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1. INTRODUCTION

The investigation of mineral solubility in hydrother-
mal solutions over a wide range of temperature and
pressure provides a necessary basis for the subsequent
analysis of metamorphic, metasomatic, and ore-form-
ing processes. Together with the initial compositions of
interacting fluid and rocks, the solubility of minerals
controls the composition of equilibrium fluid [1–4].
The values of solubility can be determined in two ways.
The first and most robust approach is the direct experi-
mental investigation of saturated solutions. However,
the experimental determination of mineral solubility in
a wide range of parameters of state is technically diffi-
cult, and such investigations are scarce and do not
embrace the whole temperature–pressure field corre-
sponding to the conditions of metamorphic and post-
magmatic mineral formation and the possible range of
fluid compositions. Moreover, experimental modeling
is complicated by the problems in attaining equilibrium
during mineral dissolution.

The second approach allows considering a wide
range of mineral formation conditions, including the

fields inaccessible for direct experimental modeling,
and makes use of thermodynamic computer modeling
on the basis of the principles of chemical thermody-
namics. The theoretical prediction of mineral solubility
can be regarded as the main method of study for those
areas of high temperatures, pressures, and fluid compo-
sitions where experiments are currently limited or
impracticable. In addition, modern analytical methods
do not allow determination of fluid acidity and ionic
composition at high pressures and temperatures with-
out disturbing the established equilibrium.

2. CONDITIONS AND METHODS
OF THERMODYNAMIC CALCULATIONS

The solubility of 61 minerals was analyzed in the
system Na
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O (table). Among them are oxides,
hydroxides, and silicates widespread in metamorphic
and metasomatic rocks. The solubility of carbonates,
ore, and accessory minerals and solid solutions is not
addressed in this paper. The solubility was investigated
by the method of the computer simulation of mineral–
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Abstract

 

—The character of solubility of 61 metamorphic and metasomatic minerals in an aqueous fluid was
analyzed as a function of temperature, pressure, and fluid acidity by means of computer simulation of mineral–
fluid equilibria. Depending on the behavior of minerals in solutions of varying acidity, six main types of solu-
bility diagrams were distinguished. The solubility of the majority of minerals is controlled mainly by fluid acid-
ity rather than by 

 

P–T

 

 conditions. The analysis of model results provided insight into the mobility of chemical
elements composing the minerals. The highest mobility in solutions of any acidity was established for Si, K,
and Na. Ca and Mg are mobile in acidic solutions and inert in neutral and alkaline solutions. Fe(II) and Mn(II)
are mobile in acidic and alkaline solutions but inert in neutral solutions. Fe(III) is mobile only in strongly acidic
solutions and practically immobile in solutions of other compositions, which suggests that ferrous iron species
must prevail in solutions. Al is mobile in alkaline and ultra-acidic solutions but inert in neutral and slightly
acidic solutions. Correspondingly, a change in acidity must lead to the migration of some component into the
solution and precipitation of other components. These conclusions are in agreement with the sequences of ele-
ment mobility deduced from the experimental investigation of metasomatism. Most metamorphic fluids must
be rich in silica and alkalis, which may result in the appearance of aggressive silica–alkali fluids responsible for
regional metasomatism and granitization. In general, the solubility of Fe-, Mg-, Mn-, and Ca-bearing minerals
in alkaline solutions is low compared with acidic solutions. Therefore, only acidic initial solutions could pro-
duce fluids enriched in these elements at the expense of leaching from metamorphic rocks during fluid migra-
tion. Fluids enriched mainly in Fe could initially be both acidic and alkaline.
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aqueous fluid equilibria using the FLUID [5, 6] and
GBFLOW [7] programs at temperatures of 

 

400–800°ë

 

and pressures of 1, 3, and 5 kbar. The properties of
water were calculated on the basis of the Haar–Gal-
lagher–Kell model [8], and the properties of aqueous
species were determined using the modified HKF
model [9, 10]. Since the HKF model is valid only for
aqueous fluids with a density of no less than 0.35 g/cm

 

3

 

,
calculations for a pressure of 1 kbar were conducted at

 

400–600°ë

 

 only. Another limitation of the HKF model
is that the properties of dissolved species cannot be cal-

culated at pressures higher than 5 kbar, which ham-
pered the analysis of mineral solubility at high pres-
sures. The solubility of minerals was calculated for a
pure water fluid and aqueous solutions containing
acidic (HCl) or alkaline (NaOH) components. The con-
centrations of substances in solutions and the results of
solubility computations are given in this paper in moles
of dissolved substances per one kilogram of water and
expressed in molality units (for instance, 0.1 M HCl
corresponds to a solution containing 0.1 mole HCl per
one kilogram 

 

ç

 

2

 

O).

 

Classification of minerals of metamorphic and metasomatic rocks with respect to the type of solubility diagram
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Mg-staurolite mSt Mg4Al18(SiO4)7.5O14(OH)4 Phlogopite Phl KMg3(AlSi3O10)(OH)2

Cordierite Crd Mg2Al3(AlSi5O18) Pargasite Pgs NaCa2Mg4Al(Al2Si6O22)(OH)2

Fe-cordierite fCd Fe2Al3(AlSi5O18) Glaucophane Gln Na2Mg3Al2(Si8O22)(OH)2

Chamosite Cha Fe5Al(AlSi3O10)(OH)8 Aegirine Aeg NaFe(Si2O6)

Chloritoid Cld FeAl2(SiO4)O(OH)2 Forsterite Fo Mg2(SiO4)

Fayalite Fa Fe2(SiO4) Enstatite En Mg2(Si2O6)

Ferrosilite Fs Fe2(Si2O6) Clinohumite Chu Mg9(SiO4)4(OH)2
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The thermodynamic properties of minerals were
taken from the database of Holland and Powell [11],
except for portlandite, ë‡(éç)2, the parameters of
which were adopted from the UNITHERM 3.7 data-
base [12]. The coefficients of the HKF equation of state
were taken from the slop98.dat database as of October
30.1998 [13] for the following aqueous species: ç+,

éç–, ël–,  (equivalent to ), HSiO3
−,  Fe3+,

FeOH2+, FeO+ (equivalent to ), 

(equivalent to ),  (equivalent to

), Fe2+, FeOH+, FeO0 (equivalent to

),  (equivalent to ), FeCl2+,

, FeCl+, Mg2+, MgOH+, , MgCl+, Ca2+,

CaOH+, , , ë‡ël+, Na+, ,

NaCl0, and K+. The data of Pokrovskii and Helgeson
[14] were used for the species Ä13+, ÄlOç2+,

,  (equivalent to ), 

(equivalent to ),  (equivalent to

),  (equivalent to ),

NaOH0, and KOH0. The data of different authors for
species in the Al–O–H system will be compared in
detail during the discussion of experimental and model
values for corundum solubility. The properties of

 were taken from [15], and those of the

neutral çë10 and äë10 species, from [16] and [17],
respectively.
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3. COMPARISON OF THE RESULTS
OF NUMERICAL SIMULATION 

WITH EXPERIMENTAL DATA ON MINERAL 
SOLUBILITY

For the analysis of the plausibility of thermody-
namic modeling, the results of solubility calculations
were compared with published experimental data. The
potentialities of such a comparison are strongly limited
by the fact that experimental data are available for the
solubility of a few minerals within a narrow range of
conditions. Most of these data are restricted to subcrit-
ical conditions and are not considered here. In this
paper, we limited ourselves to the analysis of data at
temperatures of higher than 400°ë and pressures from
1 to 5 kbar.

There are other circumstances limiting the use of
experimental solubility data. Equilibrium is not always
attained in experiments, often owing to kinetic factors.
Incomplete data were reported in many studies (for
instance, only equilibrium SiO2 concentrations in fluid
are given for minerals of complex composition). In
some cases, the format of solubility data does not allow
their unambiguous recalculation to molalities. Natural
minerals were often used in experiments, and admix-
ture components could substantially affect the compo-
sition of solution.

3.1. Quartz Solubility 

Quartz solubility has undoubtedly been studied
most extensively. Quartz solubility data are available
for a wide range of conditions. A high degree of knowl-
edge is related to both the importance for the under-
standing of hydrothermal processes and relatively high
quartz solubility, which facilitates experiments and
allows the high-accuracy determination of solution
composition. The experimental values of quartz solu-
bility in water are compared with the results of our cal-
culations in Fig. 1. The experimental and calculated
values show adequate agreement, which is related to
the good calibration of thermodynamic data for the

aqueous species  (equivalent to ), which
is predominant in the solution.

3.2. Corundum Solubility 

Corundum is the next best studied mineral with
respect to solubility in supercritical fluids. However, in
contrast to quartz, experimental data on corundum sol-
ubility show a rather wide scatter (Fig. 2). This is
caused by the low solubility of corundum resulting in a
poor accuracy of the determination of aluminum con-
centration in solution and slow equilibration rates.

The calculated values of corundum solubility at var-
ious pressures are compared with experimental mea-
surements in Fig. 3. It can be seen that the low-pressure
(1.0–2.5 kbar) experimental data can be subdivided into
two groups: data of (1) [33, 34, 38] and (2) [30, 35–37].

SiO2
0 Si OH( )4

0

log(Si) [mol/kg H2O]

450 500 550 600 650 700 750 800
T, °C

400
–2.0

–1.5

–1.0

–0.5

0 Quartz solubility 5 kbar
4 kbar
3 kbar
2.5 kbar
2 kbar

1.5 kbar

1 kbar

1.0 kbar 1.5 kbar 2.0 kbar 2.5 kbar

3.0 kbar 4.0 kbar 5.0 kbar

Fig. 1. Solubility of quartz in water at temperatures of
400−800°ë and pressures of 1–5 kbar. The symbols denote
the values of quartz solubility reported in [18–32], and the
curves show calculated quartz solubility under various tem-
perature and pressure conditions.
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At pressures of ≥3 kbar, only data from group 2 studies
are available. The calculations were based on the
parameters of Al–O–H aqueous species in the HKF for-
mat from [14, 39] and from the slop98.dat database [13,
40]. As can be seen from the diagram, the calculations
with these two sets of parameters yielded significantly
different results. The values calculated using the
parameters of Pokrovskii and Helgeson [14] for
hydrous aluminum complexes are in agreement with
the experimental data of the second group, especially at
pressures above 2 kbar, whereas the results obtained
using the properties of solution species from the
slop98.dat database, Tagirov and Schott [39], and
Shock et al. [40] are significantly different from any
experimental data. Such a behavior of model solubility
values is related to the fact that Pokrovskii and Helge-
son derived the properties of aqueous species using
thermodynamic data and solubility measurements
under both subcritical and supercritical conditions,
whereas Tagirov and Schott [39, 40] and Shock et al.
[13, 40] used only data for subcritical temperatures and
pressures. Because of this, the thermodynamic proper-
ties of aluminum hydroxy complexes after Pokrovskii
and Helgeson were considered as adequate and were
used in subsequent calculations.

3.3. Solubility of Aluminum Silicates 

There is extensive experimental evidence for the
incongruent dissolution of aluminum silicates (kyanite,
andalusite, and sillimanite) with the preferential trans-
fer of silica into the solution and precipitation of alu-
mina (corundum). This is explained by the consider-
ably different solubilities of SiO2 and Äl2é3 in aqueous
solutions (cf. Figs. 1 and 2). The experimental data on
the incongruent solubility of aluminum silicates are
compared in Fig. 4 with the results of our calculations
obtained using the properties of Al–O–H species from
[14]. Also shown in Fig. 4 are the compositions of solu-
tions in equilibrium with the andalusite + corundum
assemblage, because this assemblage is produced by
the incongruent dissolution of andalusite under the con-
ditions of interest. The concentrations of SiO2 in the
solution are used for comparison, because the concen-
trations of Al2O3 were not determined in the majority of
studies from which the data were taken, and in other
studies they were determined with high errors because
of their low magnitudes. The diagram illustrates a con-
siderable scatter in the experimental data. The results of
calculations are in agreement with the data on kyanite
and andalusite solubility reported by Brown and Fyfe
[41], especially at temperatures of higher than 500°C,
and with the maximum values of kyanite solubility
obtained in [43]. In all other cases, the experimental
values are lower than calculated ones and lower than
those from the experiments of Brown and Fyfe. This
discrepancy is probably related to the incomplete equil-
ibration in the experiments. The difficulties in attaining
equilibrium are clearly illustrated by the scatter in

experimental data, especially in the experiments of
Ostapenko and Arapova [43] and Ostapenko et al. [44].

3.4. Solubility of Alkali Aluminosilicates 

The solubility of feldspars in water under supercrit-
ical parameters has been experimentally studied by a
number of authors [28, 32, 45–49], but the values
reported by them vary significantly for several reasons.
First, this is related to the use of natural minerals in
experiments. Even a small admixture of albite compo-
nent in microcline results in a significant enrichment of
sodium in aqueous solution [28], which affects the total
solubility. Second, equilibrium was not reached in
many experiments [28, 47]. The degree of equilibration
is difficult to control, because the equilibrium was
approached from one side in most experiments (disso-
lution of minerals in undersaturated solutions). Diffi-
culty in the nucleation of new phases during incongru-
ent dissolution can impede the attainment of equilib-
rium. In addition, the incompleteness of data in
experimental papers may hamper their correct recalcu-
lation.

The incongruent dissolution of feldspars in pure
water is their important feature; in contrast to alumi-
num silicates, different hydrolysis products are possi-
ble: white micas, aluminum silicates, corundum, leu-
cite, and nepheline. This circumstance contributes to
the uncertainty of solubility data. Unfortunately, most
authors did not indicate which new phases were formed
during the incongruent dissolution of feldspars. Data on
fluid compositions are absent in some studies. For
instance, only weight-loss values were reported in [32,
48] for experiments on albite dissolution. Taking into
account that these authors mentioned the incongruent
character of dissolution in their experiments, only
apparent rather than true solubility can be correctly

log(Al) [mol/kg H2O]

450 500 550 600 650 700 750
T, °C

400
–5.0

–4.5

–4.0

–3.5

–3.0

Corundum solubility

350

–2.5

Fig. 2. Experimental data on corundum solubility in water
at temperatures of 400–800°ë and pressures of 1–5 kbar
[30, 33–38]. Symbols are the same as in Fig. 1.
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derived from their data. Adcock [28] and Currie [47]
observed the appearance of nepheline during albite dis-
solution, which is not consistent with the reported sto-
ichiometric relations of components in the solution.
These shortcomings strongly limit the possibility of
comparison of the results of theoretical modeling with
the experimental measurements of feldspar solubility.

Figure 5 shows the experimental measurements of
potassium feldspar solubility compared with the calcu-
lated curves for congruent and incongruent solubility
(the latter was computed taking into account the possi-
ble formation of leucite, muscovite, andalusite, and

corundum). It can be seen from these diagrams that the
experimental data are in better agreement with the
curves of congruent rather than incongruent dissolu-
tion.

The situation is simpler in the case of three-mineral
assemblages, which buffer the composition of solution
in the Na2O–Al2O3–SiO2–H2O and K2O–Al2O3–SiO2–
H2O systems. The kinetics of equilibration in such sys-
tems is independent of the nucleation of new phases,
and the probability that the composition of solution
determined in experiments corresponds to the equilib-
rium composition is higher in such a case. In addition,

log(Al) [mol/kg H2O]

450 500 550 600 650 700 750400
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–4.5
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–3.5

–3.0
3 kbar–2.5
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–6.5

PH95

TS01

slop98

BCL83 GR74 PA89 RW85 W97 IT98 M57

–5.0
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–4.0

–3.5

–3.0
1 kbar–2.5

–5.5

–6.0

–6.5

PH95

TS01
slop98

–5.0

–4.5

–4.0

–3.5

–3.0
2 kbar–2.5

–5.5

–6.0

–6.5

PH95

TS01

slop98

2.5 kbar

PH95

TS01

slop98

1.5 kbar

PH95

TS01

slop98

450 500 550 600 650 700 750
T, °C

400

4 Ë 5 kbar
PH95

TS01

slop98

5 kbar

4 kbar

5 kbar

4 kbar
5 kbar

4 kbar

Fig. 3. Experimental and calculated values of corundum solubility in a water fluid. The symbols denote experimental data of various
authors: IT98 [30], M57 [33], GR74 [34], BCL83 [35], RW85 [36], PA89 [37], and W97 [38]; the curves show the calculated sol-
ubility values based on the parameters of aqueous species of the Al–O–H system from [14] (PH95), [39] (TS01), and the slop98.dat
database as of October 30, 1998 [13, 40].
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the uncertainty in the phase assemblage is eliminated.
Figure 6 shows the experimental and calculated compo-
sitions of solutions in equilibrium with the albite + par-
agonite + quartz assemblage. The experimental data are
in rather good agreement with the results of the calcu-
lation. Adequate agreement was also observed for the
potassium feldspar + muscovite + quartz assemblage
(Fig. 7). Only the results of Anderson et al. [51] were
used, whereas the solubility values reported for the

same assemblage by Walther and Woodland [52] were
ignored, because the concentration of Na in solution
was similar to that of K or even higher in these experi-
ments, despite the strong prevalence of K over Na in
microcline (K/Na = 22) and muscovite (K/Na = 13). In
such a case, equilibria between solid and aqueous solu-

log(Si) [mol/kg H2O]

450 500 550 600 650 700
T, °C

400

–2.0

–1.5

–1.0

–0.5

–2.5

1.3 kbar

1 kbar

Sil: OTT77

1.3 kbar 2 kbar 3 kbar

(c)

–2.0

–1.5

–1.0

–0.5

–2.5

3 kbar

And: BF71

(‡)

2 kbar

1 kbar
1.3 kbar

And + Cor: HMML80
And + Cor: RC91
And: OA71

–2.0

–1.5

–1.0

–0.5

–2.5

3 kbar

Ky: BF71

(b)

2 kbar

1 kbar

1.3 kbar

Ky: OA71

Fig. 4. Incongruent dissolution of (a) andalusite, (b) kyan-
ite, and (c) sillimanite in water under supercritical condi-
tions (400–700°C and 1–3 kbar). Sources of experimental
data: BF71 [41], HMML80 [25], RC91 [42], OA71 [43],
and OTT77 [44]. The curves show calculated equilibrium Si
contents in fluid under various pressures. Mineral symbols
in the diagrams and text are given in the table. 

log(Si) [mol/kg H2O]

500 900600 800700
T, °C
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MH51, 2 kbar
SB61, 4 kbar
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–1.5

–1.0

–4.5
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r

5 kbar

1 kbar

5 k
ba

r

2 kbar

log(Al) [mol/kg H2O]

log(K) [mol/kg H2O]

–2.0

0

–2.5

2 kbar

5 kbar
4 kbar

Potassium feldspar solubility

Fig. 5. Solubility of potassium feldspar in water at temper-
atures of 400–900°ë and pressures of 1–5 kbar. The exper-
imental data are after [45] (MH51) and [46] (SB61). The
curves show the solubility of microcline calculated in this
study; congruent and incongruent solubility curves are
shown by solid and dashed lines, respectively.
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tions must be analyzed [53], which is beyond the scope
of the present study.

3.5. Solubility of Magnesium and Calcium Minerals 

Figure 8 shows the solubilities of magnesium and
calcium hydroxides (brucite and portlandite) reported
in [54] in comparison with theoretical calculations. It
can be seen from this diagram that fairly good agree-
ment is obtained for portlandite at pressures of 2–3 kbar,
but the discrepancy increases with decreasing pressure

and increasing temperature, i.e., with decreasing fluid
density (calculated values are overestimated). In con-
trast, the theoretical values for brucite approach the
experimental measurements at low pressures (less than
2 kbar) and high temperatures (above 500°ë), and the
difference between the calculated and experimental
values increases with increasing pressure. However, if
the solubility curves of periclase (MgO) are plotted in
the same diagram, the experimental values of brucite
solubility appear to be close to the calculated solubility
of periclase. This fact is difficult to explain, because the
approach to equilibrium from different directions was
employed in the experiments of Walther [54]. However,
the discrepancy is not so high as to consider the thermo-
dynamic properties of the aqueous species of Ca and
Mg as inappropriate for calculations.

Figure 9 shows the concentrations of SiO2 in aque-
ous fluid in equilibrium with the two-mineral assem-
blages talc + chrysotile, talc + forsterite [55], and ensta-
tite + forsterite [56], which buffer the content of silica
in the equilibrium fluid, and the results of numerical
calculations for these values. In this case, the measured
values are in adequate agreement with the theoretical
estimates. This is related to the fact that the result of
calculations for such buffer equilibria is primarily con-
trolled by the thermodynamic properties of minerals,
which are rather reliably constrained, and the properties

of the  species, which are also well known, as was
shown above. The properties of magnesium species do
not affect the results of calculations for equilibrium sil-
ica concentrations owing to their low concentrations in
the solutions of the MgO–SiO2–H2O system.
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and the curves show the calculated equilibrium composi-
tions of solutions obtained in this study.
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In contrast, the experimental data on the solubility
of enstatite [45] are significantly different from the cal-
culated values (Fig. 10). They fall between the calcu-
lated equilibrium concentrations of magnesium and sil-
ica for incongruent dissolution and are higher than the
concentrations estimated for congruent dissolution.
This could be due to incomplete equilibration, because
the difference between the concentrations of magne-
sium and silicon determined by Morey and Hessel-
gesser [45] is rather small and must presumably be
higher. Moreover, it was shown above that the solubili-
ties of brucite and quartz are adequately described
under the given conditions (600°ë and 1 kbar).

Shmulovich et al. [32] reported only weight-loss
measurements for the dissolution of diopside and albite
but did not determine the compositions of solution,
despite the strongly incongruent character of dissolution.
Therefore, their data cannot be used for comparison.

The above analysis showed that the modified HKF
model and the available thermodynamic parameters of
aqueous species in the format of this model can be used
to simulate the solubility of minerals in supercritical

aqueous solutions. Of course, both the model and, espe-
cially, the properties of aqueous species require further
refinement, and the set of minerals and complexes that
can be used for calculations should be extended. We
caution against the use of parameters derived from sol-
ubility data obtained under subcritical parameters,
especially at temperatures of lower than 100°ë, to sim-
ulate equilibria involving supercritical fluid.

4. TOPOLOGY OF SOLUBILITY DIAGRAMS

In order to evaluate the behavior of minerals in
aqueous fluids, the solubility of minerals in aqueous
fluids was calculated under various P–T and acidity–
alkalinity conditions. The acidity of aqueous fluid was
constrained during modeling by the concentrations of
HCl and NaOH. The calculations showed that varia-
tions in acidity exert a much greater influence on the
solubility of the majority of minerals than changes in
temperature and pressure. The analysis of solubility
diagrams as a function of the acidity–alkalinity of fluid
allowed us to distinguish six major types of such depen-
dencies (Fig. 11). These types are described below
together with general features in the behavior of miner-
als in aqueous fluids depending on dissolution condi-
tions.

4.1. Character of Mineral Dissolution 

Minerals of complex composition (consisting of
three or more elements) usually dissolve incongruently.
The dissolution proper is then accompanied by the
crystallization of one or several new minerals. Thus,
incongruent dissolution is a complex reaction, which
can be described as a series of simple (congruent) reac-
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Fig. 8. Solubility of portlandite ë‡(éç)2 and brucite
Mg(OH)2 in a supercritical water solution. The experimen-
tal data on mineral solubility are after [54]. The solid lines
show the equilibrium values of portlandite and brucite sol-
ubility, and the dashed curves denote the calculated solubil-
ity of periclase, MgO. 

log(Si) [mol/kg H2O]

450 500 550 600 650 700 750 800
T, °C

400

–2.0

–1.5

–1.0

–0.5

0
MgO–SiO2–H2O

–2.5

–3.0

–3.5

–4.0

En + Fo, 4.35  kbar

Tlc + Fo, 1  kbar

Tlc + Ctl, 1  kbar

Tlc + Ctl, 1 kbar (HMCH77)
Tlc + Fo, 1  kbar (HMCH77)
En + Fo, 4.35  kbar (NM02)

Fig. 9. Concentrations of SiO2 in supercritical fluids in
equilibrium with buffer assemblages in the MgO–SiO2–H2O
system. The experimental data are after [55] for the Tlc + Ctl
and Tlc + Fo assemblages and after [56] for the En + Fo
assemblage. The curves show the equilibrium compositions
of solutions calculated in this study.



1218

GEOCHEMISTRY INTERNATIONAL      Vol. 45      No. 12     2007

AZIMOV AND BUSHMIN

tions. The congruent or incongruent character of min-
eral dissolution depends on a number of conditions,
including the compositions of the mineral assemblage
and fluid. For instance, aluminum silicates, andalusite,
kyanite, and sillimanite, dissolve incongruently with
the formation of corundum, but their dissolution
becomes congruent in the presence of excess silica
(quartz). Congruent dissolution is also possible in the
limiting case of a completely open system, when all the

dissolved components are removed from the zone of
mineral dissolution. Such a behavior was experimen-
tally reproduced by Vidal and Durin [57]. Our study
focuses on the behavior of particular minerals rather
than mineral assemblages, and only congruent dissolu-
tion will be considered during the analysis of solubility
diagrams.

4.2. Types of Diagrams of Congruent Dissolution 

Type 1. Solubility diagrams of the first type (Fig. 11)
are characteristic of quartz and alkali–aluminum sili-
cates: jadeite, microcline, and albite. These minerals show
high solubilities (more than 10–2–10–3 mol/kg ç2é),
which are almost independent of the acidity of the
medium (Fig. 12). As pressure increases from 1 to 5 kbar,
the solubility of minerals of this type increases by
approximately half an order of magnitude (one order of
magnitude in the case of quartz). The solubility also
increases by approximately an order of magnitude with
a temperature increase from 400 to 800°ë. The sequence
of the solubility of type 1 minerals in pure water is shown
in Fig. 16. With increasing pressure, albite may become
slightly more soluble than microcline, but in general
these phases have similar solubilities.

Type 2. The second type of solubility diagrams
(Fig. 11) is characteristic of aluminous minerals: white
micas (muscovite and paragonite), aluminum silicates
(andalusite, kyanite, and sillimanite), and oxides of Al
(corundum) and Fe(III) (hematite). These minerals are
less soluble than the minerals of the first group. Micas
are most soluble among them, while corundum and,
especially, hematite show the lowest solubility (Fig. 16).
The minerals of this type show the lowest solubility
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Fig. 10. Solubility of enstatite in a supercritical water fluid.
The experimental data for enstatite are after [45]. The
curves show the calculated concentrations of elements in
the fluid for the congruent and incongruent dissolution of
enstatite. The incongruent dissolution of enstatite produces
the Tlc + Ctl assemblage at 400°ë and Tlc + Fo at higher
temperatures (Fig. 9).
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both in pure water and in slightly acidic solutions
(Figs. 13–15). The solubility of micas and aluminum
silicates increases significantly (by 2.0–3.5 orders of
magnitude) in alkaline solutions and slightly increases
in acidic solutions (0.1–1.0 M HCl). The solubility of
corundum increases by 4.0–4.5 orders of magnitude in
alkaline solutions. The solubility of corundum is almost
constant in acidic fluids but increases by several orders
(up to 3) of magnitude at low temperatures in strongly
acidic fluids (0.1–1.0 M HCl). The minerals of this
group (except for hematite) show an increase in solubil-
ity and its temperature dependence with increasing
pressure. At low pressures (1 kbar), the solubility of
these minerals (except for the solubility in strongly
acidic solutions) is almost temperature-invariant,
whereas at pressures of 3 and 5 kbar, the temperature
effect becomes noticeable. Aluminum silicates and
corundum show a change in the character of tempera-
ture dependence: it is positive for micas at any pressure,
whereas for aluminous minerals of this group, it is non-
monotonous and passes through a maximum at 500°ë
and 1 kbar (Fig. 3) but is also positive at 3 and 5 kbar.
At a given temperature, the solubility increases by
approximately an order of magnitude as pressure
increases from 1 to 5 kbar.

The behavior of hematite is strongly different from
that of aluminous minerals. It shows the lowest solubil-
ity, and the shape of its diagram differs somewhat from
those of other minerals of this group (Fig. 15). How-
ever, similar to other minerals of this group, the solubil-
ity of hematite increases dramatically (by 4–6 orders of
magnitude) with increasing solution alkalinity and
increases to a lesser extent in acidic solutions (espe-
cially at low temperatures). Another conspicuous fea-
ture of hematite solubility is its pronounced negative
temperature dependence, which is observed at any
pressure. At low pressure (1 kbar), the decrease of sol-
ubility with increasing temperature is especially signif-
icant in strongly acidic (up to 5 orders of magnitude)
and strongly alkaline (2.0–2.5 orders of magnitude)
solutions. At high pressures (5 kbar), the solubility is
strongly affected by temperature only in acidic solu-
tions (up to 6 orders of magnitude). In contrast, the tem-
perature effect is negligible in alkaline solutions. At a
given temperature, an increase in pressure from 1 to 5 kbar
is accompanied by an increase in hematite solubility by
1.0–1.5 orders of magnitude in neutral solutions and by
several orders of magnitude in acidic and alkaline solu-
tions.

Type 3. The third type of solubility diagrams (Fig. 11)
is observed in minerals enriched in amphoteric ele-
ments (Al and Fe): ferrous and magnesian staurolite,
cordierite, chloritoid, almandine, spessartine, ferrous
chlorite (chamosite), spinellids (spinel, hercynite, and
magnetite), ferrous biotite (annite), sapphirines, and
minerals consisting of FeO and SiO2 (fayalite, ferrosil-
ite, and grunerite). All of these minerals are in general
less soluble than the minerals of the previous groups
(except for hematite). They show the lowest solubility

in pure water fluids (Figs. 17–19). Their solubility
increases by 1.5–7.0 orders of magnitude in acidic solu-
tions and by 1.0–4.5 orders of magnitude in alkaline
solutions. The sequence of solubility for minerals of the
third groups in neutral water fluid is shown in Fig. 20.

At a pressure of 1 kbar, the solubility of aluminous
minerals (chloritoid, staurolite, spinel, sapphirine,
cordierites, and almandine) decreases by 0.5–1.0 orders
of magnitude with increasing temperature both in
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acidic and alkaline solutions. For minerals with the
highest iron contents (annite, chamosite, grunerite, fer-
rosilite, and fayalite), a slight temperature influence on
solubility was observed only in alkaline solutions. The
solubility of all group 3 minerals in water at low pres-
sure show a weak temperature dependency of different
character: nonmonotonous for staurolite, positive for
ferrous minerals (chamosite, chloritoid, annite, ferrosi-
lite, and grunerite), and complex (nonmonotonous) or
negative for aluminous minerals (staurolites, sapphir-
ines, spinels, and cordierites) and spessartine.

At 3 and 5 kbar, the maximum temperature effect on
solubility was observed in neutral solutions, in a
slightly acidic region for the most aluminous minerals,
and in a slightly alkaline region for iron-rich minerals
and spessartine. As pressure increases up to 3 and 5 kbar,
most of the minerals of this group show a positive cor-
relation between the solubility in neutral solutions and
temperature, and the range of solubility variations
increases compared with that observed at 1 kbar. In
contrast, the temperature dependence of solubility
becomes weaker in the acidic and alkaline regions.
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However, the temperature effect on the solubility of sil-
ica-poor aluminous minerals (sapphirines and spinel-
lids) remains to be negative and decreases with increas-
ing pressure. The absolute values of solubility of all the
minerals also increase with increasing pressure.

Similar to hematite, magnetite is conspicuous
among other minerals of this group, although its prop-
erties are more similar to those of other members of
group 3. Similar to hematite, the temperature depen-
dence of its solubility is negative at any pressure and is
almost invariant with increasing pressure. Both in

acidic and alkaline regions, it is much higher than that
of other minerals of this group.

Type 4. The fourth type of solubility diagrams (Fig. 11)
is characteristic of Al- or Fe-rich silicates of Ca and
Mg: anorthite, lawsonite, epidote-group minerals (epi-
dote and clinozoisite), magnesian chlorite (amesite),
Ca–Fe amphibole (actinolite), and rhodonite. These
minerals show the minimum solubility in pure water
and weakly alkaline solutions (Figs. 21–22). Their sol-
ubility increases significantly (by 2.0–3.5 orders of
magnitude) in acidic fluids and to a lesser extent (up to
1.0–1.5 orders of magnitude) in strongly alkaline fluids
(0.1–1.0 M NaOH). At low pressures (1 kbar) the solu-
bility of anorthite, epidote, and zoisite in neutral media
slightly decreases with increasing temperature, and the
solubility of lawsonite, amesite, actinolite, and rhodo-
nite is independent of temperature (Fig. 24). With
increasing pressure, the temperature coefficients of sol-
ubility become positive or nonmonotonous, and the
range of solubility variations somewhat increases with
temperature but remains moderate.
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Fig. 15. Second type of solubility diagrams. The depen-
dence of hematite, Fe2O3, solubility on the acidity of fluid
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The solubility of type 4 minerals in acidic and alka-
line fluids is more sensitive to temperature than that in
neutral fluids. The solubility of anorthite, amesite, epi-
dote, zoisite, and lawsonite decreases in acidic media at
1 kbar by two orders of magnitude, whereas the solubil-
ity of actinolite and, to some extent, rhodonite remains
almost constant. In alkaline fluids, temperature varia-
tions affect the solubility of actinolite, anorthite, epi-
dote, zoisite (changes by one order of magnitude), and
lawsonite (changes by 0.5 orders of magnitude),

whereas the solubility of amesite is independent of tem-
peratures. The solubility of rhodonite in weakly alka-
line fluids is independent of temperature, but in
strongly alkaline fluids it decreases dramatically with
increasing temperature, and the higher the solubility
increase with increasing alkalinity is, the greater is the
temperature effect. The solubility of actinolite, zoisite,
lawsonite, and rhodonite at 3 and 5 kbar is also temper-
ature-independent in acidic solutions, whereas the sol-
ubility varies by 0.5 orders of magnitude (0.75 for law-
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Fig. 17. Third type of solubility diagrams. The dependence
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400–800°ë. The solubility is shown along the y axis in
moles per one kilogram H2O. 
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sonite) in weakly alkaline fluids. The solubility of anor-
thite, amesite, and epidote in acidic fluids decreases
with increasing temperature by more than an order of
magnitude at 3 kbar, but this dependence weakens at
5 kbar. The solubility of anorthite and zoisite decreases
slightly with increasing temperature in alkaline fluids,
whereas that of amesite increases. The solubility of all
the minerals increases to a varying degree with increas-
ing pressure.

Type 5. The fifth type of solubility diagrams (Fig. 11)
is characteristic of Al- and Fe-bearing silicates with
high contents of Ca and Mg: garnets (pyrope, grossular,

and andradite), calcic clinopyroxene (hedenbergite),
some amphiboles (tschermakite, gedrite, and riebeck-
ite), vesuvianite, prehnite, and magnesian chlorite (cli-
nochlore). These minerals show the minimum solubil-
ity in pure water and alkaline solutions (Fig. 23). Their
solubility in acid media is 2–4 orders of magnitude
higher than that in water. The solubility sequence of
type 5 minerals in pure water fluids is shown in Fig. 24.
At low pressure, the solubility of all the minerals of this
group is inversely dependent on temperature (except for
riebeckite, the solubility of which is temperature invari-
ant), and varies within 0.2–0.5 orders of magnitude. As
pressure increases up to 3 kbar, the temperature effect
on the solubility becomes nonmonotonous for most of
the minerals, positive for riebeckite, and negative for
pyrope and andradite. Correspondingly, the range of
solubility variations decreases for all the minerals
except for riebeckite. This range increases up to 0.45 in
the case of riebeckite. At 5 kbar, the correlation of tem-
perature with solubility is positive for most of the min-
erals (although the extent of solubility variations is only
0.2–0.3 order of magnitude), negligible for grossular,
pyrope, and vesuvianite, and negative for andradite
(its solubility decreases between 400 and 800°C by
0.3 order of magnitude).

At low pressures (1 kbar), the solubility decreases
with increasing temperature by 1.5–2.0 orders of mag-
nitude (0.35 for riebeckite) in acidic solutions and by
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Fig. 19. Third type of solubility diagrams. The dependence
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400–800°ë. The solubility is shown along the y axis in
moles per one kilogram H2O. 
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0.5–1.0 order of magnitude in alkaline solutions. The
temperature dependence of solubility in acidic solu-
tions practically vanishes with increasing pressure. An
exception is andradite, the solubility of which in acidic
solutions at 5 kbar decreases by an order of magnitude
as temperature increases from 400 to 800°. The solubil-
ity of the majority of minerals of this group in alkaline
fluids is weakly dependent on temperature at 5 kbar,
varying by no more than 0.25 order of magnitude. The
solubility of andradite in both alkaline and acidic fluids

decreases with increasing temperature by an order of
magnitude, whereas the solubility of clinochlore, preh-
nite, and riebeckite increases slightly (approximately
by 0.5 order of magnitude).

Type 6. The diagrams of this type (Fig. 11) were
obtained for the solubility of oxides and hydroxides of
Mg and Ca (periclase, brucite, and portlandite), sili-
cates of Mg and Ca, including Mg and Ca–Mg amphib-
oles (anthophyllite, cummingtonite, and tremolite),
pyroxenes (enstatite and diopside), olivine (forsterite),
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Fig. 21. Fourth type of solubility diagrams. The dependence
of the solubility of anorthite, Ca(Al2Si2O8), on the acidity
of fluid at pressures of 1, 3, and 5 kbar and temperatures of
400–800°ë. The solubility is shown along the y axis in
moles per one kilogram H2O. 
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magnesian biotite (phlogopite), wollastonite, clinohu-
mite, talc, serpentine (chrysotile), Na-bearing magne-
sian amphiboles (pargasite and glaucophane), and alka-
line pyroxene (aegirine). These minerals show the min-
imum solubility in strongly alkaline solutions (Figs. 25,
26). Compared with neural fluids, the solubility of these
minerals increases significantly in acidic solutions (by
2.5–4.5 orders of magnitude) and decreases in alkaline
solutions (by 1–3 orders of magnitude).

The sequence of solubility of these minerals in a
neutral water fluid is shown in Fig. 27. At low pressures

(1 kbar), the solubility of most of the minerals changes
insignificantly or slightly declines (by 0.2–0.7 order of
magnitude) with increasing temperature. The greatest
changes in solubility were obtained for portlandite (by
1.3 orders of magnitude) and periclase (by 1.1 orders of
magnitude). The solubilities of all the minerals of this
group, except for glaucophane, are negatively corre-
lated with temperature. At 3 kbar, the negative temper-
ature effect on the solubility is retained for most of
these minerals, but it becomes nonmonotonous (and
very weak) for alkali-bearing minerals (aegirine, par-
gasite, and phlogopite), tremolite, and talc. The solubil-
ity of glaucophane is positively correlated with temper-
ature both at low and high pressures. At 5 kbar, the tem-
perature dependence of solubility is positive for
glaucophane and aegirine, almost negligible for the
majority of minerals, and negative for periclase, bru-
cite, portlandite, wollastonite, forsterite, enstatite, and
clinohumite.

An increase in temperature at 1 kbar has almost no
influence on the solubility of brucite, periclase, and
portlandite. The solubility of alkali-free Ca and Mg sil-
icates decreases by 0.5–1.5 orders of magnitude and
that of alkali-bearing silicates decreases by 1–2 orders
of magnitude with increasing temperature. The solubil-
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Fig. 23. Fifth type of solubility diagrams. The dependence
of the solubility of grossular, Ca2Al3(SiO4)3, on the acidity
of fluid at pressures of 1, 3, and 5 kbar and temperatures of
400–800°ë. The solubility is shown along the y axis in
moles per one kilogram H2O.
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ity of minerals in an alkaline medium at 1 kbar does not
change or slightly decreases. At high pressures (3 and
5 kbar), the solubility of minerals in acidic solutions
does not change or decreases slightly (up to 0.5 order of
magnitude, but up to 1 order of magnitude for aegirine).
The solubility of alkali silicates in alkaline solutions
under these pressures is practically invariant, that of Ca
and Mg silicates decreases by up to 0.6–0.7 order of
magnitude, and that of periclase and portlandite
decreases by 1.6–1.7 orders of magnitude.

4.3. Influence of Acidity–Alkalinity
on the Solubility of Minerals 

As can be seen from the diagrams, the solubility of
almost all minerals is primarily controlled by the acid-
ity–alkalinity of the fluid, whereas the effect of P–T
conditions is smaller. The only exception is the solubil-
ity of first-type minerals, for which the influence of
temperature and pressure is comparable or even higher
than that of fluid acidity.
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Fig. 25. Sixth type of solubility diagrams. The dependence
of the solubility of phlogopite, KMg3(AlSi3O10)(OH)2, on
the acidity of fluid at pressures of 1, 3, and 5 kbar and tem-
peratures of 400–800°ë. The solubility is shown along the y
axis in moles per one kilogram H2O. 
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4.4. Influence of Temperature and Pressure 

Temperature. In neutral solutions, the effect of tem-
perature is more significant (by about one order of mag-
nitude or more) for the minerals of types 1–3. The sol-
ubility of all minerals of the first type and some miner-
als of the second type increases with increasing
temperature and pressure. With increasing temperature,
the solubility of type 2–5 minerals and alkali-bearing
minerals of type 6 weakly changes or decreases at low
pressures and increases at high pressures (5 kbar). The
solubility of other (alkali-free) minerals of type 6
decreases or weakly changes with increasing tempera-
ture even at 5 kbar. Exceptions for various types are
hematite, magnetite, and andradite, the solubility of
which decreases with increasing temperature at any
pressure. Thus, with increasing pressure, the tempera-
ture dependence of solubility may remain unchanged or
transform from negative to positive but not vice versa.
On the other hand, with increasing temperature, the
temperature effect may persist or change from positive
to negative (nonmonotonous character of temperature
dependence with a solubility maximum). Minima were
never observed on the solubility–temperature curves. In
acidic or alkaline solutions, the dependence of solubil-
ity on temperature is even more complex.

Pressure. An increase in solubility with increasing
pressure was previously established for subcritical or
near-critical (~0.25–0.50 kbar) pressures [58, 59]. Our
results extend this conclusion to higher pressures. Such
behavior is obviously related to the increasing density
and dielectric constant of fluid, which enhances its dis-
solving capacity. The solubility of all of the minerals in
neutral solutions increases by 1–2 orders of magnitude
as pressure increases from 1 to 5 kbar. The role of pres-
sure becomes more significant with increasing temper-
ature. In acidic or alkaline solutions, the solubility also
increases with increasing pressure, but this dependence
becomes more complex. The solubility of type 1 miner-
als increases by approximately 0.5 order of magnitude
in acidic and alkaline fluids. For the minerals of the second
type, the pressure effect on the solubility is more pro-
nounced in acidic solutions (an increase by 0.3–2.0 orders
of magnitude) than in alkaline solutions (an increase by
0.2–0.5 orders of magnitude). An exception is hematite,
the solubility of which may increase by 4 orders of
magnitude in acidic solutions and 3 orders of magni-
tude in alkaline media. The higher the temperature, the
stronger the pressure effect in acidic fluids. The solubil-
ity of the majority of minerals of other types increases
both in acidic and alkaline solutions by approximately
0.3–2.0 orders of magnitude.

5. DISCUSSION

5.1. Mobility of Elements in Aqueous Fluids 

The dependence of the solubility of minerals on
their compositions and the analysis of mineral behavior
in fluids of various compositions allow us to character-

ize the mobility of elements composing the minerals as
a function of fluid acidity. Such an approach is based on
a simultaneous comparison of the compositions of min-
erals, their solubilities, and the topology of solubility
diagrams. For instance, the solubility of minerals in the
MgO–SiO2–H2O system decreases with increasing
Mg/Si value (Fig. 28) up to the minimum solubility of
brucite; this is accompanied by an increase in the extent
of fluid acidity effect on the solubility. The decrease of
solubility with increasing Mg/Si implies Si mobility
and inert behavior of Mg in a neutral medium. The
increase of solubility in an acidic environment is more
pronounced for minerals with higher Mg contents,
which indicates that Mg is responsible for the solubility
increase in acids. The decrease of solubility in alkaline
solutions is also related to the inert behavior of Mg in
alkaline environments. The influence of Mg on the
behavior of minerals in this system is so pronounced
that all of these minerals were assigned to group 6 with
respect to the character of solubility. The type of solu-
bility diagrams in more complex systems is controlled
by the proportions of components. For instance, the
diagrams of minerals of the MgO–Al2O3–SiO2–H2O
system belong, depending on the Mg/Al ratio, to the
third (Mg-staurolite, cordierite, sapphirines, and
spinel), fourth (amesite), and fifth (pyrope, clinochlore,
and gedrite) topological types (Fig. 29a). For minerals
with identical Mg/Al ratios, the topologies of diagrams
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are similar, and the solubility is controlled by the
amount of Si in the minerals (Fig. 29b).

A comparison of the behavior of minerals of differ-
ent compositions belonging to different groups (feld-
spars, micas, chlorites, amphiboles, pyroxenes, garnets,
etc.) suggests that the solubility of minerals is almost
independent of their structure and is controlled almost
entirely by composition. For instance, the third group
includes all of the minerals of the FeO–Äl2O3–SiO2–ç2O
system, among which are orthosilicates (almandine,
staurolite, and chloritoid), a cyclosilicate (Fe-cordier-
ite), and chlorite (chamosite). A similar behavior was
observed for ferrous biotite (annite), which is chemically
similar to them. The minerals of the MgO–SiO2–H2O
system belonging to the sixth group include orthosili-
cates (forsterite and clinohumite), pyroxene (enstatite),
amphiboles (anthophyllite and cummingtonite), and
phyllosilicates (chrysotile and talc).

The analysis of diagrams presented in this paper
shows that quartz and alkali aluminosilicates are the
most soluble minerals, and the solubility decreases with
decreasing contents of alkalis and silica and increasing
content of aluminum (cf. feldspars and micas). The sol-
ubility of alkali-free aluminum silicates is significantly
lower, and pure alumina (corundum) is even less solu-
ble. This means that the mobility of silica is weakly
dependent on the acidity of fluid (or even completely
independent in acidic solutions) and is mainly con-
trolled by P–T conditions. The concentration of silica in
solution may be as high as 0.7 mol/kg ç2é (in equilib-
rium with quartz at 800°ë and 5 kbar). The mobility
of alkalis in solutions is high at any acidity and is
much more sensitive to P–T conditions. The concen-

trations of alkalis in equilibrium solution may be up to
0.05–0.10 mol/kg ç2é.

Calcium, magnesium, iron (II), and manganese (II)
are mobile in acidic solutions. Their mobility increases
significantly with increasing acidity. The concentra-
tions of Fe(II) and Mg in acidic solutions in equilibrium
with minerals may be up to 0.1–0.3 mol/kg ç2é, and
that of Ca is up to 0.5 mol/kg ç2é. Iron (II) and man-
ganese (II) are mobile in strongly alkaline solutions,
albeit to a lesser extent than in acidic solutions (up to
0.3 mol Fe+2/kg H2O), whereas the mobilities of Mg and
Ca are rather low (less that 3 × 10–4 and 2 × 10–5 mol/kg
ç2é, respectively).

The least mobile components are aluminum and fer-
ric iron. Their low mobility is indicated by the solubil-
ity of corundum and hematite. The content of Al in a
fluid in equilibrium with corundum ranges from the
lowest value of 1.5 × 10–5 mol/kg ç2é (400°ë, 1 kbar,
and 10–3 M HCl solution) to 0.9 mol/kg ç2é (800°ë,
5 kbar, and 1 M NaOH solution). The mobility of Al
increases markedly with increasing alkalinity. The
equilibrium concentrations of Fe(III) in solutions are
much lower than those of Al (Fig. 16): they are no
higher than 10–8 mol/kg ç2é in neutral solutions and
reach 10–3–10–2 mol/kg ç2é in strongly acidic solu-
tions at 5 kbar. Given the estimates of hematite and
magnetite solubility, it can be supposed that Fe must be
transported in solutions mainly as ferrous species, and
its oxidation must occur immediately during the crys-
tallization of minerals containing Fe(III). This infer-
ence is supported by a comparison with experimental
data showing that the solubility of magnetite and hema-
tite is very low in an oxidizing environment, where ferric
iron is stable in solution, and only ferrous iron occurs in
solutions under more reducing conditions [60, 61].

Thus, alkalis (Na and K) and divalent bases (prima-
rily, Ca and Mg, followed by Fe+2 and ån+2) are the
most mobile components during acid leaching. Ferric
iron is mobile in strongly acidic solutions. Aluminum is
less mobile (except for ultra-acidic solutions). The
behavior of Si depends on the composition of solution.
It will not be dissolved in the solutions that were pre-
liminarily saturated in silica (for instance, acidic solu-
tions released from a granite magma or generated by
decompression in metamorphic complexes). However,
owing to changes in solubility at the expense of temper-
ature or pressure variations, these solutions will deposit
quartz in the form of, say, quartz veins of silicified
zones. Quartz will be mobile in the acidic solutions that
were not initially saturated in SiO2 (for instance, solu-
tions related to basic volcanism). Na and K are also
mobile in alkaline solutions. They are joined by Al and
Si and, to a lesser extent, by Fe2+ and Mn2+. Mg and Ca
must be inert in alkaline solutions, and their mobility
decreases with increasing alkalinity. In neutral aqueous
solutions, N, K, and Si are mobile, while the bases (Ca,
Mg, Fe2+, and Mn2+) and Al are inert. Correspondingly,
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changes in acidity must result in the dissolution of
some components and deposition of others.

It is instructive to compare these inferences with
direct experimental observations of element mobility,
in particular, with the results reported by Zaraiskii [62,
63]. Summarizing a series of experiments, he proposed
the following sequence of element mobility during the
acid leaching (under the influence of HCl) of felsic
rocks (granites and quartz diorites):

K, Na | Ca, Mg, Fe | Si, Al, Ti.
It is readily seen that this sequence is similar to that

obtained by us for acidic fluids.
For alkaline solutions (sodic metasomatism),

Zaraiskii reported a different mobility sequence:
Na | Ca, Si, K, Al | Mg, Fe, Ti.

This sequence differs somewhat from that obtained
here, and is therefore considered in more detail. The
mobility sequences were determined by Zaraiskii on
the basis of the occurrence of phases incorporating the
respective elements in the zones of the column. In addi-
tion, he also established the sequences of migration
activity [63, p. 131], which were quantitatively charac-
terized by changes in concentrations in the column
owing to element input or output. The sequences of
mobility and migration activity deduced by Zaraiskii
are identical for acid leaching. For alkaline metasoma-
tism, Zaraiskii reported the following sequences of
migration activity:

K > Si > Al > Mg > Fe > Ca > Ti (column 3: granite +
Na2CO3 + NaCl, 500°C);
Si > Al > K > Ca > Mg > Fe > Ti (column 4: Bt schist +
Na2CO3 + NaCl, 500°C).

Potassium was considered as a moderately mobile
component on the basis of potassium feldspar stability

in the intermediate zones of the column; however,
potassium appeared to be mobile in the above
sequences. In contrast, calcium was classified by
Zaraiskii as a mobile component, because it does not
from its own phases. However, the initial rocks (granite
and mica schist) affected by metasomatism were also
free of calcium phases. Therefore, it is difficult to
assess the mobility of this element. In the sequence of
migration activity, calcium is a low-mobility (inert)
component. The inert behavior of iron is evidently
related to its occurrence in the system as ferric iron in
the composition of alkali pyroxenes and amphiboles.
As was shown above, these minerals are poorly soluble
in alkaline fluids and define, therefore, the inert behav-
ior of Fe(III). Unfortunately, Zaraiskii did not report
data on the mobility of Fe(II) in an alkaline environ-
ment. Thus, the tendencies of element mobility in alka-
line fluids observed in the experiments of Zaraiskii and
expressed as the sequences of migration activity are in
good agreement with our conclusions, including the
high mobility of silicon and alkalis, mobility of alumi-
num, and low mobility of bases. Thus, it is more plau-
sible to estimate mobility sequences on the basis of the
extent of element gain and loss rather than from the
phase compositions of metasomatic zones.

A considerable increase in the solubility of Fe–Mg
minerals and in the mobility of bases (Mg and Fe) in
acidic solutions compared with neutral ones was exper-
imentally established by Purtov et al. [64–66]. These
authors also noticed that the solubility of iron com-
pounds increases in alkaline environments, although to
a lesser extent than in acidic solutions. Magnesium
behaves as an inert component in an alkaline environ-
ment. In contrast to acidic fluids, the mobility of these
elements in pure water is low [67]. Purtov et al. also
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Fig. 29. Character of the solubility of minerals of the MgO–Al2O3–SiO2–H2O system (a) for different Mg/Al ratios and (b) for dif-
ferent Mg/Si ratios (at constant Mg/Al). The numbers near mineral symbols indicate the ratios of (a) Mg/Al and (b) Si/Mg.
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established low aluminum mobility in neutral solutions.
Thus, the experimental investigations of element
mobility support our conclusions. These observations
allow us to consider the solubility of minerals in aque-
ous fluids as one of the main indicators of element
mobility during metasomatism. In particular, the con-
sistency of our conclusions with the experimental
results of Zaraiskii, which was discussed above, clearly
shows that, although these experiments reproduced dif-
fusion metasomatism, the mobility of elements was
controlled by the values of solubility rather than by dif-
fusion rates, which are similar for the majority of ele-
ments and only slightly sensitive to the acidity of the
system [68, 69].

5.2. Analysis of Metasomatic Columns and Behavior
of Minerals during Metasomatism 

Minerals from different groups respond differently
to variations in solution acidity, and they may therefore
be good indicators for the acidity–alkalinity conditions
of metasomatizing solutions. In the simplest cases, it is
sufficient to analyze the minerals of the inner zones of
the column approaching equilibrium with the metasom-
atizing solution. For instance, the accumulation or
appearance of low-solubility minerals of the second
type in the inner zones of a metasomatic column indi-
cates that it was formed under the influence of acidic
solutions (acid metasomatism or acid leaching). If min-
erals of the fifth or sixth type are accumulated or
appear, the column was formed under the influence of
alkaline or neutral solutions (alkaline or basic metaso-
matism). In more complicated and ambiguous cases, it
may be necessary to analyze the behavior of minerals in
the inner, medium, and outer zones of the column.

During acid metasomatism, changes in mineral
composition toward inner zones must be controlled by
differences in the migration mobility of major elements
composing the minerals. In particular, with increasing
acidity, the accumulation of least mobile (most inert)
elements in the inner zones of acid columns can stabi-
lize Fe–Mg minerals enriched in Al and Fe3+ (e.g.,
cordierite, staurolite, garnet, and magnetite), and min-
erals with high Si and Al contents must be accumulated.
Such a process may produce metasomatic cordierite–
andalusite and staurolite–andalusite quartzites [70–72].
A further increase in acidity results in the dissolution of
Fe–Mg minerals and continuing accumulation of alu-
minous minerals, for instance, andalusite, in the inner
zone.

Since K and Na can be highly mobile in solutions of
any acidity, albite–andalusite and muscovite–
andalusite quartzites may be formed in the proximal
zones of acid columns, and quartz–albite rocks and
albitites develop in the proximal zones of alkalic col-
umns. The solubility of white micas increases relative
to that of aluminum silicates with increasing solution
acidity; therefore, the disappearance of micas coupled
with the accumulation of kyanite, andalusite, or silli-

manite together with quartz can be expected in the
proximal zones of columns of acid leaching. In neutral
solutions at low pressures, sodic plagioclases are less
stable than calcic ones. The stability of sodic plagio-
clases in sodium-rich solutions probably increases with
increasing acidity, and their accumulation in proximal
zones can be expected.

The detailed analysis of natural metasomatic com-
plexes on the basis of relations derived in this study will
be the subject of future investigations.

5.3. Chemical Signature of Solutions 

The investigation of the composition of solution in
equilibrium with metamorphic rocks is one of the most
efficient ways for the determination of the composition
of metamorphic fluids [2, 4]. Therefore, the obtained
results and relations derived on the basis of these data
provide insight into the compositions of solutions par-
ticipating in metamorphic reactions. Since quartz and
feldspars show the highest solubility and occur in most
metamorphic rocks, the metamorphic fluids must be
usually saturated in silica. In addition, significant
amounts of alkalis must be transported into solutions
owing to feldspar dissolution. When minerals of other
types are decomposed, silica and alkalis are dominant
components in neutral and acidic aqueous solutions.
These solutions may become oversaturated in these
components at a decrease in temperature and pressure
(for instance, during cooling or exhumation of massifs).
This produces aggressive silica–alkali fluids [73],
which cause large-scale Na–Si and K–Si metasomatism
and granitization, both areal and confined to the zone of
high permeability [74–76].

The solubility of Fe- and, especially, Mg- and
Ca-bearing minerals in alkaline solutions is low com-
pared with acidic solutions. Therefore, acid leaching
must be the main mechanism of the formation of base-
rich solutions. The interaction of primary acidic solu-
tions, either metamorphic or released from a magma,
with mafic and ultramafic rocks results in the leaching
of bases and accumulation of silica and aluminum with
the formation of secondary quartzites with kyanite,
andalusite, muscovite, and other aluminous phases
[77]. Correspondingly, the solutions are enriched in
Mg, Ca, and Fe and can deposit these elements in
response to a decrease in temperature and pressure or
owing to a reaction with contrasting rocks (e.g., during
skarn formation in granites or gneisses, basic iron–
magnesium metasomatism, and other similar pro-
cesses) [78]. Such a process can be referred to as basifi-
cation [79].

Since the mobility of ferric iron is also strongly
dependent on acidity (decreases dramatically with
decreasing acidity, Fig. 15), the neutralization of ini-
tially acidic postmagmatic fluid during the formation of
skarns may lead to the deposition of considerable
amounts of magnetite, which is observed, for example,
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in the skarns of Pitkäranta [80], western Carpathians
[81], Aldan [82], and many other regions.

In contrast to Mg- and Ca-rich solutions, fluids
enriched mainly in Fe could initially be both acidic and
alkaline. Such fluids may be responsible for alkaline
metasomatism in iron formations resulting in their
enrichment in iron [83, 84].

The chemistry of aqueous fluid controls also the
composition of solid solutions crystallizing from it and,
consequently, the character of zoning in the crystals. It
was shown by us previously [85] that the acidity of fluid
exerts a major influence on the partition of elements
between growing metamorphic garnets and their paren-
tal fluid.

Finally, it should be noted that the calculated solu-
bility values reported here will be refined, as the models
and thermodynamic properties of minerals and aqueous
species are improved; however, we hope that the main
tendencies considered in this paper will be retained.

CONCLUSIONS
(1) In general, recent models and available thermo-

dynamic data adequately describe the experimental
measurements of mineral solubility in supercritical flu-
ids.

(2) The solubility diagrams of oxide and silicate
minerals of metamorphic and metasomatic rocks can be
divided into six types with respect to the character of
mineral solubility in pure water, acids, and alkalis. The
minerals belonging to a particular type show common
features in the behavior during interaction with aqueous
fluids.

(3) The solubility of minerals of all types (except for
the first type) is primarily controlled by the acidity–
alkalinity of fluid (pH) and, to a lesser extent, by P–T
conditions. The solubility of minerals of the first type
(quartz, jadeite, and alkali feldspars) is controlled by
variations in P–T conditions and is weakly dependent
on the acidity of solutions.

(4) Minerals from various groups can be used as
indicators of the acidity–alkalinity of parental solutions
during the investigation of metasomatic processes. The
analysis of solubility diagrams for minerals from vari-
ous zones of a metasomatic column provides a means
for estimating the chemical composition and acidity
properties of solution and evaluating the influence of
the composition of these solutions on changes in the
mineral composition of metasomatic rocks.

(5) The dependence of the solubility of minerals on
their compositions and a comparison of mineral behav-
ior in fluids of various compositions allowed us to char-
acterize the mobility of elements composing these min-
erals as a function of fluid acidity and estimate their
concentrations in solutions.

(6) Since quartz shows the highest solubility and
occurs in the majority of metamorphic rocks, metamor-
phic fluids must be usually saturated in silica. The

appearance of aggressive silica–alkali fluids promoting
metasomatic alterations in metamorphic complexes can
be explained by the migration of significant amounts of
silica and alkalis into solutions at any acidity at high
P−T parameters. The formation of metamorphic fluids
enriched in Fe, Mg, and Ca can be provided by acidic
initial solutions only at the expense of leaching of these
elements from metamorphic rocks.
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