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Ansrucr

Hydrothermal experiments were carried out at 2 kbar, 600-860 .C to resolve discrep-
ancies among previous studies on for-T stability relations for the following equilibria: (l)
andradite (And): hematite (Hm) + wollastonite (Wo), (2) And: magnetite (Mt) + Wo
+ O,, (3) And + quartz (Qz) : hedenbergite (Hd) * Wo + Or, and (4) And + Mt + Qz
: Hd + Or. A variety of O bufer and H, generation techniques were used to access a wide
range of fo,-T conditions: (l) the conventional solid O buffer technique, (2) the addition
of CO, or NaCl to the conventional assemblage fo, buffer + HrO, and (3) mixtures of Ar
and HrO in the pressure vessel, with /o, buffered by the pressure vessel wall. These tech-
niques allow isobaric reversal of equilibria dependent on/o, and temperature to be dem-
onstrated by anforbracket at a constant temperature rather than in a temperature bracket
along an O buffer. The fo, for each experiment was monitoredby a fn, sensor.

Crystalline starting materials were 97-100o/o of end-member composition, as determined
by electron microprobe and X-ray diffraction. No experimental product deviated by more
than 3olo from the starting composition. The effect of solid solution in the products is to
shift the position of a reversal by no more than 0. I log unit in/or.

The results yielded an internally consistent set of experiments on andradite and hed-
enbergite stability. The ArGo-.rn, for andradite and hedenbergite calculated from the data
are -5428.0 + 5.9 and -2676.6 + 5.3 kJ/mol, respectively.

INrnooucttoN

Metamorphic equilibria involving andradite and hed-
enbergite have numerous applications in a wide variety
of metamorphic settings. Most studies have dealt with
the determination of the oxygen fugacity and temperature
U"r-T) attending formation of Fe-rich skarns, in which
andradite-rich garnet and (or) hedenbergite-rich clino-
pyroxene assemblages are associated with deposits ofFe,
Cu,Zn, Pb, W, Mo, or Sn ores (e.g., Einaudi et al., l98l;
Meinert, 1982). Andradite-rich garnet solid solutions oc-
cur in calcareous gneisses and skarns, and are useful in
constraining fluid composition by 24 quartz + 24 calcite
+ 2 hematite + 4 magnetite + 02 : 8 andradite + 3
CO, (Taylor and Liou, 1978). Hedenbergite is important
in temperature-dependent equilibria such as the exchange
of Fe and Mg between coexisting garnet and clinopyrox-
ene (Ellis and Green, 1979; Pattison and Newton, 1989),
and in pressure-dependent equilibria such as 3 heden-
bergite + 3 anorthite : 2 grossular * almandine + 3
quartz (Moecher et al., 1988). The equilibrium 3 titanite
+ 2 magnetite * 3 quartz : 3 hedenbergite + 3 ilmenite
* O, has been used to constrain/o, during crystallization
of granitic plutons (Wones, 1989). The andradite com-

ponent in garnets from mantle peridotites has been used
to calculate/o, in the upper mantle by equilibria such as
2 andradite + 6 enstatite * 4 ferrosilite : 6 diopside +
4 fayalite + O, (Luth et al., 1989). Accurate free-energy
data for andradite and hedenberyite are necessary for all
of these applications, and an internally consistent set of
experimental phase equilibria is a critical component in
constraining these data.

Previous experimental studies have produced sufficient
data to outline with reasonable precision the for-T sla-
bility fields and phase relations ofandradite and heden-
bergite (Huckenholz and Yoder, l97l; Gustafson, 1974;'
Liou, 1974; Suwa et al., 1976; Burton et al., 1982). How-
ever, Moecher et al. (1988) demonstrated discrepancies
among the above experimental studies on the stability of
andradite and hedenbergite. Moecher et al. (1988) could
not simultaneously fit the experimental constraints on the
equilibria

And:  Hm + 3 Wo ( l )

(Huckenholz & Yoder, l97l; Suwa et al., 1976);

6 And:4 Mt + 18 Wo *  O,  (2)
(Gustafson, 1974);
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Fig. l. Equilibria from previous experimental work at 2-kbar
pressure [relative to magnetite-hematite (MH) buffer] relevant
to the present study (from Moecher et al., 1988). The positions
of the equilibria were calculated assuming they fit the results of
Huckenholz and Yoder (1971) on And : Hm + Wo, the MH
buffer calculated from the data of Robinson et al. (1982), and
the results of Burton et al. (1982) on And + Mt + Qz: Hd +
Or. The calculated positions of And : Mt + Wo + Or, And #

Qz : Hd + Wo + Or, andAnd + Mt + Qz : Hd + 02do not
agree with reversals of Liou (l 974) and Gustafson (1974) for the
Ni-NiO (NNO) and fayalite-magnetite-quartz (FMQ) buffers
(calculated positions of latter two reactions and corresponding
reversals shown by arrows).

2 A n d  +  4 Q z : 4 H d +  2 W o  *  O ,  ( 3 )
(Liou, 1974); and

3 A n d + M t + 9 Q z : 9 H d + 2 O , (4)
(Gustafson, 1974; Burton etal.,1982), as shown in Figure
l. The discrepancies among the experimental data pre-
clude accurate determination of the free energies of an-
dradite and hedenbergite.

This study is an attempt to resolve the discrepancies in
the experimental data base on the for-T stability of an-
dradite and hedenbergite. Hydrothermal experiments were
carried out on Equilibria 2 through 4 at 2-kbar fluid pres-
sure and between 600 and 860 "C. From these experi-
mental data and published heat capacity and volume data
for the appropriate phases, we calculated revised values
of the molar Gibbs free energy (ArGo^,rn") for andradite
and hedenbergite.

Expnnnrnnu.L METHoDS

Apparatus

Hydrothermal experiments were carried out in cold-
seal pressure vessels ofStellite 25t that were 30.5 cm long
x 3.2 cm (od) x 0.6 cm (id), with stainless steel filler
rods. Graphite filler rods were used for experiments em-
ploying the graphite-methane (CCH4) buffer. Horizontal,
Pt-wound furnaces were used, with power maintained by
solid-state temperature controllers. For most experi-

' Any use of trade names in this report is for descriptive pur-
poses only and does not constitute endorsement by the U.S.
Geological Survey.
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ments Ar was used as the pressure medium; for some,
mixtures of Ar and HrO were used. All experiments were
carried out at a pressure of2 kbar. Pressure was measured
with a Heise pressure gauge that employs a standard
bourdon tube. The gauge was compared with three other
Heise gauges, one of which was calibrated in the factory.
Pressure (accurate to +50 bars) was monitored daily and
did not fluctuate from 2 kbar by more than l0l0.

Temperature was measured with sheathed chromel-
alumel thermocouples inserted in wells drilled into the
base ofthe pressure vessel and parallel to the vessel bore.
For each furnace, external thermocouples were calibrated
by using a pressure vessel equipped with an internal ther-
mocouple assembly. The purpose of the assembly was to
characterize the thermal environment of a sample 2.54
cm long in a pressure vessel with filler rods. The internal
assembly consisted of (l) a triple-junction type chromel-
alumel thermocouple with the three junctions spaced 1.27
cm apart on the tip of the thermocouple (this thermo-
couple was calibrated against the melting points of Sn,
Zn, and Al), (2) stainless steel filler rods, drilled to allow
passage of the thermocouple, and (3) an Au capsule 2.54
cm long fitted onto the tip of the thermocouple. The as-
sembly was sealed within a pressure vessel having the
same specifications as the vessels to be used in the ex-
periment. For each furnace, temperature gradients in the
immediate vicinity of the sample were determined using
this assembly. The temperature difference between the
external and internal thermocouples (0 to +3 'C, de-
pending on the furnace and temperature of the experi-
ment) was recorded and used to determine temperatures
of the experiments. The assembly also allowed determi-
nation of the position in the furnace that produced the
smallest gradient in temperature among the three internal
thermocouple junctions. Temperature differences along
the internal assembly were at most 3 "C, and the majority
were s2 oC. Temperatures reported for each experiment
were judged accurate to +5 'C. Calibrations were made
for each furnace at the start and completion of the study,
using different calibration assemblies. Temperature dif-
ferences for the two calibrations were well within the
quoted accuracy of +5 'C.

Samples were quenched in a stream of compressed air
until the vessels were cool enough to place in an HrO
bath without the HrO vaporizing. Using the internal ther-
mocouple assembly described above, it was determined
that the time needed to quench from 600-800 "C to room
temperature ranged from 24 min.

Starting materials

Synthetic and natural crystalline phases were used as
starting materials. All phases were characterized using the
optical microscope, the X-ray diftactometer (XRD), the
scanning electron microscope (SEM), and the electron
microprobe. Wavelength dispersive microprobe analyses
were performed on the automated ARL-SEMQ instru-
ment at the U.S. Geological Survey, Reston, Virginia.
Operating conditions were 15 kV, 0. I pA beam current,
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dards for Si, Ca, and Fe, respectively. For magnetite, a
natural magnetite was used as an Fe standard. Unit-cell
refinements were carried out on data calculated from au-
tomated powder diffractometer scans made at 0.25 20/
min using Ni-filtered CuKa radiation, with BaF, as an
internal standard (Huebner and Papike, 1970). The
chemical compositions and lattice parameters of starting
materials are listed in Table l. The starting materials em-
ployed in this study were 97-1000/o of end-member com-
position (Table l, Fig. 2). The effects of solid solutions
on displacement of end-member equilibria are discussed
later.

The natural phases used for starting materials were
wollastonite from Lewis, New York, and Brazil quartz.
SEM and microprobe investigation of a thin section of
the wollastonite revealed the presence oftrace quantities
of l0 pm-sized inclusions ofdiopside, calcite, and quartz.
The quantity of these inclusions was estimated to be much
less than I volo/0. The unit-cell parameters for wollaston-
ite (Table l) agree with previous studies (Buerger and
Prewitt, 1961; Matsueda, 1973; Krupka et al., 1985). Mi-
croprobe analysis indicated virtually pure wollastonite
(Table I, Fig.2).

Andradite was synthesized in Au capsules from gels of
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Fig. 2. Extent of predominant solid solutions in experimen-
tal starting materials and products. Starting material composi-
tions denoted by arrows. For magnetite, hedenbergite, and wol-
lastonite products, the predominant solid solution is Ca-Fert
(at.o/o). For andradite starting material and products, the pre-
dominant solid solution is CarFel+-FerFer*, with approximately
I molo/o hydroandradite component (not shown).

20 s counting times, and a focused (l-pm) beam. The
X-ray correction procedure was based on the method of
Bence and Albee (1968) using the a-factors of Albee and
Ray (1970). For the silicates, natural hedenbergite, nat-
ural wollastonite, and synthetic acmite were used as stan-

TABLE 1. Chemical composition and crystallographic parameters of starting materials

Andradite

t ' Hedenbergite Wdlastonite Magnetite

sio,
Tio,
Alro3
FeO"'
Fe,O.
MnO
Mgo
CaO
Naro
FeOt

Sum
N
Cations
si
Ti
AI
Fe,3*
F#*
Mn
Mg
Ca
Na
Xrr*
a A
b A
c A
q

"Y
v A "
N

34.s2(s2)
na
na

29.1q99)
32.43

na
na

32.65(50)
na

100.00
1 3
I
2.962

2.000
0.071

2.967

0.97
1 2;058(1 )
1 2.0s8(1 )
1 2.058(1 )
90.00
90.00
90.00

1753.q2)
1 2

35.7s(59)
na
na

27.91(30)
31.01

na
na

33.18(23)
na

99.94
1 0
8
3.022

1.973

3.005

0.99
12.064(1)
12.064(1)
12.064(1)
90.00
90.00
90.00

1 7s6.0(0)
1 4

48.1 5(70)
na
na

29.06(41)

na
na

22.50(63)
na

99.71
5
4
1.999

1.001

1.000

1.00
9.84s(1)
s.028(2)
s.24s(1)

90.00
104.81(2)
90.00

4s1.0(1)
20

s1 .51(6)
0.00
0.08(1)
0.02(3)

0.01(0)
0.40(2)

47.35(271
0.01(2)

99.38
1 0
2
1.000
0.000
0.002

0.001
0.000
0.012
0.985
0.001
0.99
7.929(1 )
7.321(2)
7.06s(1 )

8s.es(3)
95.25(2)

103.42(2)
397.4(1)
22

0.22(8)
na

0.00
93.O4(72)
68.66

na
0.03(1)
0.00

na
31.30

100.21
22
3
0.008

0.000
1.984
1.006
0.000
0.002
0.000

0.99
8.394(3)
8.394(3)
8.3s4(3)

90.00
90.00
90.00

591.4{6)
6

Note.' na: not analyzed. Numbers in parentheses are 1d standard deviations tor the average of microprobe analysis of N grains, and standard errors
for unit-cell refinements based on N reflections.

'Andradite I and ll synthesized lrom gels using metallic iron and ferric nitrate, respectively, as the source ot Fe.
" Fe calculated as FeO from microprobe data, recalculated as Fe"O. for andradite, and calculated as Fe.O. and FeO tor magnetite, based on

stoichiometry.
f FeO recalculated from stoichiometry.
+ Mole fraction of end-member @mponent.
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appropriate composition at700-725 "C and 2 kbar of Ar
pressure. Tetraethyl orthosilicate was used as the source
of Si, calcite as the source of Ca, and either metallic Fe
(andradite I, Table l) or ferric nitrate (andradite II) as
the source of Fe. Optical and SEM inspection, XRD scans,
and energy-dispersive analysis indicated the presence of
wollastonite (approximately 5 volo/o) in batches of both
types ofsynthetic andradite and traces ofwhat is proba-
bly larnite in batches of andradite II. The synthetic an-
dradite crystals ranged in size from I to l0 pm, with most
in the range 2-6 pm. In immersion oil, andradite I was
brownish red in color, whereas andradite II was greenish
yellow in color. Microprobe analyses of both andradites
are within a2o uncertainty of an ideal andradite analysis.
The unit-cell parameter for andradite I t12.058(l) Al
agrees with the value for andradite of Huckenholz and
Yoder (1971) and Huckenholz and Fehr (1982).

Hedenbergite was produced by conversion offerrobu-
stamite in Ag25-Pd75 capsules at 700'C and 2 kbar, with
methane as the pressure medium. The ferrobustamite
(supplied by H. T. Haselton, U.S. Geological Survey) was
synthesized from glass of appropriate composition in a
piston-cylinder apparatus (Haselton et al., 1987). The
hedenbergite was pale greenish gray, and crystals ranged
in size from I to 8 pm. No other phase was observed by
optical and SEM inspection or on XRD scans. Micro-
probe analysis indicated end-member hedenbergite (Ta-
ble 1, Fig. 2), and refined unit-cell parameters agree with
previous studies (Lindsley, 1967; Veblen and Burnham,
1970; Cameron et al., 1973; Kandelin and Weidner, 1988).

Magnetite was recrystallized hydrothermally from re-
agent-grade magnetite with NH4CI solution at 300'C in
a Morey vessel (supplied by J. L. Haas, Jr., U.S. Geolog-
ical Survey). Microprobe analysis indicated trace quan-
tities of Si and Mg. No other phases were present, except
hematite as rare lamellar exsolutions in magnetite. The
unit-cell parameter agrees reasonably well with other
studies.

Experimental products and criteria for
reaction direction

Experimental products were examined by optical mi-
croscopy, XRD, SEM, and microprobe techniques. Most
of the silicate charge (totaling 30-40 mg of powder) was
scanned on an X-ray diftactometer; l-2 mg were set aside
for SEM and microprobe analysis. Reaction direction was
inferred from the comparison of the proportion of phases
in starting materials and products, as determined by mi
croscopic examination, and from relative changes in peak
intensities on XRD scans. In most cases, this system
yielded an unambiguous indication of reaction. SEM
studies were carried out to evaluate the utility of using
mineral textures as indicators of reaction direction. How-
ever, no systematic pattern of growth or dissolution fea-
tures could be discerned.

Wollastonite is known to incorporate Fe at high tem-
peratures (e.g., Rutstein,l97 l), the Fe3*/Fe2* ratio of an-
dradite is dependent onf, (e.g., Gustafson, 1974), and
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magnetite may contain significant Si or Ca. Therefore,
microprobe analyses were made on as many ofthe phases
in the sample as was practical (andradite, hedenbergite,
wollastonite, or magnetite), or on phases in the assem-
blage that grew at a particular fo2 and Z. Analyses are
listed in Table 2 and may be compared in Figure 2. AnaI-
yses in Table 2 are averages of a minimum of 3 grains
per phase. Unit-cell refinements were also carried out on
andradite in the products for Equilibrium 2.

The forbuffer and H2 sensor techniques

The conventional method for locating equilibria such
as2,3, and 4 in fo,-T space is based on the O and H,
buffer technique of Eugster (1957), the practical aspects
of which have been reviewed by Huebner (1971). The
standard capsule configuration consists of the O buffer

[e.g., Ni-NiO (I.[NO)] and HrO, enclosing a Pt (or Ag-Fd
alloy) capsule containing the silicate sample and HrO, all
contained within a welded Au capsule. The O buffer and
HrO generate an equilibrium fnrthat is imposed on the
enclosed sample by diffusion of H, through the Pt and
into the sample. If the frro within the sample and in the
external buffer are equal, the,6, of both subsystems is
also the same. The position of an /or-dependent equilib-
rium is constrained by varying temperature and shifting
along a buffer until one encounters a change in the stable
assemblage (e.g., Gustafson, 1974; Liou, 1974). This
technique is adequate for Equilibrium 2, whose steep slope
relative to NNO, Co-CoO (CCO), or CCH. buffer curves
results in a series of intersections within a limited tem-
perature interval (Fig. 3). The position of Equilibrium 2
can be precisely constrained by reversing the reaction
along the NNO, CCO, and CCH. buffers. However, Equi-
libria 3 and 4 exhibit shallower slopes in log/o,-7 space
that intersect at a lower angle or are nearly parallel to the
conventional O buffers. This geometry makes it more dif-
ficult to obtain intersections along any two buffers. Fur-
thermore, Equilibrium 4 lies in a region of for-T space
where there is no calibrated buffer above 600 "C.

An alternative approach for reversing,f6r-dependent
equilibria was attempted by Burton et al. (1982), who
applied the H, sensor method of Chou and Eugster (1976).
The latter method is based on the Ag-AgCl buffer,

Ag + HCI: AgCl + l/2H,, (5)

(Frantz and Eugster, 1973), which is sensitive to fr, the
equilibrium constant being

K,: la*.i fXjl/lau.f".,l. (6)

The Ag-AgBr or Ag-AgI buffers also may be used. In
practice, the sensor consists of a mixture of solid Ag and
AgCl, sealed in a Pt capsule with HrO or HCl. The sensor
and charge capsules are then sealed in an Au tube with
the O buffer and HrO. The equilibrium.f', generated by
the buffer + HrO assemblage is imposed on the charge
and sensor by diffusion ofH, through the Pt capsules (Fig.
4A). Depending on whether pure HrO or an HCI solution
is included in the sensor, HCI will form or decompose in



response to the ingress or egress of H, into or out of the
sensor. Measurement of the HCI concentration allows cal-
culation of the equilibrium/"r, assuming K, is known. K,
was calibrated against the NNO buffer as a reference, using
the data of Frantz and Marshall (1984) on the dissociation
of HCl. Details on the calibration and underlying as-
sumptions of the H, sensor method are presented in Chou
( 1 9 7 8 , 1 9 8 7 a ) .

The utility of the H, sensor method is that one can
investigatef,-dependent equilibria directly, by enclosing
a sensor within the silicate assemblage and allowing it to
measure the equilibrium /", (Fig. 4C). If the /,ro in the
sample is known, .fo, may then be calculated. Burton et
al. (1982) investigated Equilibrium 4 using this tech-
nique.

In this study we employed the conventional approach
ofobtaining reversals along an O buffer to constrain the
location of Equilibrium 2. For experiments employing
the conventional technique, H, sensors were included in
the samples to monitor/", during long experiments. For
Equilibria 3 and 4, we used a combination of the con-
ventional approach, the method ofBurton et al. (1982),
and two other general approaches using H, sensors. Rather
than shifting along a buffer by varying temperature, one
can vary the/", imposed on a silicate charge at constant
temperature, and therefore can shift to higher or lower
values of/or. The variation of imposed/", is attained in
two ways:

l. Reduction in the/",o in equilibrium with an O buffer
by adding a second fluid component (Whitney, 19721'
Chou, 1988). At constantf2, reduction in/rro results in
reduced,f", in the external buffer assemblage. This ap-
proach imposes anfir, lower than the buffer system with
pure HrO. We used CO, generated by the addition of
AgrCrOo to the buffer + HrO mixture, or mixtures of an
O buffer, HrO, and excess NaCl. The former allows vari-
ation of /r, by continually varying the ratio of CO, to
HrO. With excess NaCl (halite saturation), the latter de-
finesfo,fr* andf^ro at a given temperature and pressure.
Gunter et al. (1983) determined the liquidus temperature
of halite and its corresponding halite-saturated fluid com-
position at pressures up to 4 kbar in the binary system
NaCl-HrO. The capsule configuration needed is identical
to the conventional technique, with the addition of
AgrCrOo or NaCl and a H, sensor (Fig. 4B).

2. Variation of fnro andfn, by using mixtures of Ar and
HrO as the pressure medium, with 6, imposed by the
cold-seal vessel. The charge and sensor capsules are sealed
in the vessel without the buffer-HrO jacket (Fig. 4D). This
technique is similar to the traditional Shaw technique
(Shaw, 1963,1967), and to the technique ofPopp et al.
(1984) who used mixtures of Ar and CHo to obtain a
desired fnr. ln our experiments, the fr, in two vessels
containing pure (nominally) Ar or HrO was measured by
a H, sensor in each vessel. Ar produced the lower and
HrO the higher /"r. For the Ar experiments, it is likely
that contamination by moisture in the vessel, hydrocar-
bons from pump oil, and impurities in the gas allowed
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generation of a finitef,r. Intermediate values of/r, were
produced by empirically adjusting the partial pressures of
the two gases in one experiment. The /r, was measured
by aH, sensor included in each experiment. Reversal of
a reaction was then demonstrated by monitoring the
change in stable mineral assemblage as a function of/r,
(and hence/"r), at constant pressure and temperature.

The calculation of/", for a given experiment is based
on measurement by coulometric titration of the equilib-
rium HCI concentration of the experiment. The data of
Frantz and Marshall (1984) indicated that HCI is mostly
associated at temperatures greater than 600 "C at 2 kbar.
AI 25 "C, HCI is mostly dissociated, so that mHCt\ at P
and ?"may be approximatedby m,",, at I atm and 25'C.
The measurement of M", was performed on a Buchler
chloridometer and is accurate to 0.002 M. Measured mo-
larities of chloride (M., ) were converted to molality of
HCI (n,.,) (Chou, 1987a, p. 76). These measured values
and lo standard deviations ofthe average from three or
four 3 pL aliquots of fluid are included in the list of ex-
perimental data (Table 3).

The H, sensor technique allows measurement of frrby
Equilibrium 5. Because accurate thermodynamic data for
substances involved in Equilibrium 5 are not available,
the sensor must be calibrated against an O buffer by mea-
suring the ra"., produced in the reaction of AgCl with H,
generated by that buffer. Because the relationship among
fo, f^ro, K*, and,f", holds for both the buffer and the
unknown,f, need not be directly calculated. Rather, from
the measured mr",for a sample and the reference buffer,

,6, of the sample is calculated from the relation

.f'orr,r: .f'or",r'lm;"r/m:^"tfo (7)

or

logf;rr': logf'orr., + 4log rlt\tcr - 4 log ruir"t (8)

where r refers to the reference buffer (values of f, for
NNO from Huebner (1971), and m.., from calibration
experiments), s refers to values for the sample, and mHcl
is the measured value of molarity for standard and sam-
ple at I baq 25 "C. A more detailed derivation for these
relations was presented by Chou (1987a). Values of/o,
calculated for experiments are listed in Table 3.

Experiments employing the CCH. H, bufer used the
Ag-AgBr buffer in the H, sensors. The Ag-AgBr buffer
yields HBr solutions that are about an order of magritude
less concentrated than the HCI solutions produced by Ag-
AgCl at the same P-T-firrconditions. The reference buffer
for these experiments was the CCO buffer as calibrated
by Chou (1978; revised equation in Chou, 1987a).

Sample and buffer configuration

For experiments employing the conventional buffering
technique, the sample charge and a Hr sensor were sealed
with approximately 800 mg of buffer and 35 mg of dis-
tilled, deionized HrO in Au capsules of 25 mm x 4.4
mm (od) x 4.0 mm (id), welded at both ends. For ex-
periments employing mixtures of a bufer with AgrCrOo
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Tlgle 2. Microprobe analysis of experimental products

Wollastonite + magnetite : andradite experiments

Wollastonite

20 20b 21 22
750 740 840 860
CH4 CH4 NNO NNO

19a
710
cH4

8 a 8 b 9
775 775 760
cco cco cco

1 8
715
wo2

19b
720
cH4

Experiment no. 6
rrc) 7s0
buffer CCO

sio,
FeO
CaO

Sum
Si
Fe
Ca

50.87 51.61
o.22 0.45

48.01 47.61
99.10 99.67
0.993 1.002
0.004 0.007
1.004 0.991

51.66 50.92
0.90 0.91

46.94 47.33
99.50 99.16
1.006 0.995
0.015 0.015
0.979 0.991

51.06 50.87 50.91
0.49 0.47 0.74

48.16 47 .91 47 .12
99.71 99.25 98.77
0.991 0.992 0.998
0.008 0.008 0.012
1 .001 1.001 0.990

50.50 51.46 51.61 51.03
1.71 0.41 0.98 0.86

47.11 48.'t2 47.03 47.14
99.32 99.99 99.62 99.03
0.986 0.996 1.004 0.998
0.028 0.007 0.016 0.014
0.986 0.998 0.980 0.982

Andradite

22
860
NNO

20b
740
cH4

2 c 6 8 a 8 b 9 1 9 a
700 750 775 775 760 7'tO
cco cco cco cco cco cH4

21
840

NNO

19b
720
cH4

Experiment no. lc
rfc) 600
buffer NNO

sio,
FeO"
Fe"O"
CaO

Sum
Si
Fe3*
Fe2*
Ca

34.85 35.41 34.94 35.13
29.35 29.39 29.35 29.17
32.62 32.66 32.62 32.42
32.21 32.53 32.52 32.28
99.68 100.60 100.08 99.88
2.969 2.987 2.963 2.986
2.000 2.000 2.000 2.000
0.092 0.074 0.082 0.074
2.940 2.939 2.955 2.940

34.98 35.17
30.02 29.38
33.35 32.65
31.86 32.07

100.19 99.89
2.970 2.990
2.000 2.000
0.131 0.089
2.898 2.921

35.02 34.96
29.63 29.66
32.93 32.95
32.12 31.90

100.07 99.81
2.974 2.977
2.000 2.000
0.105 0 .112
2.922 2.91',1

35.41 35.42 35.24
29.23 29.69 28.57
32.47 32.99 31.74
32.19 32.09 32.56

100.07 100.50 99.54
3.003 2.995 2.999
2.000 2.000 2.000
0.073 0.099 0.033
2.925 2.906 2.968

Magnetite

Experiment no. 7a 8a
r(ec) 800 775
buffer CCO CCO

20 20b 22
750 740 860
CH4 CH4 NNO

sio,
Al2o3
FeO'
FeO'-
Fe,O"
CaO
Mgo

Sum
Si
AI
Fe3*
Fe,*
Ca
Mg

0.23 0.'t2
0.00 0.00

93.41 92.91
31.13 30.72
69.27 69.17
0.39 0.43
0.03 0.06

101.05 100.50
0.009 0.005
0.000 0.000
1.983 1 .991
0.991 0.983
0.016 0.018
0.002 0.003

0.66 0.38 0.22
0.16 0.09 0.00

92.64 93.54 93.01
31.51 31.57 30.90
67.98 69.92 69.08
0.46 0.20 0.54
0.08 0.08 0.02

100.85 102.24 100.76
0.02s 0.007 0.009
0.007 0.000 0.001
1.943 1.985 1.982
1.002 0.991 0.986
0.019 0.015 0.022
0.005 0.001 0.001

Hedenbergite-andradite-wollastonite-quarlz erperiments

Wdlastonite

12a
750
NNO

1e 2d 2e 4a 7b-3 9d
650 665 665 700 800 600
NaCl NNO NaCl NNO HW NNO

Experiment no. 1c
rrc) 650
buffer NNO

sio,
FeO
CaO

Sum

51.75 52.20
0.55 0.11

47.47 47.38
99.77 99.69
0.987 1 .013
0.009 0.002
0.987 0.985

52.23 5r.54
0.56 0.17

47.63 47.09
100.42 98.80

1.007 1.009
0.009 0.003
0.984 0.988

51 .85 52.15
0.48 0.52

47.07 47.09
99.40 99.76
1.010 1 .012
0.008 0.008
0.982 0.979

51.45 52.55
0.33 0.68

48.8s 46.90
100.63 100.13

0.989 1.O't7
0.005 0.011
1.006 0.972

Si
Fe
Ca

Hed€nbergite

2d 2e 4a 7b-3 9d 12a
665 665 700 800 600 750
NNO NNO NNO HW NNO NNO

Experiment no. 1c
I(oC) 650
buffer NNO

sio,
FeO
CaO

Sum
si
Fe
Ca

48.93
29.40
22.00

100.frt
2.015
1.014
0.971

48.57 48.38 48.93
29.04 28.66 28.72
22.48 21.94 22.02

100.09 98.98 99.67
2.004 2.018 2.027.
1 .003 1.001 0.996
0.994 0.981 0.977

49.06 48.84 48.31
28.38 28.66 27.74
22.22 21.87 23.34
99.66 99.37 99.39
2.031 2.030 2.OO2
0.983 0.997 0.962
0.985 0.974 1.036



TABLE 2.-Continued

Andradite

Experiment no. 1c
rfc) 650
buffer NNO

1 e
650
Nacl

2e 7b-3 9d
66s 800 600
NaCl HW NNO

12d
/5U

Nacl

sio,
FeO.
FerO"
CaO

Sum
Si
Fe3*
Fe,t
Ca

35.23
30.26
33.61
31.73

100.57
2.982
2.000
0.141
2.877

35.87 35.32
28.67 28.U
31 .85 31.49
32.95 32.64

100.67 99.45
3.016 3.006
2.000 2.000
0.016 0.017
2.968 2.976

36.26 35.68 35.60
28.85 28.32 28.45
32.05 31.46 31.61
31.49 32.44 32.59
99.80 99.s8 99.80
3.082 3.033 3.023
2.000 2.000 2.000
0.050 0.013 0.020
2.867 2.554 2.957

Hedenbergite : andradite + magnetite + quartz experiments

Hedenbergite

4a 4b 6a 7e
600 600 650 700
NNO NaCl NNO AH

Experiment no.
rfc)
buffer

sio,
FeO
CaO

Sum
Si
Fe
Ca

49.02 49.00
28.66 28.63
22.23 22.07
99.91 99.70
2.025 2.029
0.991 0.992
0.984 0.979

48.86 48.86
28.56 28.72
2'1.94 21-92
99.36 99.50
2.030 2.028
0.993 0.998
0.977 0.975

Andradite

7a 7e 8a
700 700 750
VA AH VA

4b 6b 69
600 650 650
NaCl VA AH

Experiment no.
rfc)
buffer

sio,
FeO.
Fe.O"
CaO

Sum
5 l

Fe3*

Fe,*
Ca

35.77 35.81
28.39 28.32
31 .54 31.46
32.60 33.11
99.91 100.38
3.030 3.017
2.000 1.995
0.011 0.000
2.959 2.988

35.55 35.60 35.83 36.03
28.56 29.25 28.23 28.08
31.73 32.50 31.36 31.20
32.48 32.46 32.65 33.37
99.76 100.56 99.84 100.68
3.018 3.003 3.036 3.026
2.000 2.000 2.000 1.972
0.028 0.063 0.000 0.000
2.954 2.933 2.964 3.002

Note.'Buffer notation: NNO:NNO-H,O; CCO:CCO-H,O; GH4:CCH+; NaCl:NNO-HzO-NaCl; HW:Hd + Wo + H.O; VA : pressure vessel + Ar
medium; AH : mixture of Ar and HrO in pressure vessel.

- Total Fe calculated as FeO from microprobe analysis.
.- FeO recalculated as Feros for andradite and as FeO and Feros for magnetite based on charge balance and stoichiometry.

or NaCl with HrO, Au capsules 30 mm long were used,
and the amount of HrO depended on the temperature and
the desired mole fraction of HrO (X"r");20-30 mg of HrO
were used with 100-180 mg of NaCl, and 10-40 mg of
HrO were used, with appropriate amounts of AgrCrOo, to
yield X"ro of 0.3-0.9. Both the sample assemblage and
the H, sensor were sealed in Pt tubing of 20 mm x 1.85
mm (od) x 1.54 mm (id). Typically, 30-40 mg of silicates
mixed in stoichiometric proportions were used with l0-
15 mg HrO. Sensors contained approximately 20 mg of
a Ag-AgCl mixture (in equal amounts by weight), with
10-15 mg HrO.

After quenching, the presence of HrO in the buffer as-
semblage was determined by weighing the Au capsule,
puncturing and drying it at I l0 oC and then reweighing
it. The buffer assemblage was examined optically to en-
sure the presence of reduced and oxidized phases. For
experiments using H'O-CO, mixtures to shift/r,, the ra-

tio of the fluid components was determined following the
technique of Metz (1967). The latter technique was re-
producible to 10.05 molo/o COr. Sample capsules were
cleaned with steel wool, weighed (+O.OS mg), punctured,
and dried to determine the gain or loss of HrO upon
oxidation or reduction of the silicate + HrO assemblage.
The sensor capsule was cleaned and then punctured on a
Teflon plate with a tungsten carbide needle, and the fluid
was collected in microcapillary tubes of 3-10 pL for mea-
surement of Mct-.

Calibration of H, sensor

The H, sensor technique requires calibration against a
reference H, buffer before it can be applied in a study of
this type. Chou (1978, 1987a) discussed in detail the as-
sumptions of the sensor technique and outlined proce-
dures for its calibration and practical application. The
pertinent details are summarized here. The calibration of
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Fig. 3. Positions ofthe three equilibria investigated relative
to O buffers used to generate Hr. Equilibrium 2 intersects NNO,
CCO, and CCH. at a relatively high angle, allowing reversal of
temperature along an O butrer. Equilibrium 3 intersects NNO at
a single temperature, and Equilibrium 4 does not intersect NNO
in the temperature range investigated for this study. Equilibria
3 and 4 intersect a point on Equilibrium 2 at ahigh temperature,
constraining the relative positions of Equilibria 3 and 4 in f".-T
space.

the NNO buffer by Huebner and Sato (1970; equation for
calculation of/o, from Huebner, l97l) served as the ref-
erence buffer for the H, sensors. H, sensors containing dis-
tilled, deionized HrO were assembled and loaded in the
configuration described above, and then sealed with the
NNO-HrO assemblage in a Au capsule. Duplicate cali-
bration experiments were made in separate vessels at 600
(108 h), 700 (41 h), and 800 "C (12 h) (see initial calibra-
tion experiments, Table 3). Chou (1978) has shown that
osmotic equilibrium for H, diffusion is attained in the
respective times at each temperature by reversing the
equilibrium rnHo using sensors that started out with pure
HrO and 3 M HCL The latter correspond to values of
rnHcr much less than and greater than the equilibrium
value, respectively. The final concentrations of mr", in
the two sensors from the bracketing experiments are nearly
identical (see also Burton et al., 1982). Therefore, it was
deemed adequate to use only one sensor (pure HrO) in
the present calibration and experiments. For the calibra-
tion experiments of this study, the measured M., for
duplicate experiments at each temperature are reproduc-
ible to t0.010 M (Table 3).

As stated, the initial H, sensor calibration experiments
were conducted for periods on the order of 12 to 100 h
using the NNO-HrO assemblage to generate Hr. How-
ever, actual experiments required considerably longer
times in order to obtain discernible reactions among the
silicates (up to 960 h), particularly for experiments on
Equilibrium 3 between 600 and 700 "C that were close to
the equilibrium boundary. In successively longer experi-
ments buffered aI the fo, of NNO for a given 7", the mea-
sured Mcr- increased and asymptotically approached a
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NNO- H20 NNO-H2O-  StL ICATE-H20

NoCl,/COz

A. B. C. D.
Fig. 4. Experimental configurations used in this study. H,

sensors were included in all experiments to monitor/",. Silicate
* HrO is a mixture of silicates and H'O for a given equilibrium.
(A) Conventional configuration (Eugster, 1957), consisting ofan
O buffer (in this example NNO) and H,O (H, sensor added for
this study). (B) Conventional configuration with addition ofNaCl
or CO, to allow reduction in /",o and f'r. (C) Configuration of
Burton et al. (1982) in which an/or-dependent silicate reaction
serves as source of H, by reaction with HrO, and the intrinsic/",
of the redox reaction is monitored by a Hr sensor. (D) Silicate
sample and sensor placed directly into pressure vessel bore, with
,fH, adjusted by varying partial pressures of Ar and H'O.

maximum value (Fig. 5). If the long-term experiments
that exhibit the increase in M",- are referenced to short-
term experiments, the/o, calculated for the long-term ex-
periments buffered by NNO-H'O are elroneously low (0.1
to 0.4 log units below NNO).

To determine if the presence and extent of alloying of
Ag from the Ae-AgCl buffer with the Pt capsule wall was
the cause of the increase in Mcr in the experiments of
long duration, sensor capsules from l5 experiments were
examined by backscattered electron (BSE) imaging, and
wavelength and energy dispersive microprobe analysis.
In the calibration and other experiments of short dura-
tion, pure Ag metal was present as rounded blebs in a
matrix of AgCl. No Pt was detectable in either phase.
However, even in the relatively short-term calibration
experiments, solid solution of Ag in the Pt capsule wall
was evident in BSE images and on EDS spectra of the
capsule. There was a compositional gradient from pure
Ag at the inner capsule wall to approximately AgroPtro
over a distance of 50 pm into the capsule. In contrast,
the long-term experiments contained no detectable Ag
within the AgCl matrix. The compositional gradient in
capsules from experiments of long duration was on the
order of AgrrPt2atthe inner wall to approximately Ag'oPtro
at the limit of Ag solid solution in the Pt capsule. No Pt
was detectable in the AgCl for sensors from long-term
experiments. Alloying of Ni with the outer l0 pm of the
Pt capsule wall was also detected for the long-term ex-
periments. Between the inner Ag-Pt alloy and outer Ni-
Pt alloy the capsule was pure Pt.

The absence of Ag from the Ag-AgCl buffer in experi-
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ments of long duration provides an explanation for the
increase in M., in the sensor capsule. The equilibrium
constant for Equilibrium 5 is given by Equation 6. Ifpure
Ag is no longer present in the buffer assemblage, the ac-
tivity of Ag is less than unity. At constant pressure, tem-
perature,/"r, and activity ofAgCl, reduction in the activ-
ity of Ag is compensated by an increase in /r.,. This
increase in /"., is reflected in the measured M"r- that in-
creases with time (Fig. 5). At 600'C, no significant change
in M. was found for experiments with durations up to
638 h; the increase of 0.05 M in Cl at 960 h comesponds
to a decrease of ao, from I to 0.90. Similarly, the ob-
served increase in M., at 650, 665, and 685 "C corre-
sponds to the decreases ofao, from I down to 0.93, 0.81,
and 0.90, respectively.

To compensate for the time dependence of M., , the
following conventions were used to reference experi-
ments:

l. All experiments using pure NNO or CCO are as-
sumed to be buffered at the equilibrium/o, of the respec-
tive system for that experiment, although the sensor may
indicate that a particular experiment is at a lowerfr.

2. Experiments displaced from the NNO buffer for
Equilibria 3 and 4 were referenced to the M., and fo, for
the longest experiment at that temperature (for NNO and
pure HrO). In most cases the reference value was that for
sensors for the longest experiment on Equilibrium 3, ex-
cept experiment HAMS 3a for Equilibrium 4, which was
the reference at 800 'C. Reference values for the long-
term experiments are given by log m., : 1.565 x
l0-3f("C) - 1.268. Experiments at 840 and 860 'C on
Equilibrium 3 and at 700 "C on Equilibrium 4 were refer-
enced to an extrapolation ofthis calibration.

The result ofthe latter convention is that the calculated
fo, for an experiment displaced from NNO is an upper
limit on the best estimate of the equilibrium f, for that
halfreversal. Ideally, one would reference the calculated
.fo, of an experiment of any length to a calibration exper-
iment of similar length. This assumes that the difference
between the measured M"r- for reference and sample re-
mained constant as a function of time. However, we did
not obtain information on M.r- for all experimental tem-
peratures as a function of time. Rather than making sub-
jective choices for the correct reference value for experi-
ments of intermediate length, the long-term calibration
provides a consistent reference for half reversals dis-
placed from NNO. Use of the short-term rather than long-
term experiments as a reference results in less than a 0.2-
log-unit decrease in forfor most experiments.

Thermodynamic calculations

The techniques for calculation and extrapolation of
equilibria in P-T-fo, space used here are summarized in
Moecher et al. (1988). Thermodynamic data for andra-
dite, hedenbergite, wollastonite, magnetite, hematite, and
quartz, and sources for these data, are also listed therein.
The free energies of andradite and hedenbergite are re-
vised in this study.

l 335
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Equilibrium 2: 6 And : 4 Mt + 18 Wo + O,

Reversals for Equilibrium 2 were obtained along the
NNO, CCO, and CCH. buffers (Fig. 6). Experiments were
also made employing the assemblage WO, * HrO as a
source of H, (Cygan and Chou, 1990), with Ag-AgBr in
the H, sensors. The assemblage WO, + HrO generates H,
and WOrrr, the buffer being the WO2-WO2rr. Equilibri-
um 2 was reversed in experiments of 6 to 70 h at 700 to
860 "C.

Microprobe analysis of products from experiments on
Equilibrium 2 indicated solid solution of up to 2 at.o/o Fe
in wollastonite lca/(Ca + Fe)], approximately a tenfold
increase over the starting material (Fig. 2). The most sig-
nificant impurity in magnetite products was l-2 at.o/o Ca
[Ca/(Ca + Fe'zt)]. The change in wollastonite and mag-
netite compositions may be explained by mutual ex-
change of Fe and Ca. Andradite exhibited no obvious
change in composition relative to the starting material.
The unit-cell parameter of andradite from some of the
experiments, obtained from powder XRD refinements, is
only slightly lower than that of the starting andradite
(12.555 A).

The shift in Equilibrium 2 was calculated taking into
account the extent of solid solution in magnetite, wollas-
tonite, and andradite (experiments WAM 2l and WAM
22, 840 and 860 'C). For the most diluted compositions
(l .5 at.o/o Fe in wollastonite, 2 at.o/o Ca in magnetite, and
I molo/o skiagite component in andradite, and assuming
ideal mixing), A,G'^[S. : 2.5 kJ'mol ' for each mole of
Or. This coffesponds to an isothermal shift in log /", of
0 .1  a t  850 'C .

Our reversals were used to evaluate the accuracy of two
experimental studies on Equilibrium l. Huckenholz and
Yoder (1971) and Suwa et al. (1976) determined the equi-
libriumtemperature atlbar ofEquilibrium I tobe ll37
+ 5 "C and 1165 + 5 oC, respectively. Using these two
temperatures as starting points, we calculated the equilib-
rium temperature for this reaction at 2 kbar using expan-
sivity, compressibility, and entropy data. The addition of
Equilibrium I and the magnetite-hematite (MH) buffer
(calculated from data in Robinson et al., 1982) yields
Equilibrium 2. Using the intersection of Equilibrium I
with MH as a starting point, the position of Equilibrium
2 in for-T space was calculated. The relative positions of
Equilibrium 2 for the case of Huckenholz and Yoder's
starting point vs. that of Suwa et al. are shown in Fig-
ure 6.

The present experimental reversals are most consistent
with the experiments of Huckenholz and Yoder. The pre-
ferred value of Lrco-,s. for andradite, calculated from
Huckenholz and Yoder's starting point and thermody-
namic data in Moecher et al. (1988), is -5428.0 + 5.9
kJ.mol '. Using data for the elements from Robie et al.
(1979), AtrIo-.,n" for andradite is -5770.7 kJ'mol-'.

The quoted uncertainty in ArG$,,r for andradite was
calculateci by simpie propagation of errors. The true un-
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Trau 3. Experimental data for Ca-Fe-Si-O-H system at 2-kbar pressure

(a) Equilibrium 2: 6 And :4llt + 18 Wo + O,

Experiment
no.

f Time
('C) Buffer (h) Stable phases

M.,
measured log mA l€ 15,

WAM 1
WAM 2
WAM 6
WAM 8
WAM 9
WAM 10
WAM 21
WAM22

600
700
750
775
760
785
u0
860

48
47
28
20
20
20
6
6

NNO
cco
cco
cco
cco
cco
NNO
NNO

And
And
And
Wo,Mt
nr
Wo,Mt
And
Wo, Mt

0.469(22)
1.464(8)
1.640(20)
1.944(88)
1.886(1 9)
2.029(60)
1.0820 0)
1.166(31)

-0.326 -19.09
0.179 -16 .17
0.229 -14.92
0.306 -'t4.34
0.292 -14.68
0.325 -14.12
0.044 -12.96
0.077 -12.56

Mr,
measured log m3, rog m6, log fB.log f6.

WAM 16
WAM 17
WAM 18
WAM 19a
wAM 19b
WAM 2Oa
WAM 2Ob

685 WO2-H2O
700 wo2-H2o
715 WOr-H2O
710 CCH4
72O CCH.
750 CCH.
740 CCH,

0.294(s)
o.287(23)
o.277(3)
0.201(3)
0.203(1 0)
0.246(17)
0.206(1 0)

20
20
20
48
46
48
46

Wo,Mt
Wo,Mt
Wo,Mt
And
And
Wo,Mt
Wo,Mt

-0.532
-0.543
-0.558
-0.697
-0.693
-0.609
-0.685

-18.08
- 17.69
-17.31
-17.35
-17. ' lO
-16.39
- 1 6.62

- 0.931 - 19.68(3)
-0.897 -19.10(14)
- 0.88s - 18.62(2)
-0.904 -18.18(3)
- 0.882 - 17.86(9)
-0.844 -17.33(121
-0.856 -17.31(9)

(b)  Equi l ibr ium 3:2 And + 4 Oz: 4Hd + 2 Wo + O,

Experiment
no-

T
rc)

Time
Buffer (h) Stable ohases

M.,
measured bg m"' log m6, loS fA.log f6.

HAWS 1a+
HAWS 1b+
HAWS 1c+
HAWS 1d
HAWS 1e
HAWS 2a+
HAWS 2b+
HAWS 2c
HAWS 2d
HAWS 2e
HAWS 2f
HAWS 3a+
HAWS 3b+
HAWS 3d
HAWS 3e
HAWS 4a
HAWS 4b
HAWS 4c
HAWS 4d
HAWS 6a+
HAWS 7a+
HAWS 7b-2
HAWS 7b3
HAWS 8a+
HAWS 8b+
HAWS 8c
HAWS 8d
HAWS 9a+
HAWS 9c
HAWS 9c-3
HAWS 9d
HAWS 9e
HAWS 1Ob+
HAWS 10c
HAWS 11a
HAWS 11b
HAWS 12a
HAWS 12b
HAWS 12c
HAWS 12d

NNO
NNO
NNO
NNO
NNO-NaCl
NNO
NNO
NNO
NNO
NNO-NaCL
NNO
NNO
NNO
NNO
NNO-NaCl
NNO
NNO-NaCl
NNO-CO,
Vessel-H20
NNO
HAWS
HW
HW
NNO-CO,
NNO-CO,
NNO-CO,
NNO-CO,
NNO
HAWS
NNO
NNO
NNO-Naol
cco
CCO-NaCL
NNO
NNO-Nacl
NNO
NNO-CO,
NNO-CO,
NNO-Naol

0.567(6) -0.241
0.585(16) -0.227
0.601(25) -0.216
0.607(19) -0.211
0.503(48) -0.294
0.5s8(2) -0.248
0.589(16) -0.224
0.673(6) -0.166
0.691(18) -0.1s4
0.451(19) - 0.341
0.668(26) -0.169
0.622(121 -0.200
0.663(28) -0.172
0.692(10) -0.154
0.4s3(8) -0.340
0.659(6) -0.17s
0.,133(4) -0.359
0.s12(13) -0.286
0.280(8) -0.5s0
0.s4603) -0.263
0.328(10) -0.481
0.693(1s) -0.153
0.429(9) -0.363
0.859(14) -0.0s8
0.689(15) -0.1s5
0.76606)) -0.109
0.572(8) -0.237
0.444(41 -0.348
0.220(6) -0.6s5
0.451(5) -0.341
0.501(15) -0.295
0.391(17) -O.4O4
0.952(82) -0.013
0.709(44) -0.143
0.560(21) -0.247
0.407(221 -0.386
0.866(68) -0.055
0.45105) -0.341
0.56905) -O.24O
0.484(3) -0.311

650
650
650
650
650
ooJ

665
ooc
oo5
ooc
ooc
685
685
685
685
700
700
700
700
640
800
800
800
800
800
800
800
600
600
600
600
600
600
600
625
625
750
750
750
750

65 nr
'144 nr
408 Hd,Wo
673 nr
276 And,Qz(Hd,Wo)
65 nr

144 nr
408 Hd,Wo(And,Qz)
673 Hd,Wo(And,Az)
384 And,Qz(Hd,Wo)
497 Hd,Wo(And,Oz)
65 nr

144 nr
641 Hd,Wo(And,Oz)
384 And,Qz(Hd,Wo)

65 Hd,Wo
74 And,Qz(Hd,Wo)

114 nr
167 And,Qz(Hd,Wo)
72 nr
6 And,Qz

10.5 Hd,Wo
18 And
17.5 Hd,Wo
12.5 Hd,Wo
26 Hd,Wo
19 Hd,Wo

124 nr
283 And(Hd,Wo)
638 And,Qz,Wo(Hd)
960 And,Qz(Hd,Wo)
812 And,Oz(Hd,Wo)
283 Hd,Wo(And,Oz)
276 Hd,Wo(And,Qz)
673 nr
573 And,Oz(Hd,Wo)
74 Hd,Wo
53 And,Oz(Hd,Wo)
53 nr
70 And,Oz(Hd,Wo)

-  17.55
- 17.55
-17 .55
- 17.55
- 17.55
- ' t 7 . 12
- ' t 7 . 12
- 1 7 . 1 2
- ' t 7 . 12
- 1 7 . 1 2
- 1 7 . 1 2
- 16.57
- 16.57
- 16.57
-16.57
-16.17
-16.17
-16.17
-16.17
- 17.85
-13.79
-13.79
-13.79
-13.79
-13.79
-13.79
-13.79
- 19.09
- 19.09
- 19.09
-19.09
- 19.09
-20.56
-20.56
- 18.30
- 18.30
-14.92
-14.92
-14.92
-14.92

-0.211 -17.22(17)

-0.189 -16.s1(7)

-0.154 -15.8q4)

-0.172 -15.42(11
-0j72 -15.71(4)
-0.172 -14.66(5)

0.015 -11 .80(s)
0.01s -13.12(4)
0.015 -12.28{4)
0.015 - 13.50(3)
0.01s -13.11(4)
0.01s - 13.29(3)
0.015 -12.78(2)

- 0.295 - 17.65(5)

-0.29s -18.66(8)

-0.024 -20.08(11)

-0.247 -17.74(9)

- 0.0s5 - 13.77(s)
-0.055 -14.18(s)
-0.05s -13.9q2)

(c) Equilibdum 4:3 And + Mt + 9 Oz :9 Hd + 2 Oz

Experiment
no.

T
("C) Bufter

Time
(h) Stable phases

Md

measured log tn3, loS f5" rog m6- log fA"

HAMS 1a+
HAMS 1b+

94 Qz,And(Wo)
94 Qz,And(Wo)

600 NNO
600 NNO

0.463(4)
0.436(7)

-0.330 -19.09
-0.356 -19.09
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TABLE s.-Continued

Experiment
no.

I  t t m e

fC) Buffer (h) Stable phases
M.,

measured log rn3' log f6, log m6,- log f3,

HAMS 3a+
HAMS 3b+
HAMS 3c+
HAMS 3d+
HAMS 4a+
HAMS 4b
HAMS 5a+
HAMS 5b
HAMS 6a+
HAMS 6b+
HAMS 6c
HAMS 6d
HAMS 6e
HAMS 6f
HAMS 69
HAMS 7a+
HAMS 7b
HAMS 7c-2
HAMS 7c-3
HAMS 7d
HAMS 7e
HAMS 7f
HAMS 8a+
HAMS 8b

800 NNO
800 NNO-CO,
800 NNO-CO,
800 NNO-CO,
600 NNO
600 NNO-NaC|
600 Vessel-Ar
600 Vessel-Ar
650 NNO
650 Vessel-Ar
650 Vessel-Hro
650 Ar-H,O
650 Ar-HrO
650 NNO-NaC|
650 Ar-H,O
700 Vessel-Ar
700 Vessel-Hro
700 NNO-NaC|
7OO NNO-NaC|
7OO Ar-HrO
700 Ar-HrO
700 Ar-H,O
750 Vessel-Ar
750 NNO-NaC|

Hd,Wo
Hd,Wo
Hd
Hd
Hd
Hd(And,Qz)
And,Mt,Qz
And,Mt,Qz(Hd)
Hd(And,Mt,Qz)
And,Mt,Qz(Hd)
Hd,Wo(Mg
nr
And,Mt,Oz(Hd)
And,Qz(Hd)
And,Mt,Az(Hd)
And,Mt,Qz
And,Qz,Mt(Hd)
And,Qz(Hd)
Ancl,Qz(Hd)
Hd grew (Wo)
And,Qz(Hd,Wo)
And,Az(Hd)
And,Mt,Qz
And,Mt,Qz(Hd)

20
20
20
20

283
362
252
276
135
135
285
242
330
623
184
132
167
242
190
48

168
191
65

117

1.01ql)
0.957(3s)
0.515(3)
0.70q3)
0.454(1 3)
0.399(s)
0.027(11)
0.144(10)
0.566(3)
0.240(21
0.794(16)
0.36s(8)
0.150(14)
0.467(19)
0.123(6)
0.222(4)
0.280(8)
0.531(15)
0.47s(1 5)
0.678(7)
0.337(1 3)
0.3s8(1 2)
0.21 6(5)
0.457(13)

0.015
-0.010
-0.283
-o.'147
-0.339
-0.395
-1 .561
-0.839
-o.242
- 0.617
-0.093
-0.434
-0.821
-0.326
-0.908
-0.651
-0.550
-o.270
-0.319
-0.16i(!
-0.469
-0.442
-0.663
-0.336

-13.79
-13.79
-13.79
-13.79
- 19.09
- 19.09
- 19.09
- 19.09
-17.55
- 17.55
- 17.55
- 17.55
- 17.55
-17.77
- 17.55
-16 .17
-16.17
-16 .17
-16 .17
-16 .17
-16.17
-16.17
-14.92
-14.92

0.01s -13.69(6)
0.01s - 12.60(1)
0.01s -13.140)

-0.29s -18.69(4)
-0.295 -14.03(89)
-0.295 -16.92(13)

-0.211 - 15.93(2)
-0.211 -18.02(3)
-0.211 -16.66(4)
-0.211 -15.11(17)
-0.211 - 17.09(7)
-0.211 -14.76{8)
-0.13s -14.10(3)
-0.13s -14.s0(4)
-0.13s -1s.63(s)
-0.13s -1s.43(5)
-0.13s -16.06{2)
-0.135 -14.83(3)
-0.135 -14.94(6)
-0.055 -12.49(41
-0.0ss -13.80(s)

Initial H, sensor calibration experiments on NNO-H,O bufter

Experiment
no.

T
(€) Time (h)

M.,
measured log m3, log f5,

TEST 1
TEST 2
TEST 5
TEST 6
TEST 7
TEST 8

700 41
700 41
800 12
800 12
600 108
600 108

0.669(3)
0.677(10)
0.944(1 4)
0.936(9)
0.471(10)
0.452(e)

-0.167 - 1 6.167
-0 .163 -16 .167
-0.017 - 13.788
-0.020 - 13.788
-0.322 -19.091
-0.341 -19.091

Note.'All WAM experiments and experiments denoted by + used andradite l; all others used andradite ll. Labels r and s: values of molality (m) of
measured Cl- or Br con@ntration, and fo, for referen@ buffer and sample, respectively. Reference values of Mcr- for CCO and CCHI are from Chou
(1978, 1987b). Values in parentheses are 10 standard deviations of average ot 2-4 analyses of Mo , and calculated uncertainties in f6. resulting trom
chforide precision. NNO reference buffer values were calculated from tog fo. : 9.36 - 2493OlT + 0.046(P - 1yf(Huebner, 1971). Buffer notation as
in Table 2. Abbreviations: nr: no reaction; ( ) trace phase; And: andradite; Hd: hedenbergite; Mt: magnetite; Oz: quartz; Wo: wollastonite. WAM :
(W)ol lastoni te+(A)ndradi te+(M)agnet i te;  HAWS:(H)edenbergi te+(A)ndradi te+(W)ol lastoni te+(S) i l ica(Quartz) ;HAMS:(H)edenbergi te+
(A)ndradite + (M)agnetite + (S)ilica (Quartz). HAWS experiments 4c and 8a-8d had X"*:0.50, O.77,0.47,0.50, and 0.30, respectively. HAMS
experiments 3b-3d had Xao,: O.12,0,72, and 0.67, respectively.

,  o 6
o

. 6 8 5 ' C

o 665 oc

. 6 5 0 ' C

.  6 0 O ' C

o 4
o

Fig. 5. Measured M.,- from H, sensor in samples at four tem-
peratures, showing variations as a function of time. H, was gen-
erated by NNO-HrO in Au capsules. The long-term increase in
,41o reflects solid solution of Ag from the Ag-AgCl buffer with
the Pt capsule wall, and decrease in activity of Ag.

certainty is likely much less than this value. Our reversals
for Equilibrium 2 allow us to distinguish between the two
studies on Equilibrium l. If the reversal of Suwa et al.
(1976) for Equilibrium I is used as the starting point for
the calculation of Ap*.re8 (And), we obtain -5429.2kJ.

mol-!, which is only 1.2 kJ more negative than the value
calculated above.

The reversals of Gustafson (197 4) on Equilibrium 2 at
0.5, 1.0, and 2.0 kbar, along with the calculated position
of Equilibrium 2 based on Huckenholz and Yoder's data,
are shown in Figure 6. Our reversals on NNO lie at slight-
ly higher temperature than Gustafson's. A systematic shift
to lower temperature is present in the location of Gus-
tafson's reversals relative to the calculated location of
Equilibrium 2 based on the results of both Huckenholz
and Yoder (1971) and Suwa et al. (1976). However, con-
sidering a + 5 'C uncertainty in reported temperatures,
Gustafson's reversals at 0.5 and I kbar are consistent
with the calculated position of Equilibrium 2, and the
present reversals.

500
i lme tn,
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800

T 'C
Fig. 6. Experimental reversals for Equilibrium 2. Heavy line

is the position ofEquilibrium 2 calculated from the intersection
of Equilibrium 1 (And : Hm + 3 Wo; reversal of Huckenholz
and Yoder, 1971) with the magnetite-hematite buffer; dashed
line is the calculated position of Equilibrium 2 based on the
reversal of Suwa et d. (1976) for Equilibrium l. Also shown are
the reversals for Equilibrium 2 ofGustafson (1974) at 0.5, 1.0
(inset), and 2-kbar pressure on NNO.

A lower limit on the stability of andradite as a function
of /o, was constrained by experiments using the WOr-
WOr,, buffer. At 700 + l5 oC and log.for: - 19.0 + 0.5,
andradite reacted to kirschsteinite and magnetite. This is
2 log units more oxidizing than the half reversal of Gus-
tafson for the same reaction on the wi.istite-magnetite
buffer.

Equilibrium 3: 2 And + 4 Qz: 4 Hd * 2 Wo * O,

Reversals for Equilibrium 3 (Fig. 7) required experi-
ments of 6 to 960 h (Table 3). Longer experiments were
necessary as the equilibrium boundary was approached.
Shorter experiments at a gsven fo2 ar'd T that indicated
no reaction were conducted again for successively longer

Fig.7. Experimental reversals for Equilibrium 3. Heavy line
is the position ofEquilibrium 3 calculated using reversal at 650
qC and log/", : - l7 .35 as a starting point. Inset shows reversals
of Liou (1974) at 2- and O.5-kbar pressure on NNO.
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J-2c
900

periods. Reversals were obtained along NNO by using
configuration A (Fig. 4) and at constant temperature by
using configurations B and C (Fig. a).

The reversal atlogfor: -17.35, T: 650 oC, was used
as a starting point for calculation ofthe position ofEqui-
librium 3 (Fig. 7). The calculated result is consistent with
most of the reversals. The experiments at 800 "C that
indicate growth of hedenbergite * wollastonite most like-
ly are upper /o, limits (lower limits 6n frr) for those ex-
periments for two reasons. First, as discussed previously,
referencingf, to experiments of long duration will result
in upper limits on fo, for shorter experiments. Second,
experiments at 800 "C that indicate growth ofhedenberg-
ite + wollastonite employed mixtures of NNO + HrO +
COr. As HrO decomposes and H, diffusion occurs, the
mole fraction and fugacity of HrO in the fluid phase con-
tinuously decreases, and the mole fraction of CO, increas-
es. The rate of diffusion of H, out of the Au capsule is
much greater at 800 'C than at lower temperatures. The
H, sensor should continuously equilibrate with the chang-
ing f^, and should therefore record the /r2 at the end of
the experiment. However, the silicate assemblage may
have equilibrated early in the experiment at slightly high-
er frro and fr,. Therefore, these /o, values are considered
upper limits for Equilibrium 3 at 800'C.

Microprobe analysis of products from experiments on
Equilibrium 3 indicated that the extent ofsolid solution
is l-2o/o for all phases (Table 2). Solid solution of this
amount results in a shift in fo, for Equilibrium 3 of less
than 0.1 log units.

The reversal at 650 qC was also used to calculate the
free energy of hedenbergite by first calculating the free
energy of Equilibrium 3 at I bar, 25 'C. Using the free
energy of andradite calculated above, LrGo^,zse for hed-
enbergite is -2676.6 + 5.3 kJ.mol '. Using thermody-
namic data for the elements from Robie et al. (1979),
afio-2ee for hedenbergite is -2840.4 kJ'mol '.

Equilibrium4: 3 And + Mt + 9 Qz : 9 Hd + 2 O,

Experiments on Equilibrium 4 (Table 3) were made
from 600 to 800'C using configurations B, C, and D (Fig.
4; reversals shown in Fig. 8). Most experiments exhibited
unequivocal indications of reaction direction. However,
because of the proximity of Equilibria 3 and 4 in fo,-T
space, hedenbergite is stable with andradite and quartz
over a limited range in/", (Figs. 3 and 8). Many experi-
ments to bracket Equilibrium 4 that were in the for-T
region between Equilibria 3 and 4 indicated loss of mag-
netite and gowth of andradite and qtartz. This occur-
rence was taken to indicate that the boundary for Equi-
librium 4 had been overstepped, but not enough to result
in formation of wollastonite by Equilibrium 3.

Microprobe analysis of hedenbergite experiment prod-
ucts indicated a deficiency in Ca relative to Fe of about
lol0. Andradite indicated no discernible systematic differ-
ence in composition from the starting material. The effect
of these solid solutions on displacement of the equilib-
rium boundary is less than 0.1 log unit in/"r.

The location of Equilibrium 4 is constrained by the
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lo TABLE 4, Comparison of Lt@'^'s'for andradite and hedenbergite
from various studies (kJ.mol ')

Study Andradite Hedenbergite

Fig. 8. Experimental reversals for Equilibrium 4. Heavy line
is the position of Equilibrium 4 calculated using intersection of
Equilibria 2 and 3 as a starting point. Also shown are results of
Burton et al. (1982) (hexagons) and Gustafson (1974) (inset, bars),
both at 2-kbar pressure.

locus of the intersection of Equilibia 2 and 3. By using
this intersection as a starting point (931 "C, log for:
-10.1), the position of Equilibrium 4 was calculated at
lower temperature (Fig. 8). The reversals agree reason-
ably well, except for the bracket at 800'C, which is slight-
ly higher than the calculated position. This may be as-
cribed to the same processes invoked above for similar
capsule configurations used on Equilibrium 3.

The calculated position of Equilibrium 4 relative to the
2-kbar reversal of Gustafson (1974) is shown in the insert
of Figure 8. Equilibrium 4 intersects the low-temperature
end of Gustafson's reversal. If the position of Equilibri-
um 4 is constrained to fit the reversal ofGustafson, the
fo, value must be shifted -0.1 log unit. Because of the
constraint on the position of Equilibria 3 and 4 imposed
by their intersection with Equilibrium 2 (Fig. 4), the po-
sition of Equilibrium 3 must also shift to lower/o,. This
shift in Equilibrium 3 is in the correct direction but is
not of sufficient magnitude to fit the reversal of Liou(1974)
at 2 kbar (Fie. 7).

The experimental results of Burton et al. (1982) on
Equilibrium 4, although in reasonable agreement with our
reversals, lie at slightly higher/", than the calculated po-
sition (Fig. 8). This may be caused by the experimental
configuration used in the former study, which consisted
of the silicate assemblage in stoichiometric proportions
enclosing a H, sensor (Fig. aC). The assemblage heden-
bergite * andradite + magnetite + qtrarlz generates H2
by reduction of HrO, in the same manner as an O buffer.
Generation ofa steady-state fn, is relatively sh'ggish for
silicate redox equilibria (e.g., fayalite-magnetite-quartz:
Chou and Cygan, I 990), and quenching ofthe experiment
and analysis of the sensor before this steady state is
reached may yield underestimates of the equilibrium /",
and overestimates of/o, (or an upper constraint on.for).
This is likely the case for the experiments of Burton et
al. (1982), particularly for the experiments at 600 t in
which reaction among the silicates is likely to be much

-5428.7
-5411 .8
-5414.8'
-5424.8"
-s40s.7t
-5428.0

Nofe.'The abbreviation ne : not evaluated.
" Value quoted by Robie et al. (1987) is an error. Correct value is -5426.0

kJ.mol (R.A. Robie, personal communication, 1989).
-'Value given in Table 1 of Moecher et al. (1988), -5413.2, is an eror.

Correct value is given here.
tThe A/4r$ calculated from A#*2s0 : -5748.4, determined calori-

metrically by Kiseleva et al. (1989), using data from elements of Robie et
al. (1979).

slower and for which experimental times were much
shorter than the present study. We used the same ap-
proach as Burton et al. (1982) for Equilibrium 3, except
that mixtures of hedenbergite * wollastonite seeded with
approximately 50/o andradite + quartz were used. The
extra mass of hedenbergite + wollastonite permits a
greater degree of reaction to occur (and thus more H, to
be generated), facilitating the approach to equilibrium.

Sulrrvu.nv

The experimental results provide reasonably precise and
consistent constraints on the position of four andradite
and hedenberyite equilibria. The present results agree with
those of Huckenholz and Yoder (1971) on Equilibrium I
and Gustafson (1974) on Equilibrium 2. Aside from the
new experimental data presented here, this study illus-
trates the utility of the H, sensor technique in studying
redox equilibria (also see Chou and Cygan, 1990). H, sen-
sors provide access to a wide for-T range, and experi-
mental studies on redox equilibria need not be confined
to for-T conditions along a univariant O butrer. The H,
sensors need only be referenced to an O buffer close to
the/o, conditions one wishes to study.

The free energies ofandradite and hedenbergite deter-
mined from these new experimental data were calculated
relative to thermodynamic data for hematite, wollaston-
ite, magnetite, and quartz contained in the internally con-
sistent data set of Moecher et al. (1988). These free en-
ergies may be compared to values determined in previous
studies listed in Table 4. However, our experimental re-
sults may be incorporated into other internally consistent
thermodynamic data sets (e.9., Berman, 1988; Holland
and Powell, 1990), and yield free eneryies that are slightly
different from those calculated here.

The primary motivation for this study was to obtain
more accurate estimates of the free energy of hedenberg-
ite and to more accurately constrain the location of a
geobarometer based on the Equilibrium 3 hedenbergite
+ 3 anorthite : 2 grossular * almandine * 3 quartz
(Moecher et al., 1988). The value of the free energy of
hedenbergite calculated from the new experimental data
is l.l kJ.mol more negative than that calculated by
Moecher et al. (1988). This difference shifts the locus of

Helgeson et al. (1978)
Taylor & Liou (1978)
Robie et al. (1987)
Moecher et al. (1988)
Kiseleva et al. (1989)
This study

-2674.5
ne

-2674.3
-2677.7

ne
-2676.6

700
T"C
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the end-member reaction (and, on average, calculated
pressures) by -0.6 kbar. The previous calibration ofthe
geobarometer tended to overestimate pressure relative to
that obtained by orthopyroxene-garnet-plagioslsss-t*.rtz
geobarometers and constraints imposed by the kyanite-
sillimanite transition. The revised free energy of heden-
beryite yields an improved calibration for the hedenberg-
ite-anorthite-grossular-almandine-quartz geobarometer
that is now more consistent with other petrologic con-
straints.
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