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The stability of anthophyllite in the presence of quartz
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Abstract

The dehydration reactions anthophyllite = enstatite + quartz + fluid (1) and talc =
anthophyilite + quartz + fluid (2) have been bracketed, with reversed experiments and PH,O
= Ptotal. Smooth curves drawn through the bracketing data for reactions (1) and (2) pass
through the coordinates 2 kbar, 770°; 1.5 kbar, 755°; 1 kbar, 730°; 0.5 kbar, 680° and 3 kbar,
738°; 2 kbar, 711°; 1.5 kbar, 697°; 1 kbar, 678°; 0.5 kbar, 655°C, respectively. Synthetic
quartz, anthophyllite, enstatite, and talc were used as starting materials. Reversibility was
established by determining the relative growth or diminution (as judged by examining relative
intensities of X-ray reflections) of the high- with respect to the low-temperature assemblages.
Both curves are consistent with the solubility data of Hemley ef al. (1977b) at | kbar but are
not entirely compatible with the hydrothermal data of Greenwood (1963). Our experimental
data indicate that the phase boundaries for reactions (1) and (2) intersect the phase boundary
for the reaction (3) talc = 3 enstatite + quartz + H,O at low pressure (below 200 bars) and
are, therefore, more consistent with the anthophyllite phase diagram proposed by Hemley et
al. than with the diagram proposed by Greenwood.

Gibbs energy difference functions calculated using bracketing data for reactions (1), (2),
and (4) talc + forsterite = 5 enstatite + H,O permit simultaneous evaluation of the free
energies of formation of talc (—5513.69+4.69 kJ mol~!), enstatite (—1456.38+1.93 kJ mol-?),

and anthophyllite (—11,323.26+5.35 kJ mol~') from the elements at 298K and 1 bar.

Introduction

Pure Mg-anthophyllite was first synthesized by
Bowen and Tuttle (1949, p. 450), who concluded that
“anthophyllite has no stable range of existence in the
presence of water vapor.” Using several combina-
tions of natural and synthetic starting materials, Fyfe
(1962) demonstrated that anthophyllite has a true
stability field in the presence of excess water. Green-
wood (1963) reversed four reactions involving Mg-
anthophyllite and proposed a phase diagram which
contained a stability field for anthophyllite. The sta-
bility field was depicted as a relatively narrow band
85°C wide which extended from low pressure to
PH,0 = 20 kbar. Greenwood (1971) later recalcu-
lated the slope of the vapor conservative reaction (5)
A =T + 4E (see Table | for symbols and notations),
showed that it was much steeper than previously
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reported, and modified the topology of the phase
diagram he proposed in 1963. Greenwood’s revised
topology (Fig. 1) contained both possible enantio-
morphic forms of the anthophyllite phase diagram,
although he preferred the high-pressure portion.

Chernosky (1976) reversed the reactions (3) T = 3E
+ Q+ H,Oand 4) T + F = SE + H,O at water
pressures below 4 kbar and found that: (1) the reac-
tions T = 3E + Q + H,O and A = 7E + Q + H;O
intersect at the [F} invariant point near PH,O = 5
kbar rather than at 20 kbar, provided that Green-
wood’s preferred slope for the anthophyllite-bearing
reaction is taken at face value, and (2) the slopes for
the reactions T + F = SE + H,0 and (6) 9T + 4F =
5A + 4H,O are inconsistent if Greenwood’s pre-
ferred topology is correct.

On the basis of mineral-aqueous-solution equi-
libria performed at PH,O = 1 kbar, Hemley et al.
(1977b) suggest that the low-pressure portion of the
phase diagram (Fig. 1), which shows the stability
field of anthophyllite expanding with increasing tem-
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perature and pressure, is correct. Hemley et al. lo-
cated the [Q] and [F] invariant points near 500 and
200 bars PH,O respectively.

Because anthophyllite is a potential indicator of
pressure and temperature in some metamorphic
rocks, we decided to reinvestigate the phase relations
about the [F] invariant point. The reactions (1) A =
7E + Q + H,O and (2) 7T = 3A + 4Q + 4H,0 were
reversed between 500 and 3000 bars PH,0O in order to
determine the correct topology for the anthophyllite
phase diagram. Tight brackets for these two reactions
in P-T space permit refinement of the free energies of
talc, enstatite, and anthophyllite calculated from
phase-equilibrium data by Zen and Chernosky
(1976). Data upon which this paper is based have
been presented orally (Chernosky and Knapp, 1977).

Experimental methods

Starting material

Mixtures with bulk compositions corresponding to
MgO-SiO, and 3MgO-4Si0O, were made by drying,
weighing, and mixing requisite proportions of MgQO
(Fisher, lot 787699) and SiO, glass (Corning lump
cullet 7940, lot 62221). MgO and SiO, glass were
fired at 1000°C for three hours to drive off adsorbed
water. Enstatite and talc were synthesized directly
from the mixes whereas anthophyllite was synthe-
sized using the “talc” mix. Examination of the syn-
thetic products with a petrographic microscope and
by X-ray diffraction revealed them to be entirely crys-
talline.

Starting materials used to reverse each reaction
were prepared by mixing synthetic talc, enstatite, an-
thophyllite, and quartz in the appropriate propor-
tions and grinding by hand for one-half hour to en-
sure homogeneity. The high-temperature assemblage
constituted 50 weight percent (excluding H,O) of the
starting material for both reactions. The dried solid
phases were combined with excess distilled deionized
H,O and sealed in 1.25cm-long gold capsules.

Procedure

All experiments were performed in horizontally-
mounted, cold-seal hydrothermal vessels (Tuttle,
1949). Pressures were measured with factory-cali-
brated, sixteen-inch Heise gauges assumed accurate
to +0.1 percent of full scale (0-7000 and 0-4000
bars). Because the Heise gauges were used as ‘‘pri-
mary”’ standards, they were generally kept at room
pressure, as suggested by the manufacturer; smaller
diameter, less accurate gauges were used for continu-

Table 1. Symbols and notations

A anthophyllite, Mg75i8022(0H)2

F forsterite, Mgzsiok

E orthoenstatite, MgSiO3

T tale, M935ih°|o(°")z

Q quartz, SiO2

G; standard Gibbs free energy of formation (298.15 K,
1 bar) of a phase from the elements, in J mol~!

AG: Gibbs free energy of reaction at 1 bar and 298.15 K

G* Gibbs free energy of H20 at Te and Pe according to
Burnham et al.'s (1969) data, consistent with the
standard state of 298.15 K and 1 bar

S; standard entropy of formation (298.15 K, 1 bar) of a
phase from the elements, in J mol™! deg™!

ASf's change of the entropy of formation of the solid phases
for a given reaction

v volume

AVS volume change of the solid phases for a given reaction

Te,Pe the temperature and pressure at which an univariant

reaction is at equilibrium

| thermochemical calorie = 4.1840 joules

ous monitoring of “line” pressures. In order to con-
serve valve stems and packings, pressures were not
monitored daily. Rather, pressures were carefully
monitored at the beginning of an experiment to guard
against pressure leaks; once it was determined that a
vessel was leak-free, it was isolated for periods of up
to a month between pressure checks. Small pressure

Fig. 1. Schematic P-T diagram after Greenwood (1971),
showing the high- and low-pressure intersections of the vapor-
conservative reaction A = T + 4E with the [Q] and [F] invariant
points. Reactions are numbered as in the text.
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fluctuations due to temperature drift were unavoid-
able, but experiments which experienced pressure
drops of greater than 50 bars were discarded. Pres-
sures are believed accurate to + 1 percent of the stated
value.

Because temperature drifted during the experi-
ments, daily temperature readings were averaged and
the standard deviation of the temperature readings
calculated; temperature errors are reported as +2
standard deviations about the mean and represent
error due to temperature drift alone. Two other
sources of error in temperature must be considered;
namely, errors due to a temperature gradient along a
capsule and those due to inaccurate thermocouples.
Temperature gradients in the pressure vessels used
were all less than 1°C over a working distance of 3.0
cm (temperature calibration performed at room pres-
sure). Because bracketing experiments were per-
formed in 1.25cm-long sealed gold capsules, error
due to temperature gradients in the pressure vessels is
assumed negligible. The temperature calibration for
each shielded thermocouple was checked after each
experiment by heating the vessel to the temperature
of the experiment at a pressure of 1 bar and com-
paring the measured temperature to that of a pre-
viously standardized thermocouple placed inside the
bomb. This procedure insures internal consistency in
temperature readings among pressure vessels, cor-
rects for the temperature difference between the
charge capsule and external measuring thermo-
couple, and results in an accurate temperature for an

Table 2. Unit-cell parameters and volumes of synthetic enstatite,
talc, and anthophyllite

enstatite talc anthophyllite

a 18.236(10) 5.291(6) 18.57(4)

b 8.822(3) 9.169(7) 17.91(4)

c 5.176(1) 18.982(16) 5.25(1)

v 832.86 (43) 909.47 (1.28) 1748.0 (3.7)

B b 99°4" ———e

N 19 14 16

S Can CaF2 CaF2

Figures in parentheses represent the estimated
standard deviation in terms of least units cited
for the value to their immediate left; these uncer-
tainties were calculated using the cell refinement
program and represent precision only. Cell parame—
ters are expressed in angstroms.

Abbreviations: N = number of reflections used
in unit cell refinement; S = X-ray standard.

experiment, assuming that the standard thermo-
couple was adequately calibrated. Corrections were
usually on the order of 0-5°C. Experiments were
checked for leaks both before and after hydrothermal
treatment by heating the charge capsules and check-
ing for loss of H,O. Because quartz was generally
leached from experiments which leaked, such experi-
ments were discarded.

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. Judgment as to
which assemblage is stable at a given pressure and
temperature was based on an examination of all ma-
jor reflections for the phases of interest on a diffrac-
tometer trace over the interval 5° to 40° 2§ (CuKa
radiation). A reaction was considered reversed if a 25
percent change in the intensities of X-ray reflections
relative to those of the starting material could be
observed after the completion of an experiment. Mi-
croscopic observation of the experimental products
revealed distinct textural features (described in detail
later) which indicated reaction direction. Unfortu-
nately, the sensitivity obtained using textural features
to judge reaction direction was not significantly
greater than the sensitivity afforded by the X-ray
technique. Consequently, textural features were used
to confirm the X-ray results but were not used as the
sole criteria for judging reaction direction.

Unit-cell parameters for synthetic phases used in
the starting material were calculated by refining
power patterns obtained using an Enraf-Nonius
FR552 Guinier camera and CuKa radiation; CaF,
(Baker Lot 91548, a = 5.4620+0.0005A), standard-
ized against gem diamond (@ = 3.56703A, Robie et
al., 1967), was used as an internal standard. Least-
squares unit-cell refinements were performed with a
computer program written by Appleman and Evans
(1973).

Results

Synthesis and characterization of phases

Enstatite (MgSiO;) was synthesized hydrother-
mally at 815°C and PH,O = 1 kbar in five to seven
days from a mixture of MgO and SiO, glass. Crystals
were fine-grained (10u), prismatic, and had parallel
extinction. The X-ray pattern and unit-cell parame-
ters (Table 2) compare favorably to the powder pat-
tern of orthorhombic enstatite from the Bishopville
meteorite (ASTM powder pattern 7-216).
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Tale [MgsSi,0,(OH),] was synthesized hydro-
thermally at 680°C, PH,O = 2 kbar in five to ten
days. The synthetic product typically crystallized as
aggregates of very fine-grained plates and contained
less than 0.5 percent forsterite as an impurity, which
could be due to leaching of silica from the starting
material or to the initial preparation of a starting
material deficient in SiO,. The powder pattern and
unit-cell parameters of talc (Table 2) compare favor-
ably with those of natural (AsTM powder pattern 13-
558) and synthetic (Forbes, 1971) talc.

Anthophyllite [Mg,Si;0,(OH )s] was synthesized
together with cristobalite, enstatite, talc, forsterite,
and quartz by hydrothermally treating synthetic talc
at 840°C, PH,O = 0.5 kbar for 12 hours. A mixture
of anthophyllite and quartz together with about 5
percent talc was obtained by hydrothermally treating
the products of the previous experiment at 735°C,
PH,O = 3 kbar for 41 days. Anthophyllite synthe-
sized in this manner occurred as extremely fine grains
intimately intergrown with talc, and as somewhat
larger (10u) prismatic crystals having parallel ex-
tinction. The X-ray powder pattern and unit-cell pa-
rameters (refined assuming the anthophyllite space
group Pnma) correspond favorably to those of syn-
thetic (Greenwood, 1963) and natural (Finger, 1970)
anthophyllite. Because several new triple-chain min-
erals created during the reaction of anthophyllite to
form talc have recently been reported (Veblen and
Burnham, 1975, 1976; Veblen et al., 1977), we com-
pared the powder patterns of synthetic anthophyllite
to calculated powder patterns of jimthompsonite,
clinojimthompsonite, and chesterite provided by
D. R. Veblen. Reflections belonging to these phases
were not observed in the synthetic anthophyllite we
used as starting material. D. R. Veblen kindly exam-
ined the starting material and the products of several
reversal experiments on both sides of each phase
boundary with a high-resolution transmission elec-
tron microscope and observed isolated slabs of a
triple-chain silicate parallel to 010 of anthophyllite.
The percentage of triple-chain silicate varied (5-15
percent by volume) from one grain to the next. The
triple-chain silicate apparently forms when an-
thophyllite is initially synthesized outside its stability
field from talc. X-ray reflections from the triple-chain
silicate were not observed because the isolated slabs
are only one unit cell thick.

We assume that the presence of triple-chain impu-
rities does not significantly affect the experimental
results, because the ratio of anthophyllite to triple-
chain silicate is the same after the completion of a

bracketing experiment as it is in the starting material.
Interaction of triple-chain impurities with the fluid
phase is probably minimized because dissolution of
anthophyllite during a bracketing experiment pre-
sumably occurs along grain boundaries, and the
triple-chain impurities are located within anthophyl-
lite grains.

Quartz (Si0,) was synthesized together with an-
thophyllite with synthetic talc as a starting material.
The positions of the major X-ray reflections of the
synthetic quartz compare favorably to those of natu-
ral quartz from Lake Toxaway, North Carolina
(asTM powder pattern 5-0490); unfortunately, the
number of reflections required for a unit-cell refine-
ment was not observed in the synthetic product,
which contained less than 11 percent quartz.

The reaction A = 7E + Q + H,O

Starting material used for reversing reaction (1), A
= 7E + Q + H,O, was obtained by mixing pure
synthetic enstatite together with anthophyllite and
quartz. The starting material contained a small
amount (<5 percent) of talc which, however, reacted
away in all but three experiments (Table 3, Experi-
ments 5, 21, and 24) located near the metastable
extension of the phase boundary for reaction (3), T =
7E + Q + H,0. Petrographic examination of experi-
mental products which showed definite reaction re-
vealed that the dimensions of crystals belonging to

Table 3. Experiments bracketing the reaction A = 7E + Q + H,0

Experiment T PH 0 Duration Comments
number (°c) 2 {hours
{kbars)
24 664(1.5) 0.5 837 A(HE(-)Q(-)T(+) M
23 687(2) 0.5 2607 A(-)E(+)Q(+) S
1 758(3) 0.5 1080 A(-)E(+)Q(+) W
22 699.5(1.5) 1.0 816 A(HE(-)Q(-) M
21 719.5(3.5) 1.0 936 A(HE(-)Q(-)T(+) M
19 760(1) 1.0 974 A-)E(+)Q(+) s
12 737(i.5) 1.5 1273 A(+)E(-)Q(-) W
13 752(2) 1.5 1224 A(+)E(-)Q(-) W
14 767(4) 1.5 1105 A(-)E(+)Q(+) M
6 733(2) 2.0 1080 A(+)E(-)Q(-) M
9 751(1.5) 2.0 630 A(+)E(-)Q(-) M
5 765(3.5) 2.0 7hh A(H)E(-)Q(-)T(+) M
25 775(2) 2.0 857 A(-)E(+)Q(+) M
20 754.5(2.0) 3.0 818 A(HE(-)Q(-) M

Growth or diminution of a phase is iIndicated by a (+) or
(-) respectively. All assemblages include vapor. Parenthesized
numbers represent two standard deviations in terms of least units
cited for the mean temperatures to their immediate left. Symbols
S, M, and W are qualitative estimates of the extent of reaction
and represent greater than 80 percent, 80 to 50 percent, and less
than 50 percent reaction,respectively.
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the stable assemblage increased, whereas crystals be-
longing to the unstable assemblage had corroded
grain boundaries. Several additional textural features
were observed in experiments conducted on the high-
temperature side of the phase boundary: (1) quartz
often recrystallized to the point where undulatory
extinction became evident, (2) fine quartz grains (2u)
occurred as inclusions oriented parallel to the ¢ axis
of enstatite, and (3) very fine (0.5¢) quartz grains
were observed to cluster about the periphery of larger
enstatite crystals, suggesting that a single anthophyl-
lite grain had reacted to enstatite + quartz.

Critical experiments used to bracket the position of
the univariant curve for reaction (1) are set down in
Table 3 and are plotted on Figure 2, where they are
compared to results of other workers who have used
both synthetic and natural anthophyllite as starting
material. The smooth curve through the experimental
brackets was constructed using a log fH,O — 1/T
diagram. Although our experimental data are consis-
tent with all but one (PH,O = 2.6 kbar, 775°C)
reversal obtained by Greenwood (1963), the slope of
the curve drawn through our data is shallower than
the curve (Fig. 2, dashed line) suggested by him.
Greenwood also converted natural anthophyllite
containing 11.12 percent FeO to enstatite + quartz,
but did not attempt to convert enstatite + quartz to
Fe-bearing anthophyllite. Fyfe (1962) obtained three
reversals at PH,O = 2 kbar (Fig. 2), using a fairly
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Fig. 2. Dehydration curve for the reaction A = 7E + Q + H,O.
Solid symbols represent growth of anthophyllite; open symbols
represent growth of the high-temperature assemblage. Size of
rectangles represents uncertainty in measurement of pressure and
temperature. Dashed curve is after Greenwood (1963).

pure natural anthophyllite (2.77 percent MnO, 1.26
percent CaO, and 0.59 percent Al,O,) from Falcon-
ville, New York. The phase boundary determined in
this study passes through an equilibrium point at
729°C, PH,O = 1 kbar calculated by Hemley et al.
(1977b), using thermochemical values derived from
their experimental data on several reactions in the
system MgO-SiO,-H,0.

The reaction 7T = 3A + 4Q + 4H,0

The starting material used for reversing reaction
(2), 7T = 3A + 4Q + 4H,0, consisted of an in-
timately intergrown mixture of fine-grained talc (50
percent), anthophyllite (44.7 percent), and quartz
(5.3 percent), all synthesized simultaneously from a
mix having the composition of talc. The starting ma-
terial also contained a small amount (<0.5 percent)
of a fine (30u), colorless, isotropic impurity having
conchoidal fracture and np =~ 1.58. The amount of
this impurity decreased substantially during the
bracketing experiments.

Although textural relations alone did not provide
unambiguous criteria for determining reaction direc-
tion, several textural features confirmed X-ray re-
sults. An experiment conducted within the stability
field of the high-temperature assemblage generally
contained many well-shaped anthophyllite needles
and recrystallized quartz grains having undulatory
extinction. On the other hand, experiments con-
ducted within the stability field of the low-temper-
ature assemblage contained very fine, barely distin-
guishable quartz grains and occasional euhedral talc
plates rather than anthophyllite needles.

Critical experiments which bracket the position of
the univariant curve for reaction (2) are set down in
Table 4 and plotted on Figure 3. The smooth curve
through the experimental brackets was constructed
using a log fH,O — 1/T diagram. Our experimental
data are not entirely consistent with the reversals
obtained by Greenwood (1963). Although our phase
boundary passes through Greenwood’s bracket at
PH,O = 2 kbar, it has a shallower slope than Green-
wood’s proposed phase boundary (Fig. 3, dashed
line). Our curve passes through an equilibrium point
at 675°+7°C, PH,0O = 1 kbar obtained by Hemley et
al. (1977b), who monitored phase changes of the
solids and compositions of the aqueous solutions in
equilibrium with these solids. They used a variety of
starting materials, including natural anthophyllite
containing 5.9 percent FeO or the same anthophyllite
exchanged with 1M MgCl, at 720° and 2 kbar.
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Thermochemical calculations

Zen and Chernosky (1976) calculated the free
energies of talc, enstatite, and anthophyllite using
phase equilibrium data of Greenwood (1963) and
Chernosky (1976). Unfortunately, the uncertainties
in the calculated free energies were rather large:
+10.5 kJ mol~! for talc, 17 kJ mol~* for anthophyl-
lite, and +4 kJ mol~* for enstatite. The bracketing
data obtained during this study have enabled us to
refine the free energies of these phases and reduce the
uncertainties of the calculated values.

The Gibbs free energy of formation of a phase
from the elements at 298K, 1 bar can be calculated
from the P-T coordinates of a phase boundary using
the relation (Fisher and Zen, 1971):

AG(Te,Pe) = 0 = AG?,(298,1) — [ESASS (dT
+ [RAV,dP + G*(H,0)(Te,Pe)

The integrals [AS? dT and [AV.dP have been ap-
proximated by the quantities AS? AT and AV,AP,
respectively. The uncertainty introduced by making
these substitutions is small (Zen, 1969).

We have chosen to calculate the free energies of
talc, enstatite, and anthophyllite by simultaneously
evaluating the Gibbs energy difference functions
(Thompson, 1973) GYA) — 7GXE), 7GXT) —3G%(A),
and GY(T) — 5G}(E), for the reactions A = 7E + Q +
H,0, 7T = 3A + 4Q + 4H,;0,and T + F = 5E +
H,0, respectively (Table 5). The uncertainty attached
to the difference functions calculated for each indi-
vidual experiment (Table 5) was evaluated by com-
bining, in the commonly accepted manner, the uncer-
tainties associated with the free energies of either
quartz or forsterite, the entropies and molar volumes
of the solid phases, and the values for G*(H,0). The
uncertainty attached to the average value for each
difference function (Table 5) was obtained by adding
the uncertainties in the primary thermochemical data
(Table 6) to the uncertainties reflected in the finite
width of each experimental bracket (Figs. 2 and 3).
The “best” value for each difference function (&)
and its associated uncertainty (2;) were calculated
using the relations:

Gl = 2¥..Gw,/Zw
and
gi = (1/211{=1Wt)1/2

where g; is the uncertainty associated with G, and w;
= 1/g}. This procedure was used by Zen (1972) and

Table 4. Experiments bracketing the reaction 7T = 3A + 4Q +

4H,0
Experiment T PH 0 Duration Comments
number (°c) 2 (hours)
{kbars)

15 613(3) 0.5 1061 T(+)A(-)Q(-) M
14 630(3) 0.5 1061 T(+)A(-)Q(-) M
10 647(3.5) 6.5 2544 T(+)A(-)Q(-) W
12 677(1) 0.5 1052 T(-)A(+)Q(+) M
8 664(1) i.0 Thb T(+)A(-)a(-) M
5 687(3) 1.0 872 T(-)A(+)Q(+) M
3 714(3) 1.0 7k T(-)A(+)Q(+) M
19 693(3) 1.5 1826 T(+)A{-)Q(-) W
9 701(3) 1.5 1399 T(-)A(+)Q(+) M
20 706 (4) 2.0 2760 T(+)}A(~)Q(-) "
17 719(2) 2.0 1014 T(-)A(+)Q(+) W
7 692(1) 3.0 799 T(+)A(-)Q(-) S
13 720(4) 3.0 1651 T(+)A(-)a(-) s
21 727(4) 3.0 2688 T(+)A(-)a(-) W
16 742(4) 3.0 993 T(-)A(+)Q(+) W

Growth or diminution of a phase is indicated by (+) or (-}
respectively. All assemblages include vapor. Parenthesized
numbers represent two standard deviations in terms of least units
cited for the mean temperatures to their immediate left. Symbols
S, M, and W are qualitative estimates of the extent of reaction
and represent greater than 80 percent, 80 to 50 percent, and less
than 50 percent reaction, respectively.

has been lucidly explained by Bird and Anderson
(1973).

In order to evaluate the difference functions, one
only needs the free energies of quartz and forsterite at
298K, 1 bar, the molar volumes and entropies of the

T T T T T T T T L T T T T T
soool £ THIS Siupy i * i
A FYFE (1952} /
® O GREENWOOD (1963} /
25000 / © B
—8—  HEMLEY ET AL.(1977)
20D K
o
o
=
-]
)
& 1500 .
O
000 -

I_G%ﬁ * MJ“ ) 6615 = ;I!-D g {s] 740 20
TEMPERATURE (°C)

Fig. 3. Dehydration curve for the reaction 7T = 3A + 4Q +
4H,0. Solid symbols represent growth of talc; open symbols
represent growth of the high-temperature assemblage. Size of
rectangles represents uncertainty in measurement of pressure and
temperature. Dashed curve is after Greenwood (1963).
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Table 5. Gibbs energy difference functions for three equilibria in
the system MgO-SiO,-H,0

(1) A=7E+Q+H20

Gf(A) - 7G3(E) = Gf(Q) + G*(HZO) + AV_AP - A8 _AT

P,kbar Lower temp. reversal Upper temp. reversal
0.5 664°C -1127.27+0.98 687°C -1129.14%0.97
1.0 720  -1128.01%0.96 760  -1130.75%0.9
1.5 752 -1128.36%0.95 767  -1129.31*0.95
2.0 765 -1128.09+0.95 775 ~-1128.63+0.95

Average * 1 standard error: 1128.59£0.79  kJ mol !

(2) 7T = 3A+ 4Q + 4H0

Q - 2 = N -
76£(T) - 3G3(A) 4G2(Q) + 4G*(H0) + AV AP - AS_AT

P,kbar Lower temp. reversal Upper temp. reversal
0.5 647  -4621.75+1.96 677  -4636.84x1.95
1.0 664  -4616.88x1.94 687  -4627.50+1.93
1.5 632  -4623,07+1.93 701  -4626.99+1.92
2.0 681  -4624.71+1.92 719 ~4630.3021.91
3.0 727 -4627.45+1.90 742 ~-4633.5721.90

=1
Average + 1 standard error: kJ mol

-14626.07+2.34

(3) T+F=5E+HZO

° - e = -Gg° * =
Gf(T) SGf(E) Gf(F) + G (HZO) + AVSAP ASSAT

P,kbar Lower temp. reversal Upper temp. reversal
0.5 600 1769.92+1.10 621 1767.78+1.09
1.0 637 1768.90+1.09 657 1767.05£1.08
2.0 640 1770.38£1.08 663 1768.45+1.08
3.0 662 1769.30+1.07 692 1766.87£1.07
4.0 686 1767.79+1.07 706 1766.24%1.06

-1
Average * 1 standard error: 1768.2120.92  kJ mol

Bracketing data for reaction (3) is from Chernosky (1976).

solid phases (Table 6), and values for G*(H,0), the
standard Gibbs free energy of water, tabulated by
Fisher and Zen (1971). The heat capacities of quartz,
forsterite, and talc have been measured and the en-
tropy values derived from these measurements are
probably of high quality. We assume that the entropy
of clinoenstatite is a good approximation for ortho-
enstatite (Zen and Chernosky, 1976, p. 1158).

A major source of uncertainty is the entropy of
anthophyllite; the value used by Zen (1971) and by
Zen and Chernosky (1976) was calculated by Mel’nik
and Onoprienko (1969) from Greenwood’s (1963)
phase equilibrium data for the reaction A = 7E + Q
+ H,O. Although our bracketing data for this reac-
tion are consistent with all but one of Greenwood’s
reversals (Fig. 3), they more closely define the posi-
tion of the equilibrium curve and hence provide a
useful check on the entropy of anthophyllite.

We have used Gordon’s (1973) method for obtain-
ing the range of permissible AG? and AS?, values
which together satisfy a set of linear inequalities of
the form:

AG? — (T-298)A8% s + (P—1)AV, + G*(H,0)=20

Each linear inequality of the set is obtained from an
experimental reversal of the reaction A = 7E + Q +
H,O (Table 3). The range of permissible AS?, values
which satisfy the inequalities is 177.7 to 201.4 J mol~*
deg~! which corresponds to S}(A) values ranging
from —2398 to —2422 J mol~'deg™!, respectively. We
have adopted Mel’'nik and Onoprienko’s entropy
value (—2411 J mol~* deg™!) for anthophyllite be-
cause it lies within the middle of this permissible
range of values, and have assigned to it an uncer-
tainty of £12 J mol~* deg™".

The calculated value for GT) — S5GXE) (Table 5)
is about 1 kJ smaller than the value obtained by Zen
and Chernosky (1976), who replaced the integral
JAS? T by Y AS, ;AT rather than by AS?,AT: the
mean value, AS; ,, is obtained from entropy of forma-
tion values for successive even-hundred-degree inter-
vals. We did not use the approximation made by Zen
and Chernosky because SP(A) is not known as a
function of temperature; in addition, our procedure
requires that all three difference functions be calcu-
lated in the same manner. Simultaneous evaluation
of the three difference functions (Table 5) yields
the following: G¥A) = —11323.26+5.35, GYE) =
—1456.38+£1.93, and GXT) = —5513.69+4.69 kJ
mol~!, where the errors are +2 standard deviations.
The calculated free energies are in excellent agree-
ment with those obtained by Zen and Chernosky

Table 6. Thermodynamic parameters of phases

o °
Gf(298,1) Sf(298,1)

v(298,1)
kJ mo1”! I ol deg J bar gt

Anthophyllite -11323.26 -2411 26.446  (6)
Mg Si.0,, (OH), $5.35  (3)  +12 (3)
Enstatite -1456.38 -291.14 3.1476
MgSio, £1.93  (3)  20.46% (2) +0.0050 (5)
Forsterite ~2051.70 -398.99 4.3786
Mg, 810, +1.9%  (4) +0.88 (2) +0.0029 (5)
Quartz -856.239 -182.49 2.2689
$10, +1.72 (1) +0.08 (2) +0.0003 (5)
Talc -5513.69 ~1273.08 13.6252
Mg,S1,0, (OH), .63 (3)  +0.71 (2) +0.0259 (5)

Number in parentheses refers to source of data: (1) Robie
and Waldbaum (1968); (2) Zen (1972); (3) this study; (4)
Hemingway and Robie (unpub. data}; (5) Robie et al. (1967); (6)
Zen (1971).

*Value corrected in accordance with the revised value for
the heat of solution of guartz.

tvalue refers to clinoenstatite.
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(1976), but the associated uncertainties are consid-
erably smaller.

Free-energy values for anthophyllite (—11344.17+
7.11), enstatite (—1460.63+2.51), and talc (—5524.60
+3.77 kJ mol~") calculated by Hemley er al. (1977a)
and Hemley et al. (1977b) differ from those obtained
in this paper, despite excellent agreement among the
phase equilibrium data. The discrepancy in the calcu-
lated free energies of enstatite and anthophyllite is
directly related to the free energy value used for talc.
Hemley er al. (1977a) calculated GXT) from experi-
mental data for the equilibrium

Mg,Si,0,, (OH); + 5H,0
= MgsSi,0s(OH), + 2H,SiO,

at 200°C, 100 bars; in order to perform the calcu-
lation, the free energies of H,SiO, and chrysotile as
well as entropies and molar volumes of talc and
chrysotile and heat capacities of chrysotile, talc, H,,
O., and Si are required. Hemley ez al. (1977b) used
values for G}T) and G¥F) reported by Robie and
Waldbaum (1968) to calculate GXA) and G¥E).
However, the value for GXF) contained in Robie and
Waldbaum (1968) has been revised by Hemingway
and Robie (unpublished data) due to a revision in the
enthalpy of solution of a-quartz (Hemingway and
Robie, 1977). Inasmuch as we used 28 experimen-
tally-determined P-T coordinates and more recent
ancillary thermochemical values, we believe our cal-
culated free energies for talc, enstatite, and an-
thophyllite are more accurate.

Discussion

Cursory inspection of the phase boundaries for
reactions (1), A = 7E + Q + H,0, and (2), 7T = 3A
+ 4Q + 4H,0, (Figs. 2 and 3) suggests that they will
intersect and generate the [F] invariant point at a
water pressure below 200 bars. Additional constraint
on the location of the [F] invariant point is obtained
by including phase-equilibrium data (Chernosky,
1976) for reaction (3), T = 3E + Q + H,O. Provided
that the activities of all the phases participating in the
reaction are unity and that steam is the only volatile
species involved in the reaction, van’t Hoff’s equation
reduces to:

(0108 f3,0)1/T)p, = — (AH)p,/2.303R

This relation indicates that a dehydration boundary
will plot as a straight line on a log fH,O — 1/T
diagram if AH at constant P, is constant (Orville and
Greenwood, 1965). It is necessary to correct the slope

Vi< 10 3

Fig. 4. Log fH,O — 1/T plot for reactions (1), (2), and (3).
Experimental data for reactions (1) and (2) are taken from this
study; data for reaction (3) are from Chernosky (1976). Lined area
shows possible location of [F] invariant point, Limiting slopes of
reactions have been plotted as they would have appeared if the
experiments had all been performed at a constant total pressure of
1 bar.

of the phase boundary for the effect of pressure on
volume change of the solid phases (Eugster and
Wones, 1962, p. 91). The correction amounts to re-
calculating data for experiments at variable total
pressure so that they appear as if they were obtained
at the same constant total pressure, using the ex-
pression

Alog fiio = — AVs (P — Pexp)/2.303RT

where P is the pressure to which the experiments are
being adjusted, Pexp is the experimentally-deter-
mined pressure, and n is the number of moles of
water participating in the reaction.

Phase boundaries for reactions (1), (2), and (3)
have been plotted on a log fH,O — 1/T diagram (Fig.
4); all experiments have been recalculated to a total
pressure of 1 bar. Individual reversals have been
omitted from Figure 4 for the sake of clarity; how-
ever, the limiting slopes for each reaction are shown.
In constructing Figure 4, we have assumed that there
is no solid solution between anthophyllite and the
triple-chain silicate and that anthophyllite does not
change composition during the course of the experi-
ments. Figure 4 indicates that all three reactions can
intersect below PH,O = 200 bars, and suggests that
the phase diagram proposed by Hemley et al
(1977b), who placed the [F] invariant point at 200
bars, is consistent with the data presented in this
paper. However, because the reactions intersect at a
low angle, we cannot locate [F] precisely nor can we
rule out the possibility of a high-pressure inter-
section. In fact, Evans (1977) has suggested that both
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the high- and low-pressure portions of the phase dia-
gram as depicted in Figure 1 may exist.

Thus far, we have considered the triple-chain (TC)
silicate an impurity and have assumed that it does not
affect the location of the phase boundaries. The chief
reason for assuming no solid solution between the TC
silicate and anthophyllite is that the structures of
these two phases are different. We know, however,
that the TC silicate is not inert, since the ratio of TC
silicate to anthophyllite remains nearly constant dur-
ing the reversal experiments, even though anthophyl-
lite either grows or decomposes. It is difficult to quan-
titatively evaluate the effect of the TC silicate because
its thermochemical parameters and its relationship to
the host anthophyllite are unknown.

One way to obtain quantitative information on the
effect of the TC silicate in anthophyllite is to consider
that there is solid solution between the two phases.
Strictly speaking this approximation is incorrect.
However, it is reasonable because (1) the structures
of the two phases are very similar, and (2) the ran-
domly-distributed domains of the TC silicate in an-
thophyllite are on the order of one unit cell thick.
Although Veblen observed that the amount of TC
silicate varied (5 to 15 percent) from one anthophyl-
lite grain to the next, the average was about 10 per-
cent. Assuming the presence of 10 percent jim-
thompsonite, Mg,,81,,03,(OH),, in anthophyllite, the
formula for the anthophyllite-jimthompsonite solid
solution (AgJTy,) becomes Mg, 3Sis O2(OH), .
When recast to preserve stoichiometry, reactions (1)
and (2) become:

10AgJ Ty, = 73E + 11Q + 11H,0 (1a)

and

73T = 30AeJ Ty + 40Q + 40H,0  (2a)

In order to evaluate the free energy of AgJT,,, we
need its molar volume and entropy. Although these
quantities are not known, the molar volume of the
*“solid solution” should be close to the molar volume
of anthophyllite. The error introduced by using the
molar volume of the synthetic anthophyllite (Table 2)
used in the starting material is negligible. We have
also assumed that the entropy contribution of the TC
“impurity”” is within the limits (—=2411+12 J mol™?
deg™!) calculated using experimental data for the re-
action A = 7E + Q + H;0. Although this assump-
tion is highly suspect because configuration and mix-
ing contributions to the entropy have been ignored,
the error introduced is probably far smaller than the
error arising from the uncertainties in the free
energies of the other phases involved in the reactions.

Using the approximations mentioned above,
Gibbs energy difference functions, 10 G}(AudTio)
— 73 GXE) and 73 GXT) — 30 GHAewTw),
were calculated. These values were combined with
those for GXT) — 5 GY(E) (Table 5) and solved simul-
taneously to yield: GXT) = —5514.00+12.78,
GAE) = —1456.44+2.83, and GXAelT) =
—11,785.67+15.66 kJ mol~*.

Although the calculated free energy of AgJTy, is
tentative, it suggests that the addition of the com-
ponent Mg,Si;,03(OH), stabilizes pure Mg-an-
thophyllite. The amount by which pure Mg-an-
thophyllite is stabilized will undoubtedly change as
more accurate values for the molar volumes and en-
tropies of the A-JT solid solutions become available;
however, it is unlikely that the direction of change, at
least for Mg-rich compositions, will be affected, i.e.,
our calculated free energy for pure Mg-anthophyllite
is probably a “least stable” value.

Because our experimental work was conducted us-
ing Fe-free phases as starting materials with water
pressure essentially equal to total pressure, it neces-
sarily has limited direct application to natural rocks.
The effects of decreasing PH,O relative to Pfluid or
to Ptotal are well known (Thompson, 1955; Green-
wood, 1961) and will not be discussed. The effect of
substituting Fe?* for Mg on the phase boundaries
considered in this paper is a topic of current debate.

Calculations by Evans and Trommsdorff (1974)
assuming X (E) = 0.900, X\ (T) = 0.973+0.002,
and Xy (A) = 0.88+0.01 suggest that the equilibrium
A = T + 4E will occur at a lower pressure or a higher
temperature in the iron-free system by an amount
given by AT = RT/AS InK =~ 200+£95°C. Evans
(1977) calculated that the temperature shift due to the
substitution of 10 mole percent Fe for Mg in the
other anthophyllite-bearing reactions should be small
(~=%10°C), because the volume and entropy changes
are much greater for dehydration reactions than for
vapor-conservative reactions. However, Sanford
(1977) using different values for the enthalpies of
formation of the phases involved, calculated that the
substitution of Fe?* for Mg by an amount commonly
observed in natural occurrences is sufficient to lower
the phase boundary for the reaction 9T + 4F = 5A +
4H,0 by 120°-150°C, assuming PH,O = Ptotal.

Sanford’s result is surprising in light of experimen-
tal data for the reaction 7T = 3A + 4Q + 4H,0,
obtained by Hemley et al. (1977b) using as starting
materials both natural anthophyllite containing 5.9
percent FeO and the same anthophyllite in which the
iron had been exchanged for Mg. Hemley et al.
(1977b, p. 362) stated that “No systematic differences
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were noted in the use of natural vs. synthetic or
exchanged vs. unexchanged materials.” Clearly, addi-
tional experimental work on the stability of Fe-bear-
ing anthophyllite will be extremely useful in resolving
this problem.
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