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This paper discusses the character of dissolution in aqueous fluid for the 56 usual min-
erals of metamorphic rocks depending on the P7-conditions and fluid composition. Com-
puter modelling of mineral-fluid equilibria carries out the study of solubility. The calcula-
tions are accomplished for both pure water and solutions, containing acid (HCl) and alkali
(NaOH). We distinguish the seven basic types of the solubility diagrams in dependence of
peculiarities of mineral behaviour in acid and alkaline solutions. For most minerals, except-
ing Qtz, Mi, Ab and Jd, the solubility value is determined mainly by fluid acidity (pH) and
weakly by P-T.

Analysis of the mineral solubility allows to characterize the element mobility depend-
ing on the fluid acidity. The most mobility is manifested by Si, K and Na independent of
fluid acidity. Ca and Mg are most mobile in acid solutions whereas Fe(II) is mobile in both
acid and alkaline fluids. Al is rather immobile element and is transferred mainly in alkaline
or strongly acid solutions. The most immobile is Fe(Ill) — i.e. iron is transferred mainly as
Fe(Il). Therefore, change of fluid acidity results in dissolution of some components and
precipitation of other ones. Minerals of different types could be indicators of the fluid acid-
ity at metasomatism.

Since high solubility of quartz most metamorphic fluids should be silica-saturated.
They should also contain significant amount of alkalis. The decrease of P and 7 can leads to
origin of supersaturated silica-alkaline fluids producing metasomatism in country rocks.
The solubility of Fe-, Mg- and Ca-bearing minerals is low in alkaline fluids in comparison
with acid ones. Hence only primarily acid fluids can produce solutions, enriched in these
elements, at their leaching from country metamorphic rocks. Fluids, enriched only in Fe,
could have initially both acid and alkaline character.

Key words: minerals solubility, fluid, metamorphism, thermodynamic modelling, fluid
acidity, element mobility.

The study of the mineral solubility in hydrothermal solutions in the wide range of
temperatures and pressures is the basement necessary for the following analysis of meta-
morphic, metasomatic and ore forming processes. The mineral solubility, composition of
rocks, interacting with fluid, and primary fluid composition determine the equilibrium
fluid composition [12—14]. At the same time, fluids can alter the rock composition during
metasomatism.

There are two ways to determine mineral solubility. The first way is the direct ex-
perimental investigation of the saturated solution. It is the most reliable. However, the
experimental determination of the mineral solubility in the wide range of state variables is
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a difficult technical problem, so the data of this sort are limited and do not spread over
the whole P-T area of metamorphic conditions. Experimental modelling is also limited by
the difficulty in obtaining the equilibrium during mineral dissolution.

The second way permits to investigate a wide P-T area of mineral formation including
conditions unavailable for direct experimental modelling. This way consists in thermody-
namic computer modelling basing on methods of chemical thermodynamics. Theoretical
prognosis of mineral solubility can be the main method of investigations in the areas of
high temperatures, pressures and fluid compositions where experimental studies are lim-
ited or impossible. More over, modern analytical techniques do not allow to evaluate the
solution acidity and ion composition under high pressures and temperatures without dis-
turbing the obtained equilibrium.

Minerals with complicated composition (containing three and more elements) are
usually incongruently dissolved. Incongruent dissolution consists in dissolution of min-
eral unstable under the given conditions with the presence of fluid and simultaneous
crystallization of one or more stable minerals. So, incongruent dissolution can be described
as a superposition of simple congruent processes. Moreover, the character of mineral
dissolution (congruent or incongruent) depends upon various conditions including min-
eral association and fluid composition. So, the present paper is devoted to analysis of the
behaviour of separate minerals, and we shall discuss only congruent dissolution. The
congruent dissolution is possible also in the utmost case of the wholly open system,
where all dissolved components are removed from the area of mineral dissolution.

Framework for thermodynamic calculations. In the present paper we analyse solu-
bility for 56 minerals within the system Na,0O-K,0-CaO-FeO-MgO-MnO-Al,O3—
Fe,03;-Si0,—H,0 (table). These minerals are oxides and silicates forming metamorphic
and metasomatic rocks. The solubility and behaviour of carbonates, ore and accessory
minerals are not discussed in the present work. The study of solubility is carried out by
mean of computer modelling of the equilibrium between minerals and aqueous fluid us-
ing programs FLUID [8, 21] and GBFLOW [4] for 400-800°C and 1 and 5 kbar. Haar—
Gallagher—Kell model [15] was used to calculate the properties of aqueous fluid.

The thermodynamic of aqueous species were determined with modified HKF model
[22, 23]. This model can be used only for dense aqueous fluid (> 0.35 g/cm’), so the
calculations for 1 kbar were done only up to 600°C. The solubility calculations done for
pure water and for solutions containing acid (HCI) and alkali (NaOH). Substance concen-
trations in solutions and the results of solubility calculations are presented in moles of
dissolved substance per 1 kg of water and are written in units of the solution molality
(e.g., “0.1M HCI” means 0.1 mole HCI per kg H,0).

The thermodynamic properties of minerals are taken from Holland-Powell dataset
[16]. For aqueous species (H", OH~, CI", SiO,’, HSiO;~, Fe*", FeOH*", FeO", HFeO,’,
FeO,, Fe*', FeOH", FeQ’, HFeO,", FeCI*", FeCL,’, FeCl", Mg*", MgOH", Mg(HSiO;)",
MgCl', Ca?*, CaOH’, Ca(HSiOs)", CaClL,’, CaCl’, Na*, NaHSiO:", NaCl’, K*) we used
the data of GEOPIG group (file “slop98.dat”, November 30, 1998).

For Al-bearing species (A", AIOH*", AI(OH),", HAIO,’, AlO,", NaAlO,’, KAIO,"),
NaOH" and KOH? the data by [18] were used. Other species used are AIH;(SiO,)*" [20],
HCI° [17], KCI° [19].

Distribution of the metamorphic minerals by types of their solubility diagrams
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Mineral | Abbreviation | Composition
Type 1
Quartz Qtz SiO,
Jadeite Jd NaAl(Si,0¢)
Albite Ab NaAl(Si303)
Microcline Mi KAI(Si305)
Type 2
Muscovite Ms KAI,(AlSi30,0)(OH),
Paragonite Pg NaAl,(AlSiz044)(OH),
Type 3
Andalusite And AlSi0O;5
Kyanite Ky Al1,SiOs
Sillimanite Sil AlLSiOs
Corundum Cor AlO;
Hematite Hem Fe,04
Type 4
Almandine Alm Fe;Aly(Si0y)3
Spessartine Sps Mn;Aly(Si04)3
Staurolite St Fe4A113(SiO4)7.5014(OH)4
Mg-staurolite mSt Mg4Allx(SiO4)7_5014(OH)4
Cordierite Crd Mg, Al3(AlSisOqg)
Fe-cordierite fCd Fe,Al3(AlSisO45)
Chamosite Cha FCSAI(AISI3010)(OH)3
Chloritoid Cld FeAly(SiO4)O(0OH),
Ferrosilite Fs Fe,(Si,05)
Grunerite Gru Fe;(Sig0,,)(OH),
Hercynite Hc FeAl,O,
Spinel Spl MgAl,O,
Magnetite Mag FeFe,0,
Sapphirine Spr442 Mg, Aly(SirAlyOy)
Spr793 Mg; 5Al 5(Si; 5Al;5050)
Annite Ann KFe;(AlSi30,)(OH),
Type 5
Anorthite An CaAl,Si,04
Lawsonite Lws CaAl,(Si,07)(OH),xH,O
Zoisite Zo Ca,Al3(Si04)(Si,07)O0H
Epidote Ep Ca,AlLFe(Si04)(Si,07,)O0H
Actinolite Act CaQFes(SiSOn)(OH)Q
Amesite Ams Mg4A12(A12512010)(OH)3
Rhodonite Rdn MnSiO;
Type 6
Pyrope Prp Mg;AlL(SiOy),
Andradite Adr Ca;3Fey(Si0,);
Grossular Grs Ca3Aly(Si0y);
Hedenbergite Hed CaFe(Si;04)
Tschermakite Ts Ca2(Mg3A12)(A12816022)(OH)2
Vesuvianite Ves CalgMg2A11 1(8104) 12(Si207)3(OH)9
Clinochlore Ccl MgsAl(AlISi;04)(OH)g
End of the table
| Mineral | Abbreviation | Composition |
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Prehnite Prh Ca,Al(AlSi30,4)(OH),

Riebeckite Rbk NazFe3Fez(Si8022)(OH)2

Gedrite Ged MgsAlz(Alzslﬁozz)(OH)z
Type 7

Phlogopite Phl KMg3(AlSi3040)(OH),

Pargasite Pgs NaCa,Mg,Al(Al,SigO,,)(OH),

Glaucophane Gln Na,Mg;Al,(SigOy)(OH),

Aegirine Aeg NaFe(S1,04)

Anthophyllite Ath Mg7(Sig02,)(OH),

Clinohumite Chu Mgy (Si04)4(OH),

Cummingtonite Cum Mg-(SigO»,)(OH),

Talc Tlc Mg3(sl4010)(OH)2

Enstatite En Mg, (Si,0¢)

Chrysotile Ctl Mg;(Si,05)(OH),

Diopside Di CaMg(Si,O¢)

Tremolite Trm Ca,Mgs(Sig0,,)(OH),

Wollastonite Wo CaSiO,

Results of solubility calculations. To study mineral behaviour in aqueous fluid, we
have calculated the mineral solubility at various P-T conditions and fluid acidity. The
fluid acidity was presented by concentration of HCl and NaOH in the fluid. The calcula-
tions have revealed that for the most of minerals the effect of acidity upon solubility is
greater than effect of temperature or pressure. Analysis of solubility dependence on fluid
acidity—alkalinity allowed us to distinguish seven main types of solubility diagrams (fig.
1). We characterize below these types and the main features of mineral behaviour in
aqueous fluids depending on dissolution conditions.

Types of solubility diagrams.

Ty pe 1. The first type of solubility diagrams inheres in quartz and alkaline-
aluminous silicates: microcline, albite and jadeite. These minerals are well soluble (more
than 10°-10~ mole/kg H,0). Their solubilities are almost independent of the fluid acid-
ity (fig. 1, 2). Solubility of the minerals of this type increases in about half of the order
(one order for quartz) with the pressure increasing from 1 to 5 kbar. The increase of tem-
perature from 400 to 800°C causes the rise of solubility in one order. Mineral solubility
series in pure water for the first type is presented in fig. 3. With the pressure increase
albite becomes slightly more soluble than microcline. In general their solubility is very
close. Solubility increases in about 0.3—1.3 orders with the temperature rise and the effect
becomes more pronounced with the pressure growth.

Ty pe 2. White micas (muscovite and paragonite) are characterized by the second
type of solubility diagrams (fig. 1, 4). These minerals are also rather well soluble and
have the lowest solubility in pure water, low alkaline and low-middle acid solutions. At
low temperatures their solubility increases in 1.0-1.5 orders in alkaline solutions and
slightly in strongly acid solutions (0.1-1.0M HCI). Changing of temperature at low pres-
sure (1 kbar) has low influence upon the solubility in acid and alkaline solutions. With
temperature increase at pressure 5 kbar solubility increases in 0.5-1.0 order in the solu-
tions of different acidity. Solubility of muscovite and paragonite are close (see fig. 3), but
at 5 kbar paragonite becomes more soluble than muscovite. Solubility in water increases
(in about 0.3—1.0 order), and this effect becomes stronger with the pressure increase.
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Fig. 1. Types of the mineral solubility diagrams depending on the metamorphic fluid acidity.

Ty pe 3. The third type of solubility diagrams inheres in such minerals as corundum,
hematite and alumina silicates (andalusite, kyanite and sillimanite). These minerals have
the lowest solubility in pure water and acid solutions with HCI. Alumina silicates are the
most soluble in this group (fig.1, 5). Their solubility increases considerably (in 2.0-3.5
orders) in alkaline solutions with NaOH and weakly in acid solutions (0.1-1.0M HCI) at
low temperatures. Corundum solubility increases in about 4.0-4.5 orders in alkaline solu-
tions with NaOH and at low temperatures in 1-3 orders in strongly acid solutions (0.1-
1.0M HCI). Hematite is the least soluble mineral in this group (fig. 6). Its solubility in-
creases in alkaline solutions and (at low temperatures) considerably in 2.5-5.5 orders in
acid solutions.
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Fig. 2. Dependence of microcline solubility on the fluid acidity at 400 (7), 500 (2), 600 (3),
700 (4), 800°C (5) and 1 (a) and 5 (b) kbar: the first solubility type.

Temperature change at 1 kbar has no strong influence upon solubility of corundum
and alumina silicates in solutions with different acidity. At 5 kbar their solubility can
increase together with temperature increase in pure water and acid solutions. But temperature
dependence of the hematite solubility has opposite character and is very pronounced. Tem-
perature increase at low pressure can reduce considerably hematite solubility in solutions of
various acidity and particularly in strongly acid and strongly alkaline solutions (in about 2.0—
3.5 orders). At 5 kbar, temperature increase reduces considerably hematite solubility only in
acid solutions (in 1.5-6.5 orders) and this effect reinforces with the rise of acidity. At
pressure increase the solubility of minerals belonging to this group, except hematite, can
increase within one order. For hematite pressure dependence connected with the increas-
ing of solubility is more obvious (in 1.5-4.0 orders) and this effect is reinforced together
with the increase of acidity and alkalinity in comparison with pure water solutions. Solu-
bility series in pure water (see fig. 3) demonstrates that temperature increase at P = 1 kbar
does not cause the changing of corundum and alumina silicates solubility and reduces
hematite solubility (in about 0.9 order). At P = 5 kbar temperature increase causes the
increase of corundum and alumina silicates solubility in water (about in 1.2 order) and,
vice versa, reduces hematite solubility in about 0.4 order.
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Fig. 3. Mineral solubility series in pure water for 13" types at 400-800°C and 1 and 5 kbar.

Ty pe 4. The fourth type of solubility diagrams inheres in the minerals rich in am-
photeric elements Al and Fe: Fe- and Mg-staurolites, cordierite and Fe-cordierite, chlori-
toid, sapphirines, almandine, spessartine, chamosite (Fe-chlorite), spinelids (spinel, her-
cynite and magnetite), ferrosilite (Fe-orthopyroxene), grunerite, annite. These minerals
are less soluble than the minerals of the previous groups and have the lowest solubility in
pure water (fig. 1, 7, 8). In acid solutions their solubility increases in 1.5-7.0 orders and
in alkaline solutions — in 1.0-4.5 orders.

Temperature increase at pressure of 1 kbar reduces the solubility of alumina minerals
(chloritoid, staurolite, spinel, sapphirine, cordierite) in 0.5—1.0 order in acid and alkaline
solutions. For ferrous minerals (magnetite, annite, almandine, grunerite, chamosite,
ferrosilite) some influence of temperature on the solubility is observed only in alkaline
solutions. At 5 kbar, temperature change has little influence on the solubility of minerals
belonging to this group, excepting staurolite. The solubility series in pure water is pre-
sented in fig. 9. At low pressure solubility of minerals of the fourth group in water is
constant or weakly reduces as the temperature increases. E.g., Mg-spinel solubility re-
duces in 0.6 order and magnetite solubility — in 0.8 order. At P =5 kbar chloritoid, fer-
rosilite, spinel and chamosite change their place in the solubility series: chloritoid can
become more soluble than ferrosilite, and spinel — more soluble than chamosite. With
temperature increase at 5 kbar the water solubility changes weakly. For example, solubil-
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ity of chamosite and chloritoid increases in 0.7-0.9 order. Magnetite makes an exception:
its solubility decreases with temperature increase as at low pressure.
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Fig. 4. Dependence of muscovite solubility on the fluid acidity at 400—800°C and 1 and 5 kbar:
the second solubility type. Conventional signs here and further same, as in a fig. 2.

Type 5. This type inheres in silicates rich in Ca or Mg and Al or Fe": anorthite,
lawsonite, Mg-chlorite (amesite), epidote and zoisite, actinolite and, also, rhodonite.
These minerals have the lowest solubility in pure water, low acid, low- and middle alka-
line solutions (fig. 1, 10, 11). Their solubility increases in about 2.0-3.5 orders in acid solu-
tions and not considerably in strongly alkaline ones (~0.1-1.0M NaOH). Temperature
increase at 1 kbar can reduce solubility of epidotes and anorthite in ~0.5-2.0 orders both
in acid and alkaline solutions, whereas amesite — only in alkaline solutions. At 5 kbar,
temperature changing has even less influence upon the solubility of these minerals. But
for amesite in alkaline solutions the weak temperature dependence of solubility can
change into the opposite one. Mineral solubility series in pure water is shown in fig. 12.
With temperature increase at low pressure water solubility of these minerals is almost
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constant or slightly decreases (in ~0.2—0.4 order). With temperature increase at high pres-
sure the solubility in water slightly increases (in ~0.2-0.6 order).
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Fig. 5. Dependence of andalusite solubility on the fluid acidity at 400-800°C and 1 and 5 kbar:
the third solubility type.

T ype 6. This type of solubility diagrams inheres in Al- and Fe-bearing silicates rich
in Ca and Mg — garnets (pyrope, grossular, andradite), hedenbergite, some amphiboles
(tschermakite, gedrite, riebeckite), vesuvianite, prehnite, clinochlore (Mg-chlorite). These
minerals have the lowest solubility in pure water and alkaline solutions (fig.1, 13). In
acid solutions their solubility increases in ~2.0-3.5 orders in comparison with water.
Temperature increase at low pressure can reduce the solubility in ~0.5-2.0 orders in
acid solutions and in ~0.5 order in the alkaline ones. With temperature increase at 5 kbar
the solubility reduces weakly (andradite) or does not change in solutions with various
acidity.
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Fig. 6. Dependence of hematite solubility on the fluid acidity at 400-800°C and 1 and 5 kbar:
the third solubility type.

Exclusions are clinochlore, prehnite, and riebeckite. Their temperature solubility de-
pendence changes to the opposite one in alkaline solutions: it slightly increases (in ~0.5
order) as temperature grows. Mineral solubility series in pure water is presented in fig.
12. Temperature increase at low pressure causes some decreasing of mineral solubility in
water (in ~0.2—0.3 order). At temperature increase and high pressure the mineral solubil-
ity in water is almost constant or slightly increases (in ~0.2—0.3 order), excepting andra-
dite. Its solubility slightly decreases (in ~0.3 order) at temperature increase, as it is at low
pressure.

Ty pe 7. This type of solubility diagrams inheres in Mg- and Ca-silicates without Al
and Fe: Mg- and Mg-Ca-amphiboles and pyroxenes (anthophyllite, cummingtonite,
tremolite; enstatite, diopside), wollastonite, clinohumite, talk, serpentine (chrysotile), and
also Ca- and Mg-silicates rich in alkaline elements: K-Mg mica (phlogopite), Na-bearing
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amphiboles (pargasite, glaucophane) and Na-bearing pyroxene (aegirine). These minerals
have the lowest solubility in alkaline solutions (fig.1, 14-16).
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Fig. 7. Dependence of almandine solubility on the fluid acidity at 400-800°C and 1 and 5 kbar:

the fourth solubility type.

Solubility of minerals belonging to the seventh type increases considerably in acid so-
lutions (in ~1.5-4.5 orders) and weakly decreases in alkaline solutions (in ~0.5-2.0 or-
ders). Temperature growth at low pressure decreases the solubility in ~0.5-1.5 orders in
acid solutions, wollastonite solubility decreases in ~0.5 order in alkaline solutions. Tem-
perature increase at high pressure does not change the solubility of most of minerals in
the solutions with different acidity. So, glaucophane solubility increases in ~0.3 order
only in alkaline solutions, whereas wollastonite and clinohumite solubility decreases in
~0.5 order in alkaline solutions. Aegirine solubility increases in ~0.3 order in alkaline
solutions and decreases in ~0.5-1.0 order in the acid ones. Mineral solubility series in
pure water solution is presented in fig. 16. Mineral solubility changes a little or decreases
a bit (in ~0.2—0.4 order) at temperature increase and P = 1 kbar.
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Fig. 8. Dependence of cordierite solubility on the fluid acidity at 400-800°C and 1 and 5 kbar:
the fourth solubility type.

Mineral solubility in water changes not considerably at temperature increase and P =
5 kbar, but for minerals containing alkaline elements it can increase a little (in ~0.2-0.4
order) and in minerals without alkaline elements it decreases a little (in ~0.2—0.3 order).

Effect of fluid acidity/alkalinity on mineral solubility. For all mineral groups, except
the first type, the value of mineral solubility is mostly determined by fluid acidity-
alkalinity and at a lesser degree — by P-T conditions. The solubility depends on changing
of P-T conditions only for the minerals of the first type and does not depend for them on
the solutions acidity.

Effect of temperature and pressure on mineral solubility. In neutral aqueous solu-
tionsthe temperature effect is more pronounced (within ~1 order and more) for
minerals from 1-4 types. Mineral solubility increases with temperature and pressure in-
crease for the 1 and 2™ types. Changing of solubility is almost constant or slightly de-
creases with temperature increase at low pressure, and, vice versa, it increases at high
pressure for minerals of the 3-6" types and alkaline-bearing minerals of the 7™ type.
There are exclusions for different types, such as hematite, magnetite and andradite: their
solubility decreases with temperature increasing at any pressures. The same behaviour is
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observed for the alkali-free minerals of the 7™ type: their solubility decreases with tem-
perature increasing at any pressures. In acid or alkaline solutions the solubility depend-
ence on temperature is even more complicated: it can become stronger, weaker, disappear
or change onto the opposite one.
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Fig. 9. Mineral solubility series in pure water for the 4™ type at 400-800°C and 1 and 5 kbar.

In neutral solutions pressure enlarges the solubility of all considered minerals
(~1 order). The role of pressure increases together with temperature rise. In acid and
alkaline solutions pressure does not enlarge the solubility value, but this dependence
becomes more differentiated. For minerals of the second and third types pressure depend-
ence of solubility is more pronounced in acid solutions (it increases in ~0.3-2.0 orders)
than in alkaline (in 0.2-0.5 order). The exclusion is hematite: its solubility can increase in
~4 orders in acid solutions and in ~3 orders in alkaline conditions. Higher temperature
corresponds to stronger pressure dependence in acid solutions. Solubility of the most
minerals of the other types increases both in acid and alkaline solutions in about 0.3-2.0
orders.

Elements mobility in fluids. Dependence of the mineral solubility on mineral com-
position and comparison of mineral behaviour in different fluids allows to characterize
element mobility making up these minerals according to fluid acidity. The presented
above description demonstrates that the most soluble minerals are quartz and silicates of



NUMERICAL MODELLING... 107

alkalis and alumina. The solubility decreases with the decrease of alkali and silica content
and increase of alumina content (see feldspars and micas). Solubility of alkali-free alu-
mina silicates (Al,SiOs) is pronouncedly lower, and pure alumina (corundum) is even less
soluble. Hence, we can make the following conclusions.

An-H20-HCI/NaOH, 1 kbar
0.04 log(8), mol/kg H20

i 01 001 1E3 1E3 001 01 1
HCI, molikg H20 NaOH, molkg H20

An-H20-HCI/NaOH, 5 kbar
0.0q log(8), molikg H20

-4.04
=504
-6.04
‘II OI. 1 0.‘01 1 EI-3 0 1 é-3 0.‘01 0‘.1 ;
HCI, moltkg H20 NaOH, molikg H20

Fig. 10. Dependence of anorthite solubility on the fluid acidity at 400-800°C and 1 and 5 kbar:
the fifth solubility type.

Silica mobility does not depend really on the fluid acidity and is determined by P-T
conditions. Si concentration in solution can reach 0.7 mole/kg H,O (in equilibrium with
quartz at 800°C and 5 kbar). Mobility of alkaline elements is also high in solutions with
any acidity and is more dependent on P-T conditions. Concentration of alkalis in equilib-
rium solution can reach 0.05-0.10 mole/kg H,O.

Iron (II), calcium and magnesium are mobile in acid solutions. Acidity increasing
causes considerable increasing of their mobility. In equilibrium with minerals Fe(II)
and Mg concentrations can reach in acid solutions 0.1-0.3 mole/kg H,O and Ca — 0.5
mole/kg H,O. Fe(Il) is mobile also in strong alkaline solutions (up to 0.3 mole Fe*'/kg
H,0) but less than in acid solutions. Mg and Ca mobility is rather low (not higher than
2:10™ mole Ca/kg H,O and 3-10~ mole Mg/kg H,0).
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Fig. 11. Dependence of actinolite solubility on the fluid acidity at 400-800°C and 1 and 5 kbar:
the fifth solubility type.

The least mobile elements are aluminium and iron (IIT). The corundum and hematite
solubility points to their low mobility. The low limit of aluminium concentration in fluid
in equilibrium with corundum is 1.5-10~ mole Al/kg H,O (400°C, 1 kbar, 10°M HCI),
the upper limit — 0.9 mole Al/kg HO (800°C, 5 kbar, 1M NaOH). Alumina mobility in-
creases considerably together with alkalinity increase.

Equilibrium Fe(IIT) concentration in solution is rather low (see fig. 6): in neutral solu-
tions it is not higher than 10 mole/kg H,O, but in strong acid solutions at 5 kbar
Fe(Ill)concentration in fluid reaches 10°~107> mole/kg H,O. Basing on hematite and
magnetite solubility it is obvious that iron should be transported in the solution mostly in
the form of Fe(II) and oxidation of iron takes place directly at the crystallization of fer-
riferous minerals.
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Fig. 12. Mineral solubility series in pure water for the 5" and 6™ types at 400-800°C
and 1 and 5 kbar.

So, changing of acidity should cause transition of some components into solution and
deposition of the other ones. Such conclusions coincide with the series of element mobil-
ity revealed from study of the natural metasomatic processes [5, 7] and experimental
investigation of metasomatism [6].

Analysis of metasomatic columns and mineral behaviour at metasomatism. Min-
erals belonging to different groups demonstrate different behaviour depending on the
solution acidity. As a result, they can be indicators of acidity/alkalinity of the influencing
solutions in the process of metasomatism. In the simplest cases it is quite enough to ana-
lyse the minerals from the inner zones of the column, which are in equilibrium with the
flowing solution.

For example, enrichment of the inner zones of metasomatic column with poor-soluble
minerals of the third type indicates, that this column was formed under the influence of
acid solutions (acid metasomatism, acid leaching). Accumulation or appearance of miner-
als of the sixth or seventh types indicates, that this column was formed under the influ-
ence of alkaline solutions (alkaline or basic metasomatism).
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Fig. 13. Dependence of grossular solubility on the fluid acidity at 400-800°C and 1 and 5 kbar:
the sixth solubility type.

In more complicated and not obvious cases it is necessary to analyse the minerals not
only from the inner zones but also from the middle and outer zones of a metasomatic
column. We should consider different diagram types in this case.

At acid metasomatism the changing of mineral composition towards the inner zone
should be determined by the differences in mobility of the mineral-forming components.
In the inner zones of acidic columns the growth of acidity should result in stability of Fe-
Mg minerals, rich in Al and Fe** (cordierite, staurolite, garnet, magnetite, etc.), and ac-
cumulation of minerals, rich in Si and Al. Hence, in inner metasomatic zones we can
observe, for example, cordierite-andalusite and staurolite-andalusite metasomatic quart-
zites [1-3]. At the further acidity growth Fe- and Mg-bearing minerals are dissolving but
alumina minerals (e.g., andalusite) continue to accumulate.

K and Na mobility can be high in solutions of any acidity, so albite-andalusite and
muscovite-andalusite quartzites are formed in the inner zones of acidic columns as well
as quartz-albite rocks and albitites — in the inner zones of alkaline columns. Solubility of
light micas increases in relation to alumina silicates according the increasing of solution
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acidity. As a result we should expect their earlier disappearance in the inner zones of acid
columns with the simultaneous accumulation of kyanite, andalusite or sillimanite in as-
semblage with quartz.

PhI-H20-HCI/NaOH, 1 kbar
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Fig. 14. Dependence of phlogopite solubility on the fluid acidity at 400-800°C and 1 and 5 kbar:
the seventh solubility type.

Acid plagioclases are less stable in neutral solutions at low pressure than calcareous
ones. The stability of acid plagioclases should increase at the fluid acidity growth. There-
fore acid plagioclases can accumulate in the inner zones of metasomatic columns.

Chemical specialisation of solutions. Study of the solution composition in equilib-
rium with metamorphic rocks is one of the most effective ways to determine the composi-
tion of metamorphic fluids [13, 14]. Since quartz has the largest solubility and occurs in
most types of metamorphic rocks, metamorphic fluids should be, as a rule, rich in silica.
Considerable amounts of SiO, and alkalis proceeds into aqueous fluid at dissolution
of the minerals belonging to the fist and second types. These elements also prevail in
neutral and acid solutions at the decomposition of the minerals belonging to the other
types.
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Fig. 15. Dependence of enstatite solubility on the fluid acidity at 400-800°C and 1 and 5 kbar:
the seventh solubility type.

At the decrease of temperature and pressure solutions become supersaturated with
these elements. This can explain the appearance of aggressive silica-alkaline fluids, pro-
ducing metasomatism in metamorphic complexes.

In general, solubility of Fe-, Mg- and Ca-containing minerals in alkaline solutions is
lower than in the acid ones. So, only initially acid solutions (possible reasons for their
origin are discussed in [10, 11] can result in the formation of basic metamorphic fluids
rich in these elements. However, fluids, enriched only in Fe, could have originally both
acid and alkaline reaction.

Fluid acidity affects also composition of solid solutions and, hence, character of the
intracrystalline growth zoning. The influence of fluid acidity on the element distribution
between metamorphic garnet and aqueous fluids is considered in [9].

Conclusions.

1. The obtained numerical data can be used for numerical modelling, petrological and
experimental investigations.

2. For all minerals, except for the first types (Qtz, Jd, Mi, Ab), the solubility value is
determined mainly by the fluid acidity/alkalinity (pH) and, less, by P-T conditions.
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Only the mineral solubility of the first type is determined by the P-T conditions and
is almost independent from the fluid acidity.

3. Minerals of different types can be indicators of acidity or alkalinity of the initial
solutions at study of the metasomatic processes. Analysis of the solubility diagrams
for minerals from different metasomatic zones allows to estimate chemical composi-
tion and acidity of parent fluid and to reveal the influence of fluid composition over
the changing of the mineral composition of metasomatites.
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Fig. 16. Mineral solubility series in pure water for the 7" type at 400-800°C and 1 and 5 kbar.

4. Dependence of the mineral solubility on mineral composition and comparison of
behaviour in various fluids permits to characterize the element mobility under differ-
ent the fluid acidity and to estimate element concentrations in the solution.

5. Since quartz has the largest solubility and occurs in many metamorphic rocks, meta-
morphic fluids should be enriched in silica. Appearance of aggressive silica-alkaline
fluids, producing metasomatism in metamorphic complexes, can be explained by the
dissolution of considerable amounts of silica and alkalis at high P7-parameters and
any acidity. At the same time, only primarily acid solutions can originate metamor-
phic fluids rich in Fe, Mg, Ca, owing to leaching of these elements from metamor-
phic rocks.
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Po3rmstHyTO XapakTep po3uMHEHHS y piAkoMy (iroial 56 3BHuUailHuX MiHEpasiB MeTa-
MopdigHIX TOpix 3ayekHO Bix P7T-yMoB i ckiamgy ¢umoiniB. BukonaHo komm’ioTepHe
MOJICJTIOBAHHS piBHOBaru MmiHepai—duioin. OOYnCIeHHS BUKOHAHI SIK JJIs1 YUCTOI BOJH,
Tak i g po3unHiB, mo Mictare kucnoty (HCI) i myr (NaOH). BupgineHo cim ronoBHHX
THIIIB JiarpaM pO3YMHHOCTI 3aJIEKHO BiJl OCOOIMBOCTEH MTOBEAIHKH MiHEPAJIB Y KHCIHX 1
JTyKHUX po3uuHax. [y 61nbpIIocTi MiHepasiB, 3a BAHATKOM KBaplly, MiKpOKIIiHY, alnb0iTy
It skaneiTy, pO3UMHHICTh BH3HAUEHA, TOJIOBO, KHCIOTHICTIO (oroiniB (pH), mexme — P7-
YMOBaMHU.

AHani3 po3uMHHOCTI MiHepaliB AaB 3MOTY CXapaKTepPH3yBAaTH PYXJIHBICTh €IEMCHTA
3aJICKHO BiJl KUCIOTHOCTI ¢umroiniB. HaiimoOumpHimi enement — Si, K i Na, He3anexHo
Bix kucinotHocTi ¢umoigiB. Ca i Mg HalipyXiuBilll B KHCIMX PO3UYMHAX, TOA1 AK Fe**
MOOIUTBHE 1 y KHCIHX, 1 B Iy>)KHUX po3drHAaX. Al — c1abKo pyXJIMBHH €JIEMEHT i IepeHo-
CHUTBCS, IEPEBAXKHO, Y JYKHHUX a00 CHIBHO KUCIUX po3urHax. Hailbinbi HepyXoMuM €
Fe’*, T06T0 3a1i30 mepeHOCHThCs, ronoBHO, y Bursai Fe*'. ToMy 3MiHa KMCIOTHOCT
(GIrOiNiB IPUBOUTH 10 PO3UYMHECHHS OJTHMX KOMITOHEHTIB 1 OCa/KCHHS 1HIINX. MiHepanu
Pi3HMX THIIB MOXXYTh OyTH IHAUKATOpaMU KHCIOTHOCTI (MIIOIMIB i 9ac METacoMaTo3y.

3aBISIKM BHCOKIH PO3YMHHOCTI KBapIly OLTBIIICTh MeTaMOp(hiuHUX (UII0iNiB ITOBHHHA
Oytu HacuueHa SiO,. BoHM TakoX MOBMHHI MICTUTH 3HA4Hy KiUIbKicTh nyriB. IlamiHHs
THCKY W TeMHepaTypy MOXKe IPHBOJMTH IO BUHHKHEHHS NEPECHUYCHHX KBAapL-Iy)KHHUX
GuroiniB, sIKi METACOMATHYHO 3MIiHIOIOTH BMIiCHI mopojau. PozumnnicTh Fe-, Mg- i Ca-
BMICHUX MiHEpaliB HIKYa B JyXKHHX (UIFOiZax, MOPIBHSIHO 3 KucauMu. OTXe, TibKH
MEPBUHHO KHCII (IIIOIAN MOXKYTh NPOAYKYBATH PO3YMHHM, 30araueHi UMH €JIeMEHTaMH,
i Yac iXHbOTO BUIIYTOBYBaHHs i3 BMiCHHX MeTaMopdiunux nopin. dmoinu, 36aradeHi
TUTBKH 3aJ1130M, CII0YaTKy MOTJIM OYTH 1 KHCIIUMH, 1 JTy>KHUMH.

Kmiowosi cnosa: po3unMHHICT MiHepaiB, (uiroim, mMeramopdizMm, TepMOIAMHAMIYHE
MOJIETIFOBAHHSI, KUCTIOTHICTD (UIIOINIB, PYXJIMBICTh €JIEMEHTA.
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