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Abstract

The low-temperature stability of andradite was experimentally investigated as a function of
temperature, Xco, and fo, at constant Pe,iq of 2000 bars. Experimental results indicate that the
reaction 3 quartz + 3 calcite + % hematite + /2 magnetite + % O, = andradite + 3 CO, occurs
at T = 550 £ 10°C at Xco, = 0.22, 596 + 8°C at X¢o, = 0.5, and 640 £ 10°C at X0, = 1.0.
From these experimental data, the standard (298°K, 1 bar) Gibbs free energy of formation of
andradite (G} .q) is —1293.44 £ 1.2 kcal/gfw, and the enthalpy (H? aq) is —1377.48 £ 1.2
kcal/gfw. These values are slightly less negative than those for G?,q and H? 44 calculated
from data of Gustafson (1974). Mean values for G%,q and H? 44 derived from Gustafson’s
experiments and the present results are, respectively, —1297.80 kcal/gfw and —1382.13 kcal/gfw.
The standard entropy of formation of andradite (S ,,4) is —282 + 4 gb/gfw, and the Third
Law entropy (S°) is 68.2 + 3 gb/gfw, which is close to the oxide sum estimate of 69.0 gb/gfw.

The experimental data for the low-temperature stability of andradite plus other pertinent
data on the stabilities of wollastonite, hedenbergite (calculated), clinozoisite (zoisite), epidote,
and grossular provide T-Xco—fo,~Priua relations which delineate physical-chemical condi-
tions for Ca-Fe-Al-Si skarn formation.

Relative to the stability field of grossular in C-O-H fluids (Gordon and Greenwood, 1971),
andradite is stable with fluids richer in CO, at a given temperature and pressure for all values
of fo,, although the temperatures of reactions which delineate the stability field of andradite
are sensitive to slight changes in either Xco,, fo,, or both. Like grossular, andradite is stable to
lower temperatures with H,O-rich fluids. Addition of Fe®** to grossular extends the thermal
stability limits of grandite plus quartz to both higher and lower temperatures. In natural
systems, simple retrograde carbonation of grandite may not occur if the fluid is sufficiently

H,O-rich to stabilize epidote.

Introduction

Andradite, or andradite-rich garnet, is a principal
mineral in many contact-metasomatic skarns. Andra-
dite-bearing skarns have often been mined as ore
deposits of W and/or Cu (e.g. Kerr, 1946). Hence, an
understanding of the stability of andradite may help
to elucidate the physical and chemical parameters
which characterize the formation of skarn. From its
chemical composition (Ca;Fe,Si;0,,) and its occur-
rence at or near contacts between igneous rocks and
calcite-rich rocks, it is apparent that many mineral
reactions involving andradite take place in fluids con-
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taining carbon, oxygen, and hydrogen, and are simul-
taneously both decarbonation and redox reactions.
Minor variations in fluid composition or fo, or both,
may therefore markedly influence the temperature
and pressure at which these reactions take place.
Burt (1971a,b,c; 1972; 1974) developed topologi-
cal relations among mineral reactions in the system
Ca-Fe-Si-C-O-H for unspecified values of T, Pyyyiq,
fo,, and various chemical potentials consistent with
phase relations observed in skarns. Stability relations
of andradite in the system Ca-Fe-Si have been exten-
sively investigated (e.g. Kurshakova, 1968, 1970,
1971; Huckenholz and Yoder, 1971; Gustafson, 1971,
1974; Liou, 1974). The results of experiments at 1 atm
by Holdaway (1972) suggest that grandite garnet
closely approximates an ideal solution, and that the
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addition of andradite to grandite garnet raises the
upper thermal stability limit of the garnet. However,
except for a few reconnaissance experiments by Shoji
(1975) and Gustafson (1971), the low-temperature
stability of andradite defined by the reaction:

3 Si0, + 3CaCO; + Fe,0; = CasFe,Sis0;, + 3CO,

quartz calcite hematite andradite

has not been experimentally investigated. The effect
of CO, on the stability of andradite is petrologically
significant, since the above decarbonation reaction
defines the low-temperature stability limit of andra-
dite garnet in natural skarn. Further, CO, and H,O
are the dominant fluid species in many skarn-forming
processes. Because iron is present in the system, oxy-
gen fugacity is an additional parameter governing not
only the temperature and stoichiometry of the above
equilibrium, but also the nature of the iron-oxide
phase present. The low-temperature stability limit of
andradite in C-O-H fluids at f,, defined by the HM
buffer was investigated in this study, and the experi-
mental results and their petrologic applications are
described below.

A plot of andradite and some other phases in the
system Ca-Fe-Si-C-O-H is shown in Figure 1. The
abbreviations and chemical compositions of synthetic
phases and oxygen buffers referred to in other figures
and in the text are given in Table 1. Chemical reac-
tions and their abbreviations, referred to by number
in the text, are given in Table 2.

Experiments

Starting materials

Synthetic andradite: Andradite (Ca;Fe,Si;0,,) was
readily synthesized with 100 percent yield from a
nitrate gel (Luth and Ingamells, 1965) of andradite

Cc
Ca

~excess C-0-H
fluid

Hm_
Mrl =%
Sid
Fig. I. Chemical compositions of several important crystalline
phases in the system Ca-Fe-Si-C-O-H projected onto the
Ca-Fe-Si plane.

Fay

composition at 700° to 750°C, 2 kbar Pruia. Honey-
colored andradite crystals (@ = 12.061 + 0.03A) grew
as large as 130 um in synthesis runs of 14 days dura-
tion.

Natural quartz: Natural quartz from a clear eu-
hedral crystal was used as part of the low-temper-
ature, andradite-equivalent assemblage. The quartz
was crushed and washed in warm dilute HNO, prior
to use.

Calcite and iron oxides. Baker-analyzed reagent-
grade CaCO,, Fe,0;, and Fe;O, were used in the low-
temperature, andradite-equivalent assemblage.

C-0 and C-O-H fluids: Commercial tank CO, was
used as both the pressure medium and the source of
CO; in experiments with fluids in the system C-O
(Harker and Tuttle, 1955). For C-O-H fluids with
Xco, = 0.5, oxalic acid dihydrate was used (Holloway
et al., 1968), whereas fluids with X¢o, < 0.5 were
produced from oxalic acid dihydrate plus warm (i.e.
CO,-free) distilled water.

The starting mixture consisted of sub-equal

Table 1. Abbreviations and compositions for synthetic phases and oxygen buffer assemblages

Ad = Andradite, CasFe3}Sij0;,

An = Anorthite, CaAl;Si,Og

Cc = Calcite, CaCOj3

Ep = Epidote, C32A12+xFe1_x513012(0H)
Fay = Fayalite, Fe;S5i0,

Ftr = Ferrotremolite, CazFe52+S13022(0H)2
Gd = Grandite Garnmet, CazAl,Fe,.xSi30;,
Gr = Grossular, Ca3Al;Si30i5

Hd = Hedenbergite, CaFeSi;0q

Hm = Hematite, Fej03

Ilv =
Mt =

Ilvaite, CaFe,2tFe3%5i,05(0H)
Magnetite, Fej30y

Pistacite, CayFe3Si303,(OH)
Quartz, 8i0;

Siderite, FeCOj3

Wollastonite, CaSiOz

Ps -
Qtz =
Sid =
Wol =
Xo = Xonotolite, CagSig0;7(OH),
Zo = Zoisite, CayAl35iz0;,(OH)
HM = Hematite-Magnetite

Nickel-Nickel Oxide
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Table 2. Reactions and their abbreviations cited in text and figures

No. Reaction Abbreviation Reference
1 35102 + 3CaC03 + 1/4Fe203 + 1/2Fe30y + 1/802 = Qtz-Cc-Hm-Mt-Ad This paper
Qtz Cc Hm Mt

= Ca3Fe25i3012 + 3CO2

Ad
2 Ca3Fe2Si3012 = 3CaSiO3; + 2/3Fe304 + 1/602 Ad-Wol-Mt Gustafson (1971, 1974)
3 CasFe2813012 + 28102 = 2CaFeSi206 + CaSiO3 + 1/202 Ad-Qtz-Hd-Wol Liou (1974)
Ad Qtz Hd Wol
4 CaFeS1206 + 02 = 1/3Ca3Fe2Si3012 + SiO2 + 1/9Fe3Ou Hd-Ad-Qtz-Mt Gustafson (1974)
Hd Ad Qtz Mt
5 CaFeSi20s = CaSiOsz + Fe + Si02 + 1/202 Hd-Wol-I-Qtz Kurshakova and Avetisyan
Hd Wol Qtz (1974)
6 Si02 + CaCO3 = CaSiO3z + CO2 Qtz-Cec-Wol Greenwood (1967a)
Qtz Cc Wol
7 CaAl2Si20s + Si02 + 2CaCO3 = Ca3Al2Sis012 + 2CO2 An-Qtz-Cc-Gr Gordon and Greenwood
An Qtz Cc Gr (1971)
8 Ca3Al2813012 + S102 = CaAl2Si20s + 2CaSiOs Gr-Qtz-An-Wol Newton (1966)
Gr Qtz An Wol
9 95102 + 9CaCOs + 2Fes3Oy + 1/202 = Qtz~Cc-Mt-Ad This paper
Qtz Ce Mt

3Ca3sFe28i3012 + 9CO2

Ad
10 2CaFeSi20s + CaCO3 + 1/202 = Hd-Cc-Ad-Qtz Liou (1974)
Hd Ce

Ca3Fe2813012 + Si02 + CO2

Ad Qtz
11 6510, + 3CaC0j3 + Fe30, = 3CaFeSi,0¢ + 3CO, + 1/20, Qtz-Cc-Mt-Hd This paper
Qtz Cc Mt Hd
12 4Ca2A13513012(0H) + Si02 = Zo-Qtz-An-Gr Gordon and Greenwood
Zo Qtz (1971)
5CaAl28i203 + Ca3Al25i3012 + 2H20
An Gr
13 2Ca2A138i3012(0H) + 3Si02 + 5CaC03; = Zo-Qtz-Cc-Gr Gordon and Greenwood
Zo Qtz Cc (1971)
3Ca3A12513012 + H20 + 5C02
Gr
14  2Ca2A13S13012(0H) + CO2 = 3CaAlSi»0s + CaCOs + Hz0 Zo-An—Cc GBS ad OEFILIE
70 An Ce (pers. commun., 1974);
Gordon and Greenwood (1971)
15 Epidotegg + Quartz = Granditegg + Magnetitegy + Ep-Qtz-Gd-Mt g ~An (see text)

Anorthite + Quartz + H20 + 02
16 Epidoteg, + Quartz + Calcite = Grandite + CO + H20 Ep-Qtz-Cc-Gd (see text)

17 Epidotegg + CO2 = Grandite + Calcite + H,0 Ep-Gd-Cc (see text)




TAYLOR AND LIOU: STABILITY OF ANDRADITE 381

amounts of synthetic andradite and its low-temper-
ature equivalent assemblage of quartz, calcite, and
iron oxide ground together to <5um. Approximately
30 mg of this mixture was used in each experiment, as
described below.

Methods

Experiments were performed by placing one or two
charge capsules in conventional hydrothermal cold-
seal pressure vessels and holding them at desired
temperatures and pressures for at least three weeks.
Runs were quenched to room temperature within
several minutes using an air blower. External Cr-Al
thermocouples, calibrated relative to the temperature
within the vessel, were used to record temperature
during the runs. Temperature uncertainties for each
experiment, including temperature gradients and
control precision, are typically 4+ 5°C. Fluid pressure
was continuously monitored on individual Bourdon-
tube gauges which were calibrated against a 50,000
psi Heise gauge. Pressure uncertainties are approxi-
mately + 30 bars. Two different types of experiments
were undertaken in the present study, as described
below.

Experiments in C-0 fluids: In these experiments,
pure CO, was used for the pressure medium as well as
for the source of CO, for the reaction. Oxygen fugac-
ity was controlled by the presence of Hm and Mt in
the outer (buffer) capsule (silver tubing, S mm O.D.)
and in the inner (charge) capsule (silver tubing, 3 mm
0.D.). Both capsules were crimped at each end to
permit access of CO, to the charge material during
the experiment. Optical examination of the HM buf-
fer after each experiment was generally sufficient to
determine that both phases were present. Finding
both Hm and Mt in the run products provided addi-
tional assurance that the oxygen fugacity was that
defined by the HM buffer during the experiment. The
experimental arrangement was otherwise similar to
that described by French (1971). Reaction rates in
pure-CO, experiments are extremely sluggish (e.g.
Harker and Tuttle, 1955); runs of 3-months duration,
even at temperatures of 500-600°C, did not show any
conclusive reaction. Therefore, addition of a tiny
drop (<< 1 mg) of H,O to the charge was necessary
in order to increase the reaction rate sufficiently in the
nearly pure C-O fluid (X¢o, = 0.95), so that a reac-
tion could be detected in experiments of nearly 2
months duration.

Experiments in C-O-H fluids: The second type of
experiment employed the use of C-O-H fluids and a
capsule arrangement similar to that described by

Eugster (1957). Again, about 30 mg of the starting
mixture and 30 mg of oxalic acid dihydrate + H,O
were sealed in a AgsPd;, capsule (3 mm O.D.) which
was then loaded into the buffer capsule (silver or gold
tubing, 5 mm O.D.) containing hematite and magnet-
ite plus 30 mg of H,O. The pressure medium was
either H,O or CO,. For experiments at fy, defined by
the hematite-magnetite-OH buffer, H,O and CO, are
the principal species in the C-O-H charge fluid (Eug-
ster and Skippen, 1967; Holloway et al., 1968). Be-
cause sufficient fluid was loaded into the charge cap-
sule, the CO, released from decomposition of calcite
did not have a significant effect on the initial fluid
composition. At the end of each experiment, the com-
position of the fluid in the charge was determined
gravimetrically (for details see Taylor, 1976), with a
resulting uncertainty for Xco, believed to be + 0.02. A
slight shift in the fluid composition was found in
some experiments, due to the formation of calcite at
the expense of andradite. Changes in the fluid compo-
sition detected after the experiment also indicated
the direction of the reaction.

Run products were identified optically and with X-
ray diffraction. The direction of reaction was deter-
mined by comparison of peak-height ratios of andra-
dite to quartz in the charge material with those ratios
measured in the starting mixture. Several 0.5° 26 per
minute scans of a powder mount held in several dif-
ferent orientations gave reproducible results. In each
experiment using a C-O-H fluid, the reaction had
proceeded sufficiently in three weeks to permit a con-
fident determination of the direction of reaction.

Note that in these experiments oxygen fugacity was
not buffered in the usual way, through the dis-
sociation of H,O within the charge under controlled
fu,, T, and P (Eugster, 1957; Shaw, 1963), but rather
internally by the reaction:

2] FCZO;; =2 F6304 + 1/2 02.

We chose to externally control fy;, however, to insure
that f,, within the charge would not be above that of
the HM buffer, as might have resulted from the large
amounts of fluid used.

Experimental results

Experimental run data at 2 kbar Ppyq for the
reaction:

3 SiO, + 3 CaCO, + 1/4 Fe;0; + 1/2 FeO,4

quartz  calcite hematite magnetite
+ 1/8 0, = CayFe,Si;0,, + 3CO,
andradite (1)
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Fig. 2. Experimentally-determined 7-X¢o, diagram for the
reaction 3 Qtz + 3 Cc + FeOx = Ad + 3 CO,. The magnitude of
experimental error is indicated by the size of the rectangles (HM
buffer only). The initial Xco, in the experimental fluid (dots) and
direction and magnitude of shift in fluid composition due to
crystallization of calcite (indicated by bars) are shown for runs in
which a change in fluid composition was detected after the run.
Diamond-shaped symbols are reconnaissance run data of
Gustafson (1971). The dashed line indicates the maximum possible
temperature for the reaction with oxygen fugacity determined by
the NNO buffer.

in C-0 and C-O-H fluids are listed in Table 3 and
are plotted on a T-Xo, diagram in Figure 2. Both the
initial values of Xo, in the experimental fluid and the
values of X¢o, which were measured after each experi-
ment are shown in Figure 2. For runs in which a
change in X¢o, was detected after the experiment, a
point and a connecting bar are used in the T-Xc¢o,
diagram to indicate, respectively, the initial Xco, In
the charge and the direction and magnitude of change
in Xco, during the experiment. Closely-bracketed
equilibrium temperatures for reaction (1) at Ppyia =
2000 bars are 550 £ 10°C at X¢o, = 0.22, 596 + 8°C
at Xco, = 0.5, and 640 + 10°C at X¢o, >~ 1.0.
Several runs in which either the charge capsule or
both the buffer and charge capsules leaked during the
experiment are listed in Table 3, if the f,, and fluid
composition during the experiment could be deter-
mined. In experiments where only the charge capsule
leaked, the above reaction would have occurred in
the system andradite plus excess iron oxide, and the

uncertainty in X¢o, in these experiments (e.g. run no.
74-96) is slightly greater than in normal runs. The
runs which leaked are listed for reference only.

An initial attempt to reverse reaction (1), ie., to
form the low-temperature assemblage of quartz, cal-
cite, and iron oxide from andradite, was made in a
pure C-O fluid. The only water present to act as a
catalyst was the surface moisture absorbed on the
buffer and charge materials. The rate of reaction in
these experiments was so slow that no breakdown of
andradite to quartz, calcite, and iron oxide was de-
tected in experiments of up to three months duration
at 500° to 600°C. However, with the addition of a
drop of H,O to the charge, the rate of reaction was
significantly increased. Andradite was grown at the
expense of the low-temperature assemblage at 649°C
(run no. SM-1, Table 3) after 22 days. No reaction
was observed at 639°C (run no. SM-2) for the same
length of time. From these data and the results de-
scribed below, we conclude that the equilibrium tem-
perature for the above reaction at Xgo, = 1.0 is 640
+10°C at 2000 bars Priyia.

In contrast to the experiments in pure C-O fluids, a
reaction was readily detected after three weeks in
runs made with C-O-H fluids. The decomposition of
andradite was clearly indicated, not only by changes
in the relative peak-height ratios in X-ray diffraction
patterns of andradite and quartz but also by a de-
crease in Xco, in the experimental fluid due to the
formation of calcite (see, for example, run no. 74-175,
Table 3). A relative increase in the grain size of
andradite, especially where euhedral crystals of an-
dradite were seen to enclose hematite, supported the
X-ray diffraction criterion for synthesis of andradite
in the decarbonation reaction.

In several instances where both the charge and
buffer capsules leaked during the experiments using
CO; as the pressure medium (e.g. run no. 74-83), the
fluid composition changed from an initial relatively
low value of X¢o, to values greater than 0.95. Unlike
experiments using a pure C-O fluid, a reaction was
readily detected in those experiments which leaked,
and the results are consistent with those of experi-
ments using controlled C-O-H fluids. The decompo-
sition of andradite took place in the fluids with X¢o,
=0.95 at temperatures ranging from 430°C (run no.
74-83, Table 3) to 620°C (run no. 74-97).

The reversed-run data from experiments using C-
O-H fluids indicate that the breakdown temperature
of andradite to quartz, calcite, and iron oxide is quite
sensitive to variation in X¢o, in H,O-rich fluids (i.e.
Xco, < 0.5; see Fig. 2). The apparently steep T-Xco,
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Table 3. Run data for the reaction 3Qtz + 3Cc + 1/4 Hm + 1/2 Mt + 1/8 O, = Ad+3CO; at Pyua = 2000 bars, and fo, defined by the

HM buffer
Duration - XC02 -
Run No. (hrs) T°(C) Initial ~ Final Condensed Run Productst Remarks
Crimped capsule runs, C-0 fluid
74-06 340 352 + 7 1.0 1.0 Ad + Qtz + Cc + Fe-Ox No reaction
74~05 340 450 + 7 1.0 1.0 Ad + Qtz + Cc + Fe-0x N
74-33 1267 450 + 7 1.0 1.0 §id + Mt HM buffer exhausted, f, below HM
74-39 1979 450 + 7 1.0 1.0 Ad + Qtz + Cc + Fe-0x No reaction 2
74-08 500 498 + 7 1.0 1.0 Ad + Qtz + Cc + Fe-Ox LI,
74-35 2844 498 + 7 1.0 1.0 Ad + Qtz + Cc + Fe-0x Sk
74-07 340 548 + 7 1.0 1.0 Ad + Qtz + Cc + Fe-0x uooe
74-37 1954 597 + 7 1.0 1.0 Ad + Qtz + Cc + Fe-0x "o
Sealed capsule runs, C-0-H fluid
74-83% 730 430 + 7 0.50 > 0.95 (Ad)+ Qtz + Cc + Fe-0x Charge & buffer capsules leaked
74-81% 730 451 + 5 0.50 > 0.95 (Ad)+ Qtz + Cc + Fe-0Ox ¥ { - u
Ad-3 1332 454 + 7 0.18 0.11 (Ad)+ Qtz + Cc + Fe-0Ox
74-77 840 483 + 7 0.50 0.44 (Ad) + Qtz + Cc + Fe-0Ox
74-175 671 495 + 7 0.20 0.14 (Ad)+ Qtz + Cc + Fe-0x
74-67 840 498 + 5 0.50 0.45 (Ad) + Qtz + Cc + Fe-Ox
74-153 612 498 + 3 0.09 0.09 (Qtz + Cc + Fe-0x)
74-151 671 500 + 5 0.15 0.15 (Ad) + Qtz + Cc + Fe-Ox
74-79 713 528 + 5 0.50 > 0.95 (Ad)+ Qtz + Cc + Fe-Ox Charge & buffer capsules leaked
74-176 611 547 + 5 0.20 0.20 Ad + Qtz + Cc + Fe-0x No reaction
74-173 611 550 + 5 0.31 0.23 (Ad)+ Qtz + Cc + Fe-0x
74-169 612 560 + 3 0.20 0.20 Ad + (Qtz + Cc + Fe-0x)
74-71 755 566 + 7 0.50 0.50 (Ad)+ Qtz + Cc + Fe-Ox
74-171 612 570 + 5 0.21 0.23 Ad+ (Qtz + Cc + Fe-Ox)
74-69 755 577 25 0.19 0.19 Ad+ (Qtz + Cc + Fe-0x)
74-95 635 589 + 5 0.50 0.48 (Ad)+ Qtz + Cc + Fe-Ox
74-91 635 600 + 3 0.50 0.54 Ad+ (Qtz + Cc + Fe-Ox)
74-99% 612 618 + 3 0.50 0.24 Ad + Qtz + Cc + Fe-Ox Charge leaked to buffer
74-97% 626 620 + 5 0.50 > 0.95 (Ad) + Qtz + Cc + Fe-Ox Charge & buffer capsules leaked
74-96% 626 627 + 3 0.50 0.29 Ad + (Qtz + Cc + Fe-0x) Charge leaked to buffer
SM~-2 1335 639 +5 ~ 1.0 ~ 1.0 Ad + Qtz + Cc + Fe-Ox No reaction; pure CO3
plus one drop Ho0
SM-1 1335 649 +5 ~ 1.0 ~ 1.0 Ad+ (Qtz + Cc + Fe-0x) Pure CO, plus one drop Hy0

+Condensed phases which were decreased in relative abundance during experiment are enclosed in brackets.
*Run experiments with buffer and/or charge capsules leaked.

slope of the reaction at X¢o, < 0.2 suggests that
andradite may be stable at temperatures as low as
250-350°C at Pgya = 2000 bars.

Four runs of Gustafson (1971), with fo, defined by
the NNO buffer, are also plotted in Figure 2 for
comparison with our data. From his results and our
experimentally-determined equilibrium boundary,
the low-temperature stability of andradite is raised a
maximum of about 25°C when f,, is lowered from
that defined by the HM buffer to that defined by the
NNO buffer. Calculations discussed below indicate a
slightly larger temperature increase, on the order of
30°C at X¢o, = 0.5.

Shoji (1975, p. 755) reported a few data on the

synthesis of the grandite garnet series from oxide
mixtures in increments of 20 X,4 in unbuffered runs
using pure H,O and C-O-H fluids. Each grandite
garnet was synthesized from a mixture of its own
bulk composition only at temperatures above 500°C,
Priuia = 1000 bars, and with fluid compositions corre-
sponding to X¢o, = 0.17 and 0.25. Shoji did not
report synthesis of any solid phases in experiments
below 500°C, although, as noted below, andradite
should be stable at 1000 bars and X¢o, = 0.17 and
0.25 above 410° and 430°C, respectively.

Data for runs lying close to the equilibrium curve
for reaction (1) are plotted in a log K vs. 10?/T°(K)
diagram in Figure 3, using fugacity coefficients for
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130 F; = 2000 bars
. [ 3Qtz + 3Cc + Fe -oxide

~ 20F
5 ]
3
S L

1
.?T 1ot
3
™~
<
4
~4 wo-

Ad + 3C0O,

L SR B
106 110 114 118 122 126 13 13 138 1 \‘2

1097 (%)

Fig. 3. Pertinent experimental data for the reaction 3 Qtz + 3 Cc
+ % Hm + %2 Mt + % O, = Ad + 3 CO,. Open rectangles indicate
breakdown of andradite to quartz, calcite, and iron oxide. Solid
rectangles indicate synthesis of andradite. Open rectangles with an
“X” signify no reaction. In all cases, the size of the rectangle
corresponds to experimental uncertainty. Data for runs lying far
removed from the equilibrium are not plotted for the sake of
clarity. L.R. = linear regression fit to the data, the other line is a
subjective (“‘eye-ball”) fit.

CO,; from Burnham and Wall (personal communica-
tion, 1974) and values of fo, calculated from the
modified equation for the HM buffer (Eugster and
Wones, 1962; Huebner, 1971). Two straight lines, one
a linear regression fit (L.R.) and the other a sub-
jective (““eye-ball”’) fit, were plotted to describe the
equilibrium. The equations of these lines are, respec-
tively, log K* = —10.413 (T*) + 23.60 for the
L.R., and log K** = —13.240 (T-*) + 26.84 for the
subjective fit. Comparison of the “goodness of fit” of
these two lines and consideration of the experimental
data suggest that a curved line, convex to both axes,
would provide the best fit, implying that the enthalpy
of reaction changes within the range of experimental
conditions. Since the experiments plotted in Figure 3
were conducted at constant Pruiq = Piotal, CUrvature
of the equilibrium curve cannot be due to pressure-
volume effects (see Orville and Greenwood, 1965).
Skippen (1971, Fig. 7) found a curved line to best fit
experimental data for a forsterite-producing decarbo-
nation reaction.

A discrepancy exists between the standard en-
thalpy of reaction (AHY) for reaction (1) calculated

from data in Table 4 and from Robie and Waldbaum
(1968) and that derived using equations for log K.
The value of AH? derived from these tabulated ther-
modynamic data is 41.56 £ 5 kcal, which is consid-
erably larger than the values of 24.35 or 26.31 kcal
respectively from the L.R. and subjective fits to the
experimental data in Figure 3. French (1971) noted
an even larger discrepancy between calculated values
of AH? and those values derived from a log K vs. 10?/
T plot for reactions describing the stability of siderite
in the system Fe-C-O. French attributed the dis-
crepancies to uncertainties in experimental and ther-
modynamic data. An additional possibility for the
discrepancy in AH} for reaction (1) is that the en-
thalpy of reaction varies markedly with temperature.

The above expressions for log K*° for reaction (1)
serve, al best, to describe the equilibrium for the
experimental conditions. These expressions may be
useful when combined with similar log K expressions
for other equilibria at 2000 bars (e.g., see Skippen,
1971), but should not be used to calculate thermody-
namic data at standard conditions. The results of
calculations using more precise methods are given
below.

Discussion

Thermodynamic data for andradite and hedenbergite

Reversed isobaric T-X¢o, brackets for reaction (1)
of this study and fo,-7 brackets for reaction (2) in-
volving Ad-Wol-Mt of Gustafson (1974) defining
the high-temperature stability of andradite provide a
basis for calculating thermodynamic data for andra-
dite. The method of calculation used here follows
that of Fisher and Zen (1971) and Zen (1973). Ther-
modynamic data for solid phases other than andra-
dite and hedenbergite, as well as for CO,, were taken
from Robie and Waldbaum (1968), fugacity coeffi-
cients were from Burnham and Wall (personal com-
munication, 1974), and data for H, were from Shaw
and Wones (1964), and for H,O from Fisher and Zen
(1971) and Burnham et al. (1969). Calculations were
made with the assumptions that solid phases partici-
pating in the reactions are pure and that H,~H,O and
H,0-CO, approximate ideal mixtures at the condi-
tions of interest. The results are listed in Table 4.

The standard free energy of formation of andradite
(G} aa), derived by averaging the free-energy values
calculated for each of the three closely-bracketed ex-
perimental points for reaction (1), is —1293.44 + 1.2
kcal/gfw. A nearly identical value is obtained for
G? aa when calculated assuming the reaction 3 Qtz +3
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Table4. Thermodynamic data for andradite and hedenbergite*

v s° Asg gor* AG3 AHE Reaction
cal/bar gb/gfw gb/gfw gb/gfw (Kcal/gfw) (Kcal/gfw) used
Andradite 3.158 69.0 - 1293.44+1.2 - 1377.48+1.2 (6]
(1)
Andradite “ J - 1300.0 + 1.9 - 1384.0 + 2.0" (2)
(1)
Andradite " 68.2 + 3 - 282+ 3 " - 1301.1 + 0.5 -~ 1385.1 + 0.5 (3)
(NNO)
Andradite u 66.3 + 3 - 284 + 3 " - 1303.2 + 0.5 - 1387.8 + 0.5 (3)
(QFM)
Hedenbergite  1.625 36.0 + 5 = 133 + 5Ft 40.1 - 636.06# - 675.91 5)
(NNO) - 639.89## - 679.73
" 39.0 + 5 - 133 +5 u - 638.29¢# - 677.75 (4)
- 640,84 - 680.30
Hedenbergite " 34.0 + 5 -~ 137 +5 " - 635.15# - 676.09 )
(QFm) - 640.03i# - 680.97
Andradite 3.158 67.3 -283 69.0 - 1297.80 - 1382,13 1) 3
(average)
Hedenbergite 1.625 36.3 -134 40.1 - 638.44 - 678.58 4) (5)
(average)

Reaction (1)
= C33F82513012+ 3002

(2) Ca3Al,8i30,, + Fe 05 =

()
(%)
(5)

Ca3Fe2513012 =

3810, + 3CaCO3+ 1/4 Fe,03+ 1/2 Fe30,+ 1/8 0y
Ca3Fe,5i30,, + Al,0;3

3CaSi03 + 2/3 Fe30, + 1/6 0,
3 CajFe,S1301, + 9S10, + Fe30, = 9CaFeSi,04 + 2 O,
Ca3FeZSi3012 + 25102 = 2CaFe51206 j C35103 + 1/2 02

(this paper)

(W. P. Nash and M. T. Einaudi,
personal communication, 1975)

(Gustafson, 1974)
(Gustafson, 1974)
(Liou, 1974)

*

Calculated using the methods of Fisher and Zen (1971) and Zen (1973).

*% Third law entropy from the sum of oxides (Fyfe et al., 1958).
+ Calculated from data of Robie and Waldbaum (1968) for the exchange reaction Grossular + Hematite

= andradite + corundum (W. P. Nash & M, T, Einaudi, personal communication, 1975).

++ Compared to - 132 + 5 derived from data in Robie and Waldbaum (1968) plus third law entropy from some oxides.

# Calculated using AG} -1293.44

7
### Calculated using AG%'?S -1301.1.
*

Cc + Hm = Ad + 3 CO, and the previously given
experimental brackets, as must be the case for experi-
mental temperatures and pressures along the HM
buffer curve. Data from Gustafson (1974) on reac-
tion (3) yield values of G} .q = —1301.1 + 0.5 and
—1303.2 £+ 0.5, respectively, for oxygen fugacities
controlled by NNO and QFM buffers. The value of
—1300 kcal/gfw obtained by W. P. Nash and M. T.
Einaudi (personal communication, 1975) for the the-
oretical exchange reaction Gr + Hm = Ad + corun-
dum is in good agreement with the G? .4 calculated
from Gustafson’s data.

The reasons for the difference in values of G? aq
derived from reactions (1) and (3) are not immedi-
ately obvious. The accuracy in determination of fluid
composition constitutes an additional factor in the

experimental uncertainty of each data point in our
experiments, but cannot explain such a large differ-
ence in the G2 54 values. The most likely explanation
is the effect on the Gibbs free energy of andradite of
substitution of Fe?* for Ca®* in the garnet structure.
Cell dimensions of synthetic andradite measured by
Gustafson (1974, p. 463) do show a decrease for
andradite synthesized from starting materials with
more reduced oxidation states, compatible with a
proportionate increase in substituting Fe?*. Increas-
ing substitution of Fe?* in andradite should increase
the upper thermal stability of the garnet at fixed fo,,
resulting in a correspondingly more negative calcu-
lated value for G% 4q4. This possibility is in accord with
the differences in G .q given in Table 4 for reaction
(3) conducted at NNO and QFM oxygen fugacities,
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Fig. 4. T-Xco, diagram showing calculated curves at 2000, 1000,
and 500 bars for the reaction3Qtz + 3Cc + % Hm + 2 Mt + %
0; = Ad + 3CO; at f,, defined by the HM buffer. The uncertainty
in X¢o,and T due to the uncertainty in the calculated value of G, xq
from the experimental data is shown by the stippled area for
the 2000 bar curve; the experimental curve falls completely within
the stippled area. The total uncertainty in T and Xco, for each
calculated curve is somewhat larger, however, due to the
uncertainty in thermodynamic data for other phases involved.

assuming relatively larger amounts of Fe?* in andra-
dite at lower f,,. The mean value of G2,q derived
from experiments at oxygen fugacities of the HM,
NNO, and QFM buffers is —1297.80 kcal/gfw.

Using the free energies of formation derived from
reactions (1) and (3), plus available thermochemical
data for wollastonite, quartz, and magnetite, we cal-
culated the standard free energy of formation of he-
denbergite (G} uq) from the experimental data of
Gustafson (1974) for reaction (4) involving Ad-Qtz-
Hd-Wol. The GY uq values (Table 4) derived using the
G7,aa values from Gustafson’s reaction (3) are about
2-4 kcal more negative that those G2 yq values calcu-
lated with our G? 44 from reaction (1), but are closer
to a —643.34 kcal/gfw calculated by Kurshakova and
Avetisyan (1974), based on their determination of
reaction (5) (see also Kurshakova, 1971; Navrotsky
and Coons, 1976). The mean value of G%n4 is
—638.44 kcal/gfw.

The entropies of formation of andradite and he-
denbergite were also calculated from experimental
data of Liou (1974) and Gustafson (1974) and from

data in Robie and Waldbaum (1968). The calculated
Third Law entropies (Fyfe et al., 1958) of andradite
and hedenbergite are 69.0 and 40.1 cal/deg-mole,
respectively. From the entropy and free-energy data
given in Table 4, the mean standard enthalpies of
formation of andradite (H?%.q) and hedenbergite
(H} ua) are —1382.13 kcal/gfw and —678.59 kcal/
gfw, respectively. The uncertainties listed in Table 4
are standard errors calculated according to the
method suggested by Zen (1973).

Calculated T-Xco, relations for andradite and grandite
garnets

Using the calculated thermodynamic data for an-
dradite and hedenbergite listed in Table 4, we have
computed the isobaric T-X¢o, relations for reaction
(1) for total pressures of 2000, 1000, and 500 bars,
and the results are plotted in Figure 4. Thermoche-
mical data for condensed phases and fugacity coeffi-
cients for CO, at 1000 to 2000 and at 500 bars were
taken from Robie and Waldbaum (1968), Burnham
and Wall (personal communication, 1974), and
Mel'nik (1972), respectively. The stippled area shown

P = 2kb
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Fig. 5. T-Xco, diagram comparing the stability limits of
grossular and andradite. The equilibria involving An-Qtz-Cc-Gr
(7) and Qtz-Cc-Wol (6) are from Gordon and Greenwood (1971)
and Greenwood (1967), respectively. The reaction Gryp + Qtz =
An + Wol (8) is from Newton (1966), and the temperatures of this
reaction with addition of Fe®* to grossular were calculated as
discussed in text. Reactions involving two grandite garnets are
shown by dashed lines in increments of 0.20 mole fraction of the
garnet end members,
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in Figure 4 for the equilibrium at 2000 bars represents
the uncertainty in T and Xc¢o, for the reaction due
only to variation in the calculated free energies of
formation of andradite from the three closely-brack-
eted experimental points given earlier; the experimen-
tal curve falls within the stippled area. The effect of
total pressure on the equilibrium temperature at Xco,
= 0.5 is about 55°C/1000 bars.

Experimentally determined isobaric T-Xco, rela-
tions for andradite and grossular are plotted in Fig-
ure 5 for comparison. The equilibrium curve for reac-
tion (1) is taken from the present study and that for
reaction (7) involving An-Qtz-Cc-Gr is from Gor-
don and Greenwood (1971). Also shown in Figure 5
are the equilibrium curves for reaction (6) from
Greenwood (1967a) and for reaction (8) involving
Gr-Qtz-An-Wol from Newton (1966). It is evident
from the figure that the introduction of the andradite
component into the grossular garnet decreases the
temperature of formation for grandite garnet and
expands the stability field for grandite + quartz to-
ward both higher and lower temperatures as well as
to more CO,-rich environments. The variation in
equilibrium temperature with varying garnet compo-
sition is contoured in Figure 5.

The variation in temperature of reaction (8) (Table
2) at 2000 bars with the addition of andradite to
grossular garnet, i.e., with the substitution of Fe®** for
Al, was calculated using the relation:

_ AH

AS?  AV?(1999)
2000 — __ — —
In K 21n Xgr RT + R

RT

where Xg, is the mole fraction of grossular in the
grandite garnet, R is the gas constant, and AH?, AS?,
and AV} are the standard enthalpy, entropy, and
volume changes of reaction, respectively. The grandite
garnet solution was assumed to be ideal, and the
activity of each of the other mineral phases was taken
as one.

The divariant curves for decarbonation reactions
involving grandite garnet solutions shown in Figure 5
were drawn on the basis of the locations of the in-
variant point involving anorthite, wollastonite,
grossular, quartz, and calcite, and the positions of the
andradite- and grossular-forming decarbonation re-
actions. The compositions of the grandite garnets
stable within the T-X¢o, field between reactions (1)
and (7) may be described by reactions of the type:

Gre + An + Qz + Cc + 1/2 O, = 2 Grg + CO,,

which are also functions of f;,.

T-Xco, relations among other phases

With decreasing fo,, the stability limit of andradite
in quartz-bearing calcareous rocks is significantly de-
creased and hedenbergite may become an important
phase, as experimentally demonstrated by Gustafson
(1974) and Liou (1974). An isobaric 7-X¢o,diagram at
constant Pryq = 2000 bars and at fixed f;, of 10-12°
bars is constructed in Figure 6 to illustrate the low-
temperature stability relations of andradite and he-
denbergite, as well as several other calc-silicate equi-
libria pertinent to the formation of Ca-Al-Fe-Si
skarns. For simplicity, several reactions at low values
of T and X¢o, have been omitted. Ideal mixing of H,O
and CO, was assumed. At this value of f,,, many
reactions which involve andradite and/or hedenber-
gite, and which take place below the temperature of
the graphite boundary, may still be conveniently
shown, whereas at values of fo, less than 107'** bars
the stability field of andradite shrinks rapidly and the
temperature of the graphite boundary decreases. Sim-
ilarly, at values of f,, higher than 10-'®*® bars, the
Hm-~Mt boundary is raised to higher temperatures,
modifying the phase relations of Fe-bearing phases.
The position of the graphite boundary in Figure 6
was calculated from data given in Skippen (1971),
and the temperature of the Hm-Mt boundary was
calculated from a modified expression for the HM
buffer (Eugster and Wones, 1962) given in Huebner
(1971).

The positions of equilibria involving Ad-Qtz-Cc-
Mt and Ad-Qtz-Cc-Hm in Figure 6 were calculated
assuming a G? 54 of —1293.44 kcal/gfw. The loca-
tion of the decarbonation equilibrium involving Hd-
Qtz-Cc-Mt was calculated assuming a G?yq of
—638.44 kcal/gfw. Other data necessary to the calcu-
lations were taken from Robie and Waldbaum (1968)
and Burnham and Wall (personal communication,
1974). Reaction (4) involving Ad-Qtz-Mt-Hd was
experimentally determined by Gustafson (1974). The
hedenbergite- and andradite-forming decarbonation
reactions, (9) and (11), and reaction (4) intersect at
invariant point C, from which radiates another reac-
tion, (10), that involves Hd-Cc-Ad-Qtz and defines
the CO,-richest fluids with which andradite plus
quartz is stable. Invariant points C and B are located,
respectively, at T = 585°C, X¢o, = 0.26, and T = 680
+ 10°C, X¢o, = 0.31 £ 0.05. The error limits in T and
Xco, for invariant point C can at present only be
approximated. Gustafson (1974, p. 480) reports an
uncertainty of 60°C in the intersection of reaction (4)
with the NNO oxygen buffer curve; hence, 60°C must
also be accepted as the maximum uncertainty in the
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temperature of point C. The uncertainty in X0, could
then be as large as 0.075. Note that the slope of
reaction (10) is controlled by the relative positions of
invariant points B and C. Hence, the slope of reaction
(10) changes rapidly with slight variations in fq,.

Well-determined equilibria in the Fe-free portion
of the system represented by Figure 6 include reac-
tions (6) Qtz-Cc-Wol (Greenwood, 1967a), (7) An-
Qtz-Cc-Gr (Gordon and Greenwood, 1971), and (8)
Gr-Qtz-An-Wol (Newton, 1966). These equilibria
intersect at invariant point 4, located at T = 600 +
10°C and Xco, = 0.15 £ 0.025 (Gordon and Green-
wood, 1971).

Clinozoisite (zoisite) and epidote may crystallize as

ﬁ:}OOO bars
OE g log f, =-185 | |
B L0
Ad.Qtz /
A
An « Wel £ « 002
600 #};} f//ﬁ?ﬁ‘.m//j
“" X
C
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» excess Qiz, C-0-H
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L 1 L 1 i 1 L 1 n
a of 02 03 04 05
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Fig. 6. T-Xco, diagram at Ppyq = 2000 bars for log fo, = —18.5,
i.e. slightly above the NNO buffer for the temperature range
shown. Reactions (12)-(14) involve zoisite (clinozoisite) and
reactions (15)~(17) epidote and are discussed in the text, along with
invariant points 4A-D. Reaction (4) and the reaction involving Ad-
Qtz-Hd-Wol were determined by Gustafson (1974) and Liou
(1974), respectively. The Qtz-Cc-Wol, Gr-Qtz-An-Wol, and An-
Qtz-C-Gr equilibria are from Greenwood (1967a), Newton
(1966), and Gordon and Greenwood (1971), respectively. Zoisite-
bearing reactions (12)-(14) are from Gordon and Greenwood
(1971) and Johannes and Orville (personal communication, 1974).
Reactions (15)-(17) involve epidote and are discussed in the text.
The positions of the equilibria involving Ad-Qtz-Cc-Mt, Ad-Qtz-
Ce-Hm, and Hd-Qtz-Cc-Hm were calculated using data in Table
4 (this paper), Robie and Waldbaum (1968), and Burnham and
Wall (personal communication, 1974). The graphite boundary was
located using data in Skippen (1971) and the Hm-Mt boundary
from the expression for the HM buffer given in Huebner (1971).

a result of reactions between skarn and metasomatic
fluid; hence a number of equilibria involving clino-
zoisite (zoisite) and epidote are also plotted in Figure
6. The T-X¢o, locations of reaction (12) in which An
+ Gr form at the expense of Zo + Qtz and reaction
(13) in which Gr forms from Zo + Qtz + Cc are from
Gordon and Greenwood (1971). Reaction (14) in-
volving Zo-An-Cc is plotted after the experimental
data of Johannes and Orville (personal communica-
tion, 1974), with a somewhat steeper slope than that
shown by Gordon and Greenwood (1971). Reactions
(12), (13), and (14) define a clinozoisite (zoisite)-
bearing invariant point £ located at 7= 510°C and
Xco, = 0.06 (Gordon and Greenwood, 1971).

Reactions (15), (16), and (17) in Figure 6 are epi-
dote-bearing equilibria which are analogous, respec-
tively, to zoisite-bearing reactions (12), (13), and (14)
in the Fe-free portion of the system Ca-Al-Fe-Si—-C-
O-H. The epidote-bearing reactions are not explicitly
balanced in Table 2 because the exact compositions
of the epidote, grandite, and iron-oxide phase are not
known. Experimental investigations of Holdaway
(1972) and Liou (1973) suggest that the breakdown of
epidote + quartz, reaction (15), results in a grandite
garnet with a mole fraction of grossular approxi-
mately equal to the mole fraction of pistacite in the
original epidote. The iron-oxide phase present in re-
action (15) may actually be a magnetite-hercynite
solution (Liou, 1973). Ps;, and Ad,, are assumed,
respectively, for the compositions of epidote and
grandite garnet in reactions (15), (16), and (17)
plotted in Figure 6. These reactions radiate from
invariant point D, which is located approximately at
T = 530°C and X¢o, = 0.12. Invariant point D lies
along an equilibrium curve involving grandite with
the composition Ad,Gr;, (see also Fig. 5). The effect
of minor substitution of Fe** for Ca?* in the grandite
garnet on the temperature of this reaction has been
ignored.

Figure 6 illustrates, therefore, the relative T-Xo,
stability fields at Py = 2000 bars for clinozoisite
(zoisite), epidote, grossular, and andradite and the
low-temperature stability limit of hedenbergite and
wollastonite in the presence of excess quartz and with
Jo, of 107'®2 bars, and is useful to interpret the effects
of isobaric variations in T, X¢o, and f,, on calc-
silicate equilibria in skarns. Comparison of the phase
relations shown in Figures 5, 6, and 7 indicates that
while the stability field of andradite plus quartz
shrinks significantly with a slight decrease in fo,, the
temperature of the upper stability limit of andradite
is more drastically affected by variations in f;, than
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Fig. 7. Log fo-T diagram for several reactions in the system Ca-Fe-Si-O-H (modified after Liou, 1974). Reaction (7), An + Qtz + Cc
= Gr + CO, (Gordon and Greenwood, 1971), is shown for comparison with reaction (1), 3 Qtz + 3 Cc + FeOx = Ad + 3 CO,. Mole
fractions of CO, in C-O-H fluids are shown adjacent to garnet and wollastonite decarbonation reactions. Other reactions involving Gr
and An, as well as several involving fayalite, are omitted for clarity. The slope for the reaction 3 Qtz + 3Cc + % Mt + 120, = Ad + 3
CO, is estimated from reconnaissance data of Gustafson (1971; see text). The Qtz-Cc-Wol reaction is from Greenwood (1967a), the Hd-
Ad-Qtz-Mt, Ad-Wol-Mt, and Hd-Wol-Mt equilibria are from Gustafson (1974), and the Ad-Qtz-Hd-Wol equilibrium is from Liou
(1974). The positions of the buffer curves were plotted from equations summarized in Huebner (1971).

the X¢o, limits of other limiting reactions for andra-
dite.

With decrease in fo,, fco, is also reduced, due to an
increase in the relative proportions of CO and CH,
formed by the reactions

CO, =CO +1/20,
and

COz + Hz = 2 Hzo + CH4

Accordingly, the Xco, limits of reactions involving
H,O and/or CO, will be shifted slightly relative to
their positions as shown in Figure 6. Positive-slope
decarbonation reactions would be shifted to slightly
higher values of Xco,, and reactions (13) and (16),
which also involve dehydration, to slightly lower val-
ues (see also Kerrick, 1974). In the absence of graph-
ite (i.e. at temperatures below the graphite boundary
for a given f5,), changes in positions of the reaction
boundaries in a 7-X¢o, diagram are rather small, due
to the minor abundances of CO and CH, (Eugster
and Skippen, 1967)—H,0 and CO, constitute the
principal fluid species (Greenwood, 1967b).

T-fo, relations

Isobaric T-log fo, relations at 2000 bars involving
andradite and related phases in the system Ca—Fe-Si-
C-O-H are shown in Figure 7. The upper thermal
stability limits of andradite, andradite + quartz, and
andradite + quartz + magnetite are from the experi-
mental data of Gustafson (1974) and Liou (1974).
Our experimental results for reaction (1) were plotted
at Xco, = 1.0,0.5, and 0.2 along the HM buffer curve.
Each point represents the intersection of two reac-
tions with the HM buffer curve, one with hematite
and the other with magnetite as the only iron-oxide
phase present. These points of intersection are shifted
along the HM buffer curve to lower temperatures
with decrease in Xco,.

In contrast to the reactions defining the upper ther-
mal stability limits of andradite, andradite + quartz,
and andradite + quartz + magnetite, the temperature
of formation for andradite from quartz + calcite +
magnetite shown in Figure 7 increases with decrease
in xo, at constant Py The estimated temperature
for the equilibrium Cc-Qtz-Mt-Ad at f,, of the
NNO buffer and Xco, = 1.0 is plotted about 25°C
higher than that of the reaction determined at fo,
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defined by the HM buffer. The low-temperature sta-
bility limits of grossular as defined by reaction (7) at
Xco, = 0.1 and 0.15 (Gordon and Greenwood, 1971)
are also plotted in Figure 7 for comparison.

Petrologic applications

Our experimental results on reaction (1) shown in
Figure 2 delineate the lowest temperature of forma-
tion of andradite. Many other calculated as well as
experimentally determined equilibria shown in Fig-
ures 5, 6, and 7 may be used to characterize the T,
Xco, and fo, conditions for various mineral assem-
blages in natural Ca-Si-Fe-Al skarns. However, ex-
treme caution should be taken in applying these data
to interpret physico-chemical parameters in natural
systems because (a) garnets of natural skarn are not
pure end-members, (b) f;, values during the skarn
formation are difficult to estimate, (c) other com-
ponents, such as sulfur, may be significant in the
metasomatic fluid, and (d) equilibrium between nu-
merous phases in skarn-forming processes may not
have been attained in many cases. Variation in garnet
composition (e.g., Fig. 3) and in f;, (e.g., Fig. 7), and
introduction of sulfur into the fluid phase would sig-
nificantly modify the phase relations shown in Fig-
ures 5, 6, and 7 (Burt, 1972; Gamble, 1976). Never-
theless, the present study may be used to estimate
temperature and fluid composition for grandite-bear-
ing skarns in some instances as described below.

Experimental results indicate that andradite is re-
stricted to only H,O-rich fluid at temperatures below
400°C. Andradite in regional metamorphic rocks has
been described from the prehnite-pumpellyite facies
metavolcanic rocks in New Zealand (Coombs et al.,
1977) and from serpentinite from the Austroalpine
Nappe in the Alps (Peters, 1965). Hematite was
found associated with andradite in the New Zealand
occurrence, and the depth of burial indicates a Pejuiq
of about 2 kbar, assuming Piota; = Priuia. From the
data in Figure 2, we conclude that in the metamor-
phic fluid prevailing during the crystallization of an-
dradite in the burial metamorphic rocks in New Zea-
land, X ¢, must have been lower than 0.02. The lack of
quartz and hematite in the andradite + calcite +
magnetite + serpentine assemblage in the alpine ser-
pentinite, as well as substitution of (OH) for Si in the
hydroandradite prohibits a detailed comparison with
our data, but the metamorphic fluid must have been
very H,O-rich (i.e., Xco, < 0.02).

Scharbert (1966) described 3 cm thick zoned skarn
layers in marble from the Bohemian Massif (‘‘Bunt-
ner Serie” of the Moldanubian Zone). From the

marble to the center of each layer, the mineral zona-
tion consists of a hedenbergite zone followed by a
grandite-rich core. Calcite is the dominant mineral in
the marble, and wollastonite is notably absent. No
epidote was found in the skarn. The grandite garnet
was reported to have the composition AdgGry,; it
contains inclusions of quartz and is associated with
magnetite and calcite. If we assume the f, during the
formation of garnet to have been similar to that
shown in Figure 6, then X¢o, in the fluid phase pre-
sent during the crystallization of andradite at the
expense of quartz + calcite + magnetite in the core of
the skarn must have been between 0.13 and 0.24. The
presence of the hedenbergite zone and the absence of
wollastonite in the marble suggest that the temper-
ature during the formation of the skarn layers must
have reached 580° to 600°C. A gradient in Xco,
decreasing from greater than 0.24 in the marble and
hedenbergite zones to as low as 0.13 in the grandite-
rich zone, may have been obtained.

In most metasomatic skarns associated with ig-
neous intrusions, the replacement of andradite-rich
garnet by quartz + calcite + iron oxide in a C-O-H
fluid occurs primarily as a retrograde process. For
example, scheelite-bearing skarns in the Marcus mine
in the Osgood Mountains, Nevada, contain garnet
and pyroxene as the most dominant phases (Taylor,
1976). Garnet in these skarns has the composition of
AdyGry,, and most samples of skarn contain quartz,
calcite, and hematite-magnetite as the principal ret-
rograde minerals, along with trace amounts of epi-
dote. Minor pyrite is associated with magnetite, and
tremolitic amphibole replaces salitic pyroxene. The
presence of intergrown hematite and magnetite and
the pseudomorphic replacement of hematite by mag-
netite (Fig. 8A) suggest that fo, during the retrograde
replacement was near that defined by the HM buffer.
These retrograde mineral assemblages are in contrast
to those found in skarns elsewhere around the Os-
good Mountain granodiorite stock; the other skarns
contain more aluminous garnet which was replaced
by anorthite, epidote, and Fe-rich amphibole, and
hematite is not present (Fig. 8B). Maximum con-
fining pressure during metamorphism and metaso-
matism associated with the emplacement of the Os-
good Mountain granodiorite was estimated by
Taylor (1976) at approximately 1500 bars.

From the calculated T-X¢o, curves for reaction (1)
shown in Figure 4 and reaction temperature of 450°-
550°C based on oxygen-isotope fractionations (Tay-
lor, 1974; Taylor and O’Neil, 1977), the metasomatic
fluids present in the skarns of the Marcus mine dur-



TAYLOR AND LIOU: STABILITY OF ANDRADITE 39]

ing the retrograde replacement of garnet and pyrox-
ene could have contained X¢o, up to 0.2.

Addition of Al to the system permits the crystalli-
zation of Al-Fe grandite garnet, and mineral reac-
tions involving the intermediate grandite garnets are
more complex than those involving either pure
grossular or andradite, as shown in Figure 5. Kerrick
(1970) described several assemblages of calc-silicate
minerals in rocks from roof pendants in the Sierra
Nevada, California, which contained grandite garnet
with a composition of GreAd,,. He found that the
decomposition temperature of grandite garnet +
quartz to anorthite + wollastonite increases due to
the addition of Fe®* to grossular. His suggestion is
compatible with the increase in temperature of the
grandite decomposition reaction with Fe content of
the garnet shown in Figure 5.

Grandite garnet in Fe-rich metasomatic skarns
may be replaced by mineral assemblages including
calcic plagioclase, epidote, and amphibole in addition
to quartz, calcite, and iron oxide. Fe-bearing sulfides
may also form, depending on the fg, in the fluid, and
sphene is often present as a replacement product of
Ti-bearing garnet. Such skarn garnets are typically
zoned with respect to Al and Fe, and certain zones in
garnets of some skarns may be selectively replaced
during retrograde reactions of the skarn with the
metasomatic fluid. Selective replacement of zoned
garnet has been described in skarns from the Sierra
Nevada, for example by Brock (1972) and Morgan
(1975). In the skarns from mines other than the Mar-
cus in Osgood Mountains, Nevada (Taylor, 1976),
Fe-rich zones of grandite garnets are characteristi-
cally replaced by epidote, whereas the Al-rich zones
of the garnet are virtually unattacked. These reaction
relationships may be explained by phase relations in
Figure 6, which indicate that Fe-rich garnet is re-
placed by epidote in H,O-rich fluids via reaction (15)
at higher temperatures than the analogous reaction
(12) involving Al-rich garnet. Hence, under falling
temperatures, the retrograde replacement of andra-
dite-rich garnet in skarns in the presence of H,O-rich
fluids is to be expected before the replacement of
grossular-rich garnet.

Summary

The low-temperature stability limit of andradite in
C-0O-H fluids, which we have determined as a func-
tion of fo,, Xco,, T, and Pryq, is an important bound-
ary reaction in the system Ca-Al-Fe~-Si-C-O-H. To-
gether with other previously investigated reactions
involving grossular, wollastonite, anorthite, quartz,

B&E. awkn

Fig. 8A. Photomicrograph of garnet-pyroxene skarn from the
Marcus mine, Osgood Mountains, Nevada (sample 73-186-4;
Taylor, 1976). The andradite-rich garnet has been partially
replaced by the low-temperature assemblage quartz, magnetite,
and calcite. Magnetite is pseudomorphic after hematite. Actinolitic
amphibole has partially replaced pyroxene (plane polarized light).

Fig. 8B. Photomicrograph of filled void in garnet-pyroxene skarn
from Granite Creek mine, Osgood Mountains, Nevada (sample 72-
60-2; Taylor, 1976). Note the paragenesis of pyroxene plus garnet
(px + g) followed by garnet. Garnet and pyroxene were selectively
replaced by ferrohastingsitic amphibole (ftr). Several Fe-rich zones
in the garnet rim have been selectively replaced by quartz, calcite,
and amphibole (plane polarized light).

and calcite in C-O-H fluids, the Ad-Qtz—Cc-Hm-
Mt equilibrium described in this paper broadens our
quantitative knowledge of the conditions of forma-
tion of Ca-Si-Fe-Al skarns. The stability field of Fe-
bearing grandite in the presence of a C-O-H fluid is
markedly enlarged over that for grossular with re-
spect to both temperature and X¢o, at fixed fo, and
Priuia. The upper temperature stability limit of andra-
dite (plus quartz) is sensitive to slight variations in
Jo,, whereas the temperature of other reactions in-
volving andradite are more sensitive to variations in
Xco,- The breakdown of grandite to epidote-bearing



392 TAYLOR AND LIOU: STABILITY OF ANDRADITE

mineral assemblages in H,O-rich fluids explains why
the replacement of grandite garnet by a second gar-
net, anorthite, quartz, and calcite, or of andradite by
quartz, calcite, and iron oxide is seldom observed in
skarns.
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