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Abstract

A new version of COMAGMAT-3.5 model designed for computer simulations of equilibrium and fractional crystalliza-
tion of basaltic magmas at low to high pressures is presented. The most important modifications of COMAGMAT include an
ability to calculate more accurately the crystallization of magnetite and ilmenite, allowing the user to study numerically the
effect of oxygen fugacity on basalt magma fractionation trends. Methodological principles of the use of COMAGMAT were
discussed based on its thermodynamical and empirical basis, including specific details of the model calibration. Using

Ž .COMAGMAT-3.5 a set of phase equilibria calculations called Geochemical Thermometry has been conducted for six
cumulative rocks from the Marginal Border Series of the Skaergaard intrusion. As a result, initial magma temperature
Ž .1165"108C and trapped melt composition proposed to be parental magma to the Skaergaard intrusion were determined.
Computer simulations of perfect fractionation of this composition as well as another proposed parent produced petrochemi-
cal trends opposite to those followed from natural observations. This is interpreted as evidence for an initial Skaergaard

Ž .magma containing a large amount of olivine and plagioclase crystals about 40–45% , so that the proposed and calculated
parents are related through the melt trapped in the crystal–liquid mixture. This promotes the conclusion that the Skaergaard
magma fractionation process was intermediate between equilibrium and fractional crystallization. In this case the classic
Wager’s trend should be considered an exception rather than a rule for the differentiation of ferro-basaltic magmas. A
polybaric version of COMAGMAT has been applied for the genetic interpretation of a volcanic suite from the Klyuchevskoi
volcano, Kamchatka, Russia. To identify petrological processes responsible for the observed suite ranging from high-mag-
nesia to high-alumina basalts, we used the model to simulate the Klyuchevskoi suite assuming isobaric crystallization of a
parental HMB magma at a variety of pressures and a separate set of simulations assuming fractionation during continuous
magma ascent from a depth of 60 km. These results indicate that the Klyuchevskoi trend can be produced by ;40%
fractionation of Ol–Aug–Sp"Opx assemblages during ascent of the parental HMB magma over the pressure range 19–7

Ž .kbar with the rate of decompression being 0.33 kbarr% crystallized at 1350–11108C , with ;2 wt.% of H O in the initial2

melt and ;3 wt.% of H O in the resultant high-Al basalt. q 1999 Elsevier Science B.V. All rights reserved.2
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1. Introduction

Problems of differentiation of basalt magmas con-
stitute the core of igneous petrology, mostly due to
the role of basalt parent in the generation of other
magma types observed among plutonic and volcanic
associations. Despite the great compositional diver-
sity of igneous rocks, most of them have a basaltic
precursor, therefore, a key aspect of understanding
igneous differentiation processes is concerned with

Ž .the mechanisms and conditions P, T , f , P atO H O2 2

which primary and parental basaltic magmas can
generate derivative magmas resulting in the forma-
tion of tholeiitic, calc-alkaline, and other magmatic
series. Bowen proposed fractional crystallization as
a leading process responsible for the generation of
chemical diversity and presented a set of petrological
and phase equilibria arguments supporting this hy-

Ž .pothesis Bowen, 1928 . He believed crystal settling
to be the main physical mechanism causing separa-
tion of minerals from basaltic melts resulting in a
specific compositional evolution called crystal frac-
tionation. This mineral separation process accompa-
nying with the chemical evolution is commonly
combined under a general petrological term magma
fractionation.

At present, magma fractionation is treated as a
more complex event, often a combination of several
physico-chemical processes, including those linked
to heat-mass transfer and meltingrcrystallization,
proceeding in igneous systems to different extents
and open with respect to mantle, crustal or other

Žmagmatic material DePaolo, 1981; O’Hara and
Mathews, 1981; Grove et al., 1982; Kelemen, 1990;

.Nielsen, 1990; Cribb and Barton, 1996 . Such a
combined fractionation coupled with assimilation
andror mixing results in chemical consequences
Ž .differentiation , that cannot be reproduced or inves-
tigated by means of a physical experiment. To study
these complex differentiation processes special nu-
merical techniques need to be developed and applied
ŽFrenkel et al., 1988a,b, 1989; Bergantz, 1995;

.Marsh, 1995; Ghiorso, 1997 . The computational
basis for this computer modeling should be sophisti-
cated petrological models integrating in a single
algorithm the solution of the equilibrium problem for
crystallizing magmas and also dynamic considera-
tions addressed to physical processes responsible for

Žthe magma differentiation process crystal settling,
.assimilation, magma chamber recharge, etc. . The

number of such models in petrology still is not large,
Ž .see review by Jaupart and Tait 1995 . Probably, the

ConÕectiÕe–CumulatiÕe model of in situ differentia-
tion is an example of the most comprehensive ap-
proach developed to describe and to solve relations
between the dynamics of solidification fronts and
fractional crystallization in sheet-like magma cham-

Ž .bers Frenkel et al., 1988b, 1989 . Independently of
Ž .igneous differentiation mechanism s and algo-

Ž .rithm s used to link thermodynamic and dynamic
parameters of magmatic differentiation, an important
element of such physico-chemical models is the de-
velopment of computer programs that allow one to
calculate phase equilibria in closed magmatic sys-
tems at given external conditions.

The importance of phase equilibria controls on the
fractionation and differentiation of magmas is due to
the effect of crystallizing mineral compositions and
proportions on liquid lines of descent. These min-
eral–melt equilibria dictate a general direction in
which magma composition will evolve and define
the dependence of chemical changes in the magmatic
system upon P–T–f –P conditions. Over theO H O2 2

last 15 years, several thermodynamic and empirical
models have been developed to simulate solid–melt
equilibria for terrestrial magmas crystallizing in the

Žcompositional range from basalt to dacite Nielsen
and Dungan, 1983; Frenkel and Ariskin, 1984;
Ghiorso, 1985; Ghiorso and Carmichael, 1985;
Ariskin et al., 1987, 1993; Nielsen, 1990; Weaver
and Langmuir, 1990; Longhi, 1991; Camur and Kil-
inc, 1995; Ghiorso and Sack, 1995; Yang et al.,

.1996 .
However, despite the great efforts in the modern-

ization of thermodynamic or empirical constraints,
calibration techniques, and computational methods,
serious problems continue to be encountered by
petrologists in their attempts to apply these models
to natural systems. Part of the problem is that these
phase equilibria calculations still yield unsatisfactory
results in the prediction of the calculated lines of
descent, especially at elevated pressures and in the

Žfield of Fe–Ti oxide crystallization Toplis and Car-
.roll, 1996; Yang et al., 1996; Ghiorso, 1997 . An-

other, no less important problem, is related to the
methodological principles of these phase equilibria
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models: a poor understanding of their thermodynam-
ical and empirical basis, as well as calibration tech-
niques, often results in poor results, which are some-
times ignored relative to the results of computer
simulations.

The purpose of this paper is to present a new
version of COMAGMAT, a package of petrologi-
cal programs designed for simulations of equilibri-
um and fractional crystallization of mafic magmas
Ž .Ariskin et al., 1987, 1993 . The most recent release

Ž .of COMAGMAT ver. 3.5 now includes new equa-
tions for the calculations of magnetite and ilmenite

Ž .stabilities Ariskin and Barmina, 1999 . This allows
the user to study more correctly the effect of oxygen
fugacity on basalt magma fractionation trends. An
example of such redox calculations will be given for
the iron enrichment trend of the Skaergaard magma.
Another example of the use of COMAGMAT in-
cludes identification of conditions of polybaric frac-
tionation for high-magnesia magmas parental to the
suite of high-alumina basalts from the Klyuchevskoi

Ž .volcano, Kamchatka, Russia Ariskin et al., 1995 .

2. The COMAGMAT model

The COMAGMAT model is a computerized sys-
tem designed for modeling magma crystallization
and related processes occurring in volcanic and in-
trusion chambers at different depths and redox condi-
tions. It was developed at the Vernadsky Institute
Ž .Moscow, Russia and includes a series of linked
programs constrained by over 20 years of field work,
petrography, geochemistry, and computer simulation
on the formation process of differentiated sills, lay-
ered intrusions as volcanic suites from Eastern
Siberia, Karelia, Kamchatka, and other magmatic

Žprovinces Frenkel et al., 1988a,b, 1989; Barmina et
al., 1988, 1989a,b, 1992; Ariskin et al., 1988, 1990,

.1995; Chalokwu et al., 1993, 1996 .
The theoretical basis of these programs is an

algorithm for modeling equilibrium and fractional
crystallization of multiply saturated magmatic melts
Ž .Frenkel and Ariskin, 1984; Ariskin et al., 1993 . It

Žrelies upon mineral–melt equilibria equations geo-
.thermometers , which allow us to calculate crystal-

lization temperatures and mineral compositions with
a precision of 10–158C and 1–3 mol.%, respectively

Ž .Ariskin et al., 1987, 1993 . The mineral–melt ex-
Ž .pressions have been derived for olivine Ol , plagio-

Ž . Ž . Ž .clase Pl , augite Aug , pigeonite Pig , orthopyrox-
Ž . Ž .ene Opx , titanium magnetite Mt , and ilmenite

Ž .Ilm from a large dataset of experiments covering
the range from basalt to dacites.

The results of the program are in the form of
calculated liquid lines of descent, plus the equilib-
rium mineral proportions and compositions. The
phase equilibria calculations form the core of a
model that allows the user to simulate processes
ranging from simple isobaric crystallization to in situ
differentiation processes resulting from crystal set-

Ž .tling, and polybaric decompression fractionation—
Fig. 1.

2.1. Thermodynamic background of COMAGMAT

Simulation of the course of crystallization of mag-
matic melts implies an ability to calculate mineral–
melt equilibria at a given set of independent parame-
ters of state, such as the pressure and temperature, or
the bulk degree of crystallization. At constant pres-
sure, this is known to be equivalent to the search for

Ž .the minimum Gibbs free energy of the system G .
There are two main ways of approaching this prob-
lem. One is based on the algorithm of the minimiza-
tion of G using a complex programming theory. The
other is the iterative solution of a system of non-lin-
ear equilibrium equations and the mass action law
using dependencies of equilibrium constants for each
mineral–melt reaction on temperature and composi-
tion. Both approaches have strong thermodynamic
justification and the main difference between them is
that the former minimizes the Gibbs free energy in a

Ždirect form e.g., Ghiorso, 1985; Ghiorso and Sack,
.1995 , whereas the latter implies that equilibrium

constants are a function of G and temperature
Ž .Frenkel and Ariskin, 1984; Camur and Kilinc, 1995 .
In the COMAGMAT model we combined these ba-
sic thermodynamic considerations into a hybrid algo-
rithm, which permits us to calculate phase equilibria
step by step, as the total crystallization degree is

Ž .increased Ariskin et al., 1993 .

2.1.1. Problem of the calculating melt component
actiÕities

The common thermodynamic basis of the above
mentioned algorithms accounts for similar problems
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Fig. 1. Fragment of DOS interface to COMAGMAT-3.0 system developed to initialize main computative routines and to define model
Ž .parameters including conditions of calculations Ariskin and Nielsen, 1993 .

faced by developers of the mineral–melt equilibria
models. First of all, there is a problem of formulation
of melt component activities needed to calculate both
Gibbs free energies of silicate liquids and equilib-
rium constants of reactions describing crystallization
of minerals from the melts. Unfortunately, there is
no working theory which would correctly predict
activities of melt components in a wide range of
compositions. For this reason, developers of com-
puter models are forced to use simple empirical
descriptions of silicate melts, postulating the exis-
tence of some implausible molecules in the melts,

Žsuch as SiO and NaAlO Nielsen and Dungan,2 2
.1983; Ariskin et al., 1993 or Fe O and Na SiO2 3 2 3

Ž .Ghiorso and Sack, 1995 . Such an empirical nature
of silicate liquid models is peculiar to all computer
programs simulating mineral–melt equilibria, what-
ever mixing properties are assumed.

We draw the reader’s attention to this problem,
because there is an opinion that the employment of
the regular solution model in the MELTS program
Ž .Ghiorso and Sack, 1995 results in principally better

accuracy than those results obtained in the sub-ideal
Žmodels, such as MIXNFRAC Nielsen and Dungan,

. Ž1983; Nielsen, 1990 or COMAGMAT Ariskin et
.al., 1993 . Indeed, all of the models are based on the

same database of melting experiments, and regard-
less of the activity model used in calculations, the
accuracy of calculated temperatures and mineral
compositions cannot be better than interlaboratory
biases in experimental techniques and microprobe
analytical uncertainties. Our experience in the field
of mineral–melt equilibrium calculations has led us
to the conclusion that a model calibrated on experi-
mental data obtained in 5–10 different laboratories
can reproduce equilibrium temperatures measured in
each particular experimental run with a precision of
;10–158C for 70–80% of data. This is true despite
the fact that we often use different activity models
for each mineral–melt, even within the framework of
a single algorithm designed to simulate phase equi-
libria in crystallizing magmas. Note, however, that
acceptable levels of accuracy are achieved only for a
limited range of compositions where mineral–melt
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Žgeothermometers have been calibrated Nielsen and
Dungan, 1983; Weaver and Langmuir, 1990; Ariskin

.et al., 1993 .

2.2. Calibration of the COMAGMAT model

During the development of COMAGMAT a great
deal of experimental data on phase equilibria, major-
and trace element partitioning, redox equilibria, as
well as the effect of high pressures and water con-
tents has been utilized. These data provides an em-
pirical basis of this model which, in general, was
compiled at the end of 1980. Our experience in
practical applications of COMAGMAT and its addi-
tional testing on newly obtained experimental data
indicate this model to fairly well predict low-pres-
sure equilibria for silicate minerals. This is supported

Žby recent results of independent calculations Yang
.et al., 1996 . Some problems with correct simula-

tions of the appearance of Fe–Ti oxides have been
overcome after recalibration of magmetite–melt and

Žilmentite–melt equilibria equations Ariskin and
.Barmina, 1999 . It is noteworthy that the flexible

structure of COMAGMAT permits one to correct
modeled temperatures within 10–208C, adjusting

them to a selected set of ‘best’ experiments or to the
Ždata of petrological observations Ariskin et al.,

.1993 .

2.2.1. Mineral–melt geothermometers
The basic building blocks of the COMAGMAT

model is a system of empirically calibrated equations
that describe mineral–melt equilibria for Ol, Pl, Aug,

Ž .Pig, and Opx Table 1 . Experimental data for these
calibrations represent results of melting experiments
published in 1979–1988 and include from 18 to 67
points for each mineral. All the experimental runs
were carried out at 1 atm using the ‘Pt wire loop’
technique with controlled oxygen fugacities, for tem-
peratures ranging from 1050 to 13008C. The glass
compositions were attained from mostly tholeiitic
and mildly-alkaline systems, containing less than 4
wt.% Na OqK O.2 2

A major problem in the use of these data for
thermodynamic modelling is determining which ex-
periments represent equilibrium compositions. There
is a general consensus among experimentalists that
run durations of no less than 48 h are necessary to
achieve equilibrium between olivine or low-Ca py-
roxene crystals and melt; for high-Ca pyroxene this

Table 1
Parameters of mineral–melt geothermometers used in the development of the basic version of COMAGMAT-3.0 phase equilibria model
Ž .Ariskin et al., 1993

Mineral Minal Geothermometers n Reference

Ž . Ž .Olivine Ol Fo ln Ks5543rTy2.32q0.210 ln AlrSi 67 Ariskin et al., 1993
Ž .Fa ln Ks6457rTy4.22q0.084 ln AlrSi

Ž .Plagioclase Pl An ln Ks10,641rTy1.32q0.369 ln R 58 Ariskin and Barmina, 1990
Ab ln Ks11,683rTy6.16y0.119 ln R

Ž .Augite Aug En ln Ks8521rTy5.16 25 Ariskin et al., 1987
Fs ln Ks13,535rTy9.87
Wo ln Ks2408rTy1.24
AlO Ds0.201.5

Ž .Pigeonite Pig En ln Ks8502rTy4.74 18 Ariskin et al., 1987
Fs ln Ks5865rTy4.04
Wo ln Ks4371rTy4.02
AlO Ds0.101.5

Ž . Ž .Orthopyroxene Opx En 11 ln Ks7208rTy3.71 39 Bolikhovskaya et al., 1996
Ž .Fs 12 ln Ks6386rTy4.39
Ž .Wo 13 ln Ks11,950rTy10.40

AlO Ds0.101.5

wŽ . 2 xK—equilibrium constants, D—molar distribution coefficients, Rs ln NayK AlrSi .



( )A.A. AriskinrJournal of Volcanology and Geothermal Research 90 1999 115–162120

time should be increased in some extent, whereas for
plagioclase run duration must be about 100–200 h to

Žapproach equilibrium Grove et al., 1982; Grove and
.Bryan, 1983 . For the above reason, we selected only

those experiments that satisfy two constraints of run
duration: tG96 h for Pl, and tG48 h for mafic
minerals.

The calibration of the silicate geothermometers at
a constant pressure was accomplished by the multi-
ple regression in the form:

ln K j sarTqb ln R qc, 1Ž .i L

Ž .where j – mineral, i – mineral component minal ,
K j is equilibrium constant for the reaction of forma-i

tion of this minal from melt components, R is aL

melt structure-chemical parameter, such as SirO,
AlrO, AlrSi; a, b, and c are the regression con-
stants.

For the calculations of Fe3q and Fe2q species in
silicate melts, we used the equations by Sack et al.
Ž .1980 . Mineral component activities were assumed
to be equal to the mole fractions of the cations in a

Ž .single site ideal solution . Assumption of this simple
model means that the effects of non-ideality on
mineral melt equilibria are attributed primarily to the
liquid phase. To reduce the effects of the composi-
tional dependence, a two-lattice model for melt com-

Ž .ponent activities Nielsen and Dungan, 1983 was
used in the calibrations of mafic mineral geother-

Žmometers Ariskin et al., 1987, 1993; Bolikhovskaya
.et al., 1996 . The plagioclase–melt equilibria equa-

tions have been derived using a minor modification
Žof the Nielsen’s two lattice model Ariskin and

.Barmina, 1990 . Note, that inclusion of the melt
structural-chemical parameters R as independentL

Ž .variables in Eq. 1 for Ol and Pl allowed us to
significantly improve the fit to the experimental data.

When the regression parameters are calculated,
one can test the statistics on goodness of the fit. The
test procedure includes calculation of either ln K j ori

1rT for each liquid composition from the initial
database and comparison between them and the ex-
perimental values. Comparison of the calculated and
experimental temperatures for the calibration data set
Ž . ŽTable 1 indicate an accuracy of 10–158C Ariskin

.et al., 1987, 1993 . A similar comparison of calcu-
lated and experimental mineral compositions indicate

that Fo, An, En and Wo contents can be predicted on
average within 0.5–0.7 mol% for Ol and 2–3 mol%
for Pl and pyroxenes.

2.2.2. Using the INFOREX experimental database
To evaluate the specific COMAGMAT geother-

mometers we have also calculated the temperatures
of appearance of Ol, Pl, Aug and Pig for the melt
compositions from a set of experimental data that
were not used in the basic calibration of these
geothermometers. Those data were extracted from an
experimental database, called INFOREX and devel-
oped in the middle of the 1990s for specialists
dealing with thermodynamic processing of mineral–

Žmelt equilibria information Meshalkin and Ariskin,
.1996; Ariskin et al., 1996 . Its major function is a

computerized melting-experiment reference manual
that presents data in a fixed format, with keyword
search functions and flags as an integral part of the
program. The INFOREX-4.0 database accesses in-
formation on 235 experimental studies carried out

Ž .from 1962 to 1996 Ariskin et al., 1997 , including
8660 individual runs and more than 11,370 coexist-
ing phase compositions for 36 minerals plus glass
Ž .Fig. 2 .

Using searching and data management functions
of INFOREX, four mineral–melt compositional files

Ž . Ž .have been created: Ol–L ns87 , Pl–L ns95 ,
Ž . Ž .Aug–L ns68 , and Pig–L ns17 . These data

files represent independent mineral–melt equilibria
information published from 1989 to 1996, and satisfy
the same constraints that were used during earlier
basic calibrations. Results of comparisons show a
good correlation of the COMAGMAT modeled tem-
peratures with the those obtained from independent

Ž .experiments Fig. 3 .

2.2.3. Fe–Ti oxides
In order to develop models simulating the crystal-

lization of Fe–Ti oxides in natural lavas, we have
processed published experimental data on mag-

Žnetite–melt and ilmenite–melt equilibria Ariskin and
.Barmina, 1999 . About 62 Mt–melt and 75 Ilm–melt

experiments were selected from the INFOREX-4.0
database on the basis of run time, melt composition
and experimental technique. These data cover ranges
of temperatures 1040–11508C, oxygen fugacities of
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Ž .Fig. 2. Statistics on the experimental data available in the INFOREX-4.0 database Ariskin et al., 1997 . The primary INFOREX options
Ž . Ž . Ž . Ž . Ž .include: 1 System Configuration, 2 General Information, 3 Updating and Editing data files, 4 Selection of Run Conditions, 5

Ž . Ž .Setting Phase Assemblages for the selected set of experiments, 6 Exportr Import operations, 7 Petrologic Calculations, including the
development of mineral–melt geothermometers, calculation of water contents in experimental glasses and projection of the experimental
glass compositions onto ternary diagrams. An updated version of the INFOREX-4.0 database is available from the author on a request.

10y13 - f -10y6 , and bulk compositions rangingO 2

from ferrobasalts to andesites and dacites. Five major
Ž 3q 2q 4q 2q 3q.cations Fe , Fe , Ti , Mg and Al were

considered for the purpose of describing Fe–Ti oxide
saturation as a function of melt composition, temper-
ature and oxygen fugacity at 1 atm pressure. The
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Fig. 3. Comparison of mineral crystallization temperatures observed in experiments with those calculated using mineral–melt geothermome-
Žters of COMAGMAT-3.0 for same liquid compositions. Experimental data were extracted from the INFOREX database Ariskin et al.,

.1996, 1997 and include mineral–melt equilibria information published from 1989 to 1996, after the basic calibration of COMAGMAT was
Ž .completed Ariskin et al., 1987, 1993; Ariskin and Barmina, 1990 .

empirically calibrated mineral–melt expression based
on multiple linear regressions is:

ln D j sarTqb log f qcqd xi O 1 Na2

qd x qd x , 2Ž .2 K 3 P

where D j is the molar distribution coefficient of thei

given cations between Mt or Ilm and melt; x , x ,Na K

and x are the molar fractions of Na, K, and P in theP

melt; d , d and d are the regression coefficients1 2 3
Ž .Ariskin and Barmina, 1999 .

The empirically calibrated Mt–melt and Ilm–melt
equilibria equations allowed us to develop two sub-
routines for calculating crystallization temperatures
of the Fe–Ti oxides in mafic melts with an average
accuracy of 158C, and compositions with an accu-
racy of 0.5–2 mol%. Both subroutines have been

integrated into the COMAGMAT-3.5 program which
now can be applied to magma compositions to nu-
merically study the effects of oxygen fugacity on
phase equilibria including Mt and Ilm. Results of
testing this new model will be discussed in Section
2.4.

2.2.4. Calibrating the effect of eleÕated pressures
To develop a high pressure version of the CO-

MAGMAT program, the empirical approach of
Ž .Ariskin et al. 1990 based on the experimental data
Ž .of Bender et al. 1978 was applied. They found that

the pressure dependence of the crystallization tem-
peratures ETrEP for Ol and Pl were similar, and that
the main result of increasing pressure was the expan-
sion of the crystallization range for high-Ca pyrox-

Ž .ene Aug relative to those of the other minerals.
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This effect can be accounted for in the COMAG-
Ž .MAT model by adding to the ‘low-pressure’ Eq. 1

Ž 3 .an empirical parameter b cm rmol for each min-
eral component:

ln K j s aqb rTqb ln R qc 3Ž . Ž .i L

Ž .Using the Bender et al. 1978 data, and the
Žlow-pressure mineral–melt geothermometers Table

.1 , we selected empirical values of b for Ol, Pl, and
Aug. The results that fit the data with the least error
were obtained using the optimal parameters of b Ol

Fo,Fa

s1.2, b Aug s1.4, b Pl s1.0, and b PL s2.0En,Fs,Wo An Ab

cm3rmol, with Al O in augite increasing by 0.72 3

wt.%rkbar. Application of this pressure correction
reproduced the input data within 15–308C from 1
atm up to 15 kbar.

The absence of well defined parameters b for
low-Ca pyroxenes and Fe–Ti oxides permits the user
to apply the high-pressure COMAGMAT model to
systems where crystallization of these minerals did
not play a significant role. For example, results of
applications of this version to MORB compositions
indicate COMAGMAT accurately predicts phase

Ž .equilibria at 4 kbar Yang et al., 1996 . At higher
pressures of 12–15 kbar, the use of this model may
result in a shift of the calculated Aug boundaries of
2–3 kbar at the same temperature, or 15–308C at the
same pressure. Nevertheless, petrological analysis of
these high pressure calculations provides useful in-
sight into the effect of pressure on liquid lines of

Ž .descent in natural systems Ariskin et al., 1990 . An
example of such polybaric simulations will be shown
for the fractionation of high magnesia magmas of the

ŽKlyuchevskoi volcano, Kamchatka, Russia see Sec-
.tion 4 .

2.2.5. Calibrating the effect of water contents
To account for the effect of water on mineral–melt

equilibria calculated with COMAGMAT a simple
Žsemi-empirical approach has been used Almeev and

. Ž .Ariskin, 1996 . This approach includes: 1 the de-
velopment of an empirical equation describing water
solubility in basaltic to granitic melts as a function of

Ž .temperature, pressure, and melt composition; 2 ap-
plication of this equation to water-saturated experi-
mental glasses extracted from the INFOREX

Ž .database; 3 using this ‘hydrous’ experimental in-

formation for the calculation of correction coeffi-
cients which could be used to correct mineral–melt
equilibria temperatures computed for the water-

Ž .saturated glasses as per ‘dry’ conditions; 4 integra-
tion of these correction coefficients into COMAG-
MAT to model changes in phase boundaries due to
the presence of water in magmatic melts.

The main effect of water on phase equilibria in
magmas is related to a differential decrease of min-
eral crystallization temperatures. This results in rela-
tive changes in the appearance of minerals on the
liquidus, shifting phase boundaries, and changes in
the compositional evolution of the liquid phase. As a
first approximation, the temperature effect may be
accounted by means of the following expression:

T j sT j yl C , 4Ž .H O dry j H O2 2

where T j and T j are j-mineral saturation temper-H O dry2

atures in a hydrous and dry melt, C is the waterH O2

Ž . Ž .content in the melt wt.% , l 8Crwt.% H O is aj 2

correction coefficient. The l values for each mineral
may be calculated from experimental data in hydrous
systems, providing the water content in the melt is
known:

jŽexp. jŽcalc .l s T yT rC , 5Ž .j H O dry H O2 2

where T jŽexp. is the experimental temperature for aH O2

solid–melt assemblage including j-mineral, T jŽcalc.
dry

is j-mineral crystallization temperature calculated
using low-pressure geothermometers from Table 1
calibrated for dry conditions and pressure depen-

Ž Ž ..dence parameters b see Eq. 3 . To accomplish the
goal, one can use data of more than 2000 water
saturated experiments available in the INFOREX-4.0
database: glass compositions are available for as

Ž .many as 500 of them Ariskin et al., 1997 . The
main problem in the use of this information for the
calibration of a hydrous version of COMAGMAT is
the fact that direct analytical information on the
water contents in the experimental glasses is practi-
cally absent.

2.2.5.1. Calculating water solubility. To produce
useful, if empirical constraints, we used 79 water

Ž .solubility mostly superliquidus experiments to de-
velop a purely empirical equation which can be
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applied to a wide range of systems, from basalts to
Ž .granites Almeev and Ariskin, 1996 :

ln C s4.39q 38,483 SirO y14,710 rTŽ .H O2

q0.59 ln Py21.45 SirOŽ .
q3.89 AlrSi , 6Ž . Ž .

where C is water content in the silicate liquidH O2

Ž . Ž .wt.% , P is total pressure bars , T is temperature,
and SirO and AlrSi are atomic ratios in the glasses.

Ž .The data on which Eq. 6 was calibrated cover the
range of pressures 0.2–9 kbar and temperatures

Ž800–12008C Hamilton et al., 1964; Kadik et al.,
.1971; Sisson and Grove, 1993a,b; Dixon et al., 1995

with an internal precision of 0.32 wt.% for H O2

content and 0.25 kbar for the pressure.

2.2.5.2. Calculation of correction coefficients l .j
Using the search procedures of INFOREX we se-
lected water saturated subliquidus experiments con-
ducted with basalts and andesites at pressures up to
10 kbar. The compositions of experimental glasses
were grouped by the presence of a particular mineral

Žin the observed phase assemblage e.g., for Ol such
.assemblages included OlqL, OlqPlqL, etc. .

Thus, four compositional data sets were compiled:
Ž . Ž . Ž .Ol–melt 69 runs , Pl–melt 81 , Aug–melt 56 ,

Ž .and Opx–melt 19 . For each experimental point the
Ž .H O content in the melt was estimated using Eq. 6 ,2

and mineral crystallization temperatures were calcu-
lated using the ‘dry’ high-pressure version of CO-
MAGMAT. The calculated temperatures are 100–
3008C higher than the respective ‘wet’ experimental
temperatures: this difference was normalized to the

Ž .estimated water content as per Eq. 5 . The calcu-
lated average values of l are summarized in Tablej

2 and have been also integrated into the COMAG-
MAT-3.5 model.

2.2.6. Trace-element partitioning
With the exception of Cr, trace-element contents

in basaltic melts are known to have little influence
on the liquidus temperatures and composition of the
major mineral phases. Therefore, trace-element parti-
tioning calculations can be separated from the phase
equilibria calculations. This does not mean that ma-
jor- and trace-element systematics are not to be
linked, only that the major-element phase equilibria
can be calculated independently of trace-element
contents. To accomplish this goal, we use the tradi-
tional approach to the description of mineral–melt
partitioning in the form of the weight single-compo-

j Žnent distribution coefficients D Barmina et al.,i
.1989a, 1992 . Calculation of the major-element min-

eral–melt equilibria controlled parameters, such as
temperature and fractionating or melting mineral
proportions, allows us to constrain the trace-element
systematics, stated as the trace-element concentra-
tions in the liquid and solid phases:

C 0Mi 0l j j lC s , C sD C , 7Ž .i i i im
jM q D MÝL i jž /

js1

where C 0 is the initial bulk content of i element ini

the molten system, M mass of the system, M and0 L

M are current masses of the melt and solid phases,j

Table 2
Correction coefficients to dry mineral–melt temperatures used in the development of the hydrous version of the COMAGMAT-3.5 model

Ž .P kbar Ol Aug Opx Pl

Ž . Ž . Ž . Ž .1 17.9"6.0 14 34.3"7.1 12 22.4"3.4 2 59.6"7.8 23
Ž . Ž . Ž . Ž .2 18.7"2.9 21 24.8"2.2 19 22.3"1.2 4 49.9"4.2 18

Ž . Ž .2.5 23.7"3.9 3 47.6"1.0 3
Ž . Ž .3 18.3 1 43.1"1.5 23

Ž .4 38.3"1.6 3
Ž . Ž . Ž .5 10.2"5.5 3 15.5"3.3 8 38.1"3.1 6

Ž .6.9 37.8"0.6 5
Ž . Ž . Ž .7.5 5.1"3.7 3 14.5"1.6 4 12.5"2.2 4
Ž . Ž . Ž .10 1.3"0.7 2 10.5"1.1 5 9.3"1.0 4

The number of points is given in the parenthesis.
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with all masses calculated as part of the COMAG-
MAT program. The use of partitioning expressions
that have been empirically corrected for composi-
tional dependences, temperature and pressure pro-
vides us with a more accurate means of describing
trace-element behavior. At present, the COMAG-
MAT-3.5 model provides the option of simulating
the evolution of trace-element trends for the two

Ž .following groups: 1 Mn, Ni, Co, Cr, Sc, V, Sr, Ba,
Ž .Rb, Cu, and 2 La, Ce, Nd, Sm, Eu, Gd, Dy, Er, Yb,

Ž .Lu Ariskin et al., 1993 .

2.3. Structure of the COMAGMAT model

Details of the algorithm used to constrain the
COMAGMAT model are described by Ariskin et al.
Ž .1993 . The core of the model is the integration of
several iteration loops including Thermometry, Equi-
libration and MeltingrCrystallization constraints
which allow us to solve the equilibrium problem at a
given crystallinity of the modeled system. These
main iteration loops interact to simulate the course of
equilibrium crystallization for natural cotectic assem-
blages step by step, as the total mode of crystals is

Ž .increased Fig. 4 .
As documented from the flowchart, the initial

conditions and simulation subroutines for the CO-
MAGMAT program are contained in a series of
setup files. These eight data files include the desired

Ž .model parameters MAINMENU.DAT , initial ma-
Žjor- and trace-element contents COMMAJ.DAT and

.COMTRA.DAT , distribution coefficients for trace
Ž .elements DICOEF.DAT , parameters of the min-

Ž .eral–melt geothermometers MINERS.DAT , oxy-
Ž .gen buffers OXYBUF.DAT , the regression coeffi-

Žcients to correct calculated temperatures COR-
.RECT.DAT as well as some dynamics parameters

Ž .for modeling in situ differentiation INTRUS.DAT .
The modeling process starts from a completely

Ž .molten system w s0 and may be conducted withcr

a crystallization increment Dw s1–2 mol% up tocr

the bulk system crystallinity w max s80–90%. Aftercr

the calculations are complete, the information will be
written to an output file as a sequence of several
tables containing phase proportions and composi-
tions as a function of the total crystallinity, plus the
equilibrium temperature defined for each step. To
simulate fractional crystallization or in situ magma

differentiation process a dynamic block called IN-
ŽTRUSION has been included in the algorithm Aris-

.kin et al., 1993 .

2.3.1. Main functions of COMAGMAT
The COMAGMAT programs operate under DOS

on IBM compatible computers and include four main
routines that may be used in solving common petro-

Ž . Ž .logical problems Fig. 1 : 1 Thermometry of Min-
Ž .eral–Melt Equilibria, 2 Simulating Equilibrium

Ž .Crystallization, 3 Simulating Fractional Crystal-
Ž .lization, and 4 Simulating Layered Intrusion For-

mation. The first option allows one to calculate
mineral–melt equilibria temperatures for melt com-
positions that are supposed to be saturated with a
mineral. As shown in Fig. 4, this thermometry func-
tion is an important part of the general algorithm
used to simulate the course of magma crystallization.
The following two functions are addressed to simple
crystallization process, which can be modeled in the
isobaric or polybaric mode for systems open or
closed with respect to oxygen. Note, that the Decom-
pression Crystallization is modeled with COMAG-
MAT by means of the monotonic decrease of total
pressure from an initially given value P to a finalmax

value P with a constant negative pressure incre-min

ment D P per step of crystallization. Such a crystal-
lization process results in specific liquid lines of
descent that differ considerably from those calcu-

Ž .lated at isobaric conditions Ariskin et al., 1995 .
The Simulating Layered Intrusion Formation

function was designed in the form of the INTRU-
SION subroutine to model complex magma differen-
tiation processes proceeding in closed magma cham-

Ž .bers Frenkel et al., 1988a,b, 1989 . This algorithm
includes a linkage between crystallization, crystal
settling, vigorous convection, mineral accumulation,

Žand thermal history in the magma chamber Ariskin
.et al., 1993; Chalokwu et al., 1996 . It allows the

user to study a diversity of liquid lines of descent
related to both perfect and partial fractionation
Ž .Maaloe, 1976 , as well as crystallization intermedi-
ate between equilibrium and fractional processes.

2.4. Verification of the COMAGMAT model

The best way to test phase equilibria models is to
compare modeled and experimental trajectories of
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ŽFig. 4. General flowchart of the COMAGMAT-3.5 model. This scheme demonstrates that switching on the dynamic calculations including
.the fractionation algorithms is organized to be after the equilibrium problem is solved at a given degree of crystallization.

equilibrium crystallization for the same initial liquid
compositions. Despite the fact that most of experi-
mental data represent melting experiments, the bulk
composition of the experimental starting material

may be considered as the initial liquid composition
for the following phase equilibria simulations. To
perform this comparative computations we used the
Simulating Equilibrium Crystallization option of
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Table 3
Compositions of basalts used in experimental studies and testing COMAGMAT calculations for tholeiitic systems at 1 atm pressure

Plot in Fig. 4 1 2 3 4 5 6
Study Walker et al., 1979 Grove and Bryan, 1983 Tormey et al., 1987 Grove et al., 1990 Snyder et al., 1993 Yang et al., 1996
Starting material MORB basalt Magnesian tholeiite Magnesian tholeiite MORB basalt Ferrobasalt 4-3 Low-Na

V30-RD8-P12 ALV-528-1-1 AII78-3-102 ALV-1690-20 Mg-tholeiite RE-46

SiO 48.73 49.60 48.80 50.00 47.40 48.802

TiO 1.21 0.67 0.96 1.66 2.27 0.622

Al O 16.19 16.00 17.50 15.70 14.20 15.402 3

FeO 9.29 9.57 9.58 10.20 14.34 8.91
MnO 0.18 0.16 0.14 0.14 0.20 0.16
MgO 8.05 10.40 9.62 7.78 6.13 10.70
CaO 12.43 11.90 10.20 11.00 9.04 13.50
Na O 2.24 1.74 2.71 3.07 2.97 1.552

K O 0.35 0.10 0.11 0.13 0.70 0.012

P O 0.00 0.00 0.00 0.16 0.22 0.032 5
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COMAGMAT-3.5 with the crystallization increment
Dw s1 mol%, calculating the course of equilib-cr

rium crystallization up to the bulk crystallinity w max
cr

s70%.

2.4.1. Testing 1 atm calculations
Six different tholeiitic compositions from six ex-

perimental studies were selected to test COMAG-
MAT calculations at 1 atm and dry conditions

Fig. 5. Comparison of experimental and calculated equilibrium liquidus relations of selected tholeiitic compositions. Numbers of plots
correspond to the starting materials in Table 3. Calculations were carried out at 1 atm with the use of the COMAGMAT-3.5 phase equilibria
model.
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Fig. 6. Modeled and experimental evolution of phase proportions
Žduring equilibrium crystallization of a tholeiitic basalt Grove et

.al., 1990 . Results of this modeling correspond to the crystalliza-
tion sequence 4 in Fig. 5.

ŽWalker et al., 1979; Grove and Bryan, 1983; Tormey
et al., 1987; Grove et al., 1990; Snyder et al., 1993;

.Yang et al., 1996 . All of the experiments were
carried out near the QFM buffer and cover the range
of temperatures 1050–12608C. Compositions of these

Ž .starting materials initial melts are listed in Table 3.
Results of comparisons of the modeled data with
those obtained in experiments are displayed in Figs.
5–7.

Six plots in Fig. 5 demonstrate that the COMAG-
MAT model fairly well predicts the crystallization
sequences in the tholeiitic systems: with the excep-
tion of the first Al and Ca enriched composition
Ž .Walker et al., 1979 , appearance of the minerals on
the liquidus corresponds to the order Ol"Pl™Aug

Ž .™Pig™oxides Mt" Ilm . Deviations of the calcu-

lated mineral crystallization temperatures from ex-
perimental values do not exceed 10–158C. Note, that

Ž .for the fifth composition Snyder et al., 1993 CO-
MAGMAT adequately ‘felt’ the saturation with
magnetite and ilmenite at late stages of crystalliza-
tion.

2.4.1.1. Crystallization proportions. Direction of liq-
uid lines of descent during magma crystallization
process is known to depend mostly on the propor-
tions between crystallizing minerals. For this reason,
the accuracy of the calculated mineral crystallization
proportions is the most important criteria of the
validity of any phase equilibria model. Earlier ver-
sions of COMAGMAT have demonstrated that this
model accurately reproduced proportions of the Ol–
Pl cotectics estimated from optical observations
Ž .Bender et al., 1978 . A further impression of the
accuracy of COMAGMAT can be obtained from
comparisons of the modeled phase proportions with
those found from mass-balance constraints based on

Ž .experimental phase compositions Fig. 6 . These plots
give evidence that COMAGMAT correctly predicts
mineral proportions for the crystallizing Ol–Pl–Aug

Ž .assemblage Grove et al., 1990 . Average mineral
crystallization proportions for six modeled tholeiitic
compositions are listed in Table 4.

2.4.1.2. Liquid lines of descent. If the crystallization
sequence, mineral compositions, and phase propor-
tions were calculated with a good accuracy, chemical
evolution of the liquid phase will also be predicted
correctly. This is due to conservation of mass of
chemical components in the modeled closed system.
As an example, two sets of liquid lines of descent

Table 4
Average mineral crystallization proportions calculated with COMAGMAT for the equilibrium assemblages shown in Fig. 5

Starting composition Crystallization proportions, wt.%
in Fig. 4 Ol–Pl Ol–Pl–Aug Ol–Pl–Aug–Pig Ol–Pl–Aug–Mt

1 29.0–71.0 6.6–44.3–49.1 – –
Ž .2 31.7–68.3 7.7–41.8–50.5 y2.5 –40.7–51.8–10.0 –

3 29.1–70.9 9.1–43.9–47.0 – –
Ž .4 26.4–73.6 5.5–46.2–48.3 y13.3 –43.3–53.3–16.7 –

Ž .5 26.4–73.6 7.8–43.2–49.0 – y12.9 –35.4–58.0–19.5
6 32.1–67.9 7.4–41.6–51.0 – –

Negative values for Ol indicate a peritectic reaction with the dissolution of this mineral during equilibrium crystallization.
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Ž .Fig. 7. Comparison of modeled liquid lines of descent with those observed in experiments Grove and Bryan, 1983; Tormey et al., 1987 .
Results of this modeling correspond to the crystallization sequences 2 and 3 in Fig. 5.

attributed to the calculated trajectories 2 and 3 in
Fig. 5 are compared with those from melting experi-

Ž .ments Grove and Bryan, 1983; Tormey et al., 1987
in Fig. 7. These results suggest that for the calculated

temperature-compositional trends are close to the
experimental dependencies. This gives us confidence
that chemical trends calculated with COMAGMAT
might be useful in petrological interpretations based
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on the genetic analysis of variation diagrams for
natural systems.

2.4.2. Testing Mt stability calculations
As mentioned above, the most recent modifica-

tions of COMAGMAT are concerned with the inte-
Žgration of new Mt- and Ilm-models Ariskin and

.Barmina, 1999 . To test more carefully the magnetite
model, we used experimental results by Hill and

Ž .Roeder 1974 , which are independent of the new
calibration. The authors presented data on the stabil-

Žity of Ti-magnetite in a ferrobasaltic system sample
.GL-RHB at 1 atm in a wide range of oxygen

Ž .fugacities y14- log f -y0.68 Fig. 8 . UsingO 2

the new COMAGMAT-3.5 model, a series of calcu-
lations simulating the course of 1 atm equilibrium
crystallization has been conducted for the range y10
- log f -y6, with GL-RHB composition as theO 2

starting composition.
These calculations were carried out at five oxygen

Ž .fugacities log f sy6, y7, y8, y9, and y10O 2

with the crystallization increment of 1 mol%, up to
11008C. The modeled results are shown in Fig. 8 and
demonstrate that this modeling realistically repro-

Fig. 8. Comparison of experimental phase assemblages produced
Žduring equilibrium crystallization of a ferrobasaltic melt Hill and

.Roeder, 1974 with those calculated using COMAGMAT-3.5
Ž .Ariskin and Barmina, 1999 . To minimize the effect of errors in
the calculated silicate minerals temperatures on the stability of
magnetite, those temperatures were increased by 158C for Ol and
108C for Pl. Numbers adjacent to the Mt saturation line indicate

Ž .X in magnetite calculated from Stormer 1983 .Ulv

duces crystallization sequences observed in the inde-
pendent experiments. Magnetite was calculated to be
the first phase to crystallize at f s10y6 bar, andO 2

the fourth phase crystallizing at f s10y9 bar.O 2

Calculated Mt crystallization temperatures differ from
those observed in experiments by no more than
10–158C, i.e., within the accuracy of the proposed
model. Note, the dependence of the calculated Mt
liquidus on oxygen fugacity changes with f : 30–O 2

358Crlog f at y7 - log f - y6, andO O2 2

158Crlog f at log f -y10. Accounting for theO O2 2

average temperature precision of the Mt model of
158C, one can guess that in practical calculations, a
shift of 0.5–1 log units may be observed in the
Ty log f diagrams for the calculated Mt stabilityO 2

field.

2.4.3. Testing calculations in hydrous systems
During the process of phase equilibria calcula-

tions in hydrous systems H O is considered to be an2
Ž .excluded incompatible component, completely par-

titioned in the liquid. In fact, the presence of water in
the system is only implied: this component does not
affect mineral component activities, so that the sili-
cate part of the melt evolves as if it is a dry system.
The enrichment of this implicit component in the
melt can proceed up to the level corresponding to the

Ž .water solubility limit at a given pressure, see Eq. 6 .
So the influence of H O on the calculated phase2

equilibria is accounted for only by means of decreas-
ing mineral crystallization temperatures in accor-

Ž .dance with Eq. 4 and correction coefficients listed
Ž .in Table 2 Almeev and Ariskin, 1996 . Such a

simplified, if somewhat primitive, approach allows
one to study general features of magma crystalliza-
tion in the presence of water, e.g., the decrease in Pl
crystallization field with increasing water content
resulting in the enrichment of the melt with Al O2 3
Ž .Ariskin et al., 1995 .

An example of such calculations is displayed in
Fig. 9, which is the projection of the compositions of
multiply saturated melts onto the OLIV–PLAG–CPX

Ž .diagram Tormey et al., 1987; Grove, 1993 . Two
modeled lines in this plot represent results of equilib-
rium crystallization calculations conducted in anhy-
drous and hydrous conditions at 2 kbar with a high

Ž .alumina basalt HAB as starting composition. Phase
Ž .relations of this HAB sample 79–35 g have been
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Fig. 9. Comparison of modeled dry and hydrous liquid lines of descent with the compositions of multiply saturated melts observed in
anhydrous and water-saturated experiments. Starting composition HAB represent a high-alumina basalt studied experimentally at 2 kbar

Ž .water pressure Sisson and Grove, 1993a,b . The field of dry cotectics was constructed from experimental glass compositions corresponding
Ž .to OlqPlqAug"Mt"PigqL assemblages extracted from the INFOREX database . Calculations with COMAGMAT-3.5 program

simulate equilibrium crystallization of HAB at 2 kbar in the absence of water and at 2 wt.% H O in the initial melt. The projection method2
Ž .is after Tormey et al., 1987; Grove, 1993 .

studied under the water pressure of 2 kbar field
Ž .Sisson and Grove, 1993a : experimentally obtained
compositions of these water-saturated glasses are
shown in Fig. 9. The lower field represents 41
experimental glass compositions corresponding to
Ol q Pl q Aug " Mt " Pig q L assemblages, ob-

Ž .served at 2 kbar and anhydrous dry conditions.
These experimental data were extracted from the

Ž .INFOREX-4.0 database Ariskin et al., 1997 .
One can see that the projection of the ‘dry’ mod-

eled liquid line of descent onto the diagram demon-
strates a common evolution toward the field of anhy-
drous cotectics, whereas the evolution of a hydrous
liquid line of descent with initial H O content of 22

wt.% results in the alumina-enriched water-saturated
Žcotectics observed in the experiments Sisson and

.Grove, 1993a . It is interesting to note, that the
calculated temperatures for the water-saturated melts
Ž .1022–10588C are close to those observed in exper-

Ž .iments 1000–10508C , with the calculated H O2

content in the melt ranging from 5.98 to 6.27 wt.%
Ž .Almeev and Ariskin, 1996 .

2.5. General notes to the use of COMAGMAT

Similar to other phase equilibria models, CO-
MAGMAT has an internal general temperature pre-
cision of about 10–208C, which is slightly different
for various minerals and depends upon the composi-
tional range under investigation. In many cases, such
precision provides realistic reproduction of the crys-
tallization sequences and liquid lines of descent,
especially for magnesian initial compositions with a
wide field of stability for OlqL and OlqPlqL
assemblages. If the initial melt is close to simultane-

Žous saturation with several phases e.g., OlqPlq
.AugqPigqMtqL , this simulation can result in

overestimated temperatures for one or two phases,
which may differ by 20–308C due to the differences
in the calculated temperatures, even within the com-

Ž .mon error e.g., q108C for Pl and y208C for Ol .
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To account for these problems we developed a sim-
ple procedure to correct the calculated temperatures
by means of setting a temperature shift for each
particular mineral at the initial stage of the calcula-

Ž .tions, see CORREC.DAT file Fig. 4 . Given the
possibility of systematic compositional dependencies
in the calculated temperatures, a special FUNLIQ
subroutine has been included in the COMAGMAT
model which is linked with the CORREC.DAT file
Ž .Ariskin et al., 1993 .

Thus, the first advice: do not hurry to conclude
that COMAGMAT is incorrect if during test calcula-
tions the calculated crystallization sequences are
found to differ from those you expected from a set of
experimental data or petrological observations. In-
stead, try to understand the reason for these differ-
ences by setting small temperature shifts for different
minerals or by slightly changing the pressure, redox
conditions or water content in the melt.

The second advice: we strongly recommend that
COMAGMAT be paired with the INFOREX experi-

Ž .mental database Ariskin et al., 1997 . The IN-
FOREX system includes an ability to create min-
eral–melt equilibria datafiles for a given range of

Žcompositions and conditions Meshalkin and Ariskin,
.1996; Ariskin et al., 1996 . Those files can be further

imported to COMAGMAT to test mineral–melt
Ž .equilibria temperatures see Fig. 1 in order to esti-

mate the presence of a systematic shift for a particu-
lar mineral. These shifts can be set into the COR-
REC.DAT files to be used in further calculations.

The third advice: before starting petrological cal-
culations, try to model the whole crystallization se-
quences available in the INFOREX database for the
compositional range of interest. Often, an additional
small shift of the calculated temperatures is neces-
sary to best fit the experimental data for these partic-
ular compositions. To conclude, the COMAGMAT

Žmodel works best for tholeiite-like systems Figs.
.5–7 , however, accounting for the above recommen-

dations, it may be also applied to mildly-alkaline and
calc-alkaline basalts and andesites.

3. Simulating the effect of magnetite fractionation
in ferro-basaltic magmas

Even after decades of investigation, debate sur-
rounding the role of magnetite crystallization in the

differentiation of basalt magmas remains one of the
most active in igneous petrology. This problem is
directly related to genetic interpretations of silicic
differentiates, which are important members of both
tholeiitic and calc-alkaline series. Most workers to-
day agree that the andesiterdiorite to rhyoliter
granophyre magmas originate by fractionation of a
basalt parent, however, there is a controversy about
redox conditions and the dominant phases control-
ling the covariation of iron and silica in the melt
ŽBabansky et al., 1983; Ghiorso and Carmichael,
1985; Grove and Kinzler, 1986; Kadik et al., 1986,
1990; Hunter and Sparks, 1987; Ariskin et al., 1988;
Shi, 1993; Sisson and Grove, 1993a,b; Snyder et al.,
1993; Thy and Lofgren, 1994; Toplis and Carroll,

.1996; Ariskin, 1998 . A key aspect of this discussion
is the relative role of magnetite and silicate mineral
crystallization in the formation of the observed series
of magmas. Both mechanisms have been proposed,
specifically, after experimental demonstrations that
increasing f will stabilize the magnetite field inO 2

basaltic systems, causing marked SiO enrichment in2
Žthe liquid Osborn, 1959; Presnall, 1966; Eggler and

.Osborn, 1982 , whereas changes in phase propor-
tions of olivine, plagioclase, and pyroxenes again
generate a derived suite of more silica enriched

Ž .magmas both at 1 atm Shi, 1993 and at elevated
Ž .pressures Grove and Kinzler, 1986 . In this section,

we will demonstrate the use of COMAGMAT in the
numerical study of the effect of Mt fractionation on
the liquid lines of descent originated from a ferro-
basalt parent at low pressure and under both open
and closed conditions with respect to oxygen. As a
model example, the differentiation of a parental
Skaergaard magma will be included in these consid-
erations.

3.1. Problems of differentiation of iron-enriched
tholeiitic magmas

A distinguishing feature of the tholeiitic differen-
tiation trend is a stepwise enrichment of residual
melts in iron oxides during the early and middle
stages of fractionation, followed with a marked de-
pletion at the late stage. There is a general consensus
that this enrichment with FeO is due to the low-tot

pressure fractionation of basaltic magmas, where
plagioclase is a predominant phase in the crystalliz-
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ing mineral assemblages, such as Ol–Pl and Ol–Pl–
ŽPx"Mt e.g., Grove and Baker, 1984; Ariskin et al.,

. Ž .1988 . Main discussions are concerned with 1 the
Ž .highest possible extent of the iron enrichment, 2

Ždirection of the SiO evolution enrichment or deple-2
. Ž .tion , and 3 the relative contributions of silicate

phases and magnetite to these major-element signa-
tures.

3.1.1. Mass balance constrains from the Skaergaard
intrusion

Using data on the relative volumes and average
compositions of cumulates from the Skaergaard in-
trusion, Wager with colleagues calculated composi-
tions of residual melts approximating the chemical
evolution of a parental tholeiitic Skaergaard magma

Žduring intrachamber differentiation processes Wager
.and Deer, 1939; Wager and Brown, 1967 . Accord-

ing to these mass balance constraints, while the
intrusion solidification degree F ranges from 0 to 88
wt.%, the calculated compositional series demon-
strates a monotonous increase in the sum of iron
oxides FeO from 9.6 to 18.2 wt.%, with a compli-tot

mentary decrease of SiO from 48.1 to 46.9 wt.%.2

The late stages of crystallization 88-98% are char-
acterized by a small increase in FeO up to 21.7%tot

and SiO up to 49.8%, followed by a decrease in the2

concentration of iron oxides and the formation of
very unusual ferro-dioritic compositions. At Fs
99.3%, the calculated differentiates contained 18.5

Ž .wt.% FeO and 55.0 wt.% SiO Fig. 10 . Thistot 2

mass balance derived chemical evolution has been
considered by several generations of petrologists as a
typical example of tholeiitic basalt magma fractiona-
tion, which corresponds to the high iron enrichment
Ž .Fenner’s differentiation trend. Similar estimates of
the compositions of derivative melts have been ob-
tained for some other mafic layered intrusions, e.g.,

Ž .Kiglapait Morse, 1981 .
Paradoxically, although highly Fe-enriched com-

positions containing up to 18–19 wt.% FeO havetot
Žbeen encountered in basalts and natural glasses e.g.,

.Brooks et al., 1991 , no volcanic equivalents of the
calculated ferro-diorites as the terminal products of
the Skaergaard magma differentiation have been
found. It might be also noted that the majority of
tholeiitic volcanic series display a moderate enrich-
ment in FeO, usually up to 13–15% while exhibiting

Ž .no decrease in SiO Osborn, 1979 .2

Fig. 10. Differentiation trends for two magmas proposed to be parental to the Skaergaard intrusion. The initial compositions correspond to
Ž . Ž . Žchilled marginal gabbro-EG4507 Wager and Brown, 1967 and KT-39 Hoover, 1989 . Mass-balance calculated trends: W&B Wager and

. Ž .Brown, 1967 ; H&S Hunter and Sparks, 1987 . Phase equilibria modeled trends represent results of calculations of fractional crystallization
Ž .of EG4507 and KT-39 with the use of earlier versions of COMAGMAT Ariskin et al., 1988, 1993 . These calculations were carried out in

the vicinity of QFM buffer, with the increment of crystallization 1 mol%. The modeled Mt crystallization temperatures were increased to
Ž .408C so that it can better fit the experimental data by Hoover 1989 for QFM buffer.
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(3.1.2. The effect of redox conditions experimental
)constrains

Ž .Probably, Osborn 1959 was the first petrologist
to provide a phase equilibria interpretation for these
observations. Based on the results of melting experi-
ments within the MgO–FeO–Fe O –SiO system,2 3 2

he established that similar shifts in the direction of
liquid lines of descent are due to different propor-
tions of magnetite fractionation, which, in turn, are
controlled by the redox conditions. It was found that

Župon closed-system crystallization with the bulk
3q 2q .Fe rFe ratio being constant , fractionation of Mt

does not cause the melt to be depleted in FeO ,tot

whereas if the system is open with respect to oxygen
Ž .f sconst , the content of iron oxides in the meltO 2

drops rapidly after the onset of magnetite crystalliza-
Ž .tion Osborn, 1959, 1979 .

Petrogenetic considerations of these chemical fea-
tures led Osborn to the conclusion that intra-chamber

Ždifferentiation processes for tholeiitic magmas in
.particular, for the Skaergaard magma , may probably

occur in a closed system, whereas the fractionation
of magmas parental to volcanic suites takes place

Žunder a certain oxygen pressure Osborn, 1959,
.1979 . This conclusion was also supported by experi-

Žments with synthetic Presnall, 1966; Eggler and
. ŽOsborn, 1982 and natural Babansky et al., 1983;

Kadik et al., 1986; Snyder et al., 1993; Thy and
.Lofgren, 1994; Toplis and Carroll, 1995 basaltic to

andesitic systems.

3.1.3. ReÕised direction of the Skaergaard magma
fractionation

A new surge of petrological interest to this prob-
lem was triggered after the publication by Hunter

Ž .and Sparks 1987 . These authors presented a set of
mass-balance and phase equilibria arguments that
cast doubt on the reality of the calculated trend of

Žthe Skaergaard magma differentiation Wager and
.Deer, 1939; Wager and Brown, 1967 . It was shown

that the principal contradiction of the Wager’s
mass-balance approach lies in the fact that this clas-
sical trend of super-enrichment with FeO accompa-tot

Ž .nied by a monotonous decrease in silica Fig. 10 is
inconsistent with the available estimates of the

Žparental Skaergaard magma composition sample
.EG4507, 48.1 wt.% SiO and experimental data on2

Žphase equilibria for mafic magmas Hunter and
.Sparks, 1987, 1990 . This high iron enrichment ver-

Žsus silica depletion trend appears to be difficult if
.not impossible to correlate with the low SiO con-2

Ž .tents 44–46% in the crystallization products of the
‘gabbroic assemblage’ Ol–Pl–Aug"Mt. Another
discrepancy with available experimental data is that
the calculated inflection point at which the iron
enrichment is changed to the silica enrichment does
not coincide with the appearance of Fe–Ti oxides,
which are known to appear quite early in the Skaer-

Žgaard Layered Series Wager and Brown, 1967;
.McBirney, 1989, 1996 .

ŽThus, it was suggested Hunter and Sparks, 1987,
.1990 that the differentiation of the Skaergaard

magma is actually an example of a common tholei-
ite-magma evolution similar to that observed among
volcanic suites in Iceland: ferro-basalt™andesite–

Ž .basalt ™ icelandite ferro-andesite ™ dacite
Ž .Carmichael, 1964 . During the early stages, this
fractionation process was caused by the crystalliza-
tion of the Ol–Pl"Aug assemblage, causing the
melt to be monotonously enriched in Fe0 , with thetot

SiO content being roughly constant in the range2

50–52 wt.%. The appearance of Mt at later fractiona-
tion stages caused the melt to be strongly depleted in
iron, accompanied by the complementary enrichment
in SiO . These speculations were supported by sim-2

ple mass-balance calculations, including subtraction
of specified amounts of the Skaergaard gabbroic
components from the proposed parental magma
Ž .Hunter and Sparks, 1987 , see the H&S trend in
Fig. 10.

It is noteworthy that the proposed method of
calculating compositions of magma differentiation
products based on the successive subtraction of the

Ž .gabbroic components Hunter and Sparks, 1987 has
the same drawback as Wager’s approach. The use of
the observed intrusive rock compositions in mass-
balance calculations does not allow one to account
for the possible presence of a trapped melt in the
cumulates, as well as the potential existence of sus-
pended crystals in the main magma body. From this
point, phase equilibria calculations simulating the
course of fractional crystallization may provide more
petrological information on the differentiation of

Žferro-basalt magmas Ariskin et al., 1988; Toplis and
.Carroll, 1996 .
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3.2. Computer simulations of the Skaergaard magma
fractionation

One of the main consequences of the Hunter and
Sparks’s interpretation was relatively high SiO con-2

tents in magmas crystallizing gabbroic assemblages
which gave rise to the cumulates of the Lower Zone

Ž .of the Skaergaard intrusion 50–52 wt.% . This sug-
Ž .gestion was based on the summary by Biggar 1983

who has reviewed data on experimental phase equi-
libria including OlqPlqCpx assemblages, as well
as petrological observations for some volcanic suites.

Ž .Accounting for magnetite qIlm precipitation after
appearance of clinopyroxene in the Skaergaard crys-
tallization sequence, this could mean that Fe–Ti
oxides also crystallized from the melts containing no
less 50–52 wt.% SiO . This was opposite to the2

Ž .W&B differentiation trend Fig. 10 . To study this
problem numerically we have conducted a series of
calculations simulating the course of fractional crys-
tallization for a proposed parental Skaergaard magma
under open and closed conditions with respect to

Ž .oxygen at 1 atm total pressure Ariskin et al., 1988 .

3.2.1. First calculations in open and closed with
respect to oxygen systems

These calculations were carried out using the
Ž .TOLEMAG program Ariskin et al., 1987 which is

Ž .a precursor of COMAGMAT Ariskin et al., 1993 .
The chilled marginal gabbro EG4507 was used as an

Ž .initial composition Wager and Brown, 1967 , with
the redox conditions varied in the range from QFM

Ž .to IW iron–wustite buffer . In general, these simula-
tions realistically reproduced the observed Skaer-
gaard crystallization sequence: OlqPl™OlqPlq
Aug™OlqPlqAugqMt"Pig, with the excep-
tion that Ilm was crystallized only at the most re-
duced conditions of the IW buffer.

What was important is that all of the calculated
trends indicated a marked increase in the silica con-
tent in the melt during fractionation of the ‘trocto-
litic’ OlqPl assemblage, up to ;50 wt.% SiO —2

the inflection point where Aug began to crystallize.
Similar results representing a renewed set of calcula-

Ž .tions with COMAGMAT-3.0 Ariskin et al., 1993 at
the QFM oxygen buffer are displayed in Fig. 10.
These recent simulations were conducted with two
compositions proposed to be parental to the Skaer-

Žgaard suite—EG4507 and KT-39 Hoover, 1989;
.McBirney, 1996 . According to these calculations,

both samples are OlqPl cotectics within 108C, with
Ž .liquidus temperatures of ;12408C EG4507 and

Ž .11708C KT-39 . They are characterized by the ap-
pearance of high-Ca clinopyroxene as a third crystal-
lizing phase, with a pronounced FeO enrichmenttot

up to the point where Mt began to crystallize. De-
spite an older magnetite crystallization model used in

Ž .the COMAGMAT-3.0 Ariskin et al., 1993 , the
simulated phase equilibria showed the compositional
evolution of the Skaergaard magma to be more
complex than can be inferred from simple mass-bal-

Žance calculations Wager and Brown, 1967; Hunter
.and Sparks, 1987 . For the further considerations

Ž .see Section 3.4 it is also important that the ob-
served compositional differences between samples
EG4507 and KT-39 might be linked by the fractiona-

Ž .tion or accumulation! of Ol and Pl crystals—Fig.
10.

Probably, the most interesting result of the earlier
Ž .simulations by Ariskin et al. 1988 was the recogni-

tion that the crystallization proportions for Mt in the
closed O system were calculated to be 1.5–2 lower2

Ž .compared with those for the open buffered O2

system. This resulted in changes in the extent of iron
enrichment, similar to that demonstrated recently in
the modeled FeO–SiO diagrams by Toplis and2

Ž .Carroll 1996 .

( )3.2.2. Simulations by Toplis and Carroll 1996
Based on the results of their previous experimen-

tal studies of phase equilibria in a synthesized ferro-
Ž .basalt system, Toplis and Carroll 1995 developed a

semi-empirical model, including known phase rela-
tions, mineral–melt partitioning information, and
mass-balance constraints. This model was used to
elaborate the consequences of equilibrium and frac-
tional crystallization for natural ferro-basaltic sys-
tems both open and closed to oxygen. Overall, re-
sults of these simulations supported data of previous

Žmodeling Ghiorso and Carmichael, 1985; Ariskin et
.al., 1988 that in a system open with respect to

oxygen Mt saturation ‘‘leads to strongly decreasing
iron and increasing silica contents of residual liquids,
whereas systems closed to oxygen crystallize less
abundant magnetite, leading to a less pronounced
iron depletion in the liquid’’.
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The starting composition on which this model was
Ž .calibrated Toplis and Carroll, 1995 and for which

these comprehensive phase equilibria were calcu-
lated, represents a synthetic analog of a dike rock

Žadjacent to the Skaergaard intrusion Brooks and
.Nielsen, 1978 and close in the bulk composition to

Žthe KT chilled marginal gabbro Hoover, 1989;
.McBirney, 1996 . So, it was not a surprise that the

Žmodeled liquid lines of descent Toplis and Carroll,
.1996 were found to be similar to those calculated

with COMAGMAT and shown in Fig. 10, in that
none of them reproduced the classical trend proposed

Ž .by Wager and Brown 1967 . Both models were
calibrated on independent experimental data sets and
use different computational algorithms, and it would
thus be imprudent to assume that the calculated
chemical trends are not correct. Note also, that these
models predicted limit of iron enrichment -20 wt.%
FeO .tot

3.3. Discussion of the Skaergaard differentiation
trend

This attempt to revise traditional views on the
evolutionary trend of the Skaergaard magma could
not but provoke a controversy among petrologists
who, to this day, have not resolved the contradictions
between the geological and mineralogical arguments
put forward by opponents of the new interpretation
ŽMcBirney and Naslund, 1990; Morse, 1990; Brooks

.and Nielsen, 1990 and the results of the above
Žmentioned calculations Hunter and Sparks, 1987,

.1990; Ariskin et al., 1988; Toplis and Carroll, 1996 .
In this context, it is especially difficult to interpret

Ž .experimental data by McBirney and Naslund 1990 ,
who presented a set of liquid compositions preserved
as an interstitial material in the cumulative rocks

Ž .they crystallized Fig. 11 . The liquid compositions
were obtained after melting experiments carried out
on the rocks of the Skaergaard Layered Series and
display an increasing enrichment in FeO and thetot

depletion in SiO , until a field of immiscibility is2
Ž .reached McBirney and Nakamura, 1974 . This ex-

perimental trend for cumulative rocks from the Lower
and Middle Zones corresponds well to that proposed

Ž .by Wager and Brown 1967 , and followed from
Žco-magmatic dike compositions Brooks and Nielsen,

.1978 .

Moreover, these compositions demonstrate that
such relatively low silica liquids could be in equilib-
rium with the observed ‘gabbroic’ assemblages, in-
cluding Ti-magnetite as a principal mineral. This is

Žimportant to note, as far as Hunter and Sparks 1987,
.1990 believed that the crystallization of OlqPlq

Cpx"Mt assemblages could proceed only from the
Ž .melts containing 50–52 wt.% SiO Biggar, 1983 .2

We have conducted a special search through the
INFOREX database, in order to find experimental
glass compositions corresponding to the equilibrium

Ž .with the OlqPlqAug assemblage "oxides in
natural systems. At least 50 glasses containing 45–49
wt.% SiO , mostly at 15–18 wt.% FeO were identi-2

fied in the library of experiments. Most of these
compositions include 3.5–5 wt.% TiO and might be2

Ž .addressed to Fe–Ti basalts Brooks et al., 1991 , so
that one can conclude that Wager’s and McBirney’s
trends in fact do not conflict with the phase equilib-
ria information.

Thus, the main problem of the Skaergaard magma
fractionation may be formulated as follows: how is it
that commonly used petrological techniques give rise
to liquid lines of descent opposite to those found in
phase equilibria simulations? Before trying to answer
this question, let us apply the COMAGMAT model
to get an independent estimate of whether or not the
parental melt compositions used in these simulations

Žwere correct Ariskin et al., 1988; Toplis and Car-
.roll, 1996 .

3.4. Estimates of the Skaergaard parental magma
composition

First of all note, that the use of the term ‘parental
magma’ in petrology is often of dual meaning, in its
application to mafic layered intrusions or differenti-
ated sills. Assuming a parental magma to be free of

Ž .suspended intratelluric crystals, that magma should
Žbe considered a pure liquid. Otherwise more typi-

.cally for natural processes , the parental magma
should be considered as a mixture of an initial
Ž .parental magmatic melt and crystal material, repre-

Žsenting a primary mineral assemblage Marsh, 1989;
.Chalokwu et al., 1993 . For the further considera-

tions, we will distinguish between the parental melt
and parental magma, implying that the term
‘magma’ is addressed exclusively to a heterogeneous
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Fig. 11. Calculated and experimental liquid lines of descent assumed to present the evolution of melts trapped in the Skaergaard cumulates.
Ž .Open diamonds represent the experiments carried out on the Marginal Border Series pristine cumulates Hoover, 1989 . Filled diamonds

Žcorrespond to trapped melts obtained in the melting experiments with cumulates from the Lower and Middle Layered Series McBirney and
.Nakamura, 1974; McBirney and Naslund, 1990 . Lines represent results of simulations of equilibrium crystallization of melts for six

Ž . Žmarginal cumulates initial compositions see Table 5 . These calculations were conducted with the COMAGMAT-3.5 model Ariskin and
.Barmina, 1999; this paper at 1 atm and QFM conditions. The temperature 1165"108C is assumed to indicate the primary equilibrium

temperature for the trapped melt.

system, whereas the parental melt is to represent a
liquid part of the igneous phase assemblage.

Probably, to accurately approach the parental
magma composition it is necessary to calculate an
average intrusion composition, weighted in accor-
dance with the spatial distribution and density of the
rocks composing the intrusive body. This approach
works perfectly well for documented vertical sec-
tions of tabular bodies, such as differentiated traps
Ž .Frenkel et al., 1988b, 1989; Barmina et al., 1989a .

Ž .Unfortunately, due to a varied often unknown in-
trusion form, these calculations could not be applied
to large layered complexes. It forces petrologists to
pay more attention to parental melt compositions,

which may also provide an important insight into the
prior fractionation and differentiation processes of
magma chambers.

The classic petrological–geological approach of
defining a parental melt composition is based on the
use of bulk analyses representing fine-grained

Ž .lithologies assumed to be chilled from the margins
Ž .of layered intrusions e.g., Wager and Brown, 1967 .

Such an approach is known to be effective if the
margin rocks experienced insignificant changes in
their composition due to thermal and chemical con-
tact processes. With the purpose of defining such
non-altered rocks, which also do not contain accumu-

Ž .lated minerals, Hoover 1989 undertook a detailed
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petrographic and geochemical screening of over 80
specimens from several contacts of the Skaergaard
intrusion. Finally, he presented a set of samples
Ž .chilled marginal gabbro found commonly within 1
to 3 m of the exposed intrusive contact and having

Žuniform ferrobasaltic compositions e.g., sample KT-
.39 in Table 5, Fig. 10 . The liquidus phase relations

of the KT-39 sample investigated experimentally at 1
atm were consistent with the sequence of cumulus
minerals observed within the Marginal Border Series

Ž .and the Layered Series Hoover, 1989 . As an inde-
pendent test of the parental melt composition, Hoover
Ž .1989 performed a few additional melting experi-
ments on cumulates, which represent the earliest and
the less fractionated rocks crystallized within the
Marginal Border Series. The purpose of these experi-
ments was to define liquid compositions which could
resemble melts trapped in the cumulates. The partial
melt compositions observed in the range of tempera-
tures of 1110–11808C were, it general, close to the

Ž .chilled marginal gabbro, such as KT-39 Table 5 . A
problem in the petrological interpretation of these
data is related to a disagreement between glass com-
positions obtained in similar melting experiments
conducted with cumulates from the Lower Zone of

Žthe Layered Series McBirney and Nakamura, 1974;
.McBirney and Naslund, 1990 . Both sets of the

experimental glass compositions are displayed in the
temperature–composition diagrams in Fig. 11.

Below, we will present results of phase equilibria
calculations carried out with COMAGMAT for sev-
eral cumulates from the Marginal Border Series.
These calculations are also intended to define the
trapped liquid compositions with the purpose of in-
terpreting relations between the experimental glass

Žcompositions Hoover, 1989; McBirney and Naslund,
.1990 and to provide an independent estimate of the

Ž .trapped parental? Skaergaard melt.

3.4.1. Method of Geochemical Thermometry
Geochemical Thermometry is a technique de-

signed for solving inverse problems of igneous
petrology targeted at extracting genetic information,
such as the temperature, trapped liquid and primary
mineral compositions as well as primary phase pro-
portions, as ‘recorded’ in the whole-rock chemical

Žcompositions Frenkel et al., 1988a,b; Barmina et al.,

.1989a,b; Chalokwu et al., 1993 . This method is
based on the premise that any crystal–liquid mush
Ž .e.g., cumulates , before complete crystallization, will
pass through a stage when relative movements of
accumulated crystals and trapped liquid have ceased.
In this case, the primary phase proportions and com-
positions would determine the bulk chemical compo-
sition of rocks crystallized later in situ from the
initial magmatic mixture. Considering a single rock,
for which its primary cumulative assemblage was in
equilibrium with a trapped liquid, one can expect

Ž .that the path of equilibrium closed system crystal-
lization for this ‘numerically molten’ rock must pass

Ž .through the point melt composition corresponding
to this primary equilibrium. If the temperature of this
equilibrium was known independently, it would be
possible to define the trapped liquid composition as a
melt corresponding to this temperature.

As a rule, the primary temperature is unknown, so
that even possessing information on the tempera-
ture–composition dependence of the melt evolution
does not allow one to determine the primary liquid
unambiguously. This is absolutely the same problem
as was encountered by experimentalists after melting

Žexperiments with the Skaergaard cumulates Fig.
.11 . This ‘temperature’ problem, however, may be

solved, if after petrological studies two or more
orthocumulates were identified to have originated
from a single primary cumulus assemblage. If these
cumulates have contrasting chemical compositions
with the differences caused by simple variations in

Žthe proportions of accumulated crystals e.g., Ol and
.Pl , one can state that calculating two or more equi-

librium crystallization trajectories inevitably will re-
sult in the compositional lines intersecting in the
T–X spacing. In such a case, the cluster in T–X
space of the concentrations of 10 major plus trace

Ž .elements will determine the initial parental liquid
composition, its primary liquidus temperature, as
well as phase proportions, including the amount of

Ž .trapped liquid Frenkel et al., 1988a,b .
The Geochemical Thermometry technique in-

volves computer modeling of the course of equilib-
rium crystallization for several igneous rocks which
are assumed to represent the same primary mineral–
melt assemblage, followed by a procedure of com-
parisons and searching for the intersection of the
calculated liquid lines of descent in the T–X space
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Table 5
Compositions of pristine marginal cumulates used for Geochemical Thermometry as well calculated, experimental and naturally observed compositions proposed to be parental
to the Skaergaard magmatic melts

Ž . Ž .Description Pristine marginal cumulates from Hoover 1989 Chilled gabbro Trapped liquid sparental melt ? Chilled gabbro
Ž . Ž .Wager and Brown, 1967 Hoover, 1989Sample UT-04 UT-08 EC-10 MEO-10 KT-47 Calculated Experiment

Ž .Distance m 2.5 8.5 1.0 3.0 6.0 EG4507 at 11658C at 11608C KT-39
? 0.5

Ž .SiO 44.65 48.38 46.92 47.45 48.19 48.08 50.01 0.42 51.30 49.692
Ž .TiO 0.69 0.60 0.63 0.40 0.81 1.17 1.68 0.33 1.61 2.662
Ž .Al O 4.88 20.91 9.36 18.32 11.37 17.22 12.95 0.07 12.99 13.212 3
Ž .FeO 14.16 7.19 12.84 9.49 11.04 9.63 13.24 0.51 13.55 12.76tot
Ž .MnO 0.24 0.10 0.10 0.15 0.19 0.16 0.19 0.05 0.26 0.22
Ž .MgO 23.61 7.06 17.22 9.83 14.53 8.62 6.90 0.11 6.13 6.61
Ž .CaO 9.15 11.79 11.14 10.40 11.60 11.38 12.40 0.20 11.15 10.18
Ž .Na O 0.81 2.61 1.22 2.36 1.78 2.37 2.37 0.15 2.37 2.372

U Ž .K O 0.03 0.17 0.04 0.06 0.13 0.25 0.26 0.03 0.28 0.562
U Ž .P O 0.00 0.03 0.02 0.00 0.08 0.10 0.15 0.05 0.09 0.222 5

Total 98.22 98.84 99.49 98.46 99.72 98.98 100.15 99.73 98.48
Ž .Mgr MgqFe 0.748 0.636 0.705 0.648 0.701 0.614 0.481 0.446 0.480

Ž .The ratio of molecular Mgr MgqFe is to use total iron.
Ž .The calculated parental composition represents an average for six liquid lines of descent being intersected at 11658C Fig. 11 .

Ž .Concentrations of K O and P O for the calculated melt correspond to an average for three samples with higher contents of these elements EG4507, UT-08, KT-47 .2 2 5
Ž .The experimental composition represents a glass after melting the cumulate EC-22 at QFM buffer Hoover, 1989 .
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Ž .Frenkel et al., 1988b . It is noteworthy that this
technique can be applied also to large compositional
datasets, even if it is difficult to make suggestions
concerning primary cumulus assemblages. In that
case, the problem of the identification of one or
several parental melt compositions could be solved
statistically, by finding the most compact clusters
including both major and trace element contents
Ž .Frenkel et al., 1988a .

3.4.2. Geochemical Thermometry of the Skaergaard
marginal cumulates

To reconstruct scenarios of the Skaergaard magma
evolution at the earliest stages, just after its emplace-
ment, we applied the Geochemical Thermometry

Ž .technique to six widely contrasted rocks Table 5 .
All these samples represent cumulus rocks from the
Marginal Border Series: five were selected within 1

Ž .to 8.5 m from the intrusive contact Hoover, 1989 ,
whereas the EG4507 composition was supposed to
resemble ‘the chilled marginal gabbro’ firstly used

Žas a parental Skaergaard magma Wager and Brown,
.1967 . These contact rocks represent almost ideal

compositions to which to apply Geochemical Ther-
mometry, mostly because they have no any clear

Ž .record of magma parental melt fractionation. An-
other reason to use this computational technique is
the contrasting compositions of the selected rocks,
varying from high-Mg olivine-rich to high-Al plagio-

Ž .clase-rich cumulates Table 5 . This is important. For
in our experience of the application of Geochemical
Thermometry to different compositions, the more
contrasted the compositions used, the more accurate

Ž .are the estimates of the trapped parental liquid
Žtemperature and composition Barmina et al.,

.1989a,b; Chalokwu et al., 1993 .
Using compositions of these six rocks as starting

liquids, the course of equilibrium crystallization up
to a total crystallinity of 80% was calculated with the
COMAGMAT-3.5 model. These calculations were
conducted at 1 atm pressure, under dry conditions
and the QFM buffer, with the crystal increment
Dw s1 mol%.cr

3.4.2.1. Crystallization sequences. The calculated ap-
pearance of minerals on the liquidus corresponds
well to the initial compositions, with a wide high
temperature field of olivine for high-magnesia sam-

Ž .ples UT-04, EC-10, KT-47 and an early crystalliza-
Ž .tion of plagioclase for UT-08 Table 5 :

UTy04: Ol 14438C ™Aug 12338CŽ . Ž .
™Pl 11748C ,Ž .

UTy08: Pl 13328C ™Ol 12318CŽ . Ž .
™Aug 11648C ,Ž .

ECy10: Ol 13858C ™Aug 11998CŽ . Ž .
™Pl 11878C ,Ž .

MEOy18: PlqOl 12488C ™Aug 11618C ,Ž . Ž .
KTy47: Ol 13468C ™Pl 11918CŽ . Ž .

™Aug 11898C ,Ž .
EG4507: Pl 12428C ™Ol 12258CŽ . Ž .

™Aug 11638C .Ž .
Two samples, MEO-18 and EG4507, indicate

Ž .sub-cotectic phase relations PlqOl in the range
1230–12508C. It is important also that in four cases
when Aug was calculated to be the third crystallizing
mineral, these temperatures were no less than 11618C.
Petrological observations also provide evidence that
high-Ca clinopyroxene in the Skaergaard intrusion
was the third crystallizing mineral in the Layered
Series, appearing soon after crystallizing a small

Žamount on the OlqPl cotectic Wager and Brown,
.1967; McBirney, 1989, 1996 . Thus the calculated

temperature of about 11608C should be considered a
lower limit for the trapped liquid temperature we are
looking for.

3.4.2.2. Liquid lines of descent. Modeled trajectories
of the probable trapped liquid evolution are shown in
Fig. 11. In the temperature–composition coordinates
these lines look like a ‘wisp’ demonstrating a closing
together followed with an obvious intersection at the
range of 1175–11558C. This intersection of the equi-
librium lines is consistent with the premise that the
selected cumulates are really mechanical mixtures of

Ž .cumulus crystals plus a trapped parental melt, oth-
erwise the liquid lines of descent for several various

Ž .samples would not intersect Frenkel et al., 1988a .
Visually, the temperature of this intersection cor-

responds to about 1165"108C—the value could be
accepted as the primary equilibrium temperature at

Ž .which a trapped probably parental melt was cap-



( )A.A. AriskinrJournal of Volcanology and Geothermal Research 90 1999 115–162142

Ž .tured by these cumulates Fig. 11 . Average liquid
composition representing this cluster of six evolu-
tionary lines is given in Table 5. Also present here is
an experimental liquid composition obtained at
11608C after melting of another marginal cumulate

Ž .EC-22 Hoover, 1989 . Comparison of the calculated
and experimentally obtained trapped liquids indicates
the close similarity of these compositions, with the
exception of the CaO content which is overestimated
by about 1 wt.% in the COMAGMAT simulations
Ž .Fig. 11 . From the other side, the differences be-
tween these estimated trapped liquids are less than
the differences with respect to the chilled margin
gabbro KT-39, which is relatively enriched with
incompatible components, such as TiO , K O, and2 2

Ž .P O Table 5 .2 5

At this stage, it is difficult to say unambiguously
if the observed differences are within the uncertain-
ties of experimental, computational, and analytical
techniques, or due to some principal differences in
the cooling history of the marginal cumulates. In any
case, these data indicate that an enlarged spectrum of
possible parental melt compositions should be in-
cluded in the considerations concerning the differen-
tiation of the Skaergaard magma. Coming back to
the problem of trapped liquid compositions obtained

Ž .experimentally by McBirney and Naslund 1990 , we
conclude that those represent not primary, but rela-
tively low temperature residual melts. Similar iron
and titanium enriched compositions were also ob-
tained in the COMAGMAT calculations simulating
the course of equilibrium crystallization at the tem-

Ž .peratures -11508C Fig. 11 .

3.5. Simulating fractionation of the Skaergaard
parental melts

A new version of the COMAGMAT-3.5 model
was used to quantify the effect of the redox condi-
tions on the fractionation of two proposed Skaer-
gaard parental melt compositions. The first one cor-
responds to an average trapped melt composition TM

Ž .calculated from the modeled 11658C and experi-
Ž . Ž .mental 11608C liquids Table 5 ; KT-39 is the

Ž .second selected parental melt Hoover, 1989 . Simu-
lations of the course of fractional crystallization were
carried out at 1 atm pressure, with the crystal incre-
ment Dw s1 mol%, up to the crystallinity of 80cr

mol%. Redox conditions of these calculations are
given representing crystallization under the QFM
and WM oxygen buffers.

3.5.1. The crystallization sequences
Fig. 12 illustrates the mineral crystallization se-

quences of the simulated fractionation. As shown in
these plots, the calculated liquidus temperatures for
TM are of 11588C for QFM and 11638C for WM
buffer; in the case of KT-39 these temperatures are
11708C and 11748C, respectively. For the TM par-
ent, the modeled crystallization sequence is OlqPl
qAug™PlqAugqMt which is independent of
the redox conditions. The main differences between
calculations at QFM and WM buffers, lies in the
higher crystallization temperature for Mt at more

Ž .oxidizing conditions Fig. 12 .
For the KT-39 composition, calculated phase rela-

tions turned out to be more complex. The modeled
crystallization sequence for silicate minerals is also
independent of f , whereas for the appearence ofO 2

iron–titanium oxides at the liquidus displays small,
yet significant differences: Ol™OlqPl™OlqPl
q Aug ™ Pl q Aug q Mt ™ Pl q Aug q Mt q Ilm
Ž .at QFM ; and Ol™OlqPl™OlqPlqAug™Pl

Ž .qAugq Ilm™PlqAugqMtq Ilm at WM . The
calculated sequence at QFM within the 10–158C
COMAGMAT accuracy level is well correlated with
experimental data obtained on the KT-39 composi-

Ž .tion Hoover, 1989 . The variance in the onset crys-
tallization temperatures for ilmenite and Ti-mag-
netite at QFM and WM is in good agreement with

Ž .the experimental data by Toplis and Carroll 1995 .

3.5.2. EÕolution of mineral compositions
Changes in the compositions of the modeled min-

erals are also displayed in Fig. 12. The most magne-
sian Ol was calculated to contain 74–76% Fo,
whereas the initial Pl composition is uniform, with
62–63 mol% An. This is in a marked disagreement

Ž .with experimental data by Hoover 1989 , who ob-
tained liquidus plagioclase at 11708C to contain 73%
An for KT-39. It is interesting, however, that Hoover
himself indicates that there were observed no com-
positions more basic than An among the cores of62

natural plagioclases in the KT-39 sample. The calcu-
lated high-Ca pyroxene compositions were varied in
the range En Wo near the liquidus to En Wo at44 41 26 30
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Ž . Ž .Fig. 12. Mineral crystallization sequences modeled at the fractionation of an average trapped melt TM and chilled gabbro KT-39 .
Simulations were conducted with the COMAGMAT-3.5 model at 1 atm and QFM to WM oxygen buffer conditions. Values to the right of
magnetite and ilmenite lines represent the percent of ulvospinel and ilmenite component in solid solutions calculated using the equations of¨

Ž .Stormer 1983 .

Ž .the late stage. The amount of ulvospinel Ulv and¨
ilmenite components in the Fe–Ti oxide solid solu-
tions was calculated using the equations of Stormer
Ž .1983 . Compositions of Mt and Ilm in Fig. 12 are
well correlated with changes in the oxidizing condi-
tions.

3.5.3. Liquid lines of descent
Fig. 13 shows the evolution of FeO and SiOtot 2

contents in the residual melts calculated as the frac-
tionation products of TM and KT-39 at QFM condi-
tions. Each of the compositions is represented by two
evolutionary lines: the upper one includes calcula-
tions without any temperature corrections in CO-

MAGMAT-3.5, whereas the lower line represents a
corrected model. Those corrections include slightly
decreased modeled temperatures for Ol, Pl, and Aug
Ž .y108C , and increased temperatures for Mt and Ilm
Ž .q158C . The given shift in the modeled tempera-
tures corresponds to the above discussed accuracy of

Ž .the COMAGMAT model see Section 2 , providing
a maximal estimate of possible shift for the calcu-
lated evolutionary lines.

As follows from this plot, the summarized shift in
the calculated temperatures of 258C results in the
changes of the maximal degree of FeO enrichmenttot

to be 1.5–2.5 wt.% at the same SiO content. This is2

comparable with the effect of oxygen fugacity on the
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Fig. 13. Calculated and natural differentiation trends proposed to the Skaergaard intrusion. Liquid lines of descent for TM and KT-39
compositions represent calculated fractional crystallization products at 1 atm and QFM conditions. For each of the compositions two

Ž .modeled lines are presented, covering the range of uncertainties of the COMAGMAT-3.5 model see text . The evolutionary line to the left
of the fractionation curves belongs to the simulations of equilibrium crystallization for the previously discussed chilled gabbro EG4507
Ž .Wager and Brown, 1967 . Filled diamonds correspond to trapped melts obtained in the melting experiments with cumulates from the Lower

Ž .and Middle Layered Series McBirney and Nakamura, 1974; McBirney and Naslund, 1990 . Open triangles include dike rock compositions
Ž .which were suggested to resemble the Skaergaard differentiation trend Brooks and Nielsen, 1978, 1990 .

onset of magnetite crystallization within 0.5–1.0
log f units. This is an important note, because theO 2

calculated phase equilibria information shown in Fig.
12 permits one to suggest small but well defined
variations in f conditions. Accounting for the un-O 2

certaintites of the COMAGMAT model, the follow-
ing conclusions could be drawn from the results of

Ž .modeling fractional crystallization Fig. 13 :
Ž .1 Both calculated liquid lines of descent exhibit

only minor decreases in SiO contents in the melt, as2

compared to the proposed Skaergaard FeO–SiO2
Žtrend Wager and Brown, 1967; Brooks and Nielsen,

.1978, 1990; McBirney and Naslund, 1990 .
Ž .2 Both trajectories indicate a determined inflec-

tion point, where the content of SiO starts to in-2

crease due to the appearance of Mt in the crystalliza-
tion sequence.

Ž . Ž3 The TiO enriched KT-39 composition Table2
.5 demonstrates a less pronounced effect on iron

enrichment, with a systematic difference of 2.5–3
wt.% FeO between the TM and KT-39 trajectoriestot

—Fig. 13.

Ž .4 The maximum possible extent of iron enrich-
ment in the parental melts can reach 20–23 wt.%
FeO .tot

3.6. Significance of the modeling for the Skaergaard
magma differentiation problem

Results of comparisons of the modeled and natu-
Ž .ral trends Fig. 13 leave two main alternatives in

solving this problem. This first one has already been
discussed in the previous sections and includes the
hypothesis that the Skaergaard magma gives an ex-
ample of a common evolution of ferro-basaltic mag-
mas, such as observed in volcanic environments
Ž .Hunter and Sparks, 1987, 1990 , with some differ-

Žences related to closed system crystallization Toplis
.and Carroll, 1996 . This interpretation implies that

Ž .the classic trend of Wager and Brown 1967 may be
flawed by erroneous relative volumes of the Skaer-
gaard zones, mostly due to the venting of a signifi-

Žcant amount of silicic differentiates Hunter and
Sparks, 1987, 1990; Ariskin et al., 1988; Toplis and

.Carroll, 1996 .
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Another explanation may be based on the premise
that the parental Skaergaard magma neÕer was a
pure liquid or a melt with a small amount of sus-
pended crystals. In such case, neither of the pro-

Ž .posed parental melts TM and KT-39 represent the
parental Skaergaard magma, with the calculated per-
fect fractionation trends in Fig. 13 not resembling a
real crystal fractionation process which occurred in
the Skaergaard magma chamber. One can expect, if
the Skaergaard magma came to the chamber with a
significant amount of crystalline material, its liquid
evolution would be in some way intermediate be-
tween equilibrium and fractional crystallization of
the crystal saturated magma.

To support this hypothesis, an additional calcu-
lated liquid line of descent is shown in Fig. 13. It
belongs to the simulations of equilibrium crystalliza-
tion for the previously discussed chilled gabbro

Ž .EG4507 Wager and Brown, 1967 . One can see that
the modeled line much better fits the silica depletion
trend, including both experimental data by McBirney

Ž .and Naslund 1990 and dike rock compositions of
Ž .Brooks and Nielsen 1978, 1990 . This coincidence

does not mean that the Skaergaard intrusion was
completely solidified by the equilibrium crystalliza-
tion mechanism. It may only indicate a serious petro-
genetic role of residual melts with compositions
controlled by a large amount of equilibrium sus-
pended or accumulated mineral phases.

3.6.1. Geological interpretation of Geochemical
Thermometry results

The second hypothesis based on the assumption
of a large amount of equilibrium minerals allows us
to formulate some geological and petrogenetic con-
clusions. One can suggest that the trapped parental
melts and in situ derivative residual melts might
migrate upward from the Lower and Middle Zones
of the Skaergaard intrusion, as a result of compaction

Žof the lower cumulates Naslund and McBirney,
.1996; Boudreau and McBirney, 1997 . This could

change their compositions by the magmatic metaso-
Ž .matism mechanism Irvine, 1980 , with chemical

sequences being opposite to that followed from sim-
Ž .ple fractional crystallization Frenkel et al., 1988b .

This common fractionation process operating through
settling of crystals inward from the roof was proba-
bly limited by the upper parts of the magma cham-

ber, where the amount of crystals suspended in the
magma was much less than in the lower zones. This
situation could explain the small amount of siliceous
differentiates relative to the total volume of the
Skaergaard magma chamber.

Results of Geochemical Thermometry indicate
EG4507 to contain at least 45 wt.% of Ol and Pl at
the estimated emplacement temperature of 11658C
Ž .Fig. 11 . In this context, petrologists again should
draw more attention to the ‘cumulus’ chilled marginal
gabbro similar to the EG4507 composition, as a
composition resembling the parental Skaergaard

Ž .magma Wager and Brown, 1967 . It contains Ol and
Pl in close to cotectic relations and during equilib-
rium crystallization exhibits an evolutionary trend
similar to that followed from natural and experimen-

Ž .tal observations Fig. 13 . It is important that the
evidence for the proposed complex fractionation hy-
pothesis is similar to the mass balance constraints

Ž .used by Wager and Brown 1967 and Hunter and
Ž .Sparks 1987 , and it would be erroneous to apply

this technique to the whole magma body.
Note once more, this combined fractionation, in-

cluding in situ crystallization and residual melt mi-
gration in the lower zones paired with the crystal
settling in the upper part, does not contradict that the
TM and KT-39 compositions present correctly esti-
mated trappedrparental liquids. The proposed two
layer structure of the Skaergaard magma chamber
assumes different regimes of chemical evolution of
the parental melts which could not fractionate by an
efficient separation of minerals within an initially
highly crystallized lower part of the magmatic sys-
tem. Probably, a systematic Geochemical Thermom-
etry of the Skaergaard intrusion rocks, both vertically
and in parallel to the magmatic layering, would
provide more insight into the evolution of the melt
compositions in different parts of this intrusion.

To conclude this section, I would suggest that the
classic Wager’s trend inferred from the structure of
the Skaergaard intrusion should be considered as an
exception rather than a rule for the differentiation of
ferro-basaltic magmas. This trend is probably pecu-
liar to the residual melts separated from highly crys-
tallized systems, which may have been fractionated

Ž .under closed with respect to oxygen conditions
Ž .Toplis and Carroll, 1996 . Magmas of same ferro-
basalt composition containing small amounts of sus-
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pended crystals will fractionate with the formation of
differentiates similar to the TM and KT-39 trends
shown in Fig. 13.

4. Simulating polybaric fractionation of high-
magnesia magmas and the formation of high-
alumina basalts from Klyuchevskoi volcano,
Kamchatka

In this section we will consider another example
of magma fractionation in a volcanic system generat-
ing parental magmas essentially free of suspended
crystals, mostly due to an efficient separation of
mafic minerals at depth. The purpose of this study is
to present a quantitative genetic interpretation of the

Žmagmatic series of Klyuchevskoi volcano Eastern
.Kamchatka, Russia . The lavas characteristic of this

Ž .volcanic centre range from high-Mg basalts HMB
Ž .to high-Al basalts HAB . To identify the petrologi-

cal processes responsible for the observed suite of
basalts, we used the COMAGMAT model to simu-
late the formation of the Klyuchevskoi suite assum-
ing isobaric crystallization of a parental HMB magma

Ž .at a variety of pressures 1 atm, 2,4, . . . 20 kbar , and
a separate set of simulations assuming fractionation
during continuous magma ascent from a depth of 60
km. The model that produced the best fit to the
magmatic series indicates that the petrochemical trend
can be produced by ;40% fractionation of ob-
served Ol–Aug–Sp"Opx assemblages during as-
cent of the parental HMB magma over the pressure
range 19–7 kbar at 1350–11108C, with ;2 wt.% of
H O in the initial melt and ;3 wt.% of H O in the2 2

Ž .resultant high-Al basalt Ariskin et al., 1995 . The
decompression hypothesis is in good agreement with
seismic data suggesting the absence of a magma
chamber under Klyuchevskoi volcano, where an iso-

Žbaric fractionation process could proceed Fedotov et
.al., 1990; Ozerov et al., 1997 . This polybaric mech-

anism is suggested to be typical for large island-arc
volcanic centres with a deep-seated feeding system
integrated into magma-generating zones in the upper
mantle.

4.1. Origin of island-arc high-alumina basalt

Hypotheses regarding the generation of subduc-
tion related high-Al basaltic magmas can be divided

into two main groups. The first one rose from the
Ž .classic work by Kuno 1960 who belived HAB to

be a primary magma generated by the partial melting
of a mantle peridotite. Later, this idea of a primary
HAB magma was transformed to another hypothesis
that high-Al basalts represent partial melts of sub-
ducted oceanic crust, including the incorporation of

Žsedimentary material in the melting zones Babansky
et al., 1983; Baker and Eggler, 1983; Brophy and

.Marsh, 1986; Johnston, 1986 . This view is based
mostly on the results of phase equilibria experiments
with HAB which have high-pressure anhydrous liq-

Žuidi defined by garnet and clinopyroxene Baker and
.Eggler, 1983; Johnston, 1986 , see also the review

Ž .by Myers and Johnston 1996 .
An alternative group of hypotheses was proposed

to consider high-Al basalts as derivative magmas
characterized by the enrichment with AI 0 caused2 3

by a delay in the plagioclase crystallization from
Žhydrous picrite–basalt magmas Yoder and Tilley,

.1962 . These magmas are supposed to be mantle-de-
rived high-magnesian melts which could fractionate
at moderate to low pressure to produce HAB liquids
ŽPerfit et al., 1980; Kay and Kay, 1985; Nye and

.Reid, 1986; Uto, 1986; Kersting and Arculus, 1994 .
This hypothesis was partly supported by a series of
anhydrous experiments with high-Mg basalts at 1

Žatm to 20 kbar pressure Gust and Perfit, 1987;
.Kadik et al., 1990; Draper and Johnston, 1992 .

Experimental glasses produced at the pressures above
8 kbar were found to contain 16–18 wt.% AI O ,2 3

thus approximating, in general, the natural HAB,
Žwith the exception of CaO contents and alkalis see

.the discussion below . The observed differences
might be ascribed to the absence of water in the
above experiments. Unfortunately, the number of
hydrous experiments with HMB is not sufficient to

Žsupport this view unambiguously Tatsumi, 1982;
.Tatsumi et al., 1983; Sisson and Grove, 1993a,b .

Other approaches to the interpretation of high-Al
basalts include the mechanical accumulation of pla-
gioclase crystals circulating in less aluminous mag-

Žmas Crawford et al., 1987; Plank and Langmuir,
.1988; Brophy, 1988; Fournelle and Marsh, 1991 , as

well as the reaction of ascending magmas with man-
Ž .tle wallrock e.g., Kelemen, 1990 . This wide spec-

trum of proposed hypotheses allows one to suggest
that HAB may be produced in a variety of ways,
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even by a combination of different mechanisms.
Nevertheless, it is undoubtedly true that the main
focus of the origin of high-Al basalts is whether the
igneous rocks represent primary or non-primary

Ž .magmas, see reviews by Crawford et al. 1987 and
Ž .Kadik et al. 1990 .

In this context, geological observations indicating
that high-alumina basalts are often associated with

high-magnesia basalts are of great importance. Such
associations have been observed at the Okmok and

ŽMakushin volcanoes in the Aleutian Islands Nye
.and Reid, 1986; Gust and Perfit, 1987 and at the

ŽKlyuchevskoi volcano in Kamchatka Khrenov et al.,
.1990; Kersting and Arculus, 1994 . Despite their

relative scarcity, HMB drew attention as potential
parental magmas derived from the upper mantle. The

Ž . Ž .Fig. 14. Location map of Klyuchevskoi volcano boccas, modified after V.N. Dvigalo Institute of Volcanology . 1 Cinder cones
Ž . Ž . ŽI—Bulochka, II—Novograblenov, Ill—Luchitskii, IV—Slyunin ; 2 1932–1990 lava flows and the years of eruptions V—Tuila,

. Ž . Ž .VI—Bilyukai, VII–Zavaritskii, VIII—Bylinkina, IX—Piip ; 3 dry river beds; 4 contour lines.
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main signature of its deep origin is a high magne-
sium number for Ol and coexisting pyroxenes which

Žcan reach 90–92% Kay and Kay, 1985; Ariskin et
.al., 1995 . It is interesting that such rare high-Mg

Žminerals were also observed in HAB Ozerov et al.,
.1996 : this may be considered indirect evidence for

the genetic link between HAB and HMB. High-mag-
nesian compositions of melt inclusions observed in

Ž .olivines Fo from Klyuchevskoi volcano sup-87 – 90
Žport the proposed genetic relations Sobolev and

.Chaussidon, 1996 .

4.2. Petrology of KlyucheÕskoi basalts

4.2.1. Geological setting of the KlyucheÕskoi Õolcano
Klyuchevskoi volcano, the largest and most active

volcanic centre in the Kamchatka peninsula, is lo-
cated at the junction between the Kurile–Kamchat-
kan and Aleutian Island arcs. It was constructed on
the slope of the older Kamen volcano, has a height
of approximately 4800 m, and is about 7000 years
old. This volcanic centre has a volume of 250 km3

with a mean rate of magma discharge of 55 million
Ž .tons per year Fedotov et al., 1990 . The volcanic

edifice consists of numerous basalt lava sheets and

pyroclastic materials, ranging continuously from
high-Mg basalts with )10% MgO, to high-Al

Žbasalts with )18% Al O Khrenov et al., 1990;2 3
.Kersting and Arculus, 1994; Ariskin et al., 1995 .

The cone of the Klyuchevskoi volcano is built up of
90% aluminous basalts, the remaining 10% are mag-

Žnesian and intermediate varieties Khrenov et al.,
.1990 .

Records of its eruptive activity from the 18th
century to 1932 indicate merely eruptions from the
summit crater. Because those were mostly explosive
and, occasionally, explosive–effusive events, the
volume of pyroclastic material in the cone is substan-
tially larger than that of lava flows. In 1932, a drastic
change in the Klyuchevskoi volcano activity was
observed: along with continued eruptions from the
central crater, flank eruptions began to take place,

Ž .commonly once every 4 years Fedotov et al., 1990 .
Sixteen large flank eruptions have occurred since
1932 with the formation of extensive lava flows,
ranging between hundreds of meters to 7 to 8 km in
length. These flank eruptions usually proceeded from
several radial fissures located mostly on the north-
eastern, eastern, and southeastern slopes. In addition,
there are more than 100 cinder cones on the slopes

Ž .of the Klyuchevskoi volcano Fig. 14 .

Fig. 15. Variation diagram for Klyuchevskoi basalts. I, II, III and IV correspond to average compositions of four types listed in Table 6.
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4.2.2. Classification of KlyucheÕskoi basalts
Earlier, the Klyuchevskoi lavas have been divided

into two groups—magnesian and aluminous basalts,
with transitional varieties assumed to contain about 7

Žwt.% MgO and 16–17 wt.% AI O Khrenov et al.,2 3
.1990 . The two-member division of the Klyuchevskoi

basalts was based on the use of MgO–AI O dia-2 3
Ž .grams Fig. 15 making it difficult to compare these

rocks with other magma types from subduction zone
volcanoes. To avoid a terminological confusion, we
have processed 242 compositions of Klyuchevskoi
basalts using a sophisticated classification program

Ž .called PETROTYPE Ariskin et al., 1995 . It allows
us to divide the whole set of analyses into four

Ž . Ž .groups: high-magnesia 15 samples , magnesian 46 ,
Ž . Ž .aluminous 50 , and high-alumina 131 basalts—

Table 6.
The observed changes, from high-magnesia to

high-alumina basalt, are marked by a monotonous
increase in the SiO , TiO , AI O , Na O, K O, and2 2 2 3 2 2

P O contents, with a complementary decrease in2 5

MgO and CaO. The content of FeO remains approxi-
Žmately constant, therefore, the MGNsMgr Mgq

.Fe value declines from approximately 0.7 to 0.5 in
Ž .more aluminous rocks Table 6 . These features pro-

vide evidence for fractionation of a primary high-Mg
magma through the separation of mafic minerals
Žwith or without insignificant plagioclase crystalliza-

.tion which may have been a process that controlled
the formation of the Klyuchevskoi series. This sug-
gestion is correlated with the evolution of normative
compositions in Table 6, which demonstrates a
marked decrease in the contents of olivine and diop-
side from group I to group IV. It led us to conclude
that the fractionation of Ol and high-Ca Cpx may
have played a dominant role in the formation of
chemical diversity of the magmatic series. This con-
clusion is supported by the compositional evolution
of phenocrysts and mineral inclusions observed in
the Klyuchevskoi basalts.

Table 6
Ž .Chemical and normative composition of main types of Klyuchevskoi basalts Ariskin et al., 1995

Ž . Ž . Ž . Ž .Type High-Mg basalt I Magnesian basalt II Aluminous basalt III High-Al basalt IV
n 15 46 50 131

Component
Ž . Ž . Ž . Ž .SiO 51.76 0.34 53.39 0.55 53.22 0.78 53.50 0.482
Ž . Ž . Ž . Ž .TiO 0.86 0.07 0.84 0.11 0.95 0.13 1.09 0.072
Ž . Ž . Ž . Ž .Al O 13.86 0.33 15.29 0.55 16.79 0.66 18.26 0.502 3
Ž . Ž . Ž . Ž .FeO 8.83 0.18 8.52 0.24 8.83 0.47 8.67 0.33tot
Ž . Ž . Ž . Ž .MnO 0.17 0.01 0.17 0.02 0.17 0.04 0.16 0.02
Ž . Ž . Ž . Ž .MgO 11.55 0.43 8.58 0.65 6.89 1.00 5.24 0.34
Ž . Ž . Ž . Ž .CaO 9.73 0.20 9.41 0.30 8.91 0.46 8.22 0.38
Ž . Ž . Ž . Ž .Na O 2.47 0.18 2.72 0.24 3.11 0.32 3.45 0.202
Ž . Ž . Ž . Ž .K O 0.63 0.09 0.90 0.15 0.96 0.19 1.20 0.102
Ž . Ž . Ž . Ž .P O 0.15 0.02 0.18 0.03 0.18 0.04 0.20 0.042 5

Ž .Mgr MgqFe 0.699 0.641 0.580 0.517
Ž .Car CaqAl 0.561 0.528 0.491 0.450

CIPW, wt.%
Or 3.72 5.32 5.67 7.09
Ab 20.90 23.01 26.31 29.19
An 24.88 26.86 29.02 30.80
Di 18.18 15.24 11.54 7.20
Hy 17.93 25.04 21.96 21.15
Ol 12.42 2.52 3.28 2.02
Ilm 1.63 1.60 1.80 2.07
Ap 0.36 0.43 0.43 0.47

Compositions were normalized to 100 wt.%.
Ž .Standard deviations for each composition 1s are given in parentheses.
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4.2.3. Mineralogy of KlyucheÕskoi basalts

4.2.3.1. Petrographic description. The Klyuchevskoi
lava’s are vesicular or massive basalts contai-
ning abundant phenocrysts of olivine and high-Ca

Ž .clinopyroxene augite . Occasional grains of plagio-
clase may be observed in the magnesian basalts, but
systematic occurrence of the mineral phenocrysts is
commonly recorded in the aluminous to high-alumina
varieties. These phenocrysts range between 0.1 and 1
mm in size; rare grains of olivine and pyroxene can
reach 5–7 mm across. All of the rock types contain
abundant glomerocrysts, which may be as large as 10
mm. The Ol–Cpx assemblage is dominated by olivine
in highmagnesia basalts and by clinopyroxene in the
magnesian and aluminous basalts. Occasional or-
thopyroxene grains, sometimes interlocked with pla-
gioclase or clinopyroxene, have been found only in
the aluminous and high-alumina basalts. However,
during microprobe studies Opx was identified as
solid-phase inclusions in both Ol and Cpx in all rock

Ž . Ž .types Ozerov et al., 1996 . Cr-rich spinel picotite
occurs as inclusions in olivines, especially from the
high-magnesia and magnesian basalts. The total
amount of phenocrysts and glomerocrysts varies be-
tween 3 and 7 vol.% in the high-magnesia and
magnesian rocks and may reach as high as 20 vol.%
in the high-alumina basalts. The groundmass varies
from vitrophyric to intersertal. It is dominated by
thin plagioclase laths and fine intergrowths of olivine,

Ž .clinopyroxene augite or pigeonite , and titanomag-
netite. The mesostasis consists of slightly altered or
devitrified glass, which has an andesite–dacite com-

Žposition in the aluminous basalts Ozerov et al.,
.1996 .

4.2.3.2. Microprobe studies. Chemistry of rock-for-
ming minerals from the Klyuchevskoi lavas has been
reported in a series of papers published in the Rus-

Žsian literature by Ozerov and Khubunaya Institute
of Volcanology, Petropavlovsk–Kamchatskii, Rus-

.sia . More recent data include publications by Kerst-
Ž . Ž .ing and Arculus 1994 , Ariskin et al. 1995 , and

Ž .Ozerov et al. 1996 . These compositional data re-
veal several points of present interest.

First, there is a fairly magnesian assemblage of
Ž . Ž .Cpx MGN s 87–90 and Ol MGN s 88–92 ,

which contain numerous inclusions of Cr-, AI-, and

ŽMg-rich spinel with occasional orthopyroxene up to
.MGNs89 . Such high-Mg minerals are most abun-

dant in the high-magnesia and magnesian basalts,
however, they also may occur in the aluminous and
high-alumina rocks. Second, the compositions of the
cores of Ol, Cpx, and Opx in the phenocrysts and
mineral inclusions indicate considerable variations,
ranging from MGN of 90 to MGNs65–70 in the
same sample. Third, the composition of Pl phe-
nocrysts varies from An to An , however, the84 – 85 60

MGN number of Ol and pyroxene inclusions in the
Ž .plagioclase never exceds 72–76 Ozerov et al., 1996 .

This indicates Pl to be a late mineral phase in the
Klyuchevskoi magma crystallization sequence.

Many of Ol and Cpx phenocrysts exhibit normal
zoning manifested in the more ferroan outer zones,
with the compositional differences not exceeding a
few mol%. Some samples demonstrate a more com-
plex zoning, from normal to reversed and vice versa,
which is particularly distinct in the clinopyroxene

Ž .grains Kersting and Arculus, 1994 . This pattern is
interpreted as an indication of magma compositional
heterogeneity produced by the mixing of liquid frac-
tionation products prior to the eruptive phase
Ž .Sakuyama, 1981 . The distinct bimodal distribution
of the mineral compositions in the most of

ŽKlyuchevskoi lavas is supportive of mixing Ozerov
.et al., 1996 .

4.2.4. Petrogenetic significance of Ol–Cpx–Sp glom-
erocrysts

We conducted a detailed microprobe study of the
mafic mineral compositions with the goal of defining
the compositions of coexisting olivine and clinopy-

Ž .roxene glomerocrysts Ariskin et al., 1995 . About,
11 samples from 10 lava flows representing all types
of the Klyuchevskoi basalts have been investigated.
These analytical studies were carried out in the
Microprobe Laboratory at Oregon State University
Ž .Corvallis, USA using thin sections that have been
scanned previously with an express probe to identify
the polymineral intergrowths. The basic genetic as-
sumption was that crystals constituting the glomero-
crysts may represent cotectic assemblages that have
been crystallized simultaneously from parental or
derivative Klyuchevskoi magmas.

The observed relations between MGN values for
clinopyroxenes and Fo contents in olivines are shown
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in Fig. 16. Analyses of the coexisting minerals con-
firm that they represent an extremely magnesian
association that can be correlated to the bulk rock

Ž .type Fig. 15 . Interesting enough, the spinel inclu-
sions in Ol also exhibit a fairly systematic decrease
in Cr and Mg concentrations with the declining Fo

Ž .content Ariskin et al., 1995 . This may imply that
mafic magma fractionation controlled by the multi-
ple saturated cotectic began early in the evolution of
the Klyuchevskoi igneous system. The observed
compositional relations for other mafic mineral pairs
Ž .Cpx–Opx and Opx–Ol are similar to those shown

Ž .in Fig. 16 Ariskin et al., 1995; Ozerov et al., 1996 .
Thus, the results of microprobe studies of the coex-

Ž .isting cotectic mineral intergrowths and mutual
mineral inclusions can be summarized as two princi-
pal conclusions on the origin of the Klyuchevskoi
basalts:

Ž .1 The broad range of mafic mineral composi-
tions in the same sample indicates that, by the time
of the eruption, these basalts represented radically
non-equilibrium associations of the magmatic melt
and suspended minerals. This allows one to suggest

Žthat both parental and derivative magmas including

crystals produced during various stages of the magma
.fractionation could be arbitrarily mixed in the

Klyuchevskoi conduit.
Ž .2 The range of compositions observed in the

mineral pairs may be attributed to a set of related
cotectic assemblages generated by progressive frac-
tionation corresponding to the following sequence
Ž .Ariskin et al., 1995 :

Ol Fo qCpx MGN qSp CRNŽ . Ž . Ž .90y92 89y91 70y72

´Ol Fo qCpx MGNŽ . Ž .87y88 86y87

qOPx MGN qSp CRNŽ . Ž .88y89 65y70

´Ol Fo qCpx MGNŽ . Ž .75y77 79y80

qOPx MGN qSp CRNŽ . Ž .78y79 20y30

qPl An ,Ž .65y77

Ž 2q. 3qwhere MGNsMgr MgqFe and CRNsCr r
Ž 3q 3q 3q.Cr qAl qFe . In order to put preliminary
constraints on the initial conditions of this fractiona-
tion process, let us consider experimental data on Ol
and Cpx compositions observed in 1 atm and high-
pressure experiments.

Fig. 16. Compositions of coexisting olivines and clinopyroxenes observed in Klyuchevskoi basalts and obtained in melting experiments.
Ž .Natural compositions are from Ariskin et al. 1995 . Experimental mineral compositions were extracted from the INFOREX-4.0 data base

Ž .Ariskin et al., 1997 and include results of 20 studies: 55 runs carried out at Ps1 atm and 44 runs in the range 2–20 kbar. This set of
Ž .experiments represents runs with duration no less 12 h and glasses with Na OqK O -5 wt.%.2 2
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These data have been extracted from the IN-
FOREX database and also plotted in Fig. 16. This
information represents the results of 20 studies in-
cluding, 55 runs at Ps1 atm and 44 runs in the
pressure range 2–20 kbar, for experimental glasses

Ž .with Na OqK O -5 wt.%. The distribution of2 2

these data as a function of pressure is of principal
importance. As seen in Fig. 16, most of the experi-
ments carried out at atmospheric pressure fall into
the region of iron-rich compositions, reflecting the
late crystallization of Cpx at the temperatures below
11808C. At pressures of 2–9 kbar, the Cpx composi-
tions overlap the MGN range of 74–85, whereas the
most magnesian clinopyroxenes with MGN;90
were obtained only in high-pressure experiments at
Ps15–20 kbar. These high-pressure OlqCpx as-
semblages were observed to be in equilibrium with
highly magnesian experimental glasses, containing
more than 10 wt.% MgO, similar to HMB of

Ž .Klyuchevskoi volcano Table 6 . It allowed us to
suggest that the average composition of high-mag-
nesia basalts might be assumed to approximate
magma parental to the volcanic suite, which proba-
bly began to crystallize at depths corresponding to

Ž .pressures of 15–20 kbar Ariskin et al., 1995 .

4.3. Modeling the formation of high-alumina basalts
of the KlyucheÕskoi Õolcano

The proposed link between high-Mg basalts and
HAB includes the removal of mafic phases, princi-
pally olivine and augite. Using the COMAGMAT-3.0

Ž .model Ariskin et al., 1993 , we have calculated Ol
compositions on the liquidus of the average HMB
Ž .Table 6 for the pressure range of 0.001–20 kbar
and oxygen fugacity corresponding to the QFM
buffer. The calculated values fall into the range
Fo which is close to the most magnesian Ol89.3 – 90.3

compositions observed in the Klyuchevskoi lavas
Ž .Fig. 16 . In order to conduct similar calculations for
Cpx there is a need to specify a range of pressures at
which Ol and Cpx may coexist on the liquidus. To
approach the goal, a series of polybaric calculations
simulating the course of equilibrium crystallization
for the average high-Mg basalt at 1 atm to 20 kbar

Ž .was carried out Ariskin et al., 1995 . The main
results of these simulations are summarized in Figs.
17 and 18.

4.3.1. Simulating equilibrium crystallization of the
KlyucheÕskoi basalts at anhydrous conditions

The calculated anhydrous P–T phase relations of
the average high-magnesia basalt are shown in Fig.

Ž .17 see HMB plot . This phase diagram demonstrates
common properties of basaltic systems concerning
the expansion of the phase volume of pyroxene at
the expense of Ol and Pl with increasing pressure.
For further considerations it is important that at
pressures of about 18 kbar, the high-Mg melt appears

Ž .to be saturated with olivine Fo and augite90.3
Ž .MGNs89.8 , that is, with the two main phases
corresponding to the most magnesian mineral associ-

Ž .ation observed in the Klyuchevskoi lavas Fig. 16 .
This may be considered as one more indirect evi-
dence for the high-pressure nature of the primary

Ž .high-Mg association. The field of Opx MGNs89.7
is modeled to be close to the liquidus.

Two upper plots in Fig. 18 display a series of the
liquid lines of descent calculated for the ‘dry’ poly-
baric conditions ranging from 1 atm to 20 kbar. The
strong inflection in the CaO–MgO plot represents
the point at which the magma encounters the Ol–Cpx
cotectic. One can see that at pressures of more than 8
kbar equilibrium crystallization of the HMB compo-
sition results in Al O -enriched liquids, which how-2 3

ever, do not provide an adequate match with the
range of natural compositions. The Klyuchevskoi
trend appears to cross all the calculated lines, if the

ŽCaO–MgO diagram is used for comparisons Fig.
.18 . This problem is somewhat similar to that en-

Ž .countered by Draper and Johnston 1992 , who tried
to apply results of high-pressure experiments with a
high-magnesia basalt from Idak plateau for genetic
interpretations of associated high-alumina basalts

Ž .from Okmok volcano Umnak Island, Aleutians .
The lower-temperature experimental liquids were also

Žpoorer in CaO than typical HABs see two lower
.plots in Fig. 18 .

Ž .As noted by Johnston 1986 and Draper and
Ž .Johnston 1992 , this discrepancy could be resolved

if there is a mechanism which permits olivine to be a
liquidus phase for HAB at the appropriate pressure.

Ž .However, Baker and Eggler 1983 and Johnston
Ž .1986 reported plagioclase as the liquidus phase up
to ;17 kbar with clinopyroxene and garnet assum-
ing the liquidus at progressively higher pressures

Žunder anhydrous conditions see also the calculated
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Ž .Fig. 17. Modeled anhydrous P–T phase relations of typical Klyuchevskoi basalts calculated with COMAGMAT-3.0 Ariskin et al., 1993 .
Ž .The diagrams were constructed from isobaric equilibrium crystallization sequences calculated for four initial melts see Table 6 at the

pressures of 1 atm, 2, 4 . . . 20 kbar. These calculations were carried out with the crystallization increment Dw s1 mol%, up to the totalcr

percent crystallized w max s60%. The basic version of COMAGMAT-3.0 was slightly modified through small changes in ‘high-pressurecr
Ž Ž ..parameters’ b for Aug and Opx see Eq. 3 in order to reduce the modeled field of Opx at high pressures, as it was assumed from natural

observations.

P–T diagram for the average HAB of Klyuchevskoi
.volcano in Fig. 17 . In an attempt to solve this

Ž .problem, it was suggested that either 1 olivine is in
a reaction relationship with HAB melts and so would

Ž .not appear as a liquidus phase, or 2 water presence
in the igneous system caused the primary crystalliza-
tion of Ol to expand at the expense of Pl, so as to

Žencompass HAB compositions Draper and Johnston,
.1992 . Consideration of the results of melting experi-

ments on HAB and HMB compositions indicates the
Ol-melt reaction is unlikely to account for the lack of

Žliquidus olivine in high-alumina basalts Myers and
.Johnston, 1996 . Thus, some amount of H O appears2

to be necessary to enable high-Mg basalts to evolve
to HAB through fractionation of mafic phases.

This suggestion is also true for the Klyuchevskoi
basalts, but with one exception. Both mineralogical
and petrochemical data provide evidence for the
OlqCpx cotectic controlling the formation of HAB
at the entire range of compositions, from high-mag-
nesia to Al O enriched liquids: decreasing CaO2 3

contents in the natural series unambiguously indi-
cates clinopyroxene was a cotectic phase with olivine
Ž . ŽFig. 18 . However, at 8–18 kbar i.e., in the range

.of modeled ‘high-alumina basalt’ compositions there
would be a large interval within which Ol would
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Ž .Fig. 18. Calculated and experimental liquid lines of descent for high magnesia basalts from Klyuchevskoi volcano Kamchatka and Okmok
Ž .volcano Aleutians . Calculations of equilibrium crystallization of the average Klyuchevskoi HMB were carried using a modified

Ž . Ž .COMAGMAT-3.0 model Ariskin et al., 1993 . Representative compositions of the Klyuchevskoi basalts are from Ariskin et al. 1995 .
Ž . Ž .Experimental glass and natural HAB AleutiansqCascades compositions are from Draper and Johnston 1992 .

crystallize alone before Cpx would begin to form
Ž .Fig. 17, HMB plot . This would result in increasing

ŽCaO contents see upper CaO–MgO diagram in Fig.
.18 . A possible explanation of these discrepancies is

to link the formation of the observed suite with
decompression fractionation of a parental high-mag-
nesia magma containing a small but significant
amount of water, during a continuous ascent from
the depth of 60 km, corresponding to the calculated

Ž .OlqCpx saturation point Ariskin et al., 1995 .

4.3.2. Simulating decompression fractionation of the
KlyucheÕskoi magma at water undersaturated condi-
tions

If the series of Klyuchevskoi lavas was really
produced by fractionation during decompression, then
the more evolved basalts should be multiply satu-
rated with Ol and Cpx at progressively lower pres-

sures. Results of phase equilibria calculations at
anhydrous conditions for other types of Klyuchevskoi
basalts do not contradict this decompression hypoth-
esis. The average magnesian basalt is saturated with
Ol and Cpx at 10–11 kbar, whereas aluminous basalt
indicates the OlqPlqCpxqOpx liquidus at ;7

Ž .kbar Fig. 17 . Moreover, the natural trends suggest
that the proportion of high-Ca pyroxene crystalliza-
tion at the Ol–Cpx–Sp cotectic was lower than that

Ž .calculated assuming isobaric crystallization Fig. 18 .
This fact could be also addressed to the decrease in
the phase volume of clinopyroxene during decom-
pression.

To constrain this hypothesis numerically, we have
developed a subroutine of the COMAGMAT model
to calculate changes in phase equilibria as the magma
is assumed to simultaneously rise and fractionate
Ž .Ariskin et al., 1993 . This subroutine was integrated
into the COMAGMAT model as the Decompression
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Ž .Crystallization routine Fig. 1 . This option allows
the user to change the pressure during simulating the
course of equilibrium or fractional crystallization by
means of varying an input parameter called the rate

Žof decompression d Prdw kbarrmol% crystal-cr
.lized .

On this basis a series of almost 600 forward
models of the decompression fractional crystalliza-
tion of the Klyuchevskoi HMB have been conducted.
This series of calculations used different parameters,
such as initial and final pressures of fractionation
Ž .from 18–20 kbar to 5–10 kbar , rate of decompres-

Ž .sion y0.50Fd Prdw Fy0.10 , initial H O con-cr 2
Ž .tent in the parental magma 0.2–2.0 wt.% , as well

the effect of water on mineral crystallization temper-
Ž .atures Table 2 . The purpose of this modeling was

to constrain the conditions that would reproduce the
natural trends. The model that produced the best fit
to the observed suite of Klyuchevskoi lavas is shown
in Figs. 19 and 20.

According to this optimal model, the proposed
parental HMB magma, containing about 2 wt.%
H O, began to fractionate with the Ol–Cpx"Sp2

cotectic at P;19 kbar and T;13508C. Olivine and
augite fractionated with an average rate of decom-
pression of d Prdw sy0.33 kbarrmol%, in thecr

Žproportion ;1:1.5 up to 12608C ;15 kbar, w scr
. Ž .15 wt.% , when magnesian Opx MGNs87.8

joined the liquidus minerals. The continued fraction-
ation of these minerals is distinguished by the in-

Ž .creased amount of crystallizing Cpx up to 90% .
The proportion of Ol was decreased to 15–10 wt.%
with that of orthopyroxene being as low as 2%. More
efficient separation of Cpx resulted in the CaO–MgO
trend bending toward a greater decline in CaO at the

Ž .late stages of the polybaric crystallization Fig. 19 .
Plagioclase was calculated to crystallize at a pressure
of 7 kbar, a temperature of 11108C, and about 3
wt.% H O in the residual melt. At this stage, the2

bulk degree of fractionation with respect to the initial

Ž .Fig. 19. Modeled trends of decompression fractional crystallization for the average Klyuchevskoi high-Mg basalt Type I from Table 6 .
Ž .Calculations were carried using a modified COMAGMAT-3.0 model Ariskin et al., 1993 , assuming crystal increment of 1 mol%, initial
Ž . Žpressure Ps19.3 kbar, the rate of decompression d Prdw sy0.33 kbarrmol% , initial water content 2 wt.%, and QFM buffer Ariskincr

.et al., 1995 . Values near the calculated lines represent decrease in the temperature and pressure during the decompression fractionation.
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Fig. 20. Modeled crystallization sequence and compositional evolution during decompression fractional crystallization for the average
Ž .Klyuchevskoi high-Mg basalt as a function of depth, magma temperature and degree of fractionation w . Conditions of calculations see

captions to Fig. 19. This plot demonstrates that HAB melts are formed at the depths of 20 km. At higher levels these melts take part in the
Ž .processes of mixing with other even more primitive differentiates and undergo abundant Pl crystallization due to degassing of water,

generating observed varieties of high-alumina, alumina, and probably magnesian basalts.

HMB liquid is 36% and the modeled residual melt is
compositionally similar to the Klyuchevskoi high-

Ž . Žalumina basalts Figs. 19 and 20 Ariskin et al.,
.1995 .

4.4. Significance of the modeling for the problem of
origin of high-Al basalts

The proposed model of decompression fractiona-
tion of a parental high-magnesia magma may be
considered as a plausible mechanism responsible for
the formation of subduction zone high-Al basalts. A
key aspect of this model is the decrease in pressure
during crystallization, which allows a multiply satu-
rated mafic mineral assemblage to fractionate over a
wide range of pressures, which depends mostly upon
the contents of MgO and CaO in the parental HMB
magma. In the case of Klyuchevskoi basalts, these
pressures range approximately from 19 to 7 kbar. As
was mentioned in Section 2.2.4, the use of the
polybaric version of COMAGMAT may result in a
misfit of 2–3 kbar: this accuracy of the phase equi-
libria calculations should be kept in mind during
geological interpretations of the results obtained.

Another important factor of the proposed model is
a monotonous increase in water content, from ap-
proximately 2 to 3 wt.%, which results in a consider-
able delay of Pl crystallization and the formation of
high-alumina differentiates containing at least 18
wt.% Al O . It is interesting that independent esti-2 3

mates of water contents in melt inclusions observed
in olivines from Klyuchevskoi magnesian basalts
indicate 1.85% H O at 10.3% MgO and 2.46% H O2 2

Žat 8.8% MgO in the trapped melts Sobolev and
.Chaussidon, 1996 . These estimates were obtained

by ion microprobe and are in good agreement with
the results of computer modeling indicating 2 wt.%

Ž .water in the initial HMB liquid Fig. 20 .

4.4.1. Dynamic interpretation of the decompression
modeling

The decompression model is principally a thermo-
dynamic model indicating the range of external con-
ditions under which the proposed parental melt might
pass from one state, corresponding to a high-mag-
nesia magma, to another state, corresponding to the
observed compositions of high-alumina basalts. Thus,
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it cannot be regarded as an all-embracing model of
the magmatic evolution of Klyuchevskoi volcano
accounting for the complex history of the volcanic
centre which probably included mixing between dif-
ferentiates, magma recharge, as well degassing and
eruptions. Dynamics or real physical mechanisms
responsible for the proposed fractionation process
are incorporated here implicitly—through a parame-
ter characterizing the rate of decompression d Pr
dw . It is obvious that the assumed optimum valuescr

of d Prdw sy0.33 kbarrmol%, are related to thecr

speed at which primary Klyuchevskoi magmas would
rise to the surface. By this reasoning, the degree of
pressure decline per percent crystallized needs to be
taken into account when deriving more rigorous
dynamic or geophysical models of the evolution of

Ž .volcanic systems Ozerov et al., 1996 .

4.4.2. Geological interpretation of the decompres-
sion modeling

The main geological conclusion which follows
from this modeling is concerned with the probable
structure of the deep-seated magma conduit under
Klyuchevskoi volcano. Chemical evidence for the
decompression fractional crystallization of HMB al-
lows us to suggest the absence of conditions for
isobaric fractionation, which could proceed if a large
magma chamber would exist at depths of more than
20 km. Thus, the decompression model is argued for
by the very absence of such a magma chamber under
Klyuchevskoi volcano. This phase equilibria con-
strained conclusion is in general agreement with

Žavailable seismic data Fedotov et al., 1990; Ozerov
.et al., 1997 .

Moreover, the results of the decompression mod-
eling indicate there is a point to distinguish a vol-
canic rock-forming process resulting in the formation

Žof geological bodies on Earth’s surface lava flows,
.bombs, etc. from deep fractionation processes re-

sponsible for the formation of chemically diverse
minerals and glasses constituting the bodies. If this
concept is applied to Klyuchevskoi volcano, it is not
necessary to oppose magma mixing and crystalliza-
tion processes: the first one probably predominant at
higher levels of the Klyuchevskoi magma column
Ž .especially during eruptions , whereas polybaric frac-
tionation was occurred mostly at earlier stages of the
magmatic evolution, just after separation of primary

Žmagmas from the mantle source Ariskin et al.,
. Ž .1995 Fig. 20 .

5. Conclusions

In this paper we presented a new version of
COMAGMAT, a phase equilibria model designed
for computer simulations of equilibrium, fractional
and intermediate crystallization of basaltic magmas

Ž .at low to high pressures Ariskin et al., 1987, 1993 .
Recent modifications of COMAGMAT were dis-
cussed including the ability to calculate more accu-
rately the appearance of magnetite and ilmenite on
the liquidus, allowing the user to study numerically
the effect of oxygen fugacity on magma fractionation

Žtrends in the presence of Fe–Ti oxides Ariskin and
.Barmina, 1999 . This model has an internal precision

of about 10–208C, which commonly provides realis-
tic reproduction of the crystallization sequences and
liquid lines of descent during magma crystallization
in a wide range of compositions, from magnesian
and iron enriched basalts to andesites and dacites.

Based on the thermodynamic and empirical prin-
ciples of the construction of COMAGMAT, it is
strongly recommended that the model be used in
combination with the INFOREX experimental data-
base, which now accesses information on 235 experi-
mental studies carried out from 1962 to 1996 and
includes 8660 individual runs plus 11,370 coexisting

Žphase compositions Meshalkin and Ariskin, 1996;
.Ariskin et al., 1996, 1997 . Search functions of

INFOREX make it possible to create mineral–melt
equilibria datafiles, which could be used further for
additional calibration and correction of the COMAG-
MAT model in a given range of compositions and
external conditions.

5.1. Conclusions from the modeling of Skaergaard
magma differentiation

Using an improved version of COMAGMAT-3.5
a set of phase equilibria calculations called Geo-

Ž .chemical Thermometry Frenkel et al., 1988a has
been conducted for 6 cumulative rocks from the
Marginal Border Series of the Skaergaard intrusion.

ŽIt allowed us to specify the initial temperature 1165
."108C and trapped melt composition, which was
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found to be close to the KT chilled gabbro previ-
ously proposed to be parental magma to the Skaer-

Ž .gaard intrusion Hoover, 1989 . However, results of
simulations of perfect fractionation of the two proba-
ble ferro-basaltic parents produced petrochemical
trends opposite to those followed from natural obser-

Žvations Wager and Brown, 1967; Brooks and
.Nielsen, 1978, 1990; McBirney and Naslund, 1990 .

The ferro-basaltic melts were interpreted to represent
trapped liquids which do not resemble initial Skaer-
gaard magma coming with a large amount of olivine
and plagioclase crystals. It led us to conclude that the
Skaergaard magma fractionation process was con-
trolled by suspended crystals–melt equilibria inter-
mediate between equilibrium and fractional crystal-
lization.

This interpretation implies that the classic Wagerıs´
trend should be considered as an exception rather
than a rule for the differentiation of ferro-basaltic
magmas. This iron enrichment versus silica depletion
trend is probably typical of the residual melts sepa-
rated from highly crystallized systems, which may
have been fractionated under closed conditions with

Žrespect to oxygen Ariskin et al., 1988; Toplis and
.Carroll, 1996 .

5.2. Conclusions from the modeling of KlyucheÕskoi
magma differentiation

ŽA polybaric version of COMAGMAT-3.0 Ariskin
.et al., 1993 has been applied for the genetic inter-

pretation of a volcanic suite from the Klyuchevskoi
Ž .volcano Kamchatka, Russia . To identify the petro-

logical processes responsible for the observed suite
ranging from high-magnesia to high-alumina basalts,
we used the COMAGMAT model to simulate the
Klyuchevskoi suite assuming isobaric crystallization
of a parental HMB magma at a variety of pressures
Ž .1 atm, 2,4, . . . 20 kbar , and a separate set of simula-
tions assuming fractionation during continuous
magma ascent from a depth of 60 km. These results
indicate that the Klyuchevskoi trend can be produced
by ;40% fractionation of Ol–Aug–Sp"Opx as-
semblages during ascent of the parental HMB magma
over the pressure range 19–7 kbar with the rate of

Ždecompression being 0.33 kbarr% crystallized at
.1350–11108C , with ;2 wt.% of H O in the initial2

melt and ;3 wt.% of H O in the resultant high-Al2

Ž .basalt Ariskin et al., 1995 . The decompression
hypothesis is in general agreement with seismic data
suggesting the absence of a large magma chamber

Žunder Klyuchevskoi volcano Fedotov et al., 1990;
.Ozerov et al., 1997 .
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