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Abstract In order to develop models simulating the
crystallization of Fe-Ti oxides in natural lavas, we have
processed published experimental data on magnetite-
melt and ilmenite-melt equilibria. These data include 62
Mt-melt and 75 Ilm-melt pairs at temperatures 1040—
1150 °C, oxygen fugacities from /W to NNO +2, and
bulk compositions ranging from ferrobasalts to ande-
sites and dacites. Five major cations (Fe* ", Fe?", Ti*",
Mg?" and AI’") were considered for the purpose of
describing Fe-Ti oxide saturation as a function of melt
composition, temperature and oxygen fugacity at 1
atmosphere pressure. The empirically calibrated miner-
al-melt expression based on multiple linear regressions
is: In Di = Cl/T + blOg f02 + c + leNa + dZXK +
d3Xp, where D; represents molar distribution coefficients
of the given cations between Mt/llm and melt; Xn., Xk,
and Xp are the molar fractions of Na, K, and P in the
melt. The empirically calibrated Mz-melt and I/m-melt
equilibria equations allowed us to develop two models
for calculating crystallization temperatures of the Fe-Ti
oxides in the melts with an accuracy of 10-15 °C, and
compositions with an accuracy of 0.5-2 mol%. These
models have been integrated into the COMAGMAT-3.5
program, improving our ability to study numerically the
effects of temperature and oxygen fugacity on the sta-
bility and phase equilibria of Fe-Ti oxides. Application
of this approach to the tholeiitic series of Chazhma Sill
from Eastern Kamchatka (Russia) indicates oxygen
fugacity conditions near NNO + 0.5. Numerical simu-
lation of fractional crystallization of an iron-enriched
basaltic andesite parent at these oxidizing conditions
accurately reproduces the FeO-SiO, relations observed
in the Chazhma suite.

A.A. Ariskin - G.S. Barmina

Vernadsky Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Sciences,

Kosygin st. 19, Moscow, 117975, Russia

Fax: (095) 938-2054, e-mail: ariskin@glas.apc.org

Editorial responsibility: T.L. Grove

Introduction

Even after decades of investigation, debate surrounding
the role of magnetite crystallization in the differentiation
of basalt magmas continues. This problem is directly
related to genetic interpretations of siliceous differenti-
ates, which are important members of both tholeiitic and
calc-alkaline series. Most workers today agree that the
andesite/diorite to rhyolite/granophyre magmas origi-
nate by fractionation of more mafic parents, however
there is controversy about conditions and the dominant
phases controlling the origin of silica enrichment versus
iron enrichment trends (Grove and Baker 1984; Grove
and Kinzler 1986; Hunter and Sparks 1987; Shi 1993;
Sisson and Grove 1993; Snyder et al. 1993). 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. The importance of magnetite
is supported by experiments showing that increasing fo,
expands the magnetite field in basaltic systems, causing
marked SiO, enrichment in derivative liquids (Osborn
1959; Presnall 1966; Eggler and Osborn 1982). The ele-
vated pressure, which changes the phase proportions of
olivine, plagioclase, and pyroxene, can also generate
derivative magmas showing silica enrichment trends
(Grove and Baker 1984; Grove and Kinzler 1986).
Grove and Kinzler (1986) considered Fe-Ti oxides to
play a minor role in the fractionation process, with the
magnetite (£ilmenite) precipitation proceeding only at
the latest stages of crystallization. In contrast, experi-
mental studies on tholeiitic and transitional to mildly
alkalic basalts demonstrate that, in terms of fo, and
bulk composition, the Fe-Ti oxide minerals can appear
at a relatively early stage of crystallization, producing
silicic liquids (Thy and Lofgren 1994; Toplis and Carroll
1995, 1996). This basic discrepancy in the petrogenetic
interpretation of numerous experimental data is obvi-
ously due to the complexity of the P-T-Py,0-f0,-X sys-
tems investigated. We believe that currently available
high quality experimental data cover a significant range
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of conditions and compositional space to allow devel-
opment of improved phase equilibria models that can be
used to predict the crystallization conditions of magne-
tite/ilmenite — bearing mineral assemblages.

Over the last 15 years, several thermodynamic and
empirical models have been developed to simulate
phase equilibria for terrestrial magmas crystallizing in
the compositional 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 Kilinc 1995; Ghiorso and
Sack 1995; Yang et al. 1996). However, despite the
great efforts in the modernization of thermodynamic
or empirical constraints, calibration techniques, and
computational methods, these models still often yield
poor results in the prediction of the calculated lines of
descent, especially at elevated pressures and in the field
of Fe-Ti oxide crystallization (Yang et al. 1996).

For example, recently Toplis and Carroll (1996) ap-
plied the MELTS program (Ghiorso and Sack 1995) to
the simulation of 1 atm equilibrium crystallization of a
composition, used previously in experimental studies of
ferro-basaltic systems at low to high fo, (SCI — Toplis
and Carroll 1995). Results from MELTS indicate a
significant discrepancy in the observed and calculated
stabilities of Fe-Ti oxides. In effect, magnetite (M) was
calculated to be more stable at lower fo, (see Fig. 1 of
Toplis and Carroll 1996), in contrast to experimental
data, petrologic observations and common sense (Hill
and Roeder 1974; Snyder et al. 1993; Nielsen et al. 1994;
Toplis and Carroll 1995). A similar problem has been
encountered by petrologists using the COMAGMAT
program (Ariskin et al. 1987, 1993) for the modeling of
crystallization paths of tholeiitic melts (Barmina et al.
1988, 1989, 1992; Frenkel et al. 1989; Chalokwu et al.
1993; Yang et al. 1996). These calculations correctly
predicted the measured stability of magnetite with in-
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Fig. 1 Temperature — composition relations for 99 experimental
glasses equilibrated with titanomagnetite plus silicate minerals at
I atm and “dry” conditions. Extracted from the INFOREX-4.0
database (Ariskin et al. 1997) based on the following criteria: run
duration >48 h, total alkalinity <7 wt%

creasing fo,, but the calculated temperatures for M¢
were often over-estimated by 30-40 °C relative to ex-
perimental data or petrological observations.

The purpose of this paper is to present a new model
for magnetite- and ilmenite-melt equilibria, and its
integration into a new version of COMAGMAT
(version-3.5)". This model should serve as a useful tool
for igneous petrologists investigating the effects of
oxygen fugacity and composition on the equilibrium
temperatures, phase proportions and liquid lines of de-
scent relevent to the crystallization of Fe-Ti oxides prior
to, or simultaneously with, silicate minerals.

Magnetite-melt equilibria data
Search through the INFOREX database

In order to compile an internally consistent, compre-
hensive database on magnetite-melt equilibria, we sear-
ched the INFOREX-4.0 experimental database
(Meshalkin and Ariskin 1996; Ariskin et al. 1996, 1997)
for appropriate published mineral-melt equilibria ex-
perimental data. At present, INFOREX contains melt-
ing-experiment references that access information on
254 experimental studies carried out from 1962 to 1997,
including 9,113 individual runs and more than 12,600
coexisting phase compositions for 36 minerals plus glass.
These data represent 3,202 1 atm experiments and 5,911
high pressure runs; 3,684 include volatile components,
such as H,O (2,154 runs are water saturated) and CO».
Searching the database for 1 atm experiments contain-
ing glass compositions at saturation with magnetite
yielded 213 experimental glass compositions, with ap-
proximately half of them representing runs with alkaline
basalts and nephelinites. For further consideration, only
99 glasses from 13 experimental studies were used, which
meet the two additional criteria of run duration >48 h
and total alkalinity (Na,O + K,0) <7 wt%.

Sixty-six of the final group of glasses represent five of
the most detailed experimental studies (Snyder et al.
1993; Nielsen et al. 1994; Thy and Lofgren 1994; Toplis
et al. 1994; Toplis and Carroll 1995; and see review by
Ariskin 1998). Most of them contained from 10 to
18 wt% FeOy, and are generally classified as ferroba-

' The COMAGMAT software consists of a series of linked DOS-

programs developed to simulate a variety of igneous processes in-
cluding both simple crystallization of volcanic suites and the in situ
differentiation of tabular intrusions (Ariskin et al. 1993). CO-
MAGMAT is designed for melts, ranging from basaltic to dacitic
compositions. The modeled elements include Si, Ti, Al, Fey, (di-
vided into Fe*™ and Fe>"), Mg, Ca, Na, K, P, as well as 20 trace
elements. The modeled minerals include olivine (Fo-Fa solution),
plagioclase (An-Ab solution plus K), three pyroxenes (augite, pi-
geonite, and orthopyroxene: En-Fs-Wo solutions plus Al and Ti),
ilmenite and magnetite (Fe?"-Fe*'-Ti-Al-Mg solutions). The
program can be used at low to moderate pressures, approximately
up to 12 kb, and allows calculations to open (12 oxygen buffers)
and closed system differentiation with respect to oxygen (Ariskin
et al. 1987, 1993)



saltic to ferroandesitic systems (Fig. 1); TiO, content
varied in the range of 1-5 wt%. All experimental runs
were carried out using the “Pt wire loop” technique with
controlled oxygen fugacities 107'° < fo, < 107¢, for
temperatures ranging from 1040 to 1160 °C (Fig. 2).
Experimental phase assemblages produced in the ex-
periments usually included four or five minerals plus
glass, with Mt almost always being the fourth or fifth
crystallizing phase. Plagioclase (P/) is present in all ex-
periments, whereas olivine (O/), augite (Aug), pigeonite
(Pig), and orthopyroxene (Opx) may be observed in
different combinations. Forty-nine runs at log
fo, < —10 are saturated with ilmenite ({//m).

Problem of Fe* " /Fe?* calculations

Development of models for predicting Fe-Ti oxide sta-
bilities is hampered by the need to estimate the relative
abundances of Fe’™ and Fe?" species in the experi-
mental glasses, for which only total iron is usually
known from microprobe analyses. At least six empirical
equations have been proposed for such calculations
(Sack et al. 1980; Kilinc et al. 1983; Kress and Carmi-
chael 1988, 1991; Borisov and Shapkin 1990; Mysen
1991). Results of recent independent testing of all of the
dependencies demonstrated that average deviations of
the calculated Fe* " /Fe* " ratios from those obtained in
experiments are of about 0.03-0.05, with the Borisov
and Shapkin’s equation producing the best fit with ex-
perimental data (Nikolaev et al. 1996). For the purpose
of a preliminary investigation, this is sufficiently precise
to provide adequate estimates of the Fe,O3 content in
silicate melts to be used in the calibration of Mz-melt
equilibria models (Ghiorso and Sack 1995). However,
there are some reasons which make us doubt that such
models would be realistic.

(i) If we analyze the experimental information on
Fe’ " JFe’* equilibria available in the INFOREX data-
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Fig. 2 Temperature — log fo, relations for 99 experimental glasses
equilibrated with titanium magnetite plus silicate minerals at 1 atm and
“dry” conditions. Extracted from the INFOREX-4.0 database based
on the following criteria: run duration > 48 h, total alkalinity <7 wt%
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base (in total, 372 experiments), one can see that the
proposed Fe®*/Fe?" equations were calibrated on a
dataset in which as much as 40% of the experiments are
at fo, > 1073 bar, whereas only six glasses were produced
at fo, < 10~ bar (Fudali 1965; Shibata 1967; Sack et al.
1980; Thornber et al. 1980; Kilinc et al. 1983; Kress and
Carmichael 1988, 1991). The data thus over-represent
highly oxidized conditions, which are outside of the
main range of fo, where many of the M¢-melt equilibria
experiments were carried out (Fig. 2). Another conse-
quence is that these data represent the low fo, range
where errors in the calculations of Fe’ " /Fe?" ratios can
reach 50 rel% (Nikolaev et al. 1996).

(i) Time series kinetic experiments carried out at
1200 °C and fo, = 107® bar indicate that 5-24 h is
necessary to equilibrate FeO contents and Fe® " /Fe*”
ratios in a homogeneous basaltic melt (Fudali 1965;
Thornber et al. 1980). At fo, = 107° bar this time is
increased up to 48 h (Fudali 1965). Time-temperature
relations (Fig. 3) between experimental data on which
Fe’ " /Fe’" equations were calibrated (n = 289) and
magnetite-melt equilibria data selected (n = 99) illus-
trate that few Fe’ " /Fe?" experiments had run duration
>48 h, and none were at temperatures (1040-1160 °C)
where magnetites were crystallized experimentally. This
suggests that extrapolations of the proposed Fe* " /Fe* "
models to the liquids saturated with Fe-Ti oxides might
result in larger errors.

(iii)) Data from Mogssbauer spectroscopy of iron-
bearing silicate liquids indicate Fe®" is present in two
species at Fe* " /XFe < 0.5, where both tetrahedrally- and
octahedrally-coordinated ferric iron may coexist (Mysen
et al. 1985). This means that any attempts to calculate
magnetite or ferric iron activity in silicate melts from the
bulk Fe*" /Fe’*" ratios (assuming those were estimated
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Fig. 3 Temperature — run duration relations for Fe’"/Fe?™ and
magnetite-melt equilibria studies. Two hundred and eighty-nine
glasses relevant to Fe’ ™ /Fe?™ equilibria experiments were used to
calibrate empirical equations for the calculations of Fe** /Fe*™ ratios
in the melt (Sack et al. 1980; Kilinc et al. 1983; Kress and Carmichael
1988, 1991; Borisov and Shapkin 1990; Mysen 1991). The 99
magnetite-melt equilibria points are the same as shown in Figs. 1
and 2

1000



254

correctly), would be erroneous if we do not account for
the presence of Fe’™ ions in both tetrahedral and oc-
tahedral coordination. The absence of this information
does not allow one to derive an adequate thermody-
namic model for magnetite-melt equilibria, even using a
solid solution model for magnetite spinels that is accu-
rate (Sack and Ghiorso 1991; Ghiorso and Sack 1995).

Magnetite liquidus equation

Despite problems inherent in the development of ther-
modynamic models of magnetite-melt equilibria, an
empirical approach may be useful for analysis of the
effect of oxygen fugacity and melt composition on the
crystallization temperature and composition of magne-
tite. Based on the previously selected dataset of 99 ex-
perimental glasses equilibrated with magnetite at a given
oxygen fugacity and temperature, an empirical equation
has been proposed, linking the liquidus temperature of
magnetite with fo, and the melt composition parameters
of Ariskin (1998):

10*/T =(bo + b1Xsio, + b2Xti0, + b3Xreo,,) 0g fo, + ¢
+ d1 Xsi0, + d2XTi0, + d3XFe0,,, + daXpr0s (1)

where X; is the molar fraction of a melt component
calculated on a single cation basis (Si0,, AlO; 5, NaQy s,
PO, s, etc.), whereas b;, ¢, and d; are the regression co-
efficients (see Table 1). The four compositional param-
eters in Eq. 1 (SiO,, FeO.,, TiO, and P,0s), were
selected from the results of 30 least square calculations
with varying number and type of melt components. Note
that the compositional terms related to log fo, permit
one to account for the variability of the effect of oxygen
fugacity in different compositional systems, as was
proposed by Borisov and Shapkin (1990).

Using the regression parameters from Table 1, Eq. 1
allowed us to calculate the magnetite liquidus tempera-
tures for experimental melts used to calibrate the ex-
pression. One can see from this internal check (Fig. 4)
that despite a few large deviations A= Toxp—Tcarc Of
40-50 °C, 90% of the calculated temperatures fall
within 15 °C of the experimental temperatures, with the
average deviation being £9.3 °C.

Table 1 Regression coefficients for Eq. 1

Parameter Coeflicient Std deviation (1o)
bo —-0.6232 0.0205
by 0.6826 0.0359
b> 4.0438 0.9327
b 0.8251 0.2567
¢ 0.0159 0.0686
d 8.3626 0.2804
dy 35.9674 8.0819
s 10.7347 2.1842
dy 12.4418 2.3521

Temperature (°C)
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Fig. 4 Experimental vs calculated temperatures for 99 magnetite
saturated liquids in ferrobasaltic to andesitic systems. Calculations of
the magnetite temperatures were conducted using Eq. 1 and the
regression parameters from Table 1. The histograms show differences
(in rel% of total number of runs) between measured and calculated
temperatures

Results of applications of Eq. 1 to melt compositions
similar to natural basaltic systems demonstrate that the
calculated Mt crystallization temperatures have a com-
plex dependence on oxygen fugacity (Ariskin 1998). For
ferrobasaltic and ferroandesitic melts with moderate
contents of FeO (<15-16 wt%) and TiO, (<2 wt%),
the magnetite liquidus has a fairly steep slope of about
20 °C/log fo,, whereas for Fe-Ti basalts with 4-5 wt%
TiO, and 17-18 wt% FeO (Brooks et al. 1991) the M¢
liquidus temperatures are virtually independent of oxy-
gen fugacity, varying in the vicinity of 1100 °C within
+5 °C. Another important observation concerns a high
sensitivity of the Mt crystallization temperatures to
P,Os. Calculations using Eq. 1 indicate that addition of
1 mol% of P,Os5 to a basaltic melt will decrease the Mt
crystallization temperature by 20 °C (Ariskin 1998).
This is in good agreement with the experimental data of
Toplis et al. (1994).

Magnetite-melt equilibrium equations

Although the empirical Eq. 1 is useful for a general
analysis of the effect of fo, on magnetite crystallization
temperatures at a fixed melt composition, there are two
reasons why it should not be used for the development
of empirical models describing the magnetite-melt
equilibrium.

(1) It was constrained independently of experimental
Mt compositions, which usually include Fe,O;, FeO,
TiO,, as well as some amounts of MgO and Al,Os.



(i1 ) It was constrained by least square fitting, which
estimated the effect of melt composition to be much
higher than the effect of fo,. Because of this, our at-
tempts to integrate this equation to the COMAGMAT
program (Ariskin et al. 1993) were not successful. Sim-
ulations of Mt crystallization resulted in depletion of
melts in FeO,, beyond that compatible with observa-
tion, resulting in the conclusions that changes of the Mt
equilibrium temperature with fo, could not be accu-
rately calculated. Below, we will consider results of an
alternative calibration of an empirical magnetite-melt
equilibria model which will allow us to account for the
effect of magnetite composition for a wide range of ox-
ygen fugacities.

End-member magnetite-melt geothermometers

The core of the differentiation program COMAGMAT
is a set of empirically calibrated equations, called here-
after geothermometers, which describe mineral-melt
equilibria in terms of pressure, temperature, and liquid
compositions (Ariskin et al. 1987, 1993). Each mineral-
melt model includes several end-member geothermom-
eters to account for the mineral solid solutions. Our
purpose here is to calibrate a set of magnetite-melt
equilibria equations, accounting for five main M¢ cat-
ions, such as Fe* ", Fe>", Ti*", AI*", and Mg®". As an
initial step we tried to apply an empirical approach
similar to that used to develop the SPINMELT pro-
gram, describing chromian spinel-melt equilibria (Ari-
skin and Nikolaev 1996). However, this attempt was not
successful, mostly due to difficulties related to the cal-
culation of the activities of ferric species in the melt (see
discussion above). In this paper, we used a simplified
technique, including multiple regressions in the form:

InD; = a/T + blng()2 + ¢ + diXna + o Xk + d3 Xp (2)

where D; represents the molar distribution coefficients of
Fe*", Fe?*, Ti*", APPY, and Mg>" between Fe-Ti
spinel and melt; Xy., Xk, and Xp are the molar fractions
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of Na, K, and P in the melt calculated on a single cation
basis; a, b, ¢, dy, d>, and d; are the regression coefficients.
Note, that the value of D, for Fe> and Fe?" is calcu-
lated as XM /XE., where Fe is total iron in the melt
without separating into ferric and ferrous species. To
perform this linear best fit calculation, we had to use a
subset of the data utilized for the calibration of the Mt
liquidus expressions (Fig. 1, Table 1), because only 74 of
the 99 experiments with cited equilibrium magnetite
provided mineral compositions. When the data set was
further constrained by Cr,O3 content (M?) <3 wt%,
46 <SiO, (melt) < 70 wt%, and P,Os (melt) <1.5 wt%,
the dataset was reduced to 62 magnetite/melt pairs.

Calibration of the second linear model was per-
formed in two stages. First, the regression parameters
were calculated for the entire set of 62 coexisting mag-
netite-melt pairs. Using the regression parameters, ex-
perimental phase compositions, and fo, values,
magnetite-melt equilibrium temperatures were calculat-
ed. A calculated temperature more than three times the
average standard deviation of the experimental values
was considered evidence that an experiment did not
achieve equilibrium; such experiments were excluded
from the second stage processing of the data. Typically,
10—12 points with temperature deviations from 60 °C to
150 °C were excluded for each set of calculations.
Multiple linear regression parameters for five magnetite-
melt equilibria equations which best fit the dataset are
given in Table 2. The calculated regression parameters
indicate strong temperature, fo, and melt composition
controls on the distribution coefficients.

Using the geothermometers given in Table 2, one can
invert the calculations to obtain M¢-melt equilibria tem-
peratures for the calibration database liquid composi-
tions. Comparison of the calculated and experimental
temperatures for the five end-member geothermometers
indicate an average accuracy of approximately 10 °C
(Fig. 5). The inverse calculations for equilibrium con-
stants lead us to expect that the final magnetite-melt
equilibrium model based on the equations will also ac-
curately reproduce Mt compositions (next section).

Table 2 Regression constants for magnetite-melt and ilmenite-melt geothermometers calibrated in “dry” systems at 1 atm®

Component a b c d, d> ds

Magnetite

Fe** (n=350) 20964.7 (2075.6)  0.6159 (0.0252) —8.8187 (1.4730) —10.1838 (2.8384) 32.7525 (2.9031) —14.2506 (4.3306)
Fe>' (n=353) 17013.8 (1815.3)  0.1042 (0.0189) —10.1728 (1.2499) —1.5938 (2.6404) 14.1291 (2.4465) —11.7925 (3.5610)
Al (n=51) —17128.7 (2079.7) 0.0105 (0.0202) 11.5136 (1.4272) —0.8377 (2.7046) —4.8338 (2.4627) 5.8200 (3.6922)
Mg (n=52) 14971.4 (2370.5)  0.2021 (0.0255) —8.2121 (1.6317) —10.2151 (3.3928) 13.6451 (2.8096) —25.1426 (4.6924)
Ti (n=43) 27422.6 (2325.7) —0.1336 (0.0232) —-20.3655 (1.5963) 10.5126 (3.2761) 22.0278 (3.2829) —10.3297 (4.0910)
Ilmenite

Fe** (n=65) 18933.4 (5796.2)  0.8475 (0.0469) —8.6100 (4.3982) 35.4214 (9.8997) 28.9571 (9.6089) —8.6859 (7.4175)
Fe’™ (n=56) 2649.1 (903.4) 0.0544 (0.0084) —0.4271 (0.6935) —1.8146 (1.7981) 20.6115 (2.4139) —1.7339 (1.3306)
Al (n=66) —14947.7 (2436.5) 0.1778 (0.0204) 9.4357 (1.8763) 0.1175 (4.4802) 3.4801 (4.6040) 2.6951 (3.4255)
Mg (n=53) 904.8 (1044.4) 0.0340 (0.0087) 0.1111 (0.7864) —1.6455 (1.7008) 14.3103 (1.6868) —6.8648 (1.3100)
Ti (n=72) 12245.2 (974.7) 0.0178 (0.0080) —6.6774 (0.7474)  5.8720 (1.8045) 252774 (1.7771)  —5.3331 (1.4075)

#The regression constants correspond to mineral-melt distribution coefficients D; calculated as per linear model (Eq. 2): standard

deviations (1o) for each constant in parentheses.
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Model test for the magnetite-melt geothermometer

The individual end-member geothermometers can be
combined into a single Mt-melt geothermometer, which
calculates crystallization temperatures and compositions
of magnetite as a function of oxygen fugacity and liquid
composition (Ariskin and Nikolaev 1996). This combi-
nation includes relationships between the empirical
equations for each component (Eq. 2), the regression
parameters given in Table 2, and a simple magnetite
stoichiometry equation, such as:

This system of equations can be solved iteratively using
the algorithm described by Ariskin et al. (1993). To test
this “magnetite” algorithm, we calculated crystallization
temperatures and compositions of magnetites co-exist-
ing with the 32 experimental melts used to calibrate the
end-member magnetite geothermometers. These 32
glasses were produced in experiments with run duration
>100 h and represent those magnetite-melt composi-
tions most likely to have achieved equilibrium (Grove
and Juster 1989; Snyder et al. 1993; Toplis et al. 1994;
Toplis and Carroll 1995). Results of these calculations
(Fig. 6) demonstrate both the reproducibility of experi-
mental data and the internal consistency of the end-
member geothermometers as combined into a single
magnetite equilibrium model.

The modeled magnetite compositions reproduce
those observed in experiments with an average precision
of £2.27 mol% for Fe’ ", £2.31% for Fe**, +£0.48 for
AP, £0.40% for Mg®", and +1.28% for Ti*". Note
that the accuracy for the bulk iron content calculations
(Fe>* + Fe" in magnetite) is of about 1 mol%. The
calculated temperatures reproduce the experimental

1 Ti

L] I ¥ I T l
40 O 40 80
T(exp)-T(calc)

Average deviations (°C):
Fe3+ -10.3, n=50
Fe2+ -11.6, n=63

Al -10.9, n=61
Mg -15.6,n=52
Ti - 6.4,n=43

0 40 80

T(exp)-T(calc)

Fig. 5 Histograms of the differences between measured and calculat-
ed temperatures for experimental liquids equilibrated with magnetites
of known composition. Calculations of the magnetite temperatures
were conducted using geothermometers Eq. 2 and the regression
parameters from Table 2 for the five cations under consideration

temperatures within 9.2 °C. In general, the magnetite
model works best in the range WM < fo, <NNO. At
higher values of fo,, the results overestimate the equi-
librium temperatures of 15-30 °C. Thus, the observed
internal consistency of both calculated temperatures and
magnetite compositions demonstrates that a general
model based on this empirical basis can adequately
calculate M¢-melt equilibria.

New version of COMAGMAT model

This new magnetite-melt algorithm has been integrated
into the COMAGMAT-3.5 model (Ariskin et al. 1993;
modified 1997) which now incorporates magnetite and
orthopyroxene equilibria more accurately (Bolikhovs-
kaya et al. 1996). It allows one to simulate crystallization
in systems both open and closed with respect to oxygen,
including improvements concerning calculations of mo-
lar mineral-melt distribution coefficients for TiO, in
clino- and orthopyroxenes, and K,O in plagioclase.
Another important modification includes the integration
of a new ilmenite-melt equilibrium model.

Development and testing ilmenite-melt
geothermometers

To simulate ilmenite crystallization in the previous
COMAGMAT-3.0 model (Ariskin et al. 1987, 1993) we
used a modified empirical model proposed by Nielsen
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Fig. 6 Comparison of magnetite compositions and temperatures
observed in experiments with those calculated at a given oxygen
fugacity and liquid composition using the Mr-melt equilibria model.
The values of AX (av) and AT (av) represent average deviations of the
calculated parameters from experimental values

and Dungan (1983). It allowed us to obtain the ap-
pearance of ilmenite at low oxygen fugacities, however
the calculated temperatures were systematically under-
estimated by 20-30 °C. It resulted in late crystallization
of ilmenite below melt TiO, contents of 67 wt%. To
make the ilmenite calculation more realistic, a new I/m-
melt model was calibrated based on the same approach
as was used for magnetite.

Initially, a global search for ilmenite-melt equilibria
data was conducted using the INFOREX-4.0 database
with the same experimental constraints as were used
during search for magnetite-melt information. The
search resulted in a database including 85 coexisting il-
menite and glass compositions from five experimental
studies (Juster and Grove 1989; Snyder et al. 1993;
Auwera and Longhi 1994; Toplis et al. 1994; Toplis and
Carroll 1995). Due to a deficit of Fe** cations, some of
the experimental ilmenites could not be recast to a re-
alistic stoichiometry; these data were excluded from the
basic dataset. In addition, few experimental points, for
which oxygen fugacity is unknown, were also excluded.
Finally, a dataset of 75 coexisting //m and melt com-
positions was used for calibration of the expressions.

All the experimental runs have durations >48 h and
were carried out at conditions of controlled oxygen fu-
gacities 107"% < fo, <107%, for temperatures ranging
from 1050 to 1150 °C. Most of the experimental glasses
are ferrobasaltic to ferroandesitic compositions, with
total alkalinity (Na,O + K,0) <7 wt%. Mathematical
processing of this information has been conducted in the
form of least square fitting as per Eq. 2 for the cations

Fe*", Fe?", Ti*", A", and Mg>". Similar to the fit-
ting of M¢-melt equilibria data described above, a two-
stage calibration process was used. The second stage
entailed exclusion of all of points with large calculated
temperature deviations. Multiple linear regression pa-
rameters for five ilmenite-melt equilibria equations that
best fit this dataset are given in Table 2.

These parametrizations have been combined with a
general Ilm stoichiometry equation:

XIImA =1

1Im
X Me2

Fe2+

X]lm

Fe3+

+ + X 4+ X+ (4)
to form a system of equations that allow one to calculate
ilmenite equilibrium temperatures and compositions, if
given oxygen fugacity and melt composition. The 64 il-
menite-melt experiments that were deemed to have ap-
proached equilibrium were used in the determination of
the internal consistency of the expressions. These ex-
periments had run duration > 100 h covering the range
of oxygen fugacities —12.6 < fo, <=9 (Fig. 7).

These results establish the level of accuracy of the
ilmenite temperature calculations (average 7.2 °C). The
modeled ilmenite compositions also reproduce those of
experimental products with precision of 1 mol% for
Fe*" and Fe? ", £0.07% for AI’*, +0.48% for Mg ",
and +0.52% for Ti*". This proposed ilmenite-melt
crystallization algorithm has been integrated into the
COMAGMAT-3.5 model, so that this program can now
be applied to a wide range of mafic igneous systems
including those saturated with Fe-Ti oxides. It is note-
worthy that this model permits the user to obtain com-
positions of modeled magnetite and ilmenite both in the
form of single cation fractions (Fe’', Fe*", AI’",
Mg?*, and Ti*") and in the form of Xy, and X, pa-
rameters calculated on the basis of the widely used
equations of Stormer (1983). Below, we will consider

results from the new version of COMAGMAT on an
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Fig. 7 Comparison of ilmenite compositions and temperatures
observed in experiments with those calculated at a given oxygen
fugacity and liquid composition using the Z/m-melt equilibria model.
The values of AX(av) and A T(av) represent average deviations of the
calculated parameters from experimental values

independent experimental dataset (Hill and Roeder
1974) and recent data of Toplis and Carroll (1995),
which specify the field of coexistence of magnetite and
ilmenite in detail.

Results from COMAGMAT crystallization model

Hill and Roeder (1974) presented experimental results
on the stability of Fe-Ti and chromian spinels in terms

of oxygen fugacity for a natural ferrobasalt composition
(GL-RHB, Table 3). For almost 20 years this was the
only study where the dependence of magnetite crystal-
lization temperatures on fo, was investigated in a sys-
tematic way. These data are independent of our
calibration experiments; they were carried out at 1 atm
and cover a wide range of oxygen fugacities —14 <log
fo, <—-0.68. A series of COMAGMAT-3.5 calculations
simulating the course of equilibrium crystallization at
I atm has been performed for the range —10<log
fo, <—6 using the GL-RHB composition as the starting
composition. These calculations were conducted at five
fixed oxygen fugacities (log fo, = —6, =7, =8, =9, and
—10) with the crystallization increments of 1 mol%, up
to the temperatures of 1100 °C (Fig. 8).

Table 3 Compositions of rocks and melts used in experimental studies and in the COMAGMAT calculations simulating the course of

equilibrium and fractional crystallization®

Sample Experimental studies Chazhma Sill (Eastern Kamchatka)

Hill and Roeder  Toplis and Plagiodolerite and Fine-grained rocks of leucocratic layers

(1974) Carroll (1995) its “trapped” melt

GL-RHB SC1 PD (22) PD-30 GDI (2) GD2 (4) DR (3) GR (3)
SiO, 51.09 48.75 51.69 51.70 53.78 54.65 59.45 64.33
TiO, 2.07 2.90 1.28 1.87 1.92 1.92 1.44 0.93
AlLO3 15.34 14.89 18.47 13.65 14.11 14.20 14.28 15.10
FeO* 13.30 13.09 10.24 14.43 13.47 12.91 10.32 7.48
MnO - - 0.16 0.22 0.21 0.23 0.25 0.16
MgO 6.17 6.49 4.15 5.30 3.95 3.60 2.44 1.25
CaO 8.96 10.89 10.22 9.28 8.16 7.52 5.67 3.46
Na,O 1.99 2.70 2.52 2.09 2.66 3.03 3.33 3.79
K,0 1.09 0.30 1.04 1.11 1.41 1.55 2.18 3.20
P,Os - - 0.24 0.35 0.33 0.38 0.64 0.30

4 Experimental, natural and modeled compositions were normal-
ized to 100 wt% with total Fe as FeO. PD average plagiodolerite
(n=22); PD-30 a residual melt after 30% equilibrium crystal-
lization of PD including subtraction of 28.7 wt% Pl (Ang; ) and

1.3 wt% Ol (Foq0.4); GDI average “primitive” ferrogabbro-diorite
(used as a parental magma in the COMAGMAT simulations
shown in Fig. 11); GD2 average ferrogabbro-diorite; DR average
ferrodiorire; GR average Fe-rich granophyre.



Despite run durations in these experiments of less
than 90 h (most < 48 h), these results demonstrate that
the new COMAGMAT model realistically reproduced
the experimental crystallization sequences. Magnetite
was calculated to be the first phase to crystallize at
fo, = 107® bar, and the fourth phase crystallizing at
fo, = 107 bar. Calculated magnetite crystallization
temperatures differ from those observed in experiments
by no more than 10-15 °C, i.e. within the accuracy of
the proposed magnetite model (Fig. 6). Note, that the
dependence of the calculated Mt liquidus on oxygen
fugacity changes with fo,: 30-35 °C/log fo, at =7 <log
fo, <—6, and 15 °C/ log fo, at log fo, < —10.

Another comparison of experimental and modeled
phase diagrams (Fig. 9) is calculated for the synthetic
ferrobasalt SCI (Table 3). These calculations were used
to constrain the stability of magnetite and ilmenite at
different oxygen fugacities (Toplis and Carroll 1995,
1996). The phase diagram in Fig. 9B was constructed
from the results 17 calculations simulating equilibrium
crystallization of SCI composition at oxygen fugacities
parallel to the QFM buffer, in the range from
AQFM = -2.5to AQFM = +1.5 with an increment of
0.25. To minimize the effect of errors in calculated oli-
vine and plagioclase crystallization temperatures on
stability of Fe-Ti oxides, those were increased by 5 °C
for olivine and decreased by 15 °C for plagioclase
(Ariskin et al. 1993). Comparison of the experimental
and modeled diagrams indicates that COMAGMAT-3.5
accurately predicts the crystallization sequence both for
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Fig. 8 Comparison of experimental and calculated phase assemblages
produced during equilibrium crystallization of the GL-RHB ferroba-
saltic melt (Table 3). Experimental data are from Hill and Roeder
(1974). Calculations were carried out using the COMAGMAT-3.5
phase equilibria model described in the paper. To minimize the effect
of errors in the calculated olivine and plagioclase crystallization
temperatures on the stability of magnetite, those temperatures were
increased by 15 °C for olivine and 10 °C for plagioclase (Ariskin et al.
1993). Digits near the M saturation line indicate Xy, in magnetite
calculated from Stormer (1983)
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olivine and plagioclase crystallization temperatures on the stability of
Fe-Ti oxides, the olivine temperature was increased by 5 °C and
plagioclase was decreased by 15 °C (Ariskin et al. 1993). Aug augite,
Pig pigeonite

silicate minerals and oxides, with the errors for magne-
tite and ilmenite being within 10-12 °C.

These data provide important information on the
crystallization proportions of the Fe-Ti oxides, which
are difficult to obtain experimentally. Directly below the
calculated magnetite liquidus, the modeled proportions
of Mt are high (35-40%), in agreement with indepen-
dent estimates by experimentalists (Hill and Roeder
1974; Toplis and Carroll 1996). However for the main
range of the crystallization of Ol+ Pl+ Aug+ Mt as-
semblage, the amount of magnetite to crystallize ranges
from 16-22%. Note that this is true only for the calcu-
lations conducted parallel to the QFM buffer. Any
changes in the buffered T-fo, trajectory will result in
changes in the magnetite crystallization proportions.
The calculated proportion of ilmenite is more constant,
varying from 8 to 14 wt%. During simultaneous pre-
cipitation of magnetite and ilmenite, signatures of
peritectic (reaction) relations between these two phases
were not observed.
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Modeling the formation of ferrodiorites
from the Chazhma sill, Kamchatka

Geological setting, field relations and previous work

The Chazhma sill is part of the Paleocene-Eocene vol-
canic-plutonic association of the Kronotsky Peninsula,
Eastern Kamchatka, Russia (Barmina et al. 1988). This
igneous suite is approximately 4 km thick, and consists
of numerous flows of pillow lavas and 20-200 m thick
sills. The dominant lithology is high-Al basalts con-
taining up to 24 wt% Al,O;. These plagiophyric basalts,
plagioclase-rich diabases and hypabyssal plagiodolerites
are spatially associated with rare ferrobasalts and fer-
roandesites in a tholeiitic series (Barmina et al. 1989)
generated early in the formation of the Kurile-Kam-
chatkan Island arc.

The Chazhma sill is located in the region of Chazhma
Cape at the northeast end of the Kronotsky Peninsula.
The thickness of the sill varies in the range of 25-40 m.
Its rocks are exposed as craggy cliffs extending along the
Pacific ocean coast for ~ 1.5 km, with well defined up-
per and lower contacts with country volcanic-sedimen-
tary rocks. This sill is composed mostly of fresh
medium-grained mesocratic plagiodolerites, which con-
tain an average of 18 wt% Al,O3; (Table 3). These
porphyritic rocks contain 20-30 vol% of plagioclase-
and rare olivine-phenocrysts. The groundmass is com-
posed of plagioclase, Cpx (augite and pigeonite), Fe-Ti
oxides, and a small amount of glassy and granophyric
material (Barmina et al. 1988).

A characteristic feature of the Chazhma sill is a large
number of fine- to coarse-grained leucocratic layers,
pipes, diapirs and micropegmatite veins, embedded be-
tween massive plagiodolerites (Fig. 10). As the propor-
tion of plagioclase phenocrysts in these leucocratic rocks
decreases, olivine disappears, whereas the fabric of

Fig. 10 Leucocratic layers and
micropegmatite veins of silicic
material, embedded between
mesocratic massive plagiodole-
rites. Hammer is 80 cm long

clinopyroxenes and magnetite indicates these minerals
are primary liquidus phases. The groundmass is enriched
in glass and granophyre, with minor apatite, hornblende
and biotite. The observed field relations allowed us to
conclude that there was no large scale mixing between
these mesocratic and leucocratic magmas. This le-
ucocratic material was probably injected into the
plagiodolerite magma body simultaneously with, or just
after emplacement, as the body began to crystallize
(Barmina et al. 1988).

The composition of the leucocratic rocks was found
to vary from Fe-rich gabbrodiorites to Fe-rich diorites
and granophyres, similar to relations observed between
Kronotsky ferrobasaltic andesites, ferroandesites and
ferrodacites (Table 3, Fig. 11D). Previous geochemical
studies have also demonstrated that the compositions of
Chazhma layers display a coherent trend of decreasing
V, Cr, Ni, Sc with increasing silica content, whereas the
incompatible element concentrations, such as REE, Ba,
Rb, and Hf, systematically increase with SiO, (Barmina
et al. 1992).

The presence of Ti-magnetite crystals in glomer-
ocrysts with plagioclase (A4nsy_es) and Ca-rich to pi-
geonite pyroxenes, suggests that this Chazhma suite
represents simple derivatives formed by fractional crys-
tallization from a ferrobasalt or basaltic andesite parent.
Creation of the new “‘magnetite”” model makes it possi-
ble to attempt a quantitative genetic model of this tho-
leiitic  series, including both estimates of redox
conditions and numerical simulation of the primary
chemical features of the crystallization products.

Estimate of redox conditions and modeling parental
magma evolution

To estimate the oxidation conditions during crystalli-
zation of the Chazhma ferrodiorites, we propose a new
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Fig. 11A-D Estimates of redox conditions and results of calculations
modeling the formation of the Chazhma sill gabbro- and granodio-
rites. A Each triangle represents a value of log fo, and temperature at
which this rock (melt) is simultaneously saturated with plagioclase and
magnetite. P/ temperatures are calculated using geothermometers
from the COMAGMAT model (Ariskin et al. 1993), whereas those
for magnetite are calculated using the “magnetite” model presented in
this paper. B Triangles represent same estimates at given SiO, contents
in the rocks. The solid modeled line corresponds to fractional
crystallization of an average iron-enriched basaltic andesite, calculated
at NNO + 0.5 using new version of COMAGMAT-3.5. C Same
results in FeO - log fo, coordinates. D Same results in FeO - SiO,
coordinates. The dashed line corresponds to equilibrium crystallization
of an average plagioclase-rich diabase, calculated at NNO + 0.5 in
the range of 0-30% crystallized

technique, based on the use of the COMAGMAT-3.5
model. If we assume that the leucocratic, largely
aphyric rocks represent liquids generated by fractiona-
tion, these melts should be simultaneously saturated
with silicates (plagioclase + clinopyroxene) and Fe-Ti
oxides (magnetite). In that case, the temperature of
saturation for each rock (melt) can be calculated from
plagioclase-melt or pyroxene-melt geothermometers.
For this purpose we used the plagioclase thermometers
of COMAGMAT, which exhibit an accuracy of 10—
15 °C (Ariskin et al. 1993). Temperatures calculated for
each leucocratic rock cover the range from 1125 °C for
iron-enriched gabbrodiorites to 1050 °C for grano-
phyres (Fig. 11B).

To estimate the redox conditions corresponding to
PI-Mt saturation, a series of calculations at different log
fo, ranging from —10 to —7 were carried out for all of
the leucocratic rocks, using the “magnetite” model de-
scribed in the paper. A single value for log fo, for each
rock was defined, at which the magnetite calculated
temperature differs from that of plagioclase by no more
than 1 °C. These data show a small decrease of the ox-

ygen fugacity from 107 to 107 bar with decreasing
plagioclase-magnetite temperatures (Fig. 11A). This
trend corresponds approximately to NNO + 0.5 con-
ditions. The accuracy of this estimate is directly related
to the dependence of magnetite-liquidus on oxygen fu-
gacity, described above. If we assume mean values of
15-30 °C/log fo,, an error of 15 °C for magnetite tem-
perature represents the error from 1 to 0.5 log units for
the estimated log fo, value.

An independent test of the fo, estimates is to simulate
the crystallization of a basaltic andesite parent at
NNO + 0.5 (Fig. 11). A typical ferrogabbro-diorite
composition was used here as a parental melt (Table 3).
The calculated liquid line of descent (Fig. 11D) repro-
duces the observed FeO-SiO, relations within model
error. Note that another line calculated for the equilib-
rium crystallization of an average Chazhma plagio-
dolerite (Table 3) came to the point of silica depleted
and iron enriched compositions similar to those of
Kronotsky ferrobasalts (Barmina et al. 1989).

Conclusions

We have presented a system of empirically calibrated
magnetite-melt and ilmenite-melt equilibrium equations
which allow us to develop models for calculating Mt and
Ilm crystallization temperatures. These expressions are
calibrated for mafic melts using five component mag-
netites (Fe”, Fe?", Ti*", Mg ", and AI’"), and ex-
hibit accuracy of 0.5-2 mol% and 10-15 °C. They have
been integrated into the COMAGMAT-3.5 program,
which can be now successfully applied to a wide range of
magma compositions to study the effects of temperature
and oxygen fugacity on the stability and phase equilibria
of Fe-Ti oxides.
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On the basis of the updated COMAGMAT-3.5 phase
equilibria model a new technique was proposed aimed at
the estimating the redox conditions of the crystallization
of magnetite-bearing mineral assemblages. Application
of this approach to the tholeiitic series of Chazhma sill
indicates that the oxygen fugacity was similar to
NNO + 0.5. Numerical simulation of fractional crys-
tallization of an iron-enriched basaltic andesite parent at
these oxidizing conditions accurately reproduced the
FeO-SiO, relations observed in the Chazhma suite.
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