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Abstract The ¯uid-absent reaction 12 zoisite = 3
lawsonite + 7 grossular + 8 kyanite + 1 coesite was
experimentally reversed in the model system CaO-
Al2O3-SiO2-H2O (CASH) using a multi-anvil apparatus.
The upper pressure stability limit for zoisite was found
to extend to 5.0 GPa at 700 °C and to 6.6 GPa at
950 °C. Additional experiments both in the H2O-SiO2-
saturated and in the H2O-Al2O3-saturated portions of
CASH provide further constraints on high pressure
phase relationships of lawsonite, zoisite, grossular,
kyanite, coesite, and an aqueous ¯uid. Consistency of
the present experiments with the H2O-saturated break-
down of lawsonite is demonstrated by thermodynamic
analysis using linear programming techniques. Two sets
of data consistent with databases of Berman (1988) and
Holland and Powell (1990) were retrieved combining
experimental phase relationships, calorimetric con-
straints, and recently measured elastic properties of solid

phases. The best ®ts result in G�;zoisitef;1;298 � ÿ6; 499; 400 J

and S�;zoisite1;298 � 302 J/K, and G�;lawsonitef;1;298 � ÿ4; 514; 600 J

and S�;lawsonite1;298 � 220 J/K for the dataset of Holland and

Powell, and G�;zoisitef;1;298 � ÿ6; 492; 120 J and S�;zoisite1;298 � 304

J/K, and G�;lawsonitef;1;298 � ÿ4; 513; 000 J and S�;lawsonite1;298 �
218 J/K for the dataset of Berman. Examples of the
usage of zoisite as a geohygrometer and as a geoba-
rometer in rocks metamorphosed at eclogite facies con-
ditions are worked, pro®ting from the thermodynamic
properties retrieved here.

Introduction

Zoisite and clinozoisite, the polymorphs of
Ca2Al3Si3O12(OH), are common rock forming minerals.
Even though as minor constituents, they are ubiquitous
in ma®c, intermediate and acidic rocks as well as in
calcsilicates when metamorphosed at greenschist, am-
phibolite and eclogite facies conditions (see review by
Deer et al. 1986). In natural rocks where Fe is present,
orthorhombic zoisite is typical for eclogite facies
whereas clinozoisite or epidote occurs at low to inter-
mediate pressure conditions. In the synthetic CaO-
Al2O3-SiO2-H2O system (CASH), attempts to determine
the location of the transformation from orthorhombic
zoisite to clinozoisite were strongly a�ected by low re-
action kinetics (Chatterjee et al. 1984; Jenkins et al.
1985). The stability of clinozoisite in Fe-free systems is
still questionable as most experiments in CASH result in
zoisite growth (Pistorius et al. 1962; Newton 1966;
Chatterjee et al. 1984; Jenkins et al. 1985). In CASH,
clinozoisite is most likely stable below 350 °C (Jenkins
et al. 1985), a temperature which hinders reversal ex-
periments.

At pressures below ca. 0.9 GPa zoisite decomposes to
anorthite + grossular + corundum + water through
a reaction with positive dP/dT slope (Chatterjee et al.
1984); at higher pressures zoisite destabilizes with tem-
perature through a ¯uid-absent melting reaction above
1000 °C (Boettcher 1970). Schreinemakers' analysis on
the basis of the lawsonite stability (Schmidt and Poli
1994) together with results from H2O-saturated experi-
ments suggests a maximum pressure stability of zoisite
of ca. 7 GPa at 1000 °C.

As a result of its large stability ®eld and its common
occurrence, zoisite has been largely used to depict the
metamorphic history of both continental and oceanic
crust during many geodynamic processes. Zoisite is
a bu�er phase for various net-transfer reactions involv-
ing Ca-bearing solid solution phases used in geother-
mobarometry, e.g. anorthite component in plagioclase in
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assemblage with kyanite and quartz (Goldsmith 1982),
or grossular component in garnet at pressures exceeding
plagioclase stability (Chopin et al. 1991; Okay 1995). In
H2O-undersaturated assemblages it is also used as
a geohygrometer when ¯uid compositions are obtained
from phase equilibria constraints (Rice and Ferry 1982).

Zoisite has also been considered to be an important
water reservoir in subducted oceanic crust by Nicholls
and Ringwood (1973). They proposed that zoisite is
stable to higher pressures than amphibole and thus in
subducted crust zoisite may transport and release water
to the mantle wedge to greater depth than amphibole.
This proposition was con®rmed by experiments of Poli
and Schmidt (1995) on model basaltic systems. Fur-
thermore, geothermal gradients related to subduction of
young and hot oceanic crust may lead to ¯uid-absent
melting of both zoisite and amphibole, generating
peraluminous melts (Thompson and Ellis 1994).

Despite such a widespread involvement in the medi-
um- to high-pressure evolution of crustal rocks, the
zoisite stability ®eld is still incompletely determined, its
upper pressure occurrence is only constrained on the
basis of Schreinemakers' analysis (Schmidt and Poli
1994) and computations using available thermodynamic
data.

At temperatures lower than ca. 1000 °C, within the
stability ®eld of lawsonite, zoisite breaks down with
pressure according to a water-absent reaction

12 zoisite �3 lawsonite� 7 grossular� 8 kyanite� 1 coesite. �1�
Calculations using available thermodynamic databases
(Berman 1988, updated 1992; Holland and Powell 1990,
updated 1994; Holland et al. 1996) locate this reaction at
ca. 4.2 GPa at 860 °C (see Fig. 7 in Holland et al. 1996),
i.e. about 2.5 GPa lower than inferred by Schmidt and
Poli (1994).

The purpose of this study is to determine experi-
mentally P-T conditions of the breakdown of zoisite
with pressure and to calculate thermodynamic proper-
ties of zoisite and lawsonite at high pressures employing
recently determined bulk moduli and thermal expan-
sions of zoisite, lawsonite and kyanite. Phase relation-
ships of both H2O-saturated and H2O-undersaturated
zoisite-bearing assemblages are delineated in order to
make our results applicable to a wide spectrum of
metamorphic conditions.

Experimental techniques

Most experiments were performed with mixtures of crystalline
phases. In reversal experiments all phases participating in the re-
action were already present in the starting material. Synthetic
lawsonite, zoisite, grossular, and coesite or corundum were mixed
with natural kyanite and Al(OH)3. The natural kyanite had trace
element concentrations below the detection limit of microprobe
analysis. The Al(OH)3 was employed as a source of H2O. It allows
for the addition of precise amounts of H2O since Al(OH)3 does not
dehydrate during welding of the small capsules. Al(OH)3 immedi-
ately decomposes during heating and reacts with the other phases
present. Zoisite decomposes below 1000 °C through the water-

absent reaction (1), thus, bulk compositions for investigation of
this reaction were located in the ¯uid-absent region, i.e. in the
quadrangles lawsonite-zoisite-grossular-coesite, lawsonite-zoisite-
kyanite-coesite, and zoisite-kyanite-grossular-coesite (Fig. 1). Ex-
periments were also performed on pure zoisite, as will be shown
below, they clearly yielded a large metastability of zoisite. A direct
test if capsules did leak during the experiment was not possible
since a free ¯uid phase was not present in the experiments.

Capsules were made either of Pt or Au tubing, diameters were
1.6 or 2.0 mm OD. All capsules were welded after loading the ®ne
powdered (<10 micrometre) starting materials. Capsules were 1 to
1.5 mm long before the experiments and contained 3±5 mg mate-
rial. Experiments were performed using a split sphere and a split-
cylinder multi anvil (MA-8), WC-cubes had edge lengths of 32 mm
and truncation edge lengths (TEL) of 17 mm. Assemblies were
composed by pyrophyllite gaskets, a prefabricated MgO-octahe-
dron (containing 5 wt% Cr2O3) with 25 mm edge length, and
a zirconia sleeving containing a stepped graphite heater (Fig. 2).
A MgO sleeve was placed between capsules and graphite. The space
available for capsules in the central thickened graphite part was
3 mm in height and 3 mm in diameter. Either two 2.0 mm OD or
three 1.6 mm OD capsules could be loaded simultaneously.

The length of the capsules was only about half the length of the
thickened part of the furnace in order to further diminish thermal
gradients (see Fig. 2). An MgO-disk was placed at the bottom and
a MgO-ring at the top of the capsules. The axial thermocouple (Pt-
Pt90Rh10, S-type) was placed in direct contact with the capsules, a
mullite thermocouple-ceramic was used. Thermal gradients over
the length of the capsule in this relatively large assembly are less
than 20±30 °C at experimental temperatures of 700±1050 °C. An
experiment with two axial thermocouples, one thermocouple
junction placed in the geometrical centre of the furnace, the second
1 mm apart, yielded di�erences of 10 (at 300 °C) to 30 °C (at
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Fig. 1 Starting material mixtures in the system CaO-Al2O3-H2O
projected through SiO2. See caption to Table 1 for details on S, SO,
QW, R, RW starting material compositions
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Fig. 2 Cell assembly for multi-anvil experiments, octahedron with an
edge length of 25 mm, truncation edge length 17 mm
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1100 °C). No corrections were applied to the e�ects of the pressure
on the e.m.f. of the thermocouple. The possibility of loading two or
three capsules with di�erent bulk compositions in each experiment
was used to test di�erent mixtures of starting materials. However,
in few runs at 850 °C and at 900 °C, a mixture of garnet and
perovskite structured CaGeO3 was loaded in one of the three
capsules. The result (Table 1) was pure perovskite structured Ca-
GeO3 in runs sc08 and sc19 (in the other two capsules of the same
experiments lawsonite + grossular + coesite + kyanite were sta-
ble instead of zoisite) and pure garnet structured CaGeO3 in run
sc10 (in the other two capsules of the experiment zoisite was stable).
Thus, between 850 and 900 °C, reaction (1) intersects with the
garnet-perovskite structure transition in CaGeO3.

Pressure was calibrated against coesite-stishovite (Zhang et al.
1996), CaGeO3-garnet-perovskite (Susaki et al. 1985), a-b Fe2SiO4

(Katsura and Ito 1989; Yagi et al. 1987), and coesite-quartz
(Bohlen and Boettcher 1982). Cumulative uncertainties depend
largely on the accuracy of the reactions used as calibrant, generally
a value of �4% is assumed.

Run products were analysed using standard powder di�raction
techniques.

Results

The terminal pressure stability of zoisite was determined
at 700, 850 and 950 °C in a SiO2-saturated and H2O-
undersaturated CASH system. Experiments are listed in

Table 1 Run table (zo zoisite, law lawsonite, ky kyanite, gr grossular, coe coesite, sti stishovite, cor corundum); (-) indicates minor amounts
of the phase, and (±) traces at the limit of detection for conventional powder XRD (� 2%). Starting materials (st. mat.) are: X and Y ± zo,
Al(OH)3, ky, gr; RW and QW ± gr, ky, qz, Al(OH)3, law, zo, H2O; R ± gr, ky, qz, Al(OH)3, law, zo; S and SO ± gr, Al(OH)3, ky, qz, law,
zo, dry glass of zoisite composition. Relative proportions of the phases for silica-saturated starting materials can be evaluated from Fig. 1

Run P (GPa) T (°C) t (h) St. mat. Results

H2O- and Al2O3-saturated
Iwma75 6.6 1025 7 X Zo, ky, cor
Iwma76 6.9 1040 9 X Zo, ky, cor
Iwma77 6.9 1040 9 Y Zo, ky, cor
Iwma78 7.2 1060 8 X Gr, ky, cor
Iwma79 7.2 1060 8 Y Gr, ky, cor
H2O- and SiO2-saturated
Iwma46 6.1 900 6 RW Law, ky, coe
Iwma43 6.2 950 2 QW Law, gr, coe(-)
Iwma42 6.9 950 3 QW Law, gr, coe(-)
H2O-undersaturated and SiO2-saturated
Iwma47 9.4 1000 3 R Law, ky, gr(-), sti(-)
Iwma41 6.9 950 3 R Law, ky, gr(-), coe(-)
Iwma44 6.2 950 2 S Zo, gr, ky, coes, law(-)
Iwma48 8.6 900 3 S Law, gr, ky, sti
Iwma45 6.1 900 6 SO Zo, gr, ky(-), coe(-)
Iwma73 6.5 850 11 SO Law, zo, gr, ky, coe
Iwma74 6.5 850 11 R Law, zo, gr, ky, coe
Iwma68 6.3 850 14 R Law, zo, gr, ky, coe
Iwma63 6.0 850 10 R Zo, law, gr, ky, coe
Iwma64 6.0 850 10 SO Zo, gr, ky, coe
Iwma80 6.0 800 58 R Law, gr, ky, coe
Iwma81 6.0 800 58 S Law, gr, ky, coe
Iwma60 7.4 700 4 SO Law, ky, gr, coe, zo(-)
Iwma58 6.9 700 5 SO Law, zo, gr, ky, coe
Iwma56 6.6 700 3 SO Law, gr, ky, coe, zo(±)
Iwma54 6.2 700 4 SO Law, zo, gr, ky, coe
Iwma51 5.95 700 3 R Law, gr, ky, coe
Iwma50 5.7 700 3 R Law, gr, ky, coe
Iwma71 5.35 700 8 R Law, zo, gr, coe, ky(-)
Iwma72 5.35 700 8 SO Law, gr, ky, coe
Iwma66 5.0 700 12 R Zo, law, gr, coe, ky(-)
Iwma67 5.0 700 12 SO Zo, gr, ky, coe
Experiments on pure synthetic zoisite
Iwma65 6.0 850 10 Zoisite Zo
Iwma69 6.3 850 14 Zoisite Zo
Iwma49 5.7 700 3 Zoisite Zo
Iwma52 5.95 700 3 Zoisite Zo
Iwma53 6.25 700 4 Zoisite Zo
Iwma55 6.6 700 3 Zoisite Zo
Iwma57 6.9 700 5 Zoisite Zo
Iwma59 7.4 700 4 Zoisite Zo, law(-), gr(-),ky(-), coe(-)
Calibration experiments
sc08 6.2 950 2 CaGeO3 Perovskite structure
sc09 6.9 950 3 CaGeO3 Perovskite structure
sc10 6.1 900 6 CaGeO3 Garnet structure
sc15 6.2 700 4 CaGeO3 Garnet structure
sc19 6.5 850 11 CaGeO3 Perovskite structure
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Table 1 and results presented in Fig. 3. Zoisite was found
to be stable to ca. 5 GPa at 700 °C and to ca. 6.6 GPa at
950 °C, at higher pressures it decomposed to lawso-
nite + grossular + kyanite + coesite (reaction 1).

The experiments on the ¯uid-absent reaction (1)
proved to be more di�cult than expected. Reaction rates
were slow and complete reaction was not always ob-
tained. Run products with relatively small reaction rates
were examined by SEM. However, unequivocal reaction
textures or replacement structures could not be ob-
served. For most reversal experiments (Table 1) direc-
tion of reaction could clearly be identi®ed by comparing
relative X-ray di�raction peak heights of starting ma-
terials and experimental products.

For each pressure-temperature condition two or three
di�erent starting materials were loaded. One of the
starting materials was synthetic zoisite. This starting
material never reacted fully (see Table 1), zoisite proved
to be extremely metastable and persisted even 2 GPa
above its reversed equilibrium stability.

In order to have an independent test on the pressure
e�ect on zoisite stability, we also determined a zoisite
breakdown reaction in an Al2O3 + H2O-saturated sys-
tem. The reaction

6 zoisite� 1 corundum � 4 grossular� 6 kyanite� 3 H2O �2�
was determined to locate between 6.9 GPa and 7.2 GPa

at 1040 °C. Because reaction (2) has to lie at pressures
lower than its SiO2-saturated equivalent

6 zoisite � 4 grossular� 5 kyanite� 1 coesite� 3 H2O �3�
the experimental bracket on reaction (2) at 1040 °C
(stars in Fig. 3) also constrains the lowermost location
of reaction (3).

Because reactions (2) and (3) are stable over a narrow
temperature range of ca. 50 °C, it is not possible ex-
perimentally to determine their dP/dT slope. At tem-
peratures higher than 1050 °C, eutectic melting of zoisite
+ coesite + kyanite + H2O (Boettcher 1970; Schmidt
and Poli 1994) occurs. Our experimental results on re-
actions (1) and (2) are consistent with our previous ex-
periments on the stability of lawsonite (Schmidt and Poli
1994; Schmidt 1995). They are, within the temperature
uncertainty, also consistent with the determination of
the breakdown reaction of lawsonite to zoisite + kya-
nite + coesite + water by Skrok et al. (1994) (see
Fig. 3).

The dP/dT slope of the breakdown reaction of
lawsonite to grossular + kyanite + coesite + water is
still not well constrained. One single experiment by
Pawley (1994) at 9 GPa, 1050 °C yielded lawsonite un-
stable but the estimated error on temperature in this
experiment is in the order of 100 °C and lawsonite was
present as a run product at the cold ends of the capsule.

Fig. 3 Experimentally deter-
mined phase relationships from
1 to 10 GPa in the model system
CASH. (Circles H2O-
undersaturated and SiO2-
saturated open circles
lawsonite + grossular +
kyanite + coesite, full circles
zoisite. Triangles and diamonds
H2O- and SiO2-saturated: open
triangles lawsonite, full triangles
zoisite + kyanite + coesite/
quartz, diamonds gross-
ular + kyanite + coesite +
H2O. Stars H2O- and Al2O3-
saturated: full stars zoi-
site + corundum + kyani-
te + H2O, open star
grossular + coesite + kyani-
te + H2O. Horizontal bars ex-
periments from Skrok et al.,
1994, small symbols selected
runs from Schmidt and Poli,
1994, dashed box at 9 GPa as-
semblage gross-
ular + kyanite + coesite/
stishovite obtained by Pawley,
1994)
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Thermodynamic analysis

We calculate two sets of thermodynamic properties for
zoisite and lawsonite consistent with the database of
Holland and Powell (1990, updated 1994) and of Ber-
man (1988, updated 1992), respectively. Consequently,
we use two sets of entropies, CP functions, and Gibbs
free energies for kyanite, grossular, anorthite, and coe-
site. Entropy and free energy of stishovite is from Sch-
midt et al. (1997) following Akaogi et al. (1995). Elastic
properties are listed in Table 2. In the following we
discuss the thermodynamic properties of lawsonite and
zoisite in detail.

Entropies and CP-functions

Standard state entropies �S�;zoisite1;298 and S�;lawsonite1;298 ) and CP-
functions of zoisite and lawsonite were measured by
Perkins et al. (1980). For zoisite Perkins et al. obtained
a smooth CP function. On the contrary, the calorimetric
measurement of lawsonite did encounter several prob-
lems at temperatures below 298.15 K. The lawsonite
sample used by Perkins et al. (1980) contained ¯uid in-
clusions and the discontinuities observed in the CP

function at 120±130 K and 270±275 K were assigned to
an ice phase transition and to the melting of ice. A cor-
rection for 0.5 wt% H2O was applied by Perkins et al.
(1980) to the experimental measurements. The recent
discovery of low-temperature phase transitions in
lawsonite at 155 K and 273 K (Libowitzky and Arm-
bruster 1995) renders additional corrections necessary
and may suggest a re-interpretation of the discontinu-
ities in heat capacity measurements of Perkins et al.
(1980). However, since both phase transitions in lawso-

nite are displacive and probably second order lambda
transitions (Thompson and Perkins 1981), detailed
calorimetry is necessary in the vicinity of the phase
transitions.

Additional problems with the entropy of lawsonite
are: a non-zero entropy at 0 K can be observed on a
CP/T versus T plot after ®tting data below 15 K. It is
unclear, if this behaviour is caused by ordering of hy-
drogen in lawsonite or by the presence of ice (which
exhibits a typical ``residue'' entropy close to 0 K). Sec-
ondly, the phase transition observed at 155 K by Lib-
owitzky and Armbruster (1995) does not match the CP-
discontinuity at 120±130 K of Perkins et al. (1980).
Furthermore, the 273 K transition in lawsonite super-
imposes the water-ice transition. Any of these phase
transitions in lawsonite would increase the standard
state entropy of lawsonite. However, the smoothing of
the CP function and the correction for ice/water as cal-
culated by Perkins et al. (1980) might lead to an over-
estimation of the standard state entropy of lawsonite.
Thus, the overall e�ect of the various necessary
corrections on the lawsonite standard state entropy re-
mains unresolved. In conclusion, we thus consider the
error of standard state entropy for lawsonite relatively
large.

The CP function of lawsonite and zoisite
at high temperatures

Even though heat capacities for all of the phases in-
volved in this study were measured, the extrapolation of
calorimetric data on hydrous phases to high tempera-
tures strongly depends on the polynom used for the CP

function and if physical constraints are applied to the
high-temperature portion of the CP-function. This is

Table 2 Elastic and thermal properties for solid phases and CP-functions of lawsonite and zoisite used as ®xed input parameters for
retrieval calculations

V�1;298
(J MPa)1)

KT(298)

(GPa)
K¢ a � a0 � a1T � a2Tÿ1 � a3Tÿ2

a0 � 105 a1 � 108 a2 � 102 a3 � 101

Zoisite 13.61a 102.0a 4.8a 3.860b ± ± ±
Lawsonite 10.15b 96.0c 4.0c 3.130b,c ± ± ±
Kyanite 44.14d 156.0d 5.6d 2.443e ± 3.936 ±
Stishovite 14.01f 315.0g 5.3g 1.053h 0.903 ± 1.220
Coesite 20.64f 96.0i 8.4i 0.543h 0.500 ± ±
Grossular 125.35f 168.0j 6.2j 1.951k 0.809 ± )0.497

CP � a� bTÿ0:5 � cTÿ2 � dTÿ3

a b c ´ 10)7 d ´ 10)9

Zoisite 718.11l )5184.8 )1.3593 2.3077
Lawsonite 539.23l )1523.7 )3.9553 7.2389

a Comodi and Zanazzi (1997) g Li et al. (1997)
b Pawley et al. (1996) hAkaogi et al. (1995)
c Comodi and Zanazzi (1996) i Levien and Prewitt (1981)
d Comodi et al. (1997) j Knittle (1995)
e Fitted to data of Winter and Ghose (1979) k Fei (1995)
f Robie et al. (1978) l This study
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particularly relevant for lawsonite since the metastable
persistence of lawsonite (or zoisite) at atmospheric
pressure extends only to 327 °C (for zoisite to 456 °C)
and calorimetric measurements at higher temperatures
are not feasible. Nevertheless, at high pressure, the
lawsonite stability ®eld extends to more than 1000 °C
and that of zoisite to more than 1100 °C. In order to
perform calculations at temperatures largely beyond the
measured range, CP functions must be extrapolated on
a physical basis. It is known that CV convergences at
high temperatures to 3nR according to the law of Du-
long and Petit, and consequently CP to 3nR + a2VTKT.
Anharmonic contributions and ordering terms for
most silicates account for less than a few percent of
CP above the Debye temperature, electronic or mag-
netic contributions are expected to be unimportant in
lawsonite and zoisite. Therefore the limit of Dulong
and Petit represents a useful approximation for these
phases.

Recently determined elastic properties for both zoi-
site and lawsonite (Pawley et al. 1996; Comodi and
Zanazzi 1996, 1997) permit to ®t the original calori-
metric data of Perkins et al. (1980) together with a
reliable high-temperature constraint. We prefer a 4-pa-
rameter polynom for CP as given by Berman and Brown
(1985) (see Table 2); it ®ts the measurements and high-
temperature convergence criteria. Extended 7-parameter
polynoms for CP (e.g. Saxena et al. 1994) did not yield
any improvement in the ®t. Figure 4 illustrates CP

functions for lawsonite used in the literature and our CP

function based on the measurements of Perkins et al.
(1980) for low temperatures and extrapolated following
the high-temperature convergence criteria. A large de-
viation of the curve of Perkins et al. (1980) is related to

the usage of a Mayer-Kelley equation which is known to
be unsuitable for extrapolations. The di�erence between
our ®t and the one of Berman (1988) is in the order of
7% at 1200 K. Such a di�erence causes a displacement
of the invariant point in Fig. 3 by ca. 50 °C. The CP

function employed by Holland and Powell (1990)
decreases above 1300 K which is physically unreason-
able. Di�erences for CP functions of zoisite from
Berman (1989), Holland and Powell (1990) and our ®t
(which takes into account the high-temperature
convergence criterion) are relatively small, probably
because high-temperature phase equilibria for zoisite are
available.

Volume equation of state of solids

A Murnaghan equation of state was used to calculate
volumes of solid phases at pressure and temperature.
Temperature derivatives of bulk modulus at constant
pressure [(dK/dT)P] for all phases involved in this study
are unknown. Therefore we assume (dK/dT)P = 0 for all
phases. This simpli®cation does have a small e�ect on
calculations at temperatures to 1000 °C. The tempera-
ture dependence of bulk modulus is probably in the order
of )10 to )40 MPa/K and results in shifts of calculated
positions of reactions in the order of 10 °C or some 100
bar with respect to calculations setting (dK/dT)P = 0
for all of the phases. Thus, as long as (dK/dT)P is not
directly measured, setting (dK/dT)P = 0 for all phases
yields more consistent results than estimations (currently
not available for lawsonite and zoisite).

Thermal expansions (a), bulk moduli (KT) and pres-
sure derivatives of bulk moduli at constant temperature
(K¢) for zoisite and lawsonite were recently determined
by Grevel et al. (1996), Comodi and Zanazzi (1996,
1997), Pawley et al. (1996), and Holland et al. (1996).
While thermal expansion coe�cients for lawsonite de-
termined by Pawley et al. (1996) and Comodi and Za-
nazzi (1996) are essentially identical (3.16 á 10)5, and
3.13 á 10)5, respectively), the bulk modulus obtained by
Holland et al. (1996, KT = 194 GPa) is much higher
than those of Comodi and Zanazzi (1996, KT =
96 GPa, K¢ = 4) and Grevel et al. (1996, KT =
91 GPa).

An important overestimation of bulk moduli in the
study of Holland et al. (1996) can be deduced from their
data on zoisite-polymorphs. Holland et al. (1996) found
a KT for zoisite of 279 GPa (a value higher than the one
for corundum), which is 80% higher than their bulk
modulus for clinozoisite (154 GPa). The transformation
between the two polytypes is related to the stacking se-
quence and a slight modi®cation in the octahedral
chains, thus a very similar compression behaviour can be
expected. Zoisite and clinozoisite have the same chemi-
cal formula. Therefore, CP functions should be very
similar (maximum deviations in the order of 5%; see
Helgeson et al. 1978, and Berman and Brown 1985), they
are actually assumed to be identical in most thermody-
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namic databases. Because thermal behaviour of ortho-
rhombic zoisite and clinozoisite is roughly similar, the
80% di�erence in KT should result in completely dif-
ferent heat capacities at high temperatures (limit of
Dulong and Petit), a fact which is in strong contradic-
tion with the previous evidence. Furthermore, Anderson
(1989) demonstrated that bulk moduli of silicates can be
determined through an approximation on the basis of
density and mean atomic weight, both being very similar
in ortho- and clinozoisite. As a consequence, for
lawsonite and zoisite we employ compressibilities ob-
tained by DAC single crystal re®nement by Comodi and
Zanazzi (1996, 1997) (KT

zoisite = 102 GPa). Compress-
ibilities and expansivities for grossular, kyanite, stisho-
vite, coesite are listed in Table 2. The use of a
Murnaghan equation of state does not alter the consis-
tency of other thermodynamic properties for such
phases with the databases of Holland and Powell, and of
Berman. A Murnaghan equation of state allows to re-
produce their elastic properties at low pressure but to
improve prediction at pressures higher than 1 GPa.
Di�erences of computed volumes from Eq. 5 in Berman
(1988) or the formulation in Holland and Powell
(1990, page 91), and a Murnaghan equation of state
at P < 1 GPa and T < 1573 K are always less than
0.2%.

Equation of state for ¯uids

Zoisite breakdown with pressure through reaction (1)
does not involve a free H2O phase. However, the cal-
culation of phase relationships in the CASH model
system and re®nement of thermodynamic properties of
zoisite and lawsonite requires a suitable equation of state
(EoS) for water at high pressure. Several equations of
state for water at pressures higher than 4 GPa are cur-
rently available, even though substantially untested
(Delany and Helgeson 1978; Halbach and Chatterjee
1982; Saxena and Fei 1987a,b; Brodholt and Wood
1993; Frost and Wood (in press); Holland and Powell
1991, adjusted with new virial term coe�cients in Hol-
land et al. 1996). Any of these equations of state permit
the retrieval of thermodynamic properties for zoisite and
lawsonite consistent with experimental data. However,
because equations of Delany and Helgeson (1978) and
Holland and Powell (1991) were used to retrieve the
datasets of Berman (1988) and Holland and Powell
(1990, updated 1994) respectively, we will forward two
sets of data for lawsonite and zoisite consistent with
these EoS for water.

A set of thermodynamic data for zoisite and lawsonite

The experimental data of this study were treated along
with results from Schmidt and Poli (1994) on the reac-
tion:

4 lawsonite � 2 zoisite� 1 kyanite� 1 quartz/coesite� 7 H2O

�4�
and with data of Chatterjee et al. (1984) on the reaction:

2 zoisite� 1 kyanite� 1 quartz � 4 anorthite� 1 H2O �5�
in order to account for experimental brackets at low
pressure.

A linear programming technique was used to verify
internal consistency of experimental data and to obtain
a feasible region (Gordon 1973) for G° and S° of zoisite
and lawsonite as a function of P, T and of the other
thermodynamic data previously discussed. Inequalities
were placed considering experimental uncertainties.
However, a relevant but quantitatively unpredictable
reduction of the activity of H2O with increasing tem-
perature and pressure is expected due to a signi®cant
amount of dissolved matter in the ¯uid (for SiO2 in
quartz/coesite experiments see Manning, 1994). There-
fore, during the ®t procedure only piston cylinder ex-
periments (Schmidt and Poli 1994) at relatively low
temperatures and pressures were employed as con-
straints on reaction (4).

Because the dP/dT slopes of equilibria (1) and (4) are
tightly constrained by our experiments, and volumes are
calculated by the well known equations of state for these
minerals, ®tted S�;lawsonite1;298 and S�;zoisite1;298 are mathematically
correlated. The entropy of zoisite (S�;zoisite1;298 � 297 J/K)
obtained by Perkins et al. (1980) always locates inside
the feasible region de®ned by our experiments, whereas
consistent values of S�;lawsonite1;298 are always lower than the
value obtained by Perkins et al. (S�;lawsonite1;298 � 230 J/K).
As discussed above, a reliable measurement of the
standard state entropy of zoisite has been obtained by
Perkins et al. (1980), whereas the determination of
S
�;lawsonite
1;298 resulted in a large error. Therefore, as an op-
timization strategy, we adopt an entropy for zoisite
within the error of the measurement by Perkins et al.
(1980) and we calculate a standard state entropy of
lawsonite as close as possible to the problematic value
determined by Perkins et al. (1980). Table 3 shows the
calculated thermodynamic properties according to the
database selected. Application of the EoS for water by
Halbach and Chatterjee (1982) results in a higher en-
tropy of lawsonite, whereas a ®t using the EoS by
Brodholt and Wood (1993) and Frost and Wood (1997)

Table 3 Gibbs free energies of formation from the oxides, and third law entropies for zoisite and lawsonite, consistent with the ther-
modynamic database of Berman (1988, updated 1992) and Holland and Powell (1990, updated 1994). Units are Joule, K, bar

Database and water EoS G�;zoisite
f ;1;298 S

�;zoisite
1;298 G

� ;lawsonite
1;298 S

�;lawsonite
f ;1;298

Holland and Powell 1990, 1991; Holland et al. 1996 )6,499,400 302 )4,514,600 220
Berman 1988; Delany and Helgeson 1978 )6,492,120 304 )4,513,000 218
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leads to a lower entropy of lawsonite. To what extent
such deviations are the consequence of incorrect pre-
dictions of water EoS, of unreliable calorimetric mea-
surements on lawsonite, or to decreasing H2O activity
due to the increasing amount of dissolved matter with
experimental temperature remains unresolved. Di�er-
ences among calculated free energies of formation from
the elements for both zoisite and lawsonite, and those
tabulated in the databases of both Berman (1988) and
Holland and Powell (1990, updated 1994) are in the
order of 2 kJ and thus within their uncertainties.

Phase relationships in CASH at high pressure

Phase relationships at high pressure in CASH were
computed using PeRpLeX package (Connolly 1990),
modi®ed to include a Murnaghan EoS for solids and the
water EoS listed above. Thermodynamic properties
listed in Tables 2 and 3 were employed.

Furthermore, the location of the reaction:

1 kyanite� 1 H2O � 1 topaz-OH �6�
has been experimentally determined by Wunder et al.
(1993) and the intersection of equilibrium (6) with

3 lawsonite � 1 grossular� 2 kyanite� 1 coesite/stishovite

� 6 H2O �7�
permits to locate an invariant point (Fig. 5, upper right
corner) where two reactions generate:

3 lawsonite� 4 kyanite � 1 grossular� 1 stishovite

� 6 topaz-OH �8�
3 lawsonite � 1 grossular� 1 stishovite� 2 topaz-OH

� 4H2O: �9�
The dP/dT slope of equilibria (8) and (9) were obtained
after evaluating the standard state entropy of topaz-OH
(100 J/K) from the dP/dT slope of reaction (6). All
water EoS employed in this study lead to a positive
dP/dT slope of equilibrium (7) both with coesite and
stishovite. A change of the sign of the dP/dT slope of the
lawsonite breakdown reaction appears when kyanite
reacts to topaz-OH in the presence of H2O. The calcu-
lated slope of Eq. (8) is strongly a�ected by the di�erent
EoS for water. Experiments at 12 GPa by Schmidt
(1995) and Pawley (1994) further constrain the dP/dT
slope of reaction (8), but poor knowledge of the ther-
modynamic properties of topaz-OH hinders calculation
of reaction positions in this P-T region. Figure 5 shows
that the maximum temperature stability of lawsonite
extends to ca. 1100 °C at 10 GPa, in agreement with
experimental results of Pawley (1994). Reaction (8)
might be the cause of the high-pressure stability limit of
lawsonite in intermediate compositions (greywackes) at
ca. 9±10 GPa (Poli and Schmidt 1997). This reaction will
occur when peraluminous crustal material is subducted
in relatively cold subduction zones (Davies and Steven-
son 1992). Domanik and Holloway (1997) found
lawsonite and topaz-OH to coexist with garnet and
clinopyroxene in a metapelite composition at conditions
of 6±8 GPa, 700±900 °C. At 8±10 GPa such an assem-
blage was found to react and lawsonite disappears in
agreement with our calculations in the model system
CASH.

The computed slope of reaction (3) (Fig. 5) is positive
and implies hydration with increasing temperature. Al-
though minor adjustments to entropies and volumes of
participating phases are still possible, these adjustments
will not change the sign of DS and DV of reaction be-
cause both of them are relatively large ()100 J/K and
)2.9 J/bar, respectively).

Zoisite stability and phase relationships
in H2O-undersaturated rocks

The occurrence of zoisite + coesite-bearing assemblages
in high-pressure terrains has become manifest, both at
H2O-saturated conditions (Dabie-Shan, China; Okay
1995) and H2O-undersaturated conditions (Straumen,
Norway; Smith 1988, p. 53). In nature, zoisite develops
at H2O-undersaturated condition mostly in coronitic
rocks metamorphosed under eclogite or amphibolite
facies conditions as a result of uneven H2O distribution
(Rubie 1990). Consequently, zoisite-bearing equilibria
have been largely used to decipher ¯uid composition in
orogenic processes s.l. (e.g. Ghent 1988; Powell and
Holland 1994). However, zoisite stability in H2O-un-
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dersaturated rocks occurs as the result of two distinct
processes: (1) absence of a free ¯uid phase but presence
of hydrous phases (further on referred to as ``H2O-un-
dersaturated ± ¯uid absent''); (2) dilution of H2O com-
ponent in a mixed ¯uid, e.g. H2O-CO2 ¯uid (further on
referred to as ``H2O-undersaturated ± mixed ¯uids'').

Phase relationships at H2O-undersaturated ± ¯uid-
absent conditions in the model system CASH are
entirely described in the phase diagram of Fig. 5. Ob-
viously, some of the reactions in Fig. 5 only occur when
H2O is an excess phase, e.g.

5 lawsonite� 1 grossular � 4 zoisite� 1 coesite� 8 H2O: �10�
Other reactions such as our experimentally determined
reaction (1) only occur if a ¯uid phase is absent, the
maximum pressure stability of zoisite within the lawso-

nite stability ®eld can be attained only at H2O-under-
saturated ± ¯uid-absent condition. However, in the
CASH system reactions cannot shift in P and T since all
solid phases have constant compositions and unit
activities.

On the contrary H2O-undersaturated ± mixed-¯uid-
present conditions cause a displacement of reactions
which involve ¯uid as the activity of H2O is reduced in
a mixed ¯uid.

The distinction between the two cases above is ob-
vious but has been frequently underevaluated when
``¯uid compositions'' or ``H2O activities'' have been in-
directly obtained from phase equilibria in rocks. With
three independent reactions among the independent
components of the phases present in a hydrated rock,
three potentials can be obtained: usually P-T, and the
chemical potential of H2O. Common techniques used in
the literature to perform such calculations are ®xed ac-
tivity corrections on selected reactions (e.g. Ghent 1988)
and multi-equilibrium calculations (e.g. TWEEQU, Ber-
man 1991; THERMOCALC, Powell and Holland 1994).
Applications of such techniques usually assume that low
``H2O activities'' are related to the presence of a mixed
¯uid, commonly a H2O-CO2 ¯uid. However, it should be
noted that, in contrast to solid phases, the presence or
absence of the ¯uid phase cannot be demonstrated di-
rectly (high-pressure ¯uid inclusions are rarely pre-

Fig. 6 Property diagram (chemical potential of component H2O) for
the system CASH around the bundle involving lawsonite, zoisite,
grossular, kyanite and coesite. The heavy shaded plane stands for H2O
properties in a pure aqueous ¯uid. The heavy line represents the locus
of l(H2O) bu�ered by the 5 solid phases involved and corresponds to
the ``¯uid-absent'' reaction (1) experimentally determined in this
study. Phase relationships projected onto the base of the block
diagram represent H2O-saturated conditions. Numbers in circles refer
to reactions described in the text. CAS composition diagrams
illustrate assemblages attending di�erent degrees of H2O-undersatu-
ration. Abbreviations as in Fig. 5. See text for further explanation
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served) and therefore only the chemical potential of
H2O, but not the activity or fraction of H2O in a ¯uid,
can be calculated. Furthermore, when ``multi-equilibri-
um'' calculations are performed, the assemblage chosen
is not necessarily stable at the calculated pressure and
temperature since the stability of the assemblage is
commonly not tested. Whether the l(H2O) calculated
has to be referred to H2O-undersaturated ± ¯uid-absent
or to H2O-undersaturated ± mixed-¯uid-present condi-
tions should be derived on the basis of phase equilibria
constraints.

H2O-undersaturated ± ¯uid absent

In Figs. 6 and 7 we illustrate the di�erence between H2O-
undersaturated ± ¯uid-absent and H2O-undersaturated ±

mixed ± ¯uid-present conditions in the CASH model
system. At each P-T, the chemical potential of H2O is
determined either by water � hydrous phases, or mixed
¯uid � hydrous phases, or hydrous phases only. The
shaded planes marked (law), (zo), (gr) represent (using
Schreinemakers' notation) values of l(H2O)(P,T) when
bu�ered by grossular + kyanite + coesite + zoisite
(law), grossular + kyanite + coesite + lawsonite (zo),
or kyanite + coesite + zoisite + lawsonite (gr) res-
pectively, e.g.:

6 l�H2O� � 3 l�law� ÿ 1 l�gr� ÿ 2 l�ky� ÿ 1 l�coe�
�equilibrium (zo)]:

In P-T-l(H2O) space the intersection line of this plane
with the l(H2O)(P,T) de®ned by a given EoS for water
(the heavy shaded plane in Fig. 6) represents the uni-
variant curve (7) which is projected onto the P-T plane.

Fig. 7 Composition diagram
projected through SiO2 and
Al2O3 (i.e. coesite and kyanite
on the bu�ering surface at
selected pressure and tempera-
ture conditions) which shows
occurrence of hydrates and
carbonates at ¯uid-absent con-
ditions, possible equality of
l(H2O) in both ¯uid-absent and
¯uid-present conditions at dif-
ferent solid phase assemblages,
and possible increase of l(H2O)
(and formation of the more
hydrated phase lawsonite com-
pared to zoisite) by the addition
of CO2 from bulk composition
A to bulk composition B. (arag
aragonite)
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``Saturation'' of H2O is de®ned by the presence of
water, and, if water is in mechanical equilibrium with
solids, Pwater = Psolids. Above the heavy shaded plane
P¯uid would be larger than Psolids which is only possible
in non-equilibrium situations. Consequently, in equilib-
rium, l(H2O) cannot be increased to values above the
heavy shaded plane. On the contrary, a large number of
H2O-undersaturated conditions is possible below the
heavy shaded plane, either in the presence or absence of
hydrous phases. As an example we consider a pressure of
4 GPa (left face of block diagram in Fig. 6) and a
temperature of 600 °C. The assemblage lawsonite +
kyanite + coesite may well be in equilibrium at H2O-
undersaturation (upper chemography on the right of
Fig. 6, which is valid in the volume bound by the H2O-
saturation plane, the (zo) plane and the (gr) plane). With
decreasing l(H2O), zoisite + kyanite + coesite assem-
blage occurs (chemography on the left), and at very low
l(H2O) the anhydrous assemblage grossular + kyanite
+ coesite becomes stable. The ``¯uid-absent'' reaction
(H2O) is represented by the intersection of the planes
(gr), (law), (zo). There, the variance is lowered by the
coexistance of 5 phases (zo, ky, coe, law, gr) and the
intersection of the univariant curve (1) in P-T- l(H2O)
space (Fig. 6) with the water-saturation plane generates
the invariant point on the P-T plane of Fig. 6.

If H2O is the only ¯uid species, the phase diagram of
Fig. 6 is complete for both H2O-saturated and H2O-
undersaturated ± ¯uid-absent conditions.

H2O-undersaturated ± mixed ¯uid present

Dilution of H2O with other components, most com-
monly CO2, causes displacement of the ``¯uid''-satura-
tion plane to lower l(H2O). As a consequence, equilibria
(3), (4), and (7), but not equilibrium (1), shift towards
lower pressures and lower temperatures, respectively.
Addition of CO2 component to the system enables the
appearance of carbonates, e.g. aragonite at high pres-
sure. However, also in an enlarged system with CO2 as
additional component, H2O-undersaturated conditions
and presence of carbonates do not necessitate the exis-
tence of a free ¯uid phase. Figure 7 was calculated in the
system CASH + CO2 and is projected through SiO2

and Al2O3, i.e. coesite and kyanite are present on the
saturation surface. Both, H2O-undersaturated ± ¯uid-
absent and H2O-undersaturated ± mixed-¯uid-present
conditions occur in Fig. 7.

Figure 7a shows that: (1) presence of hydrous pha-
se(s) + carbonate does not imply the presence of a ¯uid:
the assemblages lawsonite-aragonite-zoisite and zoisite-
aragonite-grossular do not coexist with a ¯uid phase.
(2) The same chemical potential of component H2O can
be obtained both at H2O-undersaturated ± ¯uid-absent
and H2O-undersaturated ± mixed-¯uid conditions. For
example, a l(H2O) of )243 kJ is calculated with a da-
taset consistent with Berman (1988) for the composi-
tional triangle lawsonite-zoisite-aragonite as well as for

aragonite coexisting with a ¯uid with a mole fraction of
H2O of 0.40. It should be noted that in this case identical
l(H2O)'s are calculated for two di�erent phase assem-
blages. (3) Addition of CO2 component to a H2O-un-
dersaturated ± ¯uid-absent assemblage, might increase
the chemical potential of H2O, as shown by the arrow
from point A to point B (Fig. 7a). At point A, grossular-
zoisite-aragonite coexist, l(H2O) is )249 kJ. From point
A to point B, the content of CO2 in the bulk composi-
tion increases and at point B zoisite-lawsonite-aragonite
coexist with a l(H2O) of )243 kJ. It should be noted
that in this particular case an increase of CO2 in the bulk
composition causes an increase of the number of hy-
drous phases present.

Fig. 7a also shows that for low-temperature ± high-
pressure conditions lawsonite or zoisite coexist only with
¯uids rich in H2O. At higher temperatures (Fig. 7b and
c), zoisite may coexist with relatively CO2 rich ¯uids.
This latter result is in accordance with the occurrence of
zoisite in metacarbonates.

In conclusion, we suggest that the result of ``multi-
equilibrium'' calculations can be misleading if the sta-
bility of the assemblage is not completely tested. In such
``multi-equilibrium'' calculations, ``calculated X(H2O)''
are based on the assumption that a ®ctitious ¯uid phase
was present. However, such a ®ctitious ¯uid phase is not
mandatory and calculated l(H2O) which result in water-
undersaturation might equally be interpreted as H2O-
undersaturated ± ¯uid-absent conditions. Further
caution in the interpretation of calculated X(H2O) is
suggested by the possible presence of inert components
in the ¯uid, which may lead to dramatic e�ects on to-
pology (Trommsdor� and Evans 1977).

The use of zoisite in geothermobarometry

Zoisite is an excellent and ubiquitous bu�er for both
grossular component in garnet and anorthite component
in plagioclase over a wide range of metamorphic con-
ditions according to reactions (1), (3), (5), and

15 diopside� 12 zoisite � 13 grossular� 5 pyrope

� 12 quartz/coesite� 6 H2O: �11�
Equilibrium (5) was studied by Goldsmith (1982) with
anorthite diluted in plagioclase solid solution. Its geo-
thermometric application is mainly devoted to relatively
low pressure conditions. Equilibria (3) and (10) were
successfully used by Okay (1995), O'Brien (1993), Cho-
pin et al. (1991), and Poli and Schmidt (1995, 1997) to
depict phase relationships both in natural and synthetic
garnet amphibolites and eclogites.

Figure 8 was calculated with Vertex, using the data-
base of Berman (1988), EoS for water by Delany and
Helgeson (1978) and the solution model of Berman
(1990) for garnet. It should be noted that Fig. 8 di�ers
from Fig. 6 in Okay (1995) by the fact that we do not use
®xed activity calculations in the model system CASH
but we derive the grossular component in garnet in
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equilibrium with the other components in garnet in
a CFMASH system (following the ``pseudo-com-
pounds'' approximations, see Connolly 1990; Connolly
and Kerrick 1987). Pyrope component in blueschists or
orogenic eclogites usually varies from 15 mol% to 35
mol% (Carswell 1990); such pyrope contents in garnets
are reproduced by our calculation in Fig. 8.

Both equilibria (3) and (11) have a moderate dP/dT
slope. In P-T space, reaction (3) is slightly positive in the
model system CASH (hydration with increasing T, see
above) but becomes progressively negative (dehydration
with increasing T) with increasing dilution of grossular
component in garnet. As a result, at typical crustal
conditions (Fig. 8) this reaction becomes rather steep in
P-T space and its application for pressure estimates is
not reliable unless temperature is well constrained. Re-
action (11), where kyanite is replaced by pyrope minus
diopside, has the advantage of a ¯atter slope in P-T
space and a general applicability for eclogites equili-
brated both in the quartz and in the coesite ®eld. Un-
fortunately, a general and simple graphic representation
as in Fig. 8 cannot be presented for reaction (11) be-
cause diopside activity is controlled by XMg-ratio and
jadeite component in clinopyroxene which both vary
signi®cantly in natural rocks. Our retrieved thermody-

namic data for zoisite can be used for computation of
the location of this equilibrium at user de®ned diopside
activities.

In the H2O-undersaturated region, reaction (1) con-
stitutes a useful geobarometer. However, zoisite being
regarded in most petrographic analysis as a replacement
product of lawsonite, a small number of case studies
propose the coexistance of zoisite and lawsonite (e.g.
Barnicoat 1988).

Concluding statements

1. The stability of zoisite is limited through a water-
absent reaction at pressures between 5.0 GPa (at
700 °C) and 6.6 GPa (at 950 °C).

2. Employing measured crystallophysical properties
(bulk moduli, thermal expansivities, and CP-func-
tions, the latter being dependant on bulk modulus
and thermal expansivity at high temperatures), sets of
thermodynamic properties for zoisite and lawsonite
can be derived consistent with our high-pressure ex-
periments and consistent with previous low-pressure
± high-temperature experiments.

3. Zoisite occurs at H2O-saturated conditions, at H2O-
undersaturated ± ¯uid-absent and at H2O-undersat-
urated ± mixed-¯uid (CO2-H2O) conditions. Thus,
equilibria involving zoisite can be employed as geo-
hygrometers. The calculation of multiple metamor-
phic equilibria on the basis of solid phase
compositions yields a l(H2O). For H2O-undersatu-
rated conditions, the calculated l(H2O) is not neces-
sarily a result of the presence of a mixed CO2-H2O
¯uid, it could equally result from the absence of a ¯uid
phase.

4. The presence of zoisite in eclogite facies rocks pro-
vides a bu�er for grossular content in garnet. Thus,
the equilibrium zoisite + diopside = garnet +
quartz/coesite + H2O constitutes an excellent geo-
barometer for low- to medium-temperature eclo-
gites.
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