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LEGEND

Phases: Olg, olivine and its generations (I, II, III),
OlFo 82, where the subscript index Fo = 100 × Mg/(Mg +
Fe2+); Cpx, clinopyroxene; Pl, plagioclase.

Thermodynamic indices: Mi, molecular weight of
the ith component; Mliq, melt molecular weight;
P, total pressure of the gaseous fluid; , partial

pressure of water in the fluid; PS, pressure experienced

by crystals and the melt, or lithostatic pressure; ,

entropy of water in the fluid; Sliq, entropy of dry basalt
melt; Ssol, entropy of solid basalt; t, temperature, °C;

T, temperature, K; , water volume in the fluid;

Vliq, volume of dry basalt melt; Vsol, volume of solid
basalt; Xi, molar fraction of the ith component in a

given phase; , chemical potential of potassium

oxide;  and , the molar fraction and weight
percentage of the ith component in the melt, respec�
tively.

INTRODUCTION

Current knowledge of the conditions under which
rocks of different composition melt and crystallize is
sufficient for solving certain problems concerning the
mobility of silicic melts in the Earth’s crust and the
thermodynamic conditions of their solidification on
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the surface. It is known that melting and melt crystal�
lization depend not only on temperature and pressure,
but also on the presence of volatile components and
their oxidation levels ( ). The degree of rock crystal�

linity can vary within a broad range in each lava flow of
any volcano, and this range is determined not so much
by the endogenous parameters as the conditions of
effusion and formation of the flow.

Study of the gaseous phase produced by eruptions
has shown that the major volatile components of mag�
matic melts are water and carbon dioxide. Statistical
analysis is indicative of the predominant role of water
in the gaseous phases of volcanoes located at the junc�
tures of lithospheric plates [Mysen, 2004]. It follows
from experimental data that carbon dioxide is very lit�
tle soluble in silicic melts at pressures below 1 GPa: in
basaltic melts  is below 0.06 wt % at P < 100 MPa

and below 0.9 wt % at P < 1 GPa and 1200°C < t <
1400°C [Dixon et al., 1995]. However, carbon dioxide
solubility at pressures about 2 GPa depends signifi�
cantly on the degree of melt polymerization and con�
tents of bases, i.e., on melt composition [Holloway
et al., 1976; Persikov, 1984]. Under P–T conditions
characteristic of eruptions, the water content in the
melt has the most significant influence on the degree
of crystallization of magma during its ascent to the
surface.

During the second half of the 20th century, ample
information was obtained on water solubility in melts
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of some minerals, for example, [Silver and Stolper,
1985], and rocks [Kadik, 1971]. The combined effect
of total pressure and  on the crystallization of

water�saturated basalt melt at 1100°C was studied by
Hamilton et al. [1964]. The following water solubility
values were obtained: 3.1 wt % at  = 100 MPa and

9.4 wt % at  = 600 MPa. In these studies, the

effects of oxygen fugacity  on the order of phase

crystallization and liquidus temperature (Tliq) of basalt
were demonstrated. At high  values (buffer Fe2O3–

Fe3O4), Tliq exceeded 1230°C, and at low  (buffer

FeO–Fe2O3), Tliq = 1020°C at PS = 100 MPa.

Less data are available on melts that are undersatu�
rated with water. The most detailed information on
water solubility on the basaltic melt liquidus curve at

 ≤ PS below 2 GPa was presented by Perchuk

[1985]. It allows construction of water solubility con�
tour lines for melts undersaturated with water on the
P–T plane. Therefore, we invoked this information for
further thermodynamic constructions.

Water content in magmatic melts should be taken
into account in evaluation of melt transport proper�
ties, i.e., viscosity. The most detailed results of experi�
mental studies of silicic melt viscosity are summarized
in the model constructed by Persikov [1984, 1991].
This model is based on Ya. Frenkel’s kinetic theory of
liquids and theoretical consideration of the relation�
ship between the structures of magmatic melts and
their compositions. The model provides accurate cal�
culations and predictions of the rheological properties
of melts depending on temperature, fluid pressure,
total pressure, contents of rock�forming and volatile
components, and volumes of crystals and bubbles in
the magma.

We applied theoretical methods to basalt samples
from lava flows of Klyuchevskoi Volcano in the context
of available experimental data on basalt melting, water
solubility, and melt viscosity. The objectives of our
work were: (1) construction of melting curves in PS–T
coordinates, including construction of dry and water�
saturated solidus curves and water solubility contour
lines, for the basalt sample under study; (2) determi�
nation of the trend of its evolution in the P–T–

coordinates; and (3) evaluation of magma viscosity
and its transport properties.

METHODS

The P–T parameters of the liquidus and solidus
curves were determined from their dependence on the
compositions of the rock and the liquidus phase [Per�
chuk, 1983; Ariskin, 1999]. Contour lines of water sol�
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ubility and water pressure were constructed on the
basis of thermodynamic equations [Perchuk, 1973;
Petrografiya, 1976] and experimental data reported in
[Hamilton et al., 1964; Nesbit and Hamilton, 1970;
Burnham and Davis, 1971; Perchuk, 1985]. The P–T
trend of basalt melt evolution was filled in the basalt
fusibility chart with assessments of water contents at
particular stages based on examination results of melt
inclusions [Mironov et al., 2001; Mironov and Port�
nyagin, 2008]. Basalt melt viscosity was calculated
according to E.S. Persikov’s model [Persikov, 1984;
1991]. The combined use of these methods allows one
to solve modern tasks concerning magmatic melt for�
mation and evolution.

PETROGRAPHY

The theoretical analysis of the thermodynamic set�
tings of basalt evolution was performed by the example
of a sample from the Apakhonchich lava flow, Kly�
uchevskoi Volcano [Mironov et al., 2001]. The flow
occurred on October 23, 1946, on the southeastern
slope of the volcano at an elevation of 1500 m. The
eruption gave rise to a block lava flow in the form of a
narrow band effusing from a cinder cone. The flow
consists of high�alumina basalt (Table 1). It contains
phenocrysts of olivine (Ol), clinopyroxene (Cpx), and
plagioclase (Pl). Plagioclase is predominant, and the
amounts of Cpx and Ol vary in broad ranges and
increase toward the bottom portions of the lavas flow.
The amount of phenocrysts averaged over the flow is
about 10%.

The best studied basalt sample, Ap�60�31, was cho�
sen for theoretical analysis. It has a porphyric texture
and the interstitial structure of the groundmass
(Fig. 1a). Three generations were recognized accord�
ing to the compositions of phenocrysts and melt inclu�
sions in olivine [Mironov and Portnyagin, 2008]
(Table 2): (1) the highest�magnesium olivine phenoc�
rysts (OlFo > 82), which are products or early crystalliza�
tion products with equilibrium melt inclusions con�
taining 49.83 wt % SiO2 and 11.32 wt % MgO; (2) vari�
eties with lower magnesium contents (OlFo 82–73),
whose melt inclusions contain 52.68 wt % SiO2 and
4.43 wt % MgO; (3) ferruginous olivines (OlFo < 73) with
inclusions of compositions close to andesite, indica�
tive of their incorporation at the final stage.

The zoning characteristic of most plagioclase phe�
nocrysts is shown in Fig. 2. The content of the anorth�
ite component in phenocryst cores is constant, about
80 mol %. Tunnel dissolution structures and melt and
gas inclusions are typical of central parts of the phe�
nocrysts. The rim is about 100–150 μm thick. It con�
tains less anorthite component, 55 mol %. The zoning
typical for plagioclase phenocrysts is indicative of
multistage rock evolution. There are various interpre�
tations of the magmatic history of the formation of
phenocrysts with such zoning. For example, Vance
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[1965] explains the presence of the calcium core and
sodium�enriched rim by the existence of two interme�
diate chambers at different depths. In Karymsky Vol�
cano, plagioclases of a similar zoning are formed of
mixing contrasting magmas [Izbekov et al., 2002].

Parageneses of phenocryst minerals are recognized
according to solid�phase inclusions in Ol, Cpx, and Pl.
The early generation (I) includes crystals and glomer�
oporphyric clots of Ol and Cpx, where the latter is
clearly preponderant. In general, minerals of genera�
tion I are larger than later phenocrysts: from about
0.7–1 to 2–3 mm. The next generation (II) includes

phenocrysts of Ol, Cpx, and Pl of ~0.5–1 mm in size.
Generation III includes microphenocrysts of Ol, Cpx,
and Pl, ~0.3–0.7 mm in size.

The basalt groundmass consists of microlites of
plagioclase, pigeonite, titanomagnetite, and highly
silicic glass (68–71 wt % SiO2). Glass with microlites
constitutes about 65% of the rock, and phenocrysts of
generations I and II, no more than 10% (Ol > 1%,
Cpx ~ 6%, and Pl ~ 3–4%). Mesophenocrysts of gen�
eration III constitute no more than 25% of the thin
section. Of them, 20% are constituted of Pl, and 2–3%,
of each of Ol and Cpx.

Table 1. The chemical and normative compositions of the Klyuchevskoi Volcano basalt and adamellite

Component Basalt** Adamellite*** CIPW, wt % Basalt Adamellite

SiO2 53.26 64.32 Qtz 0.00 17.77

TiO2 1.08 1.20 Or 6.74 24.41

Al2O3 17.52 17.67 Ab 27.50 29.79

FeO* 8.55 5.51 An 29.85 9.23

MnO 0.16 0.11 Fa 0.53 0.00

MgO 5.62 1.67 Fo 0.47 0.00

CaO 8.45 1.86 En 10.87 4.16

Na2O 3.25 3.52 Fs 11.03 8.34

K2O 1.14 4.13 Wol 5.04 0.00

Total 99.03 100.00 Di 2.46 0.00

Hyp 2.50 0.00

Crn 0.00 4.03

Ilm 2.05 2.28

Note: *, total iron content; **, average composition of high�alumina Apakhonchich basalts from A. P. Khrenov’s collection; ***, com�
position of the residual melt after equilibrium crystallization of the basalt to 78 wt %.

100 µm1 mm

Cpx
Ol

Ol

CpxOl

MI

Cpx

CanScan 00011

Fig. 1. Microstructures of (a) basalt (sample Ap�60�31) with large phenocrysts and glomeroporphyric intergrowths of olivine and
clinopyroxene and (b) an olivine phenocryst with melt inclusions (MI) [Mironov et al., 2001]. Microphotographs were made:
(a) with parallel nicols; (b) in back�scattered electron image.
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The construction of the projections of basalt liquidus
and solidus curves onto the Ps–T plane: the liquidus.
The dry liquidus for sample Ap�60�31 was constructed
from experimental data [Perchuk, 1983, 1985] to Ps =
1 GPa. At Ps = 1 atm, the calculated melting temper�

ature was 1208°C, and (dP/dt)liq ≈ 25 MPa/°C. Ear�
lier, it was suggested that basalt composition did not
affect the solubility of water in the melt [Perchuk, 1973].
Experimental data on the liquidus in the alkali basalt–
water system were obtained later [Perchuk, 1985].

Table 2. Chemical composition of melt inclusions in phenocryst minerals and calculation of T–P–  [Mironov et al.,

2001; Mironov and Portnyagin, 2008]

Composition

Generation

I II III

Ol Ol Ol Ol Cpx Pl

SiO2 49.83 50.09 52.68 55.77 55.06 55.36

TiO2 0.81 0.98 1.20 1.56 1.39 1.53

Al2O3 14.14 16.71 18.14 15.33 16.17 15.53

FeO* 8.50 8.50 9.36 10.74 9.63 10.14

MnO 0.10 0.12 0.15 0.14 0.02 0.14

MgO 11.32 8.42 4.43 3.61 4.02 4.09

CaO 11.99 11.07 8.80 6.79 7.60 7.64

Na2O 2.42 3.08 3.87 4.12 4.12 3.98

K2O 0.59 0.74 1.04 1.60 1.27 1.44

P2O5 0.14 0.17 0.20 0.25 – –

Ni 90.0 86.7 77.7 70.9 72.4 61.21

, wt % 3.3 3.9 3.8 2.0

Standard deviation 0.1 0.4 1.3 1.0

P, GPa 1.08 0.79 0.36 0.28

Standard deviation 2.6 2.7 2.3

T, °C 1243 1149 1028 1068

Standard deviation 28 64 48 37

n 5 27 34 5 14 2

Note: Ni, mol %, where i ~ Fo = 100Mg/(Mg + Fe2+) for olivine; ~Mg# = 100Mg/(Mg + Fe2+) for clinopyroxene; ~An = 100Ca/(Ca + Na)
for plagioclase; and n, the number of inclusions.

NH2O

NH2O

Distance from the core, µm

(a)
100 µm

Fig. 2. (a) Microphotograph of a plagioclase phenocryst in back�scattered electrons; (b) its zoning from the core to the edge.
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We compared these data with those predicted from the
thermodynamic consideration of previous results
[Hamilton et al., 1964; Nesbit and Hamilton, 1970] to
the pressure of 1 GPa. According to the latter results,
the dependences of P and t on  are described by

the following equations [Perchuk, 1973]:

(1)

NH2O

t °C( ) 1167.08 32.43NH2O–=

+ 2.46NH2O
2

0.07NH2O
3

,–

(2)

where  is water concentration in the melt, wt %.

The water�saturated liquidus curve constructed
from these equations (Fig. 3) and the dry liquidus
curve constructed for the basalt sample under study are
in good agreement with the experimental data for the
alkali basalt–water system [Perchuk, 1985]. Hence,

P MPa( ) 100 806.26– 626.73NH2O+(=

+ 18.69NH2O
2 0.43NH2O

3
),–

NH2O
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Fig. 3. P–T melting diagram of high�alumina basalt from the Apakhonchich lava flow, Klyuchevskoi Volcano. Solid lines are pro�
jections of the basalt liquidus and solidus at preset water concentrations ( , MPa). Dashed lines are contour lines of equal

water content (wt %) on the melt liquidus. Black circles are mean values of P–T parameters determined from melt inclusions
[Mironov et al., 2001; Mironov, Portnyagin, 2008]. Arrow: the P–T trend of melt evolution during its ascent to the surface.
(a) ratio between the liquid and crystalline phases at 4 wt % water in the melt and the P–T�crystallization parameters of olivine
generations II and III; (b) error of P–T parameters evaluation from melt inclusions.
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they can be used for constructing the water�saturated
liquidus curve and contour lines of water solubility in
the melt for Klyuchevskoi Volcano.

The equilibrium melting of basalt is described by
the following equation [Perchuk, 1973]:

(3)

where x is the molar fraction of water in the melt.

If the system is closed (  = P), variation in T

and P will result in a shift of the eutectic point along
monovariant curve (1) to the low�temperature area.
This shift is described by Eq. (4):

(4)

Projections of the basalt liquidus curve on the PS–t
plane at specified  values were calculated by the

method described by Perchuk [1973]. The results of
calculation of molecular weight (Mi), volume (Vsol),
and density (ρ) for the dry basalt melt from the Apa�
khonchich lava flow are shown in Table 3. The volume
effect (ΔV) can be calculated by assuming Vsol =
ΣXiMi/ρ = 23.24, and then Vliq – Vsol = ΔV = 1.49 cm3

to the pressure 1 GPa. From the volume effect and
(dP/dt)liq, the entropy effect ΔS of basalt melting can
be calculated:

1 x–( ) basalt xH2O+ xH2O 1 x–( ) melt,=

PH2O

dPH2O

dT
������������

Sliq xSH2O
f l– 1 x–( )Ssol–

Vliq xVH2O
fl– 1 x–( )Vsol–

������������������������������������������������
ΔS 1( )

ΔV 1( )

���������� .= =

PH2O

ΔS ΔV dP/dt( )liq=

=  37.259 cm
3
MPa/°C 8.91 e.u.=

At specified  values, the positions of basalt liq�

uidus curve projections can be calculated by combined
solution of Eqs. (1) and (2) and the constant water
pressure line equation (liquidus projection) (5) obtained
by integrating the Clausius–Clapeyron relation with
lower limits determined by the melting curve coordi�
nates in accordance with t–  (  = PS):

(5)

where x is the molar fraction of water in the melt, 

is its partial molar entropy,  is water vapor molar

entropy, and  is the partial molar volume of water

in the melt.

At Mliq/  = 3.555, the relationship between the

molar fraction of water in the melt (x) and its molar
percentage ( ) is as follows:

(6)

The entropy of liquid water ( ) cannot be

determined at high temperatures. However, extrapola�

tion of available data indicates that  varies almost

PH2O

PH2O PH2O
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41.837 t2 t1–( ) x SH2O
liq PH2O–( ) 1 x–( )ΔS+[ ]

xVH2O
liq 1 x–( )ΔV+
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3.555NH2O/ 100 NH2O–( )

1 3.555NH2O/ 100 NH2O–( )+
��������������������������������������������������������� .=

SH2O
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Table 3. Molecular weights, volumes, and densities of the basalt and adamellite melts

Com�
ponent

Basalt

Com�
ponent

Adamellite

wt % mi Xi MiXi

according to 
[Appen, 1970]

wt % mi Xi MiXi

according to 
[Appen, 1970]

SiO2 53.26 0.89 0.57 34.41 26.70 15.29 SiO2 64.32 1.07 0.71 42.53 26.70 18.90

TiO2 1.08 0.01 0.01 0.70 20.60 0.18 TiO2 1.20 0.01 0.01 0.79 20.60 0.20

Al2O3 17.52 0.17 0.11 11.32 40.40 4.49 Al2O3 17.67 0.17 0.11 11.68 40.40 4.63

FeO 8.55 0.12 0.08 5.52 16.50 1.27 FeO 5.51 0.08 0.05 3.64 16.50 0.84

MnO 0.16 0.00 0.00 0.10 15.00 0.02 MnO 0.11 0.00 0.00 0.07 15.00 0.02

MgO 5.62 0.14 0.09 3.63 12.50 1.13 MgO 1.67 0.04 0.03 1.11 12.50 0.34

CaO 8.45 0.15 0.10 5.46 14.40 1.40 CaO 1.86 0.03 0.02 1.23 14.40 0.32

Na2O 3.25 0.05 0.03 2.10 20.20 0.68 Na2O 3.52 0.06 0.04 2.33 20.20 0.76

K2O 1.14 0.01 0.01 0.74 34.10 0.27 K2O 4.13 0.04 0.03 2.73 34.10 0.99

Total 99.03 1.55 1.00 63.99 24.73 Total 100.00 1.51 1.00 66.12 26.99

Basalt melt density 2.75 g/cm3 Adamellite melt density 2.68 g/cm3

Note: mi, atomic amount; , partial molar volume of the oxide in the melt [Appen, 1970].

Vt
liq

XiVt
liq

Vt
liq

XiVt
liq

Vt
liq
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linearly in the temperature range 700–1200°C. Its

variation is insignificant: 34.65–36.8 e.u. The 

and  values were extrapolated in the range 1000–

1200°C. For lower temperatures, they were taken from
reference books [Perchuk, 1973].

The dependence of  on t and  is known

only for albite melts [Burnham and Davis, 1971]:

(7)

where t is 0.01n of the specified temperature in °C, and
pressure is expressed in MPa. Because of the scarcity

of experimental data for basic melts,  values were

calculated for construction of constant water pressure
lines by Eq. (7).

The water�saturated liquidus curves, contour lines
of water solubility in the melt, and projections of basalt
liquidus curves constructed for specified  values

are shown in Fig. 3. It is apparent that the calculated
constant water pressure lines are shifted to lower tem�
peratures at the absence of other gaseous components.

This fact reflects the dependence of  on tempera�

ture, pressure, and the melt composition.

Dry solidus. Experiments indicate that partial
melting of gabbro in the Ni–NiO buffer gives rise to
silica�rich melts of a plagiogranite composition
[Koepke et al., 2004]. The inverse problem can be
solved: crystallization of a basalt sample with
COMAGMAT software at P = 0.1, 0.5, and 1 GPa
[Ariskin, 1999]. At the maximum crystallization level
(78 wt %) in the Ni–NiO buffer, the composition of
the residual melt corresponds to adamellite (Table 1).
Its calculated parameters (t and (dP/dt)liq) were used
for construction of the dry solidus curve for the basalt
under study.

The position of the dry solidus curve (Fig. 3) calcu�
lated for the maximum melt crystallization level
matches the dry solidus curve experimentally con�
structed for andesite [Ishbulatov, 1977]. This fact indi�
cates that this basalt melt is differentiated only to the
andesite composition, which is confirmed by inclu�
sions captured at final crystallization stages, whose
compositions are close to those of andesite. Hence,
the chosen model of adamellite solidus is in good
agreement with the andesite solidus.

Water�saturated solidus. The water�saturated soli�
dus curve was constructed from the constraint equa�
tions for P and t depending on  [Perchuk, 1973]

obtained by thermodynamic processing of data from

SH2O
liq

SH2O

VH2O
liq PH2O

VH2O
liq 10.98 0.962t 0.1005t2 0.00199t3–+ +=

– 100P 0.53 0.2031t 0.00158t2+ +( )

+ 0.396P3 100P2 0.078 0.01144t+( ), cm
3
/mol,+

VH2O
liq

PH2O

VH2O
liq

NH2O

the literature [Hamilton et al, 1964; Nesbit and
Hamilton, 1970]:

(8)

(9)

where  is water content in the melt, wt %.

For water�containing melts, we should know the
projections of the contour lines of water solubility in

the melt ( ) on the liquidus and solidus and the

projections of the contour lines of water content in the
equilibrium fluid.

Contour lines for water solubility in the melt. At  = 0,

the line  = 0 precisely matches the dry solidus.

With the presence of water in the system, the slope of

 lines in the PS–t plot should either equal or

slightly exceed the slope of the dry solidus curve,
because

(10)

The second term in the right side of Eq. (10) is small

but negative. Therefore, the derivative 

slightly increases with . It follows from our calcu�

lations that this increment little affects the projections
slopes at  = const. For this reason, we assumed

the condition of equal slopes of water solubility con�
tour lines up to the case  = 0 (Fig. 3):

(11)

Projections of the basalt solidus curves on the Ps–t
plane at specified  values. It has been shown above

that the adamellite model of the solidus of the basalt
under study satisfactorily describes its location in the
Ps–t chart, because the molecular weight, volume, and
density of adamellite are close to the compositional
and thermodynamic parameters of basalt solidus
(Table 3, Fig. 3). The volume effect of adamellite melt�
ing ΔV is Vsol = ΣXiMi/ρ = 24.71; it follows that Vliq –
Vsol = ΔV = 2.28 cm3. Correspondingly, the entropy
effect of melting ΔS at (dP/dt)liq = 15.385 MPa/°C is,
ΔS = ΔV (dP/dt)liq = 32.125 cm3 MPa/°C = 8.40 e.u.

t °C( )

=  1029.16 71.40NH2O– 5.66NH2O
2 0.17NH2O

3
,–+

P MPa( ) 100 1015.53– 1158.93NH2O+(=

– 74.97NH2O
2 2.86NH2O

3 ),+

NH2O

XH2O
liq

PH2O

XH2O

XH2O
liq

dPs

dt
������⎝ ⎠

⎛ ⎞
XH2O

liq

dPs

dt
������⎝ ⎠

⎛ ⎞
XH2O 0=

l iq

R 1 XH2O
liq–( )ln Sliq–

Vliq Vsol–
����������������������������������������.–≈

dPs

dt
������⎝ ⎠

⎛ ⎞
XH2O

liq

XH2O
liq

PH2O

XH2O

dPs

dt
������⎝ ⎠

⎛ ⎞
XH2O

liq

dPs

dt
������⎝ ⎠

⎛ ⎞
XH2O 0=

l iq 15.385 MPa/°C.≈ ≈

PH2O



46

MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 65  No. 1  2010

CHERTKOVA et al.

The liquidus projections at specified  values

were calculated by combined solution of Eqs. (8) and
(9) and the constant water pressure line equation (5).

Taking into account the proximity of the properties
of the andesite, adamellite, and albite melts (see
above), we can apply constraint equation (7) to the

calculation of  and complete the calculation of

the Ps–t plot in Fig. 3.

The P–T–  trend. Several works have been

dedicated to magma crystallization conditions in Kly�
uchevskoi Volcano. The trend of evolution of high�
alumina basalt melt of the Apakhonchich lava flow was
constructed by Mironov and Portnyagin [2008] from
data on melt inclusions. Water content in melts in
equilibrium with Ol>82 (generation I) was estimated on
the base of data on maximum water concentrations in
melt inclusions in olivine of generation I with allow�
ance made for water accumulation during fraction�
ation. Water concentrations in melts in equilibrium
with more iron�rich olivine (generations II and III)
were calculated from the crystallization temperature
difference between olivine and plagioclase. Tempera�
tures of phenocryst mineral crystallization were evalu�
ated by calculating pseudoliquidus values of the tem�
perature of their equilibrium with particular melts.
The melt crystallization pressure was deduced from
Cpx composition with independent assessment from
liquid CO2 inclusions.

Estimates of P–T parameters obtained by studying
melt inclusions in olivines of the three generations
(Table 2) [Mironov et al., 2001; Mironov and Portnya�
gin, 2008] are depicted in Fig. 3. The crystallization of
the parental high�magnesium basalt magmas of Kly�
uchevskoi Volcano began at 1250–1300°C at water
concentration 3 wt % and pressure 1.05–1.2 GPa
(about 37–42 km) [Mironov and Portnyagin, 2008].
These P–T parameters are outside the chart presented
in Fig. 3, where the thermodynamic parameters of the
water�containing basalt melt at P > 1 GPa are

unknown because of the  discontinuity at

~1.05 GPa [Perchuk, 1985].
The mean water concentration in melt inclusions

in Ol1 and Ol2 is about 4 wt %, and in olivines of gen�
eration III (Ol3), about 2 wt % (Table 2). The low water
concentration in Ol3 inclusions could be related to
intense separation of the fluid phase (gas drainage)
owing to the pressure drop during magma rise to the
surface. As the ranges of P and T determinations for
Ol2 and Ol3 overlap (Fig. 3b), the P–T plot of the melt
evolution trend can be drawn to the range of their
medium values. In Fig. 3, the crystallization point I of
(Ol1) with water concentration 3.9 ± 0.4 wt % is in the
vicinity of the 4 wt % contour line of water solubility in
the melt, i.e., near the liquidus. The degree of basalt
crystallinity can be roughly assessed at this step from
the locations of points II (Ol2) and III (Ol3). On the

PH2O

VH2O
liq

XH2O

XH2O
liq

stretch between the liquidus and solidus contour lines
with a water concentration of 4 wt %, they correspond
to ~82% melt and ~18% crystalline matter (Fig. 3a).
The quantitative relationships between phenocrysts
and glass satisfactorily agree with the macroscopic
relationships in the basalt sample under study: 35 and
65%, respectively. The amount of phenocrysts aver�
aged over the Apakhonchich flow is about 10%.

Viscosity Calculation and Assessment of the Trans�
port Properties of the Basalt Melt. The viscosity of
basalt from the Apakhonchich flow was calculated
according to Persikov’s model [1984]. Without regard
for the crystalline phase, it is 8 × 102 Pa/s at 1100°C,
1 GPa, and 3 wt % water. The ratio Fe2+/(Fe2+ + Fe3+)
was estimated for viscosity calculation from chemical
analyses of Apakhonchich basalts reported by Persikov
[1984]. In the presence of 10% crystals, the apparent
viscosity is 1.1 × 103 Pa s. Magma can rise to the sur�
face owing to lithostatic pressure only on the condi�
tion that its density is lower than that of the surround�
ing rocks. According to geophysical data reported in
Balesta et al. [1991], rock density in the area of the
Klyuchevskoi volcano group is broadly variable. It is
2.3–2.6 g/cm3 in upper horizons, and the mean rock
density is 2.8 g/cm3. The density of the original dry
basalt melt in Klyuchevskoi Volcano is 2.75 g/cm3, as
calculated using KWareMagma software [Wohletz,
1999]. Water presence in the melt (3.3–3.4 wt %)
reduces its density to 2.5 g/cm3, thereby allowing it to
ascent to the surface. The force driving magma to the
surface (buoyancy) is determined by the difference
between the densities of the basalt melt and the sur�
rounding rocks. The crystallization pressure deter�
mined for Ol1 is 0.8–1 GPa (Table 2), which corre�
sponds to the depth of 30–35 km. With regard to this
depth and calculated density, the excessive pressure
that extrudes magma to the surface was calculated to
be about 10 MPa.

Determination of magma ascent velocity is a com�
plex problem. In particular, magma ascent in the
channel is described by the Navier–Stokes equations,
which require computer simulation. This is a task for
the future.

CONCLUSIONS

Thermodynamic and rheological parameters of the
basaltic melt from the Apakhonchich lava flow (Klyu�
chevskoi Volcano, Kamchatka) were calculated and
projections of water�containing liquidus curves on the
P–T plane were constructed on the base of petrologic
studies and theoretical considerations. Patterns in the
changes of parental melt composition and water con�
centration were deduced from data on melt inclusions
in three olivine generations. As a result, the P–T–

parameters of basalt magma formation, the degree of
its differentiation, and effusion settings were deter�
mined. The location of constant water pressure lines in

XH2O
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the Ps–T chart indicates that the partial molar volume

of water in the melt ( ), with no other gaseous

components, depends not only on P and T but also on

melt composition. At  = 3.3–3.4 wt % and the

average crystal percentage for the Apakhonchich flow
(10%), the apparent viscosity of the melt is 1.1 ×
103 Pa s, and the density is 2.5 g/cm3. At this density
and the initial crystallization pressure, the excessive
pressure, responsible for magma ascent to the surface,
is about 10 MPa.

Plagioclase zoning is a special problem. The data
on basalt evolution in Klyuchevskoi Volcano (deep
magma formation site, polybaric fractionation with
ascent, and water concentration change) suggest that the
following order of events yields the observed zoning:

(1) Crystallization of the bytownite core at a large
depth. The high water content, about 4 wt %, and lithos�
tatic pressure favor stabilization of calcic plagioclase.

(2) Plagioclase dissolution with pressure decrease
as magma rises.

(3) Crystallization of labradorite from the magma at
lower pressures and water contents in an intermediate
chamber.

The potassium contents in rocks of the Apakhon�
chich flow and in melt inclusions differ significantly
(Tables 1 and 2). We suggest that this difference is
related to an increase in the chemical potential of K2O
during melt evolution, which would affect the plagio�
clase composition by analogy with Korzhinskii’s reac�
tion [Petrografiya, 1976], where the melt plays the role
of potassium feldspar:

The increase in  should shift the equilibrium to

the right to yield anorthite�enriched rims. However,
studies of phenocryst zoning revealed the absence of
such rims (Fig. 2), because potassium was inert during
melt evolution. This fact can also be explained by
Bowen’s fractional crystallization, which is accompa�
nied by potassium accumulation in the melt. It has
been shown [Ariskin, 1999] that polybaric fraction�
ation close to 40% causes significant potassium accu�
mulation in the melt. This value is close to the per�
centage of phenocrysts in the basalt sample under
study (35%).

ACKNOWLEDGMENTS

The back�scattered electron photographs and anal�
yses presented in the article were made with a Jeol
JSM�6480LV* scanning electron microscope with a
combined EDS–WDS system at the Laboratory of
Local Methods of Matter Investigation, Department

VH2O
liq

NH2O
liq

PlCa–Na K2O in the melt( )+

=  PlCa Na2O in the melt( ).+

μK2O
liq

of Petrology, Moscow University, under supervision of
V.O. Yapaskurt, to whom the authors are grateful.

We are very grateful to Prof. L.L. Perchuk† for pos�
ing the problem and regular help in its solution and to
P.Yu. Plechov for constant support and fruitful discus�
sion. We also acknowledge the critical remarks made
by the reviewers A.A. Ariskin and E.S. Persikov, which
helped us to improve the manuscript.

This work was supported by the Program of the
President of the Russian Federation Leading Scien�
tific Schools, project no. 1949.2008.5.

REFERENCES

Appen, A.A., Khimiya stekla (The Chemistry of Glasses),
Leningrad: Khimiya, 1970.

Ariskin, A.A., Phase Equilibrium Modeling in Igneous
Petrology: Use of COMAGMAT Model for Simulating
Fraction of Ferro�Basaltic Magmas and the Genesis of
High�Alumina Basalt, J. Volcanol. Geotherm. Res., 1999,
vol. 90, pp. 115–162.

Balesta, S.T., Gontovaya, L.I., Kargopol’tsev, V.A., et al.,
Results of Seismic Investigation of the Earth Crust in the
Area of Klyuchevskoi Volcano, Vulkanol., Seismol, 1991,
no. 3, pp. 3–18.

Burnham, C.W. and Davis, N.F., The Role of H2O in Sili�
cate Melts. P–V–T Relations in the System NaAlSi3O8–
H2O to 1�kbar and 1000°C, Am. J. Sci., 1971, vol. 270,
pp. 54–79.

Dixon, J.E., Stolper, E.M., and Holloway, J.R., An Experi�
mental Study of Water and Carbon Dioxide Solubility in
Mid�Ocean Ridge Basaltic Liquids. Part I: Calibration and
Solubility Models, J. Petrol., 1995, vol. 36, no. 6, pp. 1607–
1631.

Hamilton, D.L., Burnham, C.W., and Osborn, E.F., The
Solubility of Water and Effects of Oxygen Fugacity and
Water Content on Crystallization in Mafic Magmas, J. High
Resolut. Chromatogr. Chromatogr. Commun., 1964, vol. 5,
no. 1, pp. 21–39.

Holloway, J.R., Mysen, B.O., and Eggler, D.H., The Solu�
bility of CO2 in Liquids on the Joint CaO–MgO–SiO2–CO2,
Washington, DC: Carnegie Inst, 1976.

Ishbulatov, R.A., Experimental Study of Melting of Rocks
of the Calc–Alkaline Series at 25–45 Kbar, Ocherki Fiz�
Khim. Petrol. (Sketches of Physicochemical Petrol.), 1977,
no. 7, pp. 97–168.

Izbekov, P.E., Eichelberger, J.C., Patino, L.C., et al., Calcic
Cores of Plagioclase Phenocrysts in Andesite from Karym�
sky Volcano: Evidence for Rapid Introduction by Basaltic
Replenishment, Geol., 2002, vol. 30, no. 9, pp. 799–802.

Kadik, A.A., Lebedev, E.B., and Khitarov, N.I., Voda v
magmaticheskikh rasplavakh (Water in Magmatic Melts),
Moscow: Nauka, 1971.

Koepke, J., Feig, S.T., Snow, J., and Freise, M., Petrogene�
sis of Oceanic Plagiogranite by Partial Melting of Gabbros:
An Experimental Study, Contrib. Mineral. Petrol., 2004,
vol. 146, no. 4, pp. 414–432.

†Deceased.



48

MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 65  No. 1  2010

CHERTKOVA et al.

Mironov, N.L. and Portnyagin, M.V., Dynamics of Crystal�
lization and Magma Transport in Klyuchevskoi Volcano
(Kamchatka), in XIII Vseros. konf. po termobarogeokhimii
(XIII All�Russia Conference on Thermobarogeochemis�
try), Moscow: IGEM RAN, 2008.

Mironov, N.L., Portnyagin, M.V., Plechov, P.Yu., and
Khubunaya, S.A., Final Stages in Evolution of Magmas of
Klyuchevskoi Volcano from Studies of Melt Inclusions in
Minerals of High�Alumina Basalts, Petrologiya, 2001, no. 1,
pp. 51–69 [Petrology (Engl. Transl.), no. 1, pp. 46–63].

Mysen, B.O., Volatiles in Magmatic Liquids, Prog. Metam.
Magm. Petrol, Cambridge: Univ. Press, 2004, pp. 435–475.

Nesbit, R.W. and Hamilton, D.L., Crystallization of Alkali�
Olivine Basalts under Controlled ,  Conditions,

Phys. Earth and Planet. Int., 1970, vol. 3, p. 309.

Perchuk, L.L., Termodinamicheskii rezhim glubinnogo petro�
geneza (Thermodynamics of Deep�Seated Petrogenesis),
Moscow: Nauka, 1973.

Perchuk, L.L., Pressure Dependence of Basalt Liquidus
Temperature in Dry Systems, Dokl. Akad. Nauk SSSR,
1983, vol. 271, no. 3, pp. 702–705.

Perchuk, L.L., Alkaline Basalt–Water System, 2. Liquidus
Surface within a Pressure Range of 1 bar–20 kbar, Ocherki
Fiz.�Khim. Petrol. (Sketches in Physicochemical Petrol.),
1985, no. 13, pp. 60–80.

Persikov, E.S., The Viscosity of Magmatic Liquids: Experi�
ment, Generalized Patterns; a Model for Calculation and
Prediction; Application, Physical Chemistry of Magmas,
Adv. Phys. Geochem., New York: Springer, 1991, vol. 9,
pp. 1–40.

Persikov, E.S., Vyazkost’ magmaticheskikh rasplavov (Vis�
cosity of Magmatic Melts), Moscow: Nauka, 1984.

Petrografiya (Petrography), Moscow: Izd. Mosk. Univ.,
1976, vol. 1.

Silver, L. and Stolper, E., A Thermodynamic Model for
Hydrous Silicate Melts, J. Geol., 1985, vol. 93, pp. 161–178.

Vance, J., Zoning in Igneous Plagioclase: Patchy Zoning,
J. High Resolut. Chromatogr. Chromatogr. Commun., 1965,
vol. 73, pp. 636–651.

Wohletz, K.H., MAGMA: Calculates IUGS Volcanic Rock
Classification, Densities, and Viscosities, Los Alamos Nat.
Lab. Comp. Code, LA�: CC 99�28. New Mexico, 1999.

PO2
PH2O



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


