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Abstract
In order to assess the presence or absence of fluids under peak metamorphic

conditions within the inner aureole of the Etive igneous complex in west Scotland, eight
suitable metabasic hornfels samples and one suitable pelitic hornfels were used to
calculate water activities using a mineral equilibria. Calculated activities for water are
lower than unity in the pelitic sample and extremely low in the metabasic rocks. These
low H2O activities due to dilution of water by other fluid species are unlikely, since no
mineralogical evidence for the presence of other fluids were found in the studied rocks.
As a consequence, the low H2O activities support fluid-absent conditions during the
peak metamorphism of the inner aureole rocks. The findings from this study are in good
agreement with calculated water activities using water contents of cordierite in the
pelitic rocks for the same part of the aureole, suggesting that cordierite in metapelites
retained its syn-metamorphic volatiles.
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Introduction
The presence or absence of fluids, especially water

during peak metamorphic conditions is one of the most
debated questions in metamorphic petrology. Assessing
the role of water is very important for explaining some
aspects of contact metamorphism and partial melting in
thermal aureoles. There are different methods for
determination of the presence or absence of water
during contact metamorphic reactions. These are fluid
inclusion studies, water contents of hydrous minerals
and dehydration equilibria. Conventional fluid inclusion
studies cannot usually be applied successfully to high-

grade metamorphic rocks because most fluid inclusions
in metamorphic rocks were trapped late in the rocks'
histories (e. g. [26]). However some studies (e.g. [6])
show possibility of detailed analysis of fluid inclusions
in metamorphic rocks. Contact aureoles may be one of
the ideal environments in which to look at fluid
inclusions in the metamorphic minerals. Other methods
to constrain the water activity during peak metamorphic
conditions are the application of water contents of
water-bearing minerals, which have a water content
sensitive to temperature and pressure, such as cordierite
(e.g. [5, 13, 23, 28]), and calculation of the water
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activity using dehydration equilibria (e.g. [10, 15, 19]).
A peak metamorphic water activity close to unity is
good evidence for equilibrium of minerals in the rock in
the presence of aqueous fluid [15] and if the other fluid
species are absent, then low values for water activity
imply fluid-absent conditions (e.g. [19]). The latter
method is applied to one suitable sample from the
pelitic rocks and eight samples from the metabasic rocks
of the Etive aureole, SW Scotland. All samples are from
the high-grade inner aureole (sillimanite zone of pelitic
rocks and orthopyroxene zone of metabasic rocks, [23,
24]). Breakdown of tremolite in metabasic rocks is used
as mineral equilibria for water activity calculations in
the metabasites as previously performed by other
researchers [14]. Reaction of biotite and quartz to form
garnet, K-feldspar and water in the pelitic samples is
used to estimate the water activity during peak
metamorphism.

Materials and Methods
The Etive igneous complex and its surrounding

metasedimentary and metabasic rocks are located in the
south west of Scotland in the Scottish Highlands (Fig.

1). The igneous complex is composed of a variety of
igneous rocks including diorite, monzodiorite,
granodiorite, granite and adamellite [1, 12, 22, 23, 24].
The complex was intruded into regionally
metamorphosed metasedimentary and metavolcanic
rocks of the Moine and Dalradian Supergroups during
the Devonian [3]. Heat from the complex has produced
a thermal aureole up to 1.5km wide [22]. Pelitic, semi-
pelitic, psammitic, metabasic and calc-silicate
hornfelses are the results of thermal metamorphism.
Four successive mineralogical zones can be
distinguished in metabasic rocks in the southern part of
the Etive aureole. These are I-regional metamorphic
metabasites (chlorite-actinolite zone; not present in the
north Loch Awe area in Fig. 1), II-hornblende zone, III-
clinopyroxene zone and IV- orthopyroxene zone. The
clinopyroxene zone (zone III) can be divided into two
sub-zones namely epidote-bearing and epidote-free sub-
zones. The distribution of zones and isograds in the
metabasic rocks is illustrated in Fig. 1. The main
mineral assemblages in each zone are as follows
(abbreviations from [18]).

Figure 1. Distribution of sample localities, metamorphic zones and isograds in metabasites in the North Loch Awe
area, SW Scotland (modified from [23 to 10]).
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Zone I
Chl+Act+Pl+Ep+Qtz+Cal±Bt
Zone II
Hbl+Pl+Bt±Chl+Qtz
Zone III
Hbl+Bt+Cpx+Ep+Pl±Qtz±Czo
Hbl+Bt+Cpx+Pl+Qtz
Zone IV
Hbl+Cpx+Opx+Pl±Qtz
Hbl+Cpx+Opx+Bt+Pl±Qtz

Seven mineralogical zones are developed in
thermally metamorphosed pelitic rocks [9]. Chemically
suitable pelitic rocks are partially melted.
Geothermobarometry of the aureole rocks using
different methods [8, 9, 23, 24] and fluid conservative
reactions [23] indicate a pressure of ca. 2.2kbar and a
temperature of about 800°C for the orthopyroxene zone
in the metabasic rocks.

Petrography
Forty five representative thin sections from the

metabasic rocks were studied. Eight high-grade rocks
from the orthopyroxene zone (at the vicinity of the
igneous contact) contain the mineral assemblage:

Amph+Cpx+Opx+Pl+Qtz±Bt
which is potentially useful for estimation of water

activity using the tremolite breakdown reaction [17].
Clinopyroxene appears as large crystals up to 1mm long
with a granoblastic polygonal texture. Orthopyroxene
appears as medium to coarse (up to 3mm long)
elongated and occasionally skeletal crystal. Strongly
pleochroic amphiboles have greenish-brown to brown
colour. Idioblastic to sub-idioblastic crystals of
plagioclase show polysynthetic twining and some have
optical zoning. Quartz is present in the samples. Biotite
can be found in some samples and shows strong
pleochroism with a dark brown colour. Titanite,
ilmenite, apatite and zircon are minor phases. The
overall texture of the rocks is granoblastic polygonal
with well-crystallized grains of hornblende, plagioclase
and pyroxene.

The pelitic sample containing the necessary mineral
phases for water activity calculations (sample
MM166A) is a fine- to medium-grained migmatitic
hornfels. The mineral assemblage is:

Grt+Crd+Bt+Kfs+Pl+Qtz
Secondary muscovite, apatite, ilmenite and zircon are

minor phases. Small amounts of green spinel can be
seen as inclusions in cordierite. Indistinct leucosome,
rich in Kfs+Qtz (average size ca. 0.5 mm) alternate on a
2-3 mm scale with a finer-grained Crd-rich mesosome,
forming stripes that follow the former S2 crenulation

cleavage (deformation was during regional
metamorphism, prior to contact metamorphism).
Veinlets of quartz and K-feldspar with euhedral to
subhedral crystals of K-feldspar and interstitial-
xenomorphic crystals of quartz, which are interpreted as
leucosomes crystallized from an anatectic melt, are
present in this sample [22. 23]. Garnet forms relatively
inclusion-free euhedral to subhedral crystals up to 2 mm
across, and mainly lies within mesosome. Cordierite is
abundant and occurs both as euhedral to subhedral
twinned crystals, especially in leucosomes, and as
elongated granoblastic polycrystalline patches aligned
parallel to leucosomes. The cordierite patches
commonly contain ilmenite and biotite inclusions, and
locally have clusters of tiny green spinel granules.
Biotite forms randomly oriented flakes up to 0.5 mm
long. K-feldspar occurs as granoblastic polygonal to
blocky subhedral crystals of microcline and
microperthite, mostly within the leucosomes. Quartz is
mostly granoblastic, but locally forms cuspate grains
interstitial to blocky K-feldspar in leucosomes.

Mineral chemistry
In order to identify the chemical composition of

high-grade metabasites, calculation of activity of end-
members and eventually calculation of water activity
during peak metamorphic conditions, minerals in eight
thin sections of metabasites were analysed for major
elements using electron microprobe. A modified
Cambridge Instrument® Geoscan microprobe at the
department of Earth Sciences in the Manchester
University was used for analysis. The machine is
interfaced to an Oxford Instrument®/Link Analytical
QX-2000 energy dispersive X-ray spectrometer (EDS).
The Link System ZAF4/FLS software was used to
convert X-ray spectra obtained from the specimen into
chemical analyses. A 15kv electron beam acceleration
voltage and a 40 second acquisition time per analyse
was applied. Under these circumstances, the detection
limit is approximately 0.2 wt%. More than ten spots for
each mineral were analysed in a thin section. Since the
mineral chemistry of amphibole and pyroxene in
metabasites are sufficient for calculation of water
activity, therefore we will not consider the chemistry of
other minerals in the studied samples. Quartz is
considered to be pure SiO2 in all samples.

Table 1 includes representative microprobe analyses
of amphibole, clinopyroxene and orthopyroxene in
metabasic rocks of the Etive thermal aureole.
Amphiboles appear to be homogeneous in all analysed
samples. Formula is calculated to 23 oxygen atoms and
Fe3+ contents estimated on charge balance criteria [7].
The amphibole analyses have oxide totals of between
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96.13% and 98.52%. Cation totals lie between 15.12
and 15.64. Fig. 2 shows the classification of amphiboles
using the diagram of [20]. No F and Cl were detected in
the analysed amphiboles. Amphiboles in high-grade
rocks of Zone IV plot mainly in hornblende field of the
diagram.

Clinopyroxene formulae were calculated to 6 oxygen
atoms and cation totals assumed to be exactly 4.00 [7]
(Table 1). All clinopyroxenes appear to be
compositionally homogeneous (i.e. without zoning).
Manganese and chromium are absent in clinopyroxene
or occur in very low concentrations. Calcium varies
from 0.84 to 0.95 atoms per formula unit (apfu).
Octahedral aluminium accounts for zero to 0.02 apfu on
the M1-site. Fe3+ concentration, which is estimated using
charge-balance criteria [7], is between 0.01 and 0.07
and Ti varies from zero to 0.01 apfu. Fig. 3 illustrates
the composition of clinopyroxene (and co-existing
orthopyroxene) from metabasic rocks (from zone III and
IV) on the wollastonite-enstatite-ferrosillite diagram
(Wo-En-Fs). The amount of Wo is between 43% and
46%, the amount of En is between 37% and 45% and
the amount of Fs is between 14% and 25%.

All analysed orthopyroxene crystals appeared to be
homogeneous. Formulae have been calculated to 6
oxygen atom and ferric iron content has been estimated
on the basis of exactly 4.00 cations per formula unit.
The amount of Cr, Ti, Mn and K is negligible and the
amount of Na is between 0.02 and 0.05 apfu. Ca varies
between 0.03 and 0.05 apfu. Ferric iron calculations
yield 0.02 to 0.07 Fe3+ apfu. The amount of Al is
between zero and 0.03 apfu. Fig.3 shows the end-

member proportions of orthopyroxene, which range
from 2% to 3% Wo, 51% Ti 69% En and 28% to 47%
Fs.

Table 2 includes microprobe analyses of garnet,
biotite and K-feldspar in the metapelitic sample. Garnet
formulae were calculated on the basis of twelve oxygen

Figure 2. Classification of amphiboles in metabasites using Leake [20] diagram. All amphiboles
from zone IV (orthopyroxene-clinopyroxene zone) plot in the hornblende and edenite fields.

Figure 3. Wo-En-Fs diagram showing the end-member
molecular proportion in orthopyroxenes and
clinopyroxenes from metabasic rocks. Tie lines connect the
average composition of orthopyroxene and clinopyroxene
in individual samples. Isotherms showing the temperature
are from [21].
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atoms and Fe3+ contents were estimated by fixing the
number of cations at 8.00. The oxide totals are between
100.09 and 101.98. The number of silicones is between
2.93 and 2.98 apfu and the number of aluminium is
between 1.95 and 1.98 apfu, in both cases close to the
ideal number of three and two respectively, giving good
stoichiometry. Fig 4 shows the mineral composition and
zoning profile across the analysed garnets in the pelitic
sample.

A representative analysis of biotite is provided in
Table 2. The formula has been calculated on the basis of
22 oxygen atoms considering a total of four hydroxyl,

fluorine and chlorine. The oxide totals of all biotites
were between 93.36 and 96.59. The cation totals were
between 14.99 and 15.01. for evaluation of F
concentration in biotites, representative samples from
different metamorphic zones, including sample
MM166A from the sillimanite zone were analysed using
the wavelength-dispersive microprobe (in the
Department of Earth sciences, Manchester university).
The amount of F in sample MM166A was from 0.23 to
0.47 apfu.

A representative analysis of K-feldspar is listed in
Table 2. K-feldspar formulae were calculated on the
basis of 8 oxygen atoms. The oxide totals were between
99.16 and 101.31. The cation totals were between 4.99
and 5.01. The proportion of orthoclase was about 80
mole percent and the anorthite content was between 0
and 1 mole percent.

Dehydration equilibria and water activity calculations
a) Dehydration equilibria in metabasic rock:

Breakdown of tremolite to produce enstatite, diopside,
quartz and water is used for estimation of water activity
during peak metamorphism of the metabasic rocks. The
reaction can be written as [17]:

2Tr = 3En+4Di+2Qtz+2H2O      [1]
Thermodynamic values for end-members in reaction

Table 1. Representative microprobe analyses of appropriate minerals in the metabasic rocks.
OrthopyroxeneClinopyroxeneAmphibole

164141B166B196A198B164141B166B196A198B164141B166B196A198BOxides
52.3151.9653.6252.6951.8853.2251.9353.1852.6652.2748.2751.4753.8050.8345.36SiO2
0.050.190.120.190.110.120.220.180.330.051.480.130.571.282.14TiO2
0.570.440.540.290.570.530.560.940.890.846.193.582.784.928.24Al2O3
0.030.000.130.040.020.150.190.210.200.150.110.180.290.280.00Cr2O3
1.772.632.371.090.950.801.171.530.991.400.000.000.000.000.00Fe2O3

26.2525.3819.9524.7528.3011.0912.597.539.6411.3014.1214.389.4112.4517.35FeO
0.200.420.000.030.140.080.320.070.100.000.000.250.030.010.00MnO

18.2018.2622.9720.0417.2512.6011.8914.9713.9412.4113.7814.4118.3015.3511.35MgO
1.141.180.840.830.9922.0620.8321.1220.9020.9611.0611.2111.3611.1111.18CaO
0.480.530.480.340.360.390.320.520.410.491.240.500.641.001.43Na2O
0.000.000.020.000.000.000.000.000.000.000.460.050.150.230.73K2O

100.97100.99101.04100.29100.57101.04100.02100.25100.0699.8796.7199.1697.3397.4697.78Total
Atoms to 6 OxygenAtoms to 6 OxygenAtoms to 23 Oxygen

1.981.971.971.981.981.991.971.971.971.987.177.597.687.406.80Si
0.000.000.000.000.000.000.000.000.010.000.160.010.060.140.24Ti
0.020.020.020.010.030.020.020.040.040.041.080.620.470.841.46Al
0.000.000.000.000.000.000.010.000.000.000.010.020.030.030.00Cr
0.050.070.060.040.030.020.040.040.030.040.000.000.000.000.00Fe3+

0.830.810.610.790.910.360.400.240.300.361.761.781.121.522.18Fe2+

0.000.010.000.000.000.000.010.000.000.000.000.030.000.000.00Mn
1.031.031.271.130.980.700.680.830.780.703.053.173.893.332.54Mg
0.050.050.040.030.040.880.850.840.840.841.761.771.741.731.79Ca
0.040.040.030.020.030.030.020.040.030.040.360.140.180.280.42Na
0.000.000.000.000.000.000.000.000.000.000.090.010.030.040.14K
4.004.004.004.004.004.004.004.004.004.0015.4415.1415.2015.3115.57Total

Figure 4. A zoning profile across a garnet crystal in the
pelitic sample shows the homogeneity of composition.
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[1] are provided in [17]. Data for tremolite are from
experiments by Jenkins et al. [17] and the rest of the
data are from Holland and Powell [16]. The equilibrium
constant for reaction [1] can be written as:

K=(a3
En.a4

Di.a2
Qtz.a2

H2O)/a2
Tr [2]

where a denotes activity of a phase. The activities of
enstatite in orthopyroxene and diopside in
clinopyroxene were calculated using an ideal ionic
model (Si-Al ordered). The activity of tremolite in
amphibole was also calculated using an ideal ionic
model [27]. Quartz was considered as pure phase.
Calculated activities and equilibrium constant for each
sample are presented in Table 3. The fugacity of water
(fH2O) in each sample was calculated using appropriate
equation provided in [17] (See the appendix). Using the
relation RTln(fH2O/f o

H2O) [29] and a polynomial
expression of the PVT behaviour of H2O following an
MRK equation of state [27], the water activities in the
analysed samples were calculated (R denotes the gas
constant, T is temperature in Kelvin and f o is fugacity at
P and T; [4]). A pressure of 2kbar and a temperature of
800°C [23] were used in all calculations. The results are
presented in Table 3.

b) Dehydration equilibria in pelitic rocks: two
dehydration reactions can be considered in metapelitic
sample MM166A from the lower sillimanite zone:

Phl+3East+12Qtz = 4Kfs+3Py+4H2O [3]
Ann+East+Qtz = Phl+Kfs+Alm+H2O [4]

Activities of garnet end-members were calculated
using the activity model of Berman [2]; whilst activities
of biotite end-members were calculated using an ideal
ionic model [16], and the activity of the K-feldspar end-
member was calculated using the activity model of
Elkins and Grove [11]. Equilibrium curves for these
reactions were calculated at various water activities by
the means of version 2.4 of computer software
THERMOCALC [16]. The results are illustrated in Fig.
5. Considering a temperature of 800°C at 2 kbar [23],

Table 2. Representative analyses of minerals in the pelitic
sample.

Cordierite Garnet Biotite K-feldspar
SiO2 47.99 37.03 34.84 64.35
TiO2 0.14 0.00 5.64 0.29
Al2O3 32.58 21.10 16.28 18.58
Cr2O3 0.03 0.09 0.16 0.05
FeO 11.77 35.67 23.29 0.04
MnO 0.17 2.06 0.00 0.13
MgO 6.57 3.83 6.92 0.00
CaO 0.05 0.87 0.04 0.00
Na2O 0.25 0.24 0.44 1.75
K2O 0.03 0.00 9.17 13.83
Total 99.58 100.89 96.78 99.02
Atoms 18 (O) 12(O) 22(O) 8(O)

Si 4.97 2.95 5.30 2.98
Ti 0.01 0.00 0.65 0.01
Al 3.97 1.98 2.95 1.01
Cr 0.00 0.01 0.02 0.00
Fe 1.02 2.35 3.00 0.00
Mn 0.01 0.14 0.00 0.00
Mg 1.01 0.45 1.59 0.00
Ca 0.00 0.07 0.00 0.01
Na 0.05 0.04 0.13 0.16
K 0.00 0.00 1.80 0.82

Total 11.04 7.99 15.44 4.99

Fig. 5 Fig. 5 Estimation of water activity in the
sillimanite zone garnet-bearing sample MM166A using
two reactions discussed in the text. Activity of water is
slightly lower than 0.5 from Fig. 5a and slightly higher
than 0.7 from Fig. 5b. Both figures show water
undersaturated conditions for the rocks.
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the rock has been equilibrated at water activities lower
than 1 during peak metamorphism.

Results and Discussion
Data in Table 3 shows that water activity in

metabasic rocks was low and variable (from 0.003 to
0.274). The highest water activity of 0.274 is about 1/8
total pressure (2kbar). More likely, the high variation in
water activity in Table 3 is due to late retrograde
hydration and if this is true, then the lowest amounts in
this table are likely to be more representative for water
activity at the peak of contact metamorphism in mafic
rocks. It means that the water activity during high-grade
contact metamorphism of mafic rocks was extremely
low in the inner aureole.

The present result of the water activity study in the
pelitic sample (Fig. 5) shows that this sample was also
equilibrated at a water activity lower than one.

There are two possible reasons for low water
activities: (i) dilution of water with other fluid species
such as CO2, NaCl, CH4 and HF and (ii) crystallization
of minerals under fluid-absent peak metamorphic
conditions. Moazzen et al. [23] showed that the dilution
of water by CO2, NaCl, Hf, CH4 and other fluids is very
unlikely because there is no evidence for presence of
these fluids at the peak metamorphic conditions.
Therefore the low water activities reflect fluid-absent
conditions.

Moazzen [22] deduced the sequence of reactions in
metapelitic and metabasic rocks based on mineral
parageneses and phase relations at the southern part of
the Etive aureole, which involves progression from
dehydration reactions in metapelites and metabasites
through fluid-present partial melting to fluid-absent
partial melting in pelites. Moazzen et al. [23] and Rigby
et al. [28], based on water contents of cordierites,
demonstrated that there was an abrupt transition in
water activity in the Etive aureole to low water activities
in the inner aureole, adjacent to the igneous contact.
Water released from dehydration reactions in
metapelites and metabasites was consumed by fluid-

present melting reactions at the upper spinel zone of the
pelitic assemblages. The highest grade partial melting of
pelitic rocks was fluid-absent. This mechanism explains
the low water activity within the inner aureole. The
fluid-absent conditions for the inner aureole, which are
deduced from mineral equilibria here, are in good
agreement with the fluid-absent conditions concluded
by Moazzen et al. [23], Rigby et al. [28] and Droop and
Brodie [10].
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Appendix

Estimation of fH2O in peak metamorphism of the
metabasic rocks

-Reaction:   Tr = 1.5En+2Di+βQtz+H2O
-Needed variables: ΔH(J), ΔS(J/K), ΔCp (J/Kmol),

ΔV(J/bar), ΔV(α)(J/K), ΔV(β)(J/K), R=8.3143
(J/Kmole)

-Equation: ∆ , = ∆ , − ∆ , +∫ ∆ 0 − ∫ ∆ + [∆ , +∆( )( − ) − ∆( ) /2] + + ,
-Thermodynamic values for end-members (Table

Appendix 1).
Activities of end-members in the mafic rocks

calculated using microprobe data:

MM198B MM196A MM165 MM166B MM141B
En 0.240 0.310 0.263 0.390 0.281
Di 0.521 0.589 0.577 0.651 0.518
Tr 0.0020900 0.0262996 0.0132465 0.0494321 0.0249748

- = [ ] [ ] [ ] [ ][ ]
-Ka :
MM198B = 233.1857385
MM196A = 5.183804045
MM166B = 11.49132472
MM141B = 2.561146356
T = 800°C = 1073°K (Opx-Cpx thermometry),   P =

~2kbar [23].

ΔH = [1.5 ΔHEn+2 ΔHDi+ ΔHβQtz+ ΔHH2O] –[ΔHTr]
ΔH reaction = 166.49J
ΔV = [1.5 ΔVEn+2 ΔVDi+ ΔVβQtz+ ΔVH2O] –[ΔVTr]

ΔV reaction = -2.272 J/bar
Δ(αV) = [1.5 Δ(αV) En+2 Δ(αV) Di+ Δ(αV) βQtz+

Δ(αV) H2O] –[Δ(αV) Tr]
Δ(αV) reaction = -0.000145 J/bar
Δ(βV) = [1.5 Δ(βV) En+2 Δ(βV) Di+ Δ(βV) βQtz+

Δ(βV) H2O] –[Δ(βV) Tr]
Δ(βV) reaction = -0.0155 J/bar
Cp=a+bT+cT-2+d/√T
ΔCp = Δa+ΔbT+Δc/T2+Δd/√T
Δa = [1.5 aEn+2 aDi+ aβQtz+ aH2O] –[aTr]
Δa reaction = 86.9 J/K
Δb = [1.5 bEn+2bDi+bβQtz+ bH2O] –[bTr]
Δb reaction = -0.025625 J/K
Δc = [1.5 cEn+2cDi+cβQtz+ cH2O] –[cTr]
Δc reaction = 5826150 J/K
Δd = [1.5 dEn+2dDi+dβQtz+ dH2O] –[dTr]
Δd reaction = -2454.85 J/K
ΔCp = Δa+ΔbT+Δc/T2+Δd/√T
ΔCp reaction = -10.47722463 J/Kmol
If A = [∆ , + ∆( )( − ) − ∆( ) /2]
After integration we have:∆ , = ∆ , − ∆ , + [ ∆ ]− [∆ ] + ++ ,
A=13.112
If all phases in equilibrium, then ΔG = 0
Then:  lnfH2O = 6.561757-lnKa
Having lnKa for each ample (see above) it is possible

to calculate fH2O (water activity (or fugacity, water as a
fluid)).

Table Appendix 1- Thermodynamic values at 298K and 1 bar. Data for tremolite are from [17] and the rest of the
data are from [16].

Cp
Phase ΔH

(KJ/mol)
S

(J/MolK)
V

(J/bar) a b
˟10-5 c d αV

˟10-5
βV

˟10-5

tremolite -12302.90 550.00 27.270 1.2144 2.6528 -12362.0 -7.3885 84.5 36.00
enstatite -3089.38 132.50 6.262 0.3562 -0.2990 -596.9 -3.1853 18.0 4.60
diopside -3200.15 142.70 6.619 0.3145 0.0041 -2745.9 -2.0201 22.0 5.50
β-quartz -909.07 0.74 2.367 0.0979 -0.3350 -636.2 -0.7740 0.0 2.60

H2O -241.81 0.03 - 0.0401 0.8656 487.5 -0.2512 - -


