(+) Fo(+) En(-)
12 3000 692 696 Ta(-) Fo(-) En(+)
13 3000 703 696 Ta(-) Fo(-) En(+)
11 4000 686 762 Ta(+) Fo(+) En(-)
9 4000 706 762 Ta(-) Fo(-) En(+)
10 4000 722 762 Ta(-) Fo(~) En(+)

Growth or diminution of a phase ie indicated by a (+) or (-) respectively.

ALl assemblages include steam.
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FIG. 1. Dehydration curve for the reaction Ta + Fo = SEn + Stm. Solid 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 of rectangles represents uncer-
tainty in pressure and temperature. Triangles represent reversals obtained by Greenwood (1963); dashed

curve is from Bowen and Tuttle (1949).

based on synthesis rather than on reversed experi-
ments.

The reaction Ta = 3En + Qtz + Stm

The critical experiments which delineate the posi-
tion of the univariant equilibrium curve for the reac-
tion (2) Ta = 3En + Qtz + Stm are summarized in
Table 4 and plotted in Figure 2. Reaction rates near
the equilibrium curve were sluggish, especially at low
pressure, where experiments of 659 hours (Table 4,
experiment 38) and 699 hours (Table 4, experiment

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 study®
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 testing Chayes’ (1968) idea of pro-
babalistic location of univariant curves by random selection of
P-T values of experiments. The result of that test will be reported
elsewhere.
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TaBLE 4. Experiments bracketing the reaction Tc = 3En + Qtz + Stm

P

Experiment H,0 T Duration
number (bars) (°c) (hours) Comments

5 133 691 220 Ta(-) En(+) Qtz(+)

40 500 648 4896 Ta(+) En(-) Qtz(-)

38 500 659 1968 no detectable reaction
35 500 672 672 Ta(-) En(+) Qtz(+)

37 500 681 1968 Ta(-) En(+) Qtz(+)

4 533 783 143 Ta(-) En(+) Qtz(+)

14 598 646 336 Ta(+) En(-=) Qtz(-)

1 666 717 740 Ta(-) En(+) Qtz(+)

7 867 684 796 Ta(+) En(-) Qtz(-)
13 979 660 144 Ta(+) En(-) Qtz(-)

32 1000 680 618 Ta(+) En(-) Qtz(-)

33 1000 699 618 no detectable reaction
12 1000 721 623 Ta(-) En(+) Qrz(+)

9 1200 718 526 Ta(-) En(+) Qtz(+)

15 1420 635 166 Ta(+) En(-) Qtz(-)

3 1466 766 144 Ta(-) En(+) Qtz(+)
10 1669 695 166 Ta(+) En(-) Qtz(-)

30 1800 729 2136 Ta(+) En(-) Qtz(-) Ant(+)
6 1803 717 552 Ta(+) En(-) Qtz(-)

2 1866 675 215 Ta(+) En(-) Qtz(-)
11 1925 679 200 Ta(+) En(-) Qtz(-)
41 2000 744 1080 Ta(-) En(+) Qtz(+) Ant(+)
39 2000 761 1080 Ta(-) En(+) Qtz(+) Ant(+)

Growth or diminution of a phase is indicated by a (+) or (-) respectively.

All assemblages include stean.

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

The curve obtained by Bowen and Tuttle (1949)
(Fig. 2) lies at a temperature 100°C (at Py, = 1
kbar) above the equilibrium 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
Py,0 = 2 kbar.

Discussion

Anthophyllite stability

Six invariant points involving the phases talc, for-
sterite, quartz, anthophyllite, enstatite, and steam are
possible in the ternary system MgO-SiO,-H,O. The
closed net depicting the chemographic relations of
the phases in this multisystem is shown in Figure 3;
the area within which anthophyllite is stable is

shaded. Of the six possible invariant points, only two,
[Qtz] and [Fo], are likely to be stable, because the
others imply that quartz and forsterite can coexist in
equilibrium. 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 anthophyllite as a low-pres-
sure phase relative to enstatite + talc; this version is
preferred by Greenwood (1963). Figure 4b depicts
anthophyllite as a high-pressure phase relative to en-
statite + talc. The stability field of anthophyllite
(shown by shading) is bounded by the following two
reactions which have been experimentally bracketed
by Greenwood (1963):

9Ta + 4Fo = 5Ant + 4Stm
and Ant = 7En + 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
anthophyllite (Fig. 4a): Ant + Fo = 9En + Stm (5),
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FiG. 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.” Rectangles 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 from Bowen and Tuttle (1949).

and 7Ta = 3Ant + 4Qtz + 4Stm (6). The invariant
points generated by the intersection of these 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

more accurately in pressure-temperature space.

The experimental data obtained in the present
study are plotted together with Greenwood’s data on
a log fu,o-1/T diagram (Fig. 5). If the activities of the
solid phases are unity and if steam is the only volatile
species involved in the reactions, van’t Hoff’s equa-
tion reduces to:
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Stm & ®Fo

FIG.. 3. Closed net for the ternary multisystem MgO-SiO,-H,O involving the phases anthophyllite, enstatite,
forst‘ente, quartz, steam, and talc. Anthophyllite can only be a stable phase within the shaded region. Compositional
relations within the compatibility diagrams are distorted for illustration purposes.

have shown that a dehydration boundary will plot as
(%/f;fo)l; = - 2(—%%?% a straight line on a log fu,0-1/T diagram if AH at
' constant P is constant. All data points have been
replotted as they would have appeared if the experi-
where fi,0 is the fugacity of H,O, P, is the pressure on ments had been performed at the same constant total
the solid phases, AH is the enthalpy of reaction, and pressure (2000 bars). The correction term applied to
R is the gas constant. Orville and Greenwood (1965) the fugacity (Eugster and Wones, 1962) is

£l
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FIG. 4. Details of the phase relations in the multisystem of Fig. 3; only the stable
invariant points are included. The stability field for anthophyllite is shaded. Fig. 4a s
the version preferred by Greenwood (1963); Fig. 4b is the enantiomorphic form of
Fig. 4a. Equilibria numbered as in text; compatibility relations are shown in Fig. 3.

AV, (P — Peoxp)

Alogfuo = = —5303RT

where P is the pressure to which the points are being
moved (2000 bars) and P, is the experimentally-
determined pressure.

Figure 6a is an attempt to combine the equilibrium
curves obtained for the reactions (1) 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

univariant scheme depicted on Figure 4a. Because the
brackets for reaction (4) are broad (see Fig. 5), the
equilibrium boundary may be rotated considerably in
P-T space; consequently, the resolution for locating
the [Fo] invariant point is not good. Figure 6a sug-
gests that the intersection of reactions (2) and (4)
should occur near a pressure of 5200 bars rather than
at 20 kbar as suggested by Greenwood. The experi-
mentally located positions for reactions (1) and 3)
(Fig. 6a) are inconsistent with the univariant scheme
depicted on Figure 4a. The stable portion of reaction
(3) must lie between reaction (7) and the metastable
extension of reaction (1) (see Fig. 6a, dashed curve).
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FIG. 5. Log fu,0-1/T plot of experimental data available for reactions (1)~(6)
(equilibria numbered as in text). All data points corrected t0 Piotar =~ Pu,o = 2000
bars. Data points for reactions (1) and (2) are contained in Tables 3 and 4; data
points for reactions (3)-(6) are from Greenwood (1963).

Figure 6a clearly illustrates 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 anthophyllite rather than talc + enstatite is
stable at high pressures. This solution seems implausi-
ble in light of four lengthy low-pressure experiments
(Table 4, experiments 30, 39 and 41, Table 3, experi-
ment 3) during which anthophyllite nucleated and
grew from a starting material which initially con-
tained talc + enstatite + quartz or forsterite. These
four experiments suggest that anthophyllite is more

stable than the assemblage talc + enstatite at Py,0 <
2 kbar, which is consistent with the negative volume
change (—0.23 J bar~?) for reaction (7), Ant = 4En +
Ta, at 298 K, 1 bar.

A second way to resolve the inconsistency is to
concede that the bracketing data for at least one of
the reactions (1) or (3) are incorrect. Because of the
difficulty of synthesizing anthophyllite, Greenwood
(1963) used starting materials which contained talc +
anthophyllite + 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
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(a)

log iuzn

(b)

log ’Hgﬂ

L1073k
T X

FIG. 6. Log fu,0-1/T plots showing two possible ways to combine
Greenwood’s experimental data with the data of this study. Equi-
libria 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 with the topology of Fig. 6a; to resolve the
discrepancy, reaction (3) must be rotated to the position shown by
the arrow.

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

Geological application

If the [Qtz] and [Fo] invariant points occur at low
pressure and if anthophyllite is stable at low pressure
relative to talc + enstatite, as is suggested by the
results of this study, the presence or absence of an-
thophyllite might be a useful indicator of the pressure
and temperature of recrystallization of magnesium
silicate (-carbonate) assemblages. The presence of
anthophyllite would suggest recrystallization within a

JOSEPH V. CHERNOSKY, JR.

restricted range of P-T conditions, whereas the pres-
ence of talc + enstatite would indicate recrys-
tallization 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
(1963).

Caution should be exercised in applying the experi-
mental results to natural rocks. The experiments were
conducted at Py 0 = Piotar (i.€., ay,0 = 1); however, if
the aqueous fluid phase in nature contained CO, (as
was the case in rocks studied by Evans and
Trommsdorff, 1974) then au,o < 1 and the equilib-
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 stability of anthophyllite
decreases by approximately 100°C with 60 percent of
the magnesium replaced by iron. Based on micro-
probe analyses of enstatite (Xy, = 0.900), talc (Xyg
= 0.973 4+ 0.002), and anthophyllite (Xye = 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 AT = RT/AS In 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.”

Acknowledgments

This research was supported by the Earth Sciences Section,
National Science Foundation, Grant GA-43776, by the Faculty
Research Fund at the University of Maine at Orono, and by a
Defense Advanced Research Projects Agency grant to the United
States Geological Survey.

I wish to thank H. J. Greenwood, J. J. Hemley, E-an Zen, and
D. R. Wones for encouragement and for stimulating discussion.
Reviews by H. J. Greenwood, J. S. Huebner, J. G. Liou, D. R.
Wones, and E-an Zen have substantially improved both the con-
tent and presentation of the paper. J. S. Huebner kindly provided
the unit-cell refinements for the natural quartz starting material.

References

APPLEMAN, D. E. aND H. T. Evans, Jr. (1973) Job 9214:: Indexing
and least-squares refinement of powder diffraction data. Natl.
Tech. Inf. Serv., U.S. Dept. Commer., Springfield, Virginia,
Document PB 216 188.

BoweN, N. L. anp O. F. TuTTLE (1949) The system
MgO-Si0,-H,0. Geol. Soc. Am. Bull. 60, 439-460.

CHAYES, F. (1968) On locating field boundaries in simple phase
diagrams by means of discriminant functions. Am. Mineral. 53,
359-371.



STABILITY OF ANTHOPHYLLITE

CHERNOSKY, J. V., JR. (1973) An experimental investigation of the
serpentine and chlorite group minerals in the system
MgO-A1,04~-Si0,-H,0. Ph.D. Thesis, Massachusetts Institute
of Technology, Cambridge, Massachusetts.

(1974) The stability field of anthophyllite—an experimental
redetermination (abstr.) Geol. Soc. Am. Abstr. Programs, 6, 687.

ErnsT, W. G. (1968) Amphiboles. Springer-Verlag. New York,
125 p.

EuGsTER, H. P. AND D. R. WonEs (1962) Stability relations of the
ferriginous biotite, annite. J. Petrol. 3, 82~125.

Evans, B. W. AND V. TROMMSDORFF (1974) Stability of enstatite +
talc, and CO,- metasomatism of metaperidotite, Val d’Efra,
Lepontine Alps. Am. J. Sci. 274, 274-296.

FISHER, G. W. AND L. G. MEDARIS, JR. (1969) Cell dimensions and
X-ray determinative curve for synthetic Mg-Fe olivines. Am.
Mineral. 54, 741~753.

Fyre, W.S. (1962) On the relative stabilities of talc, anthophyllite,
and enstatite. Am. J. Sci. 260, 460-466.

GREENWOOD, H. J. (1963) The synthesis and stability of an-
thophyllite. J. Petrol. 4, 317-351.

(1971) Anthophyllite. Corrections and comments on its
stability. Am. J. Sci. 270, 151-154.

HuesNeR, J. S. anDp J. J. PaPIKE (1970) Synthesis and crystal
chemistry of sodium-potassium richterite (Na,K)NaCaMg;,Si,
O.(OH,F),: a model for amphiboles. 4m. Mineral. 55, 1973-
1992.

1155

MEL'NIK, YU. P. AND V. L. ONOPRIENKO (1969) Termodinami-
cheskiye svoystva antofillita. In, Konstitutsiya i Svoystva Miner-
alov, Vol. 3 (Thermodynamic properties of anthophyllite. In,
Constitution and Properties of Minerals, Vol. 3): Kiev, Akad.
Nauk Ukrainskoy SSR, 46-55.

ORVILLE, P. M. anD H. J. GREENWOOD (1965) Determination of
AH of reaction from experimental pressure-temperature curves.
Am. J. Sci. 263, 678-683.

Rosig, R. A., P. M. BETHKE, M. S. TOULMIN AND J. L. EDWARDS
(1966) X-ray crystallographic data, densities, and molar volumes
of minerals. Geol. Soc. Am. Mem. 97, 27-73.

SKIPPEN, G. B. (1971) Experimental data for reactions in siliceous
marbles. J. Geol. 79, 457-481.

TuTTLE, O. F. (1949) Two pressure vessels for silicate-water stud-
ies. Geol. Soc. Am. Bull. 60, 1727-1729.

YoDER, H. S., JR. (1952) The MgO-A1,0,-SiO,-H,O system and
the related metamorphic facies. Am. J. Sci, Bowen Vol,
569-627.

Zen, E-aN (1971) Comments on the thermodynamic constants and
hydrothermal stability relations of anthophyllite. Am. J. Sci.
270, 136-150.

Manuscript received, January 5, 1976, accepted
for publication, May 14, 1976.





