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Abstract
Three types of metamorphic titanite have been noted in a metarodingite pod within the tectonized
and serpentinized peridotite portion of the Penjwin ophiolite sequence within the Iraqi Zagros Thrust
Zone (IZTZ), northeastern Iraq. Type I metamorphic titanite occurs as subhedral to anhedral finegrained disseminated crystals within chlorite that was formed during chloritization of biotite as a result
of low-temperature (T = 330–340 °C) ocean-floor metamorphism or rodingitization of plagiogranite
under a reducing environment. It is characterized by intermediate Al2O3 (Avg: 3.61 wt%), high FeOT
(Avg: 0.89 wt%), and intermediate TiO2 (Avg: 34.7 wt%). Type II metamorphic titanite occurs as a thin
rim around ilmenite and has high Al2O3 (Avg: 4.8 wt%), intermediate FeOT (Avg: 0.6 wt%), and low
TiO2 (Avg: 33.7 wt%); it represents a reaction product between grossular and ilmenite, which resulted
from an oxidizing high-pressure–high-temperature (P = 1.4–1.6 GPa and T > 750 °C) metamorphic
event involving plagiogranite. Type III metamorphic titanite occurs as very coarse, highly fractured
grains up to 0.5 mm, with inclusions of ilmenite, and surrounded by albitic plagioclase, analcime, and
chlorite. This titanite is characterized by low Al2O3 (Avg: 1.23 wt%), low FeOT (Avg: 0.30 wt%), and
high TiO2 (Avg: 36.98 wt%). It formed during extensive titanitization of ilmenite by a reaction with
Ca-plagioclase during moderate pressure and temperature (P < 1.6 GPa and T < 750 °C) conditions,
as a result of albitization of Ca-plagioclase in plagiogranite.
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Introduction
Titanite, Ca(Ti,Al,Fe3+)SiO4(O,OH,F), is a common accessory phase found in igneous rocks including felsic, intermediate, and alkaline plutonic rocks; metamorphic rocks including
high-pressure eclogite, granulite, amphibolite, greenschist, and
calc-silicate rocks; and via chloritization of biotite (Deer et al.
1982; Eggelton and Banfield 1985; Franz and Spear 1985; Gieré
and Williams 1992; Enami et al. 1993; Sheifert and Kramer
2003). The chemistry of titanite is very sensitive to intensive
parameters such as pressure, temperature, and oxygen and
water fugacity (Wones 1989; Enami et al. 1993; Xirouchakis et
al. 2001a, 2001b; Tropper et al. 2002; Troitzsch and Ellis 2002;
Harlov et al. 2006), thus leading to the potential use of titanite in
determining metamorphic conditions (Enami et al. 1993; Tropper et al. 2002). Titanite may be used for predicting the oxygen
fugacity under which the Ti-bearing rocks have formed and for
monitoring the F content in magma (Price et al. 1999).
The titanite structure consists of chains of corner-sharing
TiO6 octahedra and SiO4 tetrahedra, which enclose large irregular
seven-coordinated polyhedra containing Ca (Deer et al. 1982).
In different geologic environments, the chemical composition of
titanite deviates from the ideal composition because of substitution, the most common of which is Al-F ↔ Ti-O. This coupled
substitution results in vuagnatite, which is chemically equivalent
to the hypothetical Al-OH end-member of Al-rich titanite, but
with a different crystal structure (MacNear et al. 1976).
High-pressure and ultrahigh-pressure (UHP) titanites are
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commonly characterized by a high amount of fluoro-aluminotitanite component (Carswell et al. 1996). Experimental studies
of titanite demonstrate that the Al and F contents are positively
correlated with pressure and negatively with temperature (Smith
1981; Troitzsch and Ellis 2002). However, low Al-F titanite
has also been recorded in UHP carbonate-bearing rocks in the
Dabieshan-Sulu UHP terrain (Ye et al. 2002). Many reactions
have been proposed for the origin of metamorphic titanite in
different systems: STMCH (SiO2-TiO2-MgO-CaO-CO2-H2O),
CFTSH (CaO-FeO-TiO2-SiO2-H2O-O2), and CFASH (CaO-FeOAl2O3-SiO2-H2O-O2) (Broska et al. 2007; Harlov et al. 2006).
The aim of this article is to describe the modes of occurrence and chemical characteristics of different types of titanite
in metarodingite along the Iraqi Zagros Thrust Zone (IZTZ).
The oxidation state of Fe in the titanite structure and the factors
that affect it are discussed based on a large data set of electron
microprobe analyses of different types of titanite in the same rock
type. The metamorphic titanite has been subdivided into three
types (Type I, Type II, and Type III) based on composition and
the textural relationships of titanite with other phases.

Field and petrographic observations
The metarodingite occurs as an isolated pod (4 m2 in dimension) within the tectonized and serpentinized peridotite of the
Penjwin ophiolite sequence (Fig. 1a). The metarodingite is
concentrically zoned from the host rock to the center of the pod
(Fig. 1b). In Figure 1b, A represents the sheared serpentinite,
which consists mainly of the serpentine minerals lizardite and
chrysotile as early phases and antigorite as a later recrystallized
phase with a subordinate amount of carbonate minerals. B shows
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