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Abstract The enthalpy of drop-solution in molten
2Pb0O'B,05 of synthetic and natural lawsonite, CaAl,
(Si,O7)(OH),'H,0O, was measured by high-temperature
oxide melt calorimetry. The enthalpy of formation
determined for the synthetic material is AHOX9=
~168.7+3.4 kI mol!, or AH’»95=-4.872.5+£4.0 kJ
mol !. These values are in reasonable agreement with
previously published data, although previous calori-
metric work yielded slightly more exothermic data and
optimisation methods resulted in slightly less exothermic
values. The equilibrium conditions for the dehydra-
tion of lawsonite to zoisite, kyanite and quartz/coesite
at pressures and temperatures up to 5 GPa and 850 °C
were determined by piston cylinder experiments.
These results, other recent phase equilibrium data,
and new calorimetric and thermophysical data for
lawsonite and zoisite, Ca,Al;(S104)(Si,07)O(OH), were
used to constrain a mathematical programming
analysis of the thermodynamic data for these two min-
erals in the chemical system CaO-Al,05-SiO,—H>0
(CASH). The following data for lawsonite and zoisite
were obtained: ApH 9, (lawsonite) = —4,865.68 kJmol ™',
S9¢ (lawsonite) = 229.27 J K~ mol ™", AtH Y (zoisite) =
—6,888.99 kI mol~!, 894 (zoisite) = 297.71 JK™! mol !
Additionally, a recalculation of the bulk modulus of
lawsonite yielded K=120.7 GPa, which is in good
agreement with recent experimental work.
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Introduction

During the last decade, the discoveries of high-pressure
minerals such as coesite and diamond in metamorphic
rocks have drastically changed our ideas concerning the
limits of metamorphism. The process of ultrahigh-pres-
sure metamorphism (UHPM), i.e. metamorphism at
pressures >2.8 GPa, is now accepted in the scientific
community. Early experimental studies in chemical
model systems, like the system MgO-Al,05-SiO,—H,O
(MASH) representing material of crustal composition
(e.g. Schreyer and Seifert 1969), offered guidelines for
subsequent experimental work. Chatterjee et al. (1984)
presented a detailed investigation of 14 univariant re-
actions in the system CaO-Al,O3;-SiO,—H,O (CASH)
covering pressures up to 4 GPa. The latter investigators
were followed by Skrok (1993), Pawley (1994), Schmidt
and Poli (1994), Schmidt (1995), and Poli and Schmidt
(1998), who were particularly interested in studying
reactions involving the hydrous Ca-bearing minerals
zoisite, Ca,Al3(Si04)(Si,07)O(OH), and lawsonite,
CaAl,(Si,07)(OH),'H,O. These minerals proved to be
stable at pressures greater than 7 (zoisite) and 12 GPa
(lawsonite) respectively, and are therefore potential
carriers of water into the Earth’s mantle during
subduction.

In order to assess pressure and temperature condi-
tions during subduction and subsequent exhumation of
UHPM rocks, internally consistent thermodynamic data
sets, as provided by Berman (1988), Holland and Powell
(1998), and Chatterjee et al. (1998), are used extensively.
The thermodynamic properties of lawsonite and zoisite
are included in all data sets mentioned above, but they
differ to some extent. As pointed out by Grevel (1998),
the most significant differences can be found in the
thermophysical data, i.e. data describing the volumetric
behaviour of these minerals at high pressure and tem-
perature. Due to the lack of P—V-T data, Berman (1988)
estimated compressibility and thermal expansion of
lawsonite and =zoisite, whereas Holland and Powell



(1998) as well as Chatterjee et al. (1998) included com-
pressibility data of Comodi and Zanazzi (1996, 1997)
and measurements of thermal expansion provided by
Pawley et al. (1996), and Comodi and Zanazzi (1996).
Since then several more experimental studies on the
P-V-T Dbehaviour of lawsonite and zoisite have
appeared in the literature (Pawley et al. 1998; Daniel
et al. 1999, 2000; Chinnery et al. 2000; Grevel et al. 2000;
Sinogeikin et al. 2000), still showing significant diffe-
rences in the thermophysical properties.

In contrast to the amount of experimental work on the
P-T stability fields of lawsonite and zoisite and the
thermophysical data available, thermochemical data of
these minerals are scarce and, especially in the case of
lawsonite, based largely on the calculation of internally
consistent data sets rather than on direct measurement
(Halbach and Chatterjee 1984; Berman 1988; Holland
and Powell 1998; Chatterjee et al. 1998). Experimental
calorimetric data available for lawsonite are restricted to
one measured value for the enthalpy of formation
(Barany 1962), later recalculated by Hemingway and
Robie (1977) based on new experimental data of quartz
and gibbsite, and one publication of heat capacity and
third-law entropy (Perkins et al. 1980). These data are the
only sources for the current standard collection of ther-
modynamic data for minerals by Robie and Hemingway
(1995). The experimental work of Barany (1962) and of
Perkins et al. (1980) was performed on natural samples.
While minor impurities in the sample material have
negligible effect on heat capacity measurements, enthalpy
of formation data can be biased by several kilojoules.
Therefore, as the first objective of this paper, the enth-
alpy of formation of lawsonite, determined experimen-
tally on synthetic material, is reported. In order to link
the present result to the first measurement by Barany
(1962), not only synthetic material but also a set of three
natural samples has been analysed and measured.

Grevel et al. (2000) obtained the best agreement so far
between calculated and experimentally determined
equilibrium positions of mineral reactions in the system
Ca0-Al,05-Si0,-H,O at high pressures and tempera-
tures by augmenting the Berman (1988) database with
their P-V-T data for lawsonite and zoisite. In order to
improve this agreement and to check the internal con-
sistency of the modified Berman (1988) database, Grevel
et al. (2000) recommend a more rigorous mathematical
programming (MAP) analysis of the data based on a
simultaneous treatment of calorimetric data, thermo-
physical data, and constraints given from relevant reac-
tion reversal experiments. In the present study we
performed this MAP analysis taking into account new
calorimetric data for lawsonite (this study) and zoisite
(Smelik et al. 2001) and the P-V-T measurements of
Grevel et al. (2000). All relevant experimentally deter-
mined reversal brackets recently reported in the litera-
ture served as constraints for the MAP analysis. These
brackets include some experiments on the dehydration of
lawsonite to zoisite, kyanite and quartz/coesite reported
by Skrok et al. (1994) in a short abstract. The final
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objective of this paper is to describe these experiments,
originally performed by Skrok (1993), in greater detail.

The enthalpy of formation of lawsonite
Synthesis and sample characterisation
Synthetic material

Up to now, the most successful synthesis of lawsonite
was made by Schmidt and Poli (1994) who reported
close to 100% yield, starting from anorthite at 2.3 GPa,
500 °C with a run duration of two days. Following this
approach, synthetic anorthite as well as quenched glass
with anorthite composition was used as starting mate-
rial. Starting materials were produced by grinding to-
gether and firing analytical-grade commercial oxides.
Lawsonite synthesis experiments were done with a gir-
dle-anvil apparatus in a 500-ton uniaxial press at SUNY
Stony Brook. The sample plus excess water, contained in
a pressure-sealed silver capsule, was surrounded by bo-
ron nitride and inserted in a graphite tube furnace. The
outer cell parts consisted of unfired pyrophyllite. The
furnace was operated under power control, using pre-
viously established relations of power consumption vs.
temperature. Synthesis conditions were chosen accord-
ing to the phase diagram published by Pawley (1994)
and fixed at 5 GPa and 600 °C, taking into account an
uncertainty of about 100 degrees in our power-temper-
ature calibration.

After the high-pressure synthesis experiments, no
weight loss of the sample capsules was observed, indi-
cating that the capsules were sealed effectively by pres-
sure. Subsequent analyses of the products by X-ray
powder diffraction, optical microscopy and electron
microprobe analysis confirmed that the reaction yielded
100% lawsonite within 24 h with no detectable amounts
of starting material or other phases.

Natural samples

Three natural samples were kindly provided by the
Smithsonian Institution and Harvard University. The
samples originated from Valley Ford, Sonoma, CA
(S-97464-1), North Berkeley, CA (H91114), and the type
locality Tiburon, Marin Co., CA (H95982). Electron
microprobe analyses showed that iron was the only
minor element in the otherwise stoichiometric samples.
From mass balance calculations, it was concluded that
the iron is trivalent and substitutes for aluminium in the
structure. Thus, the compositional changes can be
expressed by a single parameter, FFA =Fe/(Fe+ Al),
describing the variation along the AIVP—Fe™YV join.
By electron microprobe analysis, FFA was found to
vary locally between 0.5 and 6 mol%. Accordingly,
samples were ground and homogenised prior to disso-
lution in the calorimeter. The bulk iron content was
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measured by an additional ICP analysis of the homo-
genised samples. Minute inclusions of epidote and
sphene (<1%) were present in sample H-95982 only.

High-temperature oxide melt solution calorimetry

High-temperature oxide melt solution calorimetry has
become a standard method to measure enthalpies of
mineral reactions (Navrotsky 1977, 1997). In the present
study, a Tian-Calvet-type twin calorimeter was used to
determine heats of drop-solution. Sample pellets were
dropped from ambient conditions into molten lead bo-
rate (2PbO-B,O;) kept at constant temperature of
702 °C. The measured heat effect is the sum of the heat
content (between 25 and 702 °C) and the heat of solution
of the sample in lead borate at 702 °C. The final ther-
modynamic state for each sample drop is that of a dilute
solution in lead borate at 702 °C. In order to control the
final state of the volatile component (water), the atmo-
sphere in the calorimeter was flushed with argon at a
flow rate of about 5 ml s '. By flushing the atmosphere
above the solvent, water is effectively expelled from the
solvent, and the energy of interaction between water and
the solvent is then negligible. The final state of water has
thereby been fixed to that of water vapour at 702 °C and
atmospheric pressure (Navrotsky et al. 1994).

Finally, the enthalpy of formation of lawsonite
(AfH1 ) can be calculated from its enthalpy of drop-
solution (AHgs1.ws) and from the enthalpies of drop-so-
lution of each of its components. In the present study the
following thermodynamic cycle was used:

AH g 1ws: CaAl,(Si,O7)(OH), — solution (702 °C)
-H,O (25 °C,s)

AH g crnt AlO3 (25 °C,s) — solution (702 °C)

AHgs o 2Si0; (25 °C,s) — solution (702 °C)

AH s cal CaCOs; (25 °C,s) — solution (702 °C)

AHcoo: C02 (25 OC,V) — COZ (702 0C,V)

AHH2O: HzO (25 OC,]) - HzO (702 oC,V)

AtH1ys : CaC03(25°C, s) + ALO3(25°C, s) + 28i0,(25°C, s)
+2H,0(25°C, 1) — CaAL(Si,0;)(OH), - H,0(25°C, s)
+C0,(25°C, v)

Ang)g)gch\ig = 7AHds,st + AIJd&,Cm + ZAIJd&,le + AHds.Cal
+ 2AHu,0 + ArHSS ) — AHco, (1

For each sample, pellets between 5 and 15 mg were in-
troduced in the calorimeter. Following Kiseleva et al.
(1996) and Bose and Navrotsky (1998), the calorimeter
was calibrated with the heat content of pellets of similar
weight of alpha-alumina (Aldrich, 99.99%, annealed at
1,500 °C for 24 h).

Table 1 and Fig. 1 show the enthalpy of drop-solu-
tion for all studied materials. The synthetic material has
the most endothermic value, 474.8 £2.1 kJ mol™!. Data
for the natural samples scatter somewhat, but the gen-
eral trend goes to less endothermic values causing the

Table 1 Composition of the lawsonite samples used for calorime-
try and their enthalpy of drop-solution (errors are two standard
deviations of the mean)

Sample 1D Fe/(Fe+ Al) AH g
(mol%) (kJ mol )
Lws5 (synth.) 0.00+0.00 474.8+2.1
H95982 1.39+0.15 459.2+9.4
S-97464-1 2.85+0.15 465.6+2.4
HI1114 3.43+0.15 458.5+5.4
480
475 3 Lws5 (synth.)
470 -
? 465 - $-97464-1 +
2
15460 H95982 i1 Ho1114
455 +
450 -
445 T T T
4

1 2 3
Fel/(Fe+Al) [mol%]

Fig. 1 Enthalpy of drop-solution for lawsonite. The error bars are
two standard deviations of the mean

enthalpies of formation to become less exothermic with
increasing iron content. This trend in AH is consistent
with previous observations in our laboratory on Fe**/
Al substitution in natural epidotes (Smelik et al. 2001).
Errors associated with synthetic and natural samples are
comparable, with the exception of sample H95982. This
is attributed to phase impurities of epidote and sphene as
described above.

The enthalpy of formation of lawsonite was calcu-
lated from the enthalpy of drop-solution of the synthetic
material and from the data of the component oxides
shown in Table 2, these data then being compared with
previously published values (Table 3). The resulting
values are AcH®¥9 (lawsonite) =-168.7+3.4 kJ mol ',
and AHoq (lawsonite) =—4.,872.5+4.0 kJ mol . The
less exothermic AcHO¥9 value reported by Barany
(1962) is consistent with our observations for natural
compositions. According to the chemical analysis re-
ported by Barany (1962), the sample had an FFA value
of 3.1%. The iron content and small levels of Ti and K
impurities in Barany’s sample might explain their less
exothermic value although these authors corrected their
direct measurements for impurities by —4.5 kJ mol '. On
the other hand, the recalculated heat of formation
reported by Hemingway and Robie (1977) is more



Table 2 Component values used in the thermodynamic cycle,
calorimeter temperature: 701.7 °C=974.85 K

Component AHyg4s (kKJ mol") Source

AlO3 (corundum) 108.0£1.0 This study

SiO, (quartz) 38.4+0.8 This study

CaCOgs (calcite) 194.1+£0.9 This study

H,O 69.0 Calculated from Robie
and Hemingway (1995)

CO, 32.1 Calculated from Robie

and Hemingway (1995)

exothermic than our value by 6.5 kJ mol™'. The less
exothermic values reported from calculations of inter-
nally consistent data sets generally are in good agree-
ment with our measured value, only AcHO%9® calculated
from the Berman (1988) database deviates notably from
our measured value.

Reversal equilibrium experiments

The lawsonite dehydration

4 lawsonite = 2 zoisite + kyanite + a-quartz/coesite + 7 H,O  (2)

was first reversed by Newton and Kennedy (1963) in the
stability field of quartz using natural materials and a
piston-cylinder apparatus. In all but one experiment they
mixed lawsonite and zoisite with aluminium hydroxide
and silicic acid to satisfy reaction (2). Chatterjee et al.
(1984) repeated the experiments of Newton and Kennedy
(1963) using pure, synthetic phases with quartz and H,O
in excess, and located the equilibrium curve 3040 °C
below that obtained by Newton and Kennedy (1963).
More recently, Schmidt and Poli (1994) studied the
stability relation of zoisite and lawsonite at pressures
from 1.7 to 9.2 GPa experimentally. Among other
reactions, they re-examined reaction (2) in the stability
fields of quartz and coesite up to 6.5 GPa. Their
experiments were performed using mixtures of lawso-
nite—zoisite—grossular—cristobalite—corundum, lawsonite
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—zoisite—cristobalite—corundum, or lawsonite—zoisite—
kyanite-cristobalite, always with cristobalite and H,O in
excess. In the stability field of quartz, Schmidt and Poli
(1994) confirmed the earlier results of Chatterjee et al.
(1984). We also performed experiments on equilibrium (2)
in a piston-cylinder apparatus at pressures up to 5 GPa
using pure, synthetic phases with and without SiO, in
excess. These experiments are described in detail below.

Experimental techniques

Independently of the lawsonite syntheses described above for
enthalpy measurements, we prepared starting material for our
equilibrium experiments at the high-pressure laboratory of the
Institute for Mineralogy at Ruhr-University Bochum (Germany),
using solid-media piston-cylinder presses described in detail by
Massonne and Schreyer (1986). For the synthesis experiments gels
were prepared from tetraethylorthosilicate (TEOS, Fluka,
>99.99%), Al powder (Halewood Chemicals, >99.999%), and
CaCO;3 (Merck, >99.5%). The gels, either of lawsonite composi-
tion, Ca0:A1,05:28i0; (cf. Fig. 2), or lawsonite composition plus
excess Si0,, Ca0:Al1,05:3Si0, (cf. Fig. 2), plus 20% distilled water
were sealed in gold capsules (length=16 mm, =6 mm, wall
thickness =0.5 mm; cf. Fockenberg 1995). The capsules were placed
in low-friction pressure cells consisting of rock salt and fired py-
rophyllite with steel cylinders as resistance furnaces. Temperatures
were measured using chromel-alumel thermocouples with the
junction situated axially about 0.5 mm above the capsule.

All bracketing runs were also performed in a piston-cylinder
press using an NaCl high-pressure cell with negligible friction ef-
fects (“type I, Massonne and Schreyer 1986). Up to four gold
capsules were run simultaneously. About 5 mg of reactants and
products obtained from the synthesis experiments plus additional
water were encapsulated and subjected to the desired P-T condi-
tions. Here, the junction of the chromel-alumel thermocouple was
placed in the centre between the four gold capsules (length =10 mm,
(=2 mm, wall thickness=0.2 mm). In all experiments, the mea-
sured temperatures were corrected for the axial thermal gradient
(Leistner 1979) as well as for the pressure effect on the emf of the
thermocouple according to Getting and Kennedy (1970). After
correction the overall accuracy is estimated to be about +£20 °C in
synthesis experiments and + 10 °C in bracketing experiments. Ac-
cording to Chatterjee et al. (1984) the accuracy of the pressure
measurement based on a simple force per area calibration is
assumed to be +1% of the stated pressure+0.05 GPa.

All run products were examined optically and by standard
X-ray powder diffraction. Detailed powder diffractograms of

Table 3 Enthalpy of formation
of lawsonite at 25 °C (298.15 K)
and 1 bar, comparison of

available sources

Source AfHOdees AfHOQQg
(kJ mol™) (kJ mol ™!
Barany (1962): HF calorimetry -155.6+£22  —4797.1+3.1
Hemingway and Robie (1977): recalculation of Barany’s (1962) -1752+3.0 -4,879.1+£3.7
data using new experimental data of the components
Berman (1988): calculation of internally consistent data set by -161.8 —4,865.67
mathematical programming
Robie and Hemingway (1995): compilation of available data -1652+3.0  —4,869.0+2.1*
Holland and Powell (1998): calculation of internally consistent -165.6+2.5 -4869.2+0.9
data set by least squares refinement
Chatterjee et al. (1998): calculation of internally consistent data -165.1° —4,866.3+£2.6
set using the Bayes method
This work: high-temperature oxide melt calorimetry -168.7+3.4  —4.872.5+4.0°
This work: mathematical programming —4,865.68

#Value directly from Chatterjee et al. (1984), Halbach and Chatterjee (1984)
bChatterjee et al. (1998) reported no errors for the constituent oxides CaO, Al,O3, SiO,, and H,O
“Calculated using enthalpies of formation from the elements for the component oxides from Robie and

Hemingway (1995)
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[+ H,0]

Lawsonite

(1:1:2) Kyanite

Zoisite ®

Corundum

CaO

Fig. 2 Relevant phases of the system CaO-Al,03;-SiO,-H,O
projected from H,O. 7:1:2 denotes the starting material of
stoichiometric lawsonite composition, /:1:3 denotes the starting
material at SiO,-saturated conditions

synthetic lawsonite were obtained using an automated X-ray
powder diffractometer (Siemens) with NBS Si (a=5.4208 A) as
internal standard. The water content of synthetic lawsonite was
determined by Karl-Fischer titration with an estimated uncertainty
of £5% (Johannes and Schreyer 1981), and by thermogravimetry/
differential thermal analysis (TG/DTA) using a Linseis instrument,
type 2045. Additionally, some of the run products obtained during
the bracketing experiments were examined with a scanning electron
microscope (Cambridge Instruments Stereoscan 250 M3).

Results
Synthesis experiments

Three different sets of synthesis runs (Table 4a) were
performed. In order to obtain lawsonite & coesite or the
reaction products zoisite, kyanite, and coesite, synthesis
conditions were fixed at 4 GPa, 600-650 °C and 4 GPa,
800—-850 °C respectively. While the runs performed with
excess SiO, unequivocally resulted in either lawso-
nite + coesite or zoisite + kyanite + coesite, coesite could
not be clearly identified in the run products of experiments
performed using the stoichiometric gel (CaO:Al,Os:
2Si0,). The lattice parameters of the resulting lawsonite
samples were obtained by X-ray powder diffraction:

No. 241 a=5841(DA, b=28.787(2)A, c¢=13.126(3)A,
v =673.7(2)A°
No. 155a = 5.835(1)A, b =28.782(1)A, ¢=13.119Q2)A,

v =672.3(2)A°

The cell parameters are in reasonable agreement with
recent determinations (Libowitzky and Armbruster
1995; Grevel et al. 2000). In comparison, the molar
volume of sample 155 obtained at SiO,-saturated con-
ditions is slightly smaller, and that of the stoichiometric
sample 241 is slightly greater than the volume reported
by Chatterjee et al. (1984), V' (lawsonite) =672.99(17) A3
Sample 241 has a bulk water content of 11.48 wt%
obtained by Karl-Fischer titration (Johannes and
Schreyer 1981), which is very close to the ideal water

content of 11.466 wt%. A TG analysis of sample 246
yielded a similar bulk water content within experimental
errors. However, the DTA showed a first endothermic
event slightly above 500 °C, followed by a second peak
between 610 and 810 °C. The second peak corresponds
to the dehydration of lawsonite whereas the first peak
indicates the presence of a small amount of diaspore
below the detection limit of X-ray diffraction methods.

In the stability field of quartz, only synthesis experi-
ments using a gel with excess SiO, (Ca0:Al1,05:3S10,)
were performed (Table 4a). At 2 GPa, 700 °C the reac-
tion products zoisite, kyanite and quartz were obtained,
whereas lawsonite + quartz were synthesised in a two-
step process. At 4 GPa and 600 °C lawsonite + coesite
were produced and subsequently recrystallised to laws-
onite + quartz at 2 GPa, 500 °C.

Bracketing runs

A number of bracketing experiments was performed,
either with a mixture of lawsonite and its decomposi-
tion products in stoichiometric proportions, or with
excess SiO,. The direction of the reaction was deter-
mined by comparing the X-ray powder diffractograms
of the run products with those of the starting mixtures.
After each run the capsules were checked for leakage;
the presence of water was confirmed in all cases. The
results are listed in Table 4b (bulk composition 1:1:2),
and Table 4c¢ (bulk composition 1:1:3). Only increase or
decrease of lawsonite is listed in Table 4b, because
coesite could not be detected in the starting material
and it was quite possible that diaspore was present
during the experiments. Electron microscopy of some
of the run products (runs 133, 136, 190, 215, cf. Ta-
ble 4) showed the presence of unidentified aluminous
phases in the experiments performed with the stoi-
chiometric mixture, while coesite or quartz were clearly
present in all runs listed in Table 4c. The results of the
bracketing experiments are shown in Figs. 3 and 4. The
experiments performed on stoichiometric composition,
Ca0:Al1,05:2Si0, (Fig. 3), showed lawsonite breakdown
at 20-75 °C below the equilibrium position obtained at
SiO,-saturated conditions (Ca0:Al,05:3Si0,). The latter
experiments (Fig. 4) are in very good agreement with the
investigations of Chatterjee et al. (1984) and Schmidt and
Poli (1994). Due to the possible presence of diaspore in
our starting material, and the observations of aluminous
phases instead of coesite or quartz in the run products of
some experiments on the stoichiometric composition
(Table 4b), we conclude that we have observed the
reactions

2 lawsonite + diaspore = zoisite + kyanite + 4 H,O (3)
or
4 lawsonite + corundum = 2 zoisite 4 2 kyanite + 7 H,O 4)

during these experiments. Probably, in all synthesis and
bracketing experiments some SiO, was dissolved in the



Table 4 Results of the piston-cylinder experiments. Mineral ab-
breviations were taken from Kretz (1983), modified by Bucher and
Frey (1994). Cs Coesite, Dsp diaspore, Ky Kyanite, Lws lawsonite,
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Qtz quartz, Zo zoisite. 1:1:2 or 1:1:3 denote the composition of
the starting material CaO: Al,05:2Si0,, or Ca0:Al,05:3Si0,.
— Decrease, + increase in phase

Run ID Starting material P T Duration Result
(GPa) O (days)
(a) Synthesis experiments
241, 246 Gel 1:1:2 4 600 3 Lws, Dsp (?)
82 Gel 1:1:2 4 850 3 Zo, Ky, Cs ()
155 Gel 1:1:3 4 650 3 Lws, Cs
156 Gel 1:1:3 4 800 3 Zo, Ky, Cs
214 Gel 1:1:3 4+2 600+ 500 2+2 Lws, Qtz"
181 Gel 1:1:3 2 700 3 Zo, Ky, Qtz
(b) Bracketing experiments on phase mix received from experiments 82 and 241 or 246
Phase mix 1:1:2 4.5 750 1 Lws (+)
133° Phase mix 1:1:2 4.5 775 1 Lws (5
136° Phase mix 1:1:2 4.5 800 1 Lws (-)
120 Phase mix 1:1:2 4 725 1 Lws (+)
102 Phase mix 1:1:2 4 750 1 Lws (-)
96 Phase mix 1:1:2 3.5 675 2 Lws (+)
139 Phase mix 1:1:2 3.5 700 2 Lws (-)
123 Phase mix 1:1:2 3 625 2 Lws (+)
110 Phase mix 1:1:2 3 650 2 No reaction
99 Phase mix 1:1:2 3 700 2 Lws (-)
143 Phase mix 1:1:2 2.5 575 2 Lws (+)
140 Phase mix 1:1:2 2.5 625 2 Lws (-)
(©) Brdcketmg experiments® on phase mix received from experiments 155 and 156 or 181 and 214
6° Phase mix 1:1:3 5 850 2 Lws (+), Zo (-), Ky (=), Cs (-)
211 Phase mix 1:1:3 5 875 2 Lws (-), Zo (+), Ky (+), Cs (+)
199 Phase mix 1:1:3 4.5 825 2 Lws (+), Zo, Ky, Cs
208 Phase mix 1:1:3 4.5 850 2 no Lws, Zo (+), Ky (+), Cs (+)
194 Phase mix 1:1:3 4.3 800 1 Lws (+), Zo, Ky, Cs
202 Phase mix 1:1:3 4 775 3 Lws (+), Zo, Ky, Cs
215 Phase mix 1:1:3 4 800 2 No Lws, Zo (+), Ky (+), Cs (+)
190° Phase mix 1:1:3 4 825 3 No Lws, Zo (+), Ky (+), Cs
221 Phase mix 1:1:3 3.5 725 2 Lws (+), no Zo, Ky, Cs
242 Phase mix 1:1:3 3.5 750 2 Lws (-), Zo, Ky, Cs
224 Phase mix 1:1:3 3 675 3 Lws (+), Zo, Ky, Cs
204 Phase mix 1:1:3 3 700 4 Lws (), Zo, Ky, Cs
195 Phase mix 1:1:3 2.8 640 4 Lws (+), Zo, Ky, Cs, Qtz (+)
231 Phase mix 1:1:3 2.5 625 3 Lws (+), Zo, Ky, no Cs, Qtz (+)
236 Phase mix 1:1:3 2.5 650 4 Lws (=), Zo (+), Ky (+), no Cs, Qtz (+)
251 Phase mix 1:1:3¢ 2 550 4 Lws (+), Zo, Ky, Qtz
247 Phase mix 1:1:3¢ 2 575 4 Lws (-), Zo, Ky, Qtz

“Run 214 was a two-step experiment: Lws + Cs were synthesized at
4 GPa, 600 °C, and recrystallized to Lws+ Qtz at 2 GPa, 500 °C
*The products of these experiments were investigated with an
electron microscope

fluid which — for the stoichiometric starting composition
—led to Al,O3 excess in the solid material (cf. Fig. 2). The
brackets shown in Fig. 3 agree well with experiments on
reactions (3) and (4) for Al,O; saturated conditions
(Schmidt and Poli 1994). For comparison, the equilibri-
um position of the reaction

2 diaspore = corundum + H,0 (5)

as obtained by Fockenberg et al. (1996) is included in
Fig. 3. At 5 GPa this equilibrium occurs at temperatures
100 °C lower than calculated with the Berman (1988)
database. The equilibrium position reported by
Fockenberg et al. (1996) is supported by observations of
Schmidt and Poli (1994) in the Al,Os-saturated system.
Evidently, several of our experiments were outside the

“Not all experiments of Skrok (1993) are reported; only brackets
close to the equilibrium position (1) are listed here

9For experiments at 2 GPa, a phase mix with Qtz instead of Cs was
used

stability field of diaspore, i.e. in these cases presumably
reaction (4) took place.

Quartz was found in the reaction products of exper-
iments performed at pressures below 3 GPa with coesite
in the starting material (runs 195, 231, 236). At 2.8 GPa
and 640 °C this result supports recent experiments of
Bose and Ganguly (1995), who have located the quartz/
coesite reaction boundary approximately 1.5 GPa above
the position reported earlier by Bohlen and Boettcher
(1982) or Mirwald and Massonne (1980).

The cell parameters of different lawsonite samples
obtained from equilibrium experiments were calculated
from X-ray diffraction patterns. The molar volumes
range from 672.3+0.2 to 675+0.5 A? and do not show
any significant dependence on the P-T conditions of the
experiments.
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Fig. 3 Pressure-temperature diagram showing our experimental
reversals using starting material of stoichiometric lawsonite
composition, Ca0:A1,03:2Si0, (diamonds). Also included are the
experimental reversals obtained by Schmidt and Poli (1994) for
lawsonite breakdown reactions in the SiO,-undersaturated system,
Eq. (3) (circles) and Eq. (4) (triangles), Open symbols indicate
stability of lawsonite. Filled symbols indicate growth of the phases
on the right-hand side of the equations. The shaded symbol
indicates no reaction. Error bars are shown as cited by the
respective authors. The dashed line delineates a fit to experiments
on the dehydration of diaspore to corundum [reaction (5);
Fockenberg et al. 1996]. Also included are calculated curves of
reaction (5) and the coesite—quartz equilibrium (Berman 1988).
For mineral abbreviations, see Table 5; for further explanation,
see text

Mathematical programming analysis

As recommended by Grevel et al. (2000), we performed a
mathematical programming analysis (MAP) of the
thermodynamic data of lawsonite and zoisite in the
chemical system CaO-Al,05;-SiO,—H,O, based on all
reliable reversal experiments on lawsonite and zoisite
stability, and on the best calorimetric and equation of
state data available now. A similar optimisation tech-
nique as described by Berman et al. (1986) was used. Our
calculations were based on the data set of Berman (1988)
with the following changes. For lawsonite and zoisite we
have used AH’s (lawsonite) obtained in this study
(Table 3), AtH 05 (zoisite) (Smelik et al. 2001), and the
entropy values S5 (lawsonite) =230.04 +2 J mol ' K/,
5905 (zoisite) =295.85+2.09 J mol ' K, provided by
Perkins et al. (1980)" as input. These parameters were
allowed to vary within twice their error limits during the
MAP analysis.

Molar volumes and the parameters describing ther-
mal expansion and compressibility of the two phases
were taken from Grevel et al. (2000). Berman (1988) uses

'The error limits were reported by Berman (1988) for the original
S%¢ data; they were not included by Perkins et al. (1980).

# (2), this study (1:1:3)
75 1A (2), Schmidt and Poli (1994)
® (7), Poli and Schmidt (1998)
7 M (8), Poli and Schmidt (1998)
x (8), Wunder (pers. comm.}

1.5 t f f f f t
500 600 700 800 900 1000 1100 1200

Fig. 4 Pressure-temperature diagram showing selected lawsonite
and zoisite breakdown reactions in the SiO, saturated system at
high pressures

4 lawsonite = 2 zoisite + kyanite + a-quartz/coesite + 7 H,O  (2)
12 zoisite = 7 grossular + 8 kyanite + coesite + 3 lawsonite (7)
6 zoisite = 4 grossular + 5 kyanite + coesite + 3 H,O (8)
3 lawsonite = grossular + coesite + 2 kyanite + 6 H,O 9)
grossular + kyanite + lawsonite = 2 zoisite + H,O (10)
grossular + 5 lawsonite

= 4 zoisite 4+ a-quartz/coesite + 8 H,O (11)

as calculated with the Berman (1988) data set augmented by the
data listed in Table 6. Also included are the experimental reversals
on reaction (2) described in this study (diamonds) as well as selected
reversal brackets from Schmidt and Poli (1994), and Poli and
Schmidt (1998) on reactions (2) (triangles), (7) (circles), and (8)
(squares). Also, Wunder (personal communication) obtained a
bracket on reaction (8) performing experiments in a multi-anvil
apparatus: 890.00 °C, 6 GPa (growth of zoisite), and 1,100.00 °C,
7 GPa (growth of products). The upper half-bracket is shown by a
cross. Generally, open symbols indicate stability of lawsonite (2), or
zoisite (7), (8), respectively; filled symbols indicate growth of the
phases on the right-hand side of Egs. (2), (7), and (8). Error bars are
shown as cited by the respective authors. For mineral abbrevia-
tions, see Table 5

a simple polynomial to describe the P-V-T behaviour of
the solid phases in his database:

V(P,T) = Vg X (1+v1(P = 1) +v2(P — 1)* 4 v3(T — T°)

+v(T = T°%), T°=298.15K (6)
Grevel et al. (2000) have fitted v; and v; [Eq. (6)] to their
P-V-T data of lawsonite and zoisite. The measured
volumes scattered too much to obtain precise values of
v, and v4, and therefore these parameters were set equal
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Table 5 Mineral equilibria used for the MAP analysis. Mineral abbreviations were taken from Kretz (1983), modified by Bucher and Frey
(1994). An Anorthite, Cs coesite, Crn corundum, Dsp diaspore, Grs grossular, Ky kyanite, Lws lawsonite, Mrg margarite, Prh prehnite,

Prl pyrophyllite, Q¢z quartz, Sil sillimanite, Zo zoisite

References

Reaction No. of half brackets
6Zo = 4Grs + 5Ky + 1Cs + 3H,0 4
4Lws = 2Zo + 1Ky + 1Cs + 7H,O 22
4Lws = 2Z0 + 1Ky + 12-Qtz + 7H,0 13
3Lws = 1Grs + 1Cs + 2Ky + 6H,0 2
2Lws 4+ 1Dsp = 1Zo + 1Ky + 4H,O 4
4Lws + 1Crn = 2Zo + 2Ky + 7TH,0 5
1Lws = 1An 4 2H,0 5
12Lws = 6Zo + 2Ky + 1Prl + 20H,0 4
4Lws + 20-Qtz = 2Zo + 1Prl + 6H,0 3
4Z0o + 10-Qtz = 5An + 1Grs + 2H,0 29
6Zo = 6An + 2Grs + 1Crn + 3H,O 21
2Zo + 1Ky + 1¢-Qtz = 4An + 1H,O 42
2Zo + 18Sil + 12-Qtz = 4An + 1H,O 14
4Mrg = 2Zo + 2Ky + 3Co + 3H,0 4
4Mrg + 30-Qtz = 2Zo + 5Ky + 3H,0 8
SPrh = 2Zo + 2Grs + 30-Qtz + 4H,0 10
12Zo = 7Grs + 8Ky + 1Cs + 3Lws 8

Poli and Schmidt (1998), Wunder (personal communication)

This study, Schmidt and Poli (1994)

This study, Chatterjee et al. (1984), Schmidt and Poli (1994)

Schmidt and Poli (1994)

Schmidt and Poli (1994)

Schmidt and Poli (1994)

Perkins et al. (1980), after Crawford and Fyfe (1965)

Nitsch (1972)

Nitsch (1972)

Newton (1966), Boettcher (1970), Chatterjee et al. (1984)

Newton (1965), Boettcher (1970), Chatterjee et al. (1984)

Goldsmith (1981), Johannes (1984), Chatterjee et al. (1984),
Jenkins et al. (1985)

Newton and Kennedy (1963), Newton (1966)

Chatterjee et al. (1984)

Jenkins (1984)

Chatterjee et al. (1984), Connolly and Kerrick (1985)

Poli and Schmidt (1998)

to 0. Whereas the molar volumes were kept at a fixed
value (cf. Table 6), the parameters v; and v; were also
treated as variables in the MAP analysis.

The heat capacity data of lawsonite and zoisite as
well as all other thermodynamic data of the pertinent
minerals in the CASH system were taken from Berman
(1988).

To calculate the properties of water, the equation of
state (EOS) proposed by Grevel and Chatterjee (1992)
was used. As demonstrated by Theye et al. (1997), cal-
culations of mineral equilibria based on this EOS are
very similar to the Berman (1988) formalism at pres-
sures <5 GPa. At higher pressures the calculated tem-
perature of equilibrium is approximately 30—40 °C lower
if the EOS of Grevel and Chatterjee (1992) is used, but
this is still well within the experimental uncertainties
reported in the studies cited above (e.g. Schmidt and Poli
1994).

The MAP analysis was constrained by all equilibria
listed in Table 5. These brackets were chosen, because
Berman (1988) already demonstrated the reliability of
the underlying experiments or because they were ob-
tained more recently. Although our results using the
stoichiometric mixture most likely reflect the position of
reactions (3) and (4), they were not used as constraints
for our calculations, because it was not possible to un-

Table 6 Refined thermodynamic data for lawsonite and zoisite (the
notation follows Berman 1988). Molar volumes were used by
Grevel et al. (2000) for initial calculations: ¥, (lawsonite) is the
mean value of several observations of Grevel et al. (2000) whereas

equivocally prove equilibrium conditions during the
experiments. Prior to fixing the phase equilibrium con-
straints of the MAP analysis, the P-T co-ordinates of
each half bracket were adjusted away from the estimated
position of equilibrium by an amount equal to the ex-
perimental uncertainties in pressure and temperature (cf.
Berman et al. 1986). For the mathematical procedure
Fortran routines of the NAG Fortran library (Numeri-
cal Algorithms Group Ltd., Oxford) were applied.
Based on the constraints described above, it was
possible to solve the optimisation problem. All reversal
experiments listed in Table 5 are consistent with the
Berman (1988) data set modified by the resulting ther-
modynamic data of lawsonite and =zoisite listed in
Table 6. The final value of AfH%os (lawsonite),
—4.865.68 kJ mol !, is 6.8 kJ mol ! less exothermic than
the measured value, whereas ApH 50g (zoisite),
~6,888.99 kJ mol ', now is 10.5 kJ mol ' more exo-
thermic than the value of Smelik et al. (2001). Smelik et
al. (2001) based their enthalpy measurements on cali-
brations of the calorimeter using the heat content of Pt
pieces (cf. Navrotsky 1997). During most other similar
studies performed in this laboratory recently (e.g. Kis-
eleva et al. 1996; Bose and Navrotsky 1998; this study),
the calorimeter was calibrated with Al,O5; pellets of
known heat content. A recalculation of the drop-solu-

105 (zoisite) is based on data of Smith et al. (1987). The volumes
as well as the heat capacity data taken from Berman (1988) were
not refined during the MAP analysis. To be compatible to the
Berman (1988) data set, pressure units are given in kilobar here

Phase A[HO 298 SO

& vix10° v3x10°

298 298 ) )

(kJ mol ) (@ K ' mol™) (cm® mol ™) (bar ')? (Kh?
Lawsonite —4.,865.68 229.27 101.55 -0.08141 3.340
Zoisite ~6,888.99 297.71 135.65 —0.06899 2.733

4v,=0 and v4=0 for both phases
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tion values reported by Smelik et al. (2001) with a cali-
bration constant obtained from alumina calibrations
finally resulted in AH%os (zoisite)=-6,886.6+6.8 kJ
mol ', which is much closer to the result obtained from
the MAP analysis. The refined standard entropy values,
S%0s (lawsonite) =229.27 and S%og (zoisite)=297.71 J
mol ' K, changed well within the error limits reported
for the calorimetric measurements. All these refined
values are very similar to Berman’s (1988) original val-
ues, which is not surprising because all entropy and
enthalpy values are highly correlated, and all other cal-
orimetric data were restricted to the Berman (1988) data
set prior to the MAP analysis.

The changes of the parameters v; and v; describing
the P-V-T behaviour of zoisite are negligible, whereas
v; (lawsonite) is slightly smaller than the input value,
indicating a smaller compressibility of lawsonite than
observed by Grevel et al. (2000). On the other hand, v;
(lawsonite) is somewhat greater than reported by Grevel
et al. (2000). As published recently by Sinogeikin et al.
(2000), the bulk modulus of lawsonite obtained by
Grevel et al. (2000), 106.7 GPa, seems to be slightly too
small. This observation is supported by the MAP anal-
ysis in this study. A re-fit of the bulk modulus of laws-
onite, using the Birch-Murnaghan equation of state
(K’=4) to P-V values calculated with Eq. (6) and v,
(lawsonite) =—0.08141x10 > bar ', resulted in 120.7 GPa
which is very close to recent observations from Brillouin
spectroscopy, K (lawsonite) =123.2 GPa (Sinogeikin et
al. 2000), and diamond-anvil cell experiments by Daniel
et al. (1999) who obtained 124.1 GPa.

Figure 4 shows some calculated equilibria in the
SiO,-saturated part of the CASH system at high pres-
sures. For the calculations the Berman (1988) data
augmented by all data listed in Table 6 were used. The
calculations were performed with TWEEQU (Berman
1991). They were limited to 8 GPa because data for
stishovite, which becomes the stable SiO, modification
above 8 GPa, are not included in the Berman (1988)
database. The thermodynamic data for lawsonite and
zoisite obtained by the MAP analysis are consistent with
the reversals of Schmidt and Poli (1994), Poli and Sch-
midt (1998), and the reversals described in this study for
the SiO,-saturated system (Table 4c). The effect of the
modification of the lawsonite and zoisite data on the
position of all other equilibria listed in Table 5 was
negligible, because the calorimetric data for zoisite and
lawsonite changed only slightly in relation to the Ber-
man (1988) database. The more significant changes to
the P—V-T data of these phases have less impact at lower
pressure, where most of the reactions not depicted in
Figs. 3 and 4 take place.

Conclusion

It has been shown that reliable thermobarometric esti-
mates in the CASH system at pressure temperature
conditions of UHPM can now be obtained using the

TWEEQU program (Berman 1991) and the Berman
(1988) database augmented by our new data for lawso-
nite and zoisite. In order to improve the thermodynamic
database of Berman (1988) further, a complete optimi-
sation procedure varying all input data simultaneously is
required. Additionally, a more sophisticated EOS
approach for solids is needed, if an extension of the
data- base to phases relevant for the Earth’s mantle is
desired.

In addition, the low-temperature calorimetric data
obtained by Perkins et al. (1980) are somewhat prob-
lematic. These investigators attributed anomalies in their
measurements at —143 and 0 °C to the influence of fluid
inclusions. Libowitzky and Armbruster (1995) detected
two phase transitions at —118 and 0 °C, indicating that
new calorimetric measurements at low temperatures,
especially in the vicinity of the phase transitions, are
desirable. Such measurements would improve the accu-
racy of the standard entropy and the heat capacity data
of lawsonite, which can be included into internally
consistent thermodynamic databases.

Finally, it should be noted that a large number of
geoscientists uses the database provided by Holland and
Powell (1998). The calculated position of the reaction

12 zoisite = 7 grossular + 8 kyanite + coesite 4 3 lawsonite (7)

using this data set (cf. Fig. 6¢c of Grevel et al. 2000) is
0.3-0.8 GPa below the experimentally determined equi-
librium (Poli and Schmidt 1998). Presumably, this
behaviour is caused by the parameters describing the
P-V-T properties of zoisite and lawsonite in the Holland
and Powell (1998) data set. In order to improve the
database, it must be augmented by the most recent
experimental thermodynamic data for zoisite and laws-
onite. Then, a regression analysis has to be performed to
obtain internal consistency (Holland and Powell 1998),
which is beyond the scope of this paper.
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