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Abstract Daraban leucogranite occurs as cactus-like dykes
hosted in serpentinized harzburgite in the mantle section of
the Mawat ophiolite, Kurdistan region, northeastern Iraq. It
has a primary mineral assemblage of quartz + orthoclase +
albite + tourmaline + muscovite, with Mg-rich biotite, phlog-
opite, zircon, ilmenite–titanohematite exsolution, xenotime,
and monazite as the most abundant accessory minerals. New
laser ablation inductively coupled plasma mass spectrometry
U–(Th)–Pb dating of zircon, monazite, and xenotime reveal a
single episode of leucogranite magmatism in the Mawat
ophiolite at 92.6 ± 1.2 Ma. These data indicate that the intru-
sion ages of leucogranite rocks postdate the 105 ± 5 Ma for-
mation age of Mawat ophiolite obtained by K–Ar hornblende
method. The leucogranite magma originated by anatexis of
pelagic sediments during the late Cretaceous subduction in
the Neo-Tethys Ocean, leading to the formation of the
Mawat ophiolite as part of the main Zagros ophiolite belt in
Iraq and Iran. Tourmaline and biotite from leucogranite dykes
were examined regarding their microchemistry and formation
environment. Electron microprobe studies show that the tour-
malines formmainly dravite–schorl solid solutions with a ten-
dency to schorl compositions. Biotites in the leucogranite
have bimodal composition represents by phlogopite and Mg-

rich biotite. The tourmaline and biotite compositions, as well
as field observations, appear to exclude a late-stage magmatic
differentiation origin for the leucogranite. A probable source
is S-type granitic magma rich in boron that resulted from the
anatexis of silica-rich Ca-poor subduction wedge sediments
like those of the Qulqula group. This intruded the ophiolites
during the subduction stage. Calculated biotite and Fe–Ti ox-
ide equilibria indicate that the parent magma formed along the
subduction zone and solidified in the mantle wedge at a pres-
sure 3.8–4.2 kbar, equivalent to 12.5–13.8 km depth.
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Introduction

Syn-subduction zone granite (trondhjemites and leucogranite)
in the mantle section of ophiolites is ubiquitous and minor, yet
forms a genetically important component of the granitic con-
stituent in ophiolite (Coleman and Peterman 1975; Koepke
et al. 2007). These rocks are the products of plate convergence
and may reflect end-member processes of the transition from
oceanic ridge to subduction; they originate from different
protoliths and thermal regimes (Aldiss 1978; Cox et al.
1999; Rollinson 2009; Mohammad et al. 2014; Shafaii
Moghadam and Stern 2015). Mineralogical and geochrono-
logical studies of such granitic intrusions in ophiolites provide
an important key for deciphering the geodynamic evolution of
the ophiolite domains incorporated into the orogenic belts and
closure of the Neo-Tethyan ocean. The tectonic history usual-
ly comprises an initial sea-floor spreading, followed by clo-
sure of the ocean by subduction and then obduction and em-
placement of the ophiolite onto the continental margin and
formation of a mountain belt (Hacker et al. 1996; Karaoğlan
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et al. 2012). Leucogranites in the Mawat ophiolite can record
the most important magmato-tectonic events from subduction
to the Eurasia–Arabia continental collision as it contains pow-
erful datable phases like zircon-, monazite-, xenotime-, and
potassium-bearing minerals.

The blocking temperatures of radioactive elements are di-
verse in different minerals and systems. In the case of the K–
Ar system, the Ar blocking temperature is 510 ± 25 °C for
hornblende and 300 ± 50°C for biotite (Dodson and
Mcclelland-Brown 1985). In the case of the U–Pb system,
the blocking temperature is considered to be higher than
900 °C for zircon (Cherniak and Watson 2000).

A comprehensive knowledge of the age of variable datable
phases of these rocks is critical to understand the geodynamic
evolution of the Zagros belt and for testing and further formu-
lating geodynamic models of the Zagros orogeny.

Tourmaline and biotite are ubiquitous ferromagnesian con-
stituents in granite formed in different petrologic environ-
ments, due to their wide range of stability (Henry and
Guidotti 1985; Abdel-Rahman 1994). The chemical composi-
tions of the tourmaline and biotite reflect the bulk chemistry of
the system in which they formed. Moreover they provide use-
ful information about the physicochemical conditions of for-
mation and are thus significant petrogenetic indicators (Wones
and Eugster 1965; Speer 1984; Burkhard 1991, 1993; Dyar
et al. 1998; Fuchs et al. 1998; London 1999; Torres-Ruiz
et al. 2003).

A comprehensive knowledge of the age of variable
datable phases of these rocks is critical to understanding
the geodynamic evolution of the Zagros belt and further
formulating geodynamic models of the Zagros orogeny.
Therefore, in this work, we present geochronological data
for the zircon, xenotime and monazite in the Daraban
leucogranites that crop out in the central summit of the
Mawat ophiolite. Moreover, we document by electron mi-
croprobe and scanning electron microscope the chemical
composition of tourmaline and biotite to (1) assess the
extent to which tourmaline and biotite chemistry reflects
the bulk composition of the host rocks (2) understand the
crystallization conditions of leucogranite in the ophiolite
suite.

Geological overview

The northern part of Iraq, also called the Kurdistan region of
Iraq, forms part of the major Zagros Orogenic Belt in Iraq
and Iran that contains at least three confirmed Mesozoic
Neo-Tethys ophiolites in the border region (Fig. 1a). They
are from southeast to northwest, the Penjween, Mawat, and
Hasanbag which are an integral part of the Imbricate Zone
of the Iraqi Zagros Orogenic Belt.

The Zagros Orogenic Belt in Iraq comprises four parallel
NW–SE-trending structural domains. These are the Sanandaj–

Sirjan Zone, the Imbricate Zone, the Zagros High and Low
Fold and Thrust Belts, and the Mesopotamian Foreland Basin.
The Imbricate Zone is a NW–SE-trending narrow belt (15 km
wide in the northwest and 25 km in the southeast). It consists
of imbricated tectonic slices involving Qulqula radiolarite,
Mesozoic ophiolites, Cretaceous–Tertiary sedimentary rocks
and Walash volcanic rocks. The High Zagros Reverse Fault
bounds the Imbricate Zone to the southwest (Berberian 1995).
Vegetation and soil cover are minimal on theMawat ophiolite,
making the rocks almost completely accessible to observation.
Field relations for the southern exposure from near Waraz
village to the top of Root Mountain (Fig. 1b) show that the
complex is an overturned continuous sequence with pillow
basalt at the bottom (10–30 m thick), amphibolite gabbro in
the middle (2,500–3,000 m thick), and ultramafic rocks at the
top (200–400 m thick). Numerous pyroxenite dykes cutting
the ultrmafic unit are also observed. A sheeted dike section is
not present or missing in southern section of the Mawat
ophiolite. Hornblende K–Ar ages of mafic plutonic rocks sug-
gest that the ophiolite crust was generated at 105 ± 5 Ma
(Aswad and Elias 1988). However the youngest felsic mag-
matic activity in the ophiolite was dated at 93.4 ± 5.0 Ma by
minerals and bulk rock Rb–Sr mineral isochron (Azizi et al.
2013). Azizi et al. (2013) considered that 93.4 ± 5.0 Ma is the
age of collision of the Arabian passive margin with the Biston-
Avoraman block (BAB), but no geological and field evidence
of presence of BAB indicated in the area (Baziany 2014).
There is general agreement that the Mawat ophiolite repre-
sents a Mesozoic subduction type of ophiolite formed in a
forearc shortly after initiation of subduction and it is geochem-
ically correlated with the Oman and Troodos ophiolites
(Aswad and Elias 1988; Ismail et al. 2010; Ali et al. 2013;
Mohammad et al. 2014). Meanwhile Azizi et al. (2013) sug-
gested a mantle plume origin for the Mawat ophiolite. This
controversy is mainly due to an absent of up to date solid
geological map of the area, as the area till now is politically
unstable region and the only available geological mapping in
the area is from the mid twentieth century. Moreover the main
mafic–ultramafic rock units were not mapped accurately due
to the allochthones nature ofMawat ophiolite by thrusting and
difficulty in accessing the whole Mawat area due to random
distribution of land mines during Iraq–Iran war.

There are numerous white-colored leucogranitic intru-
sions in the mantle section of the Mawat ophiolite. They
consist of small (>20 m) bodies and smaller, 2 to 10 m-
thick-branched dikes in the partly serpentinized
harzburgites of the upper most mantle portion of the
ophiolite (Fig. 2a, b, c). The Daraban leucogranite has
geographical coordinate’s longitude 45° 32′ 12″ east and
latitude 35° 51′ 28″ north, 2,005 m above sea levels. In
the field the leucogranite appear as cactus tree-like, typi-
cally having a single more-or-less massive trunk topped
by several small branches.
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These granitic intrusions at Daraban village are
interpreted as magma resulting from anatexis of sedimen-
tary crustal rocks based on whole rock geochemistry
(Mohammad et al. 2014).

The leucogranite intrusions contain quartz, K-feldspar,
plagioclase, muscovite, tourmaline, and biotite crystals
that are mostly anhedral to subhedral, fine to medium
grained. Muscovite shows slight post-crystallization plas-
tic deformation. Monazite, xeotime and zircon are fre-
quently observed and ilmenite–titanohematite exsolution
intergrowths are the only opaque phase. In thin section
tourmaline crystals show distinct zoning, frequently from
a greenish blue core to a greenish crystal rim. The
leucogranite contains ~75 wt% SiO2 (Mohammad et al.
2014) and geochemica l ly resemble subduct ion
leucogranites from the northern Oman ophiolite (Cox
et al. 1999) and continental collision zones like the
Himalaya (Haase et al. 2015).

Biotite is the common accessory hydrous mafic mineral in
the Daraban leucogranite dyke with modal proportion >1%. It
occurs as subhedral to anhedral grains that vary from 0.5 to
2 mm in diameter. However, it is also present in flake assem-
blages in the majority of rock samples, the textures are

consistent with a primary magmatic origin. Flakes of biotite
also occur as inclusions in tourmaline. Reddish brown-colored
biotite from the marginal zones in leucogranite displays an
interesting contrast of pleochroism. In the 20-cm-thick mar-
ginal zone, it shows light brown to brown pleochroic colors
whereas in the inner zone, it is more reddish brown (Fig. 3a,
b), suggesting higher total Fe and Ti contents. In backscattered
electron images, no chemical alteration like chloritization has
been observed in the biotite grains and along cleavage planes.

The investigated tourmalines in hand sample occur as black
subhedral elongate grains and as skeletal crystals. The tour-
malines have grain sizes ranging in length from <1 to 10 mm.
Fine-grained brown or green tourmaline is optically and
chemically homogenous whereas coarse-grained tourmaline
displays concentric optical zoning that is distinguished into
two broad zones of varying extent and shape (Fig. 3c, d).
The cores are olive green and rims are brownish green. The
color change from core to rim involves sharp optical discon-
tinuities. Coarse-grained tourmaline with scarce inclusions of
biotite is seen in secondary electron images (SEM). In general,
tourmaline seems to have crystallized later than biotite; how-
ever, the local occurrence of biotite as inclusions in tourmaline
shows some exceptions.
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Fig. 1 a Digital elevation model of Iraq and adjacent regions based on Shuttle Radar Topography Mission (SRTM) data showing the locations of late
cretaceous ophiolites in Iraq. b Geological map of the Mawat ophiolite complex (Al-Mehidi 1975)
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Analytical methods

U–(Th)–Pb isotope analyses

Laser Ablation U–Pb dating was done at the University of
Gothenburg as described by Cornell et al. (2013). A New
Wave NWR213 laser ablation system was coupled to an

Agilent 7500a quadrupole ICP–MS. A 25-μm spot size was
used for zircon and 5-μm for monazite and xenotime. The
helium carrier gas was mixed with argon and nitrogen. Th
and U concentrations and 206Pb/204Pb ratios were calculated
from time–resolved raw counts, whereas 207Pb/235U,
206Pb/238U and 208Pb/232Th ages (and their respective errors)
were calculated from averaged ratios with an in-house Excel
spreadsheet. The zircon standard GJ (Jackson et al. 2004) and
monazite standard 44069 (Aleinikoff et al. 2006) were used as
primary standards and to correct for fractionation. The overall
accuracy for 207Pb/235U, 206Pb/238U, and 208Pb/232Th ages
using this method is currently given as 1.5 % (Zirkler et al.
2012). Accurate 206Pb/204Pb ratios are not obtained due to
mercury interference and cannot be used for common Pb cor-
rection, but rather serve as a qualitative estimate of common
lead. During data collection for this study, concordia age re-
sults were obtained for several zircon and monazite standards,
as given in (Supplementary 1).

The results are generally within the error of published
ages. The LA–ICP-MS U–Pb data for zircon, monazite,
and xenotime are given in Tables 1 and 2, respectively.
U–Pb age calculations were made using the Isoplot 3.2
program of Ludwig (2003). Uncertainties of age calcula-
tions are all given at the 2σ level, ignoring decay constant
errors. A few analysis points intersected inclusions, giving
rise to high common lead and uneven data in time-
resolved traces and these data were discarded.

Mineral chemistry

The Daraban leucogranite dyke we sampled appears rela-
tively homogeneous at outcrop scale, although microscop-
ic and geochemical studies show some slight changes in
mineralogy particularly in the marginal zone with the host
peridotite. Tourmaline and biotite were analyzed using a
JEOL JAX850 hyperprobe at Geoanalytical laboratory,
Washington State University, School of Earth and
Environmental Sciences, Pullman USA, operating at
15.0 kV and 0.5 nA specimen current. Suitable synthetic
and natural mineral standards were used. We also used a
Hitachi S-400N scanning electron microscope at the
Department of Earth Sciences at Gothenburg University,
Sweden. The analytical conditions were: 20 kV, working
distance 10-mm, specimen current 6 nA. Simple oxide
and metal standards were used for calibration, linked to
a cobalt reference standard and checked with Smithsonian
mineral standards. Formulae calculations of mica were
accomplished with the Mica+ geological software (Yavuz
2003). Mica+ uses the Dymek’s (1983) normalization
technique in calculating the ferric iron content of micas
based on 22+ z cations. The structural formulae of tour-
malines were calculated by the WinTcac software (Yavuz
et al. 2014) on the basis of 31 oxygen anions. Ilmenite
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Fig. 2 a, b, and c Field photographs showing the field outcrops of
leucogranite dikes hosted in harzburgite
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and titanohematite formulae are calculated based on 3 and
4 oxygens respectively. The electron microprobe micro-
analysis (EPMA) results of tourmaline, biotite and Fe–Ti
oxides are given in Tables 3, 4, and 5, respectively.

Results

Geochronology

The zircons from two equigranular Daraban leucogranite
samples (DL3 and DL4) are euhedral to subhedral and are
typically 50–150 μm long with length-to-width ratios
ranging from ~1 to 3. In the CL images, most zircon
grains show oscillatory zonation typical of magmatic zir-
con. All spots had very high uranium levels ranging from
4,000 to 14,000 ppm and relatively low Th concentrations
and low Th/U ratios, suggesting that all the zircon belongs
to the same magmatic population that grew in the parental
magma of the dykes. Zircon in DL3 was concordant and

gave a U-Pb age of 92.5 ± 1.5 Ma on 11 points, with three
omitted as shown in Fig. (4a).

Zircon in sample DL4 was concordant except for two
points that had significant common lead and plot below
concordia, as shown in Fig. (4b). Omitting one slightly older
point, a concordia age of 92.9 ± 1.7 Ma was calculated for ten
points. One grain of xenotime was found attached to a zircon
in sample DL3 and was analyzed using the standard monazite
calibration. One data point near the rim of the grain had sig-
nificant common lead and plotted above concordia, but the
other three gave a concordia age of 94.6 ± 2.2 Ma, as shown
in Fig. (5a). The Th–Pb age on the same points is
91.6 ± 3.5 Ma. Several grains of monazite were found and
three were analyzed in sample DL2. SEM examination of the
monazite grains showed that grains 1 and 5 are cut by fractures
that have much higher Th levels (Fig. 5b), whereas grain 3 is
unaltered. The 18 data points show the influence of both com-
mon lead, giving high 207Pb/206Pb ratios and possible lead
loss, giving younger U–Pb ages as shown in the Tera-
Wasserburg plot (Fig 6a). It is thought that Th enrichment,
lead loss and incorporation of common lead along fractures
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Fig. 3 Photomicrographs in thin
section of biotite and tourmaline
in leucogranite dyke. a Dark
reddish biotite in the inner zone
specify: sample DL3, 1 m from
contact. b Reddish brown color
biotite from marginal zone,
sample DL1C, 5 cm from contact.
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took place during a deformation and metamorphic event after
magmatic emplacement.

Selecting only points that overlap with concordia (1σ error
ellipses), six points, mostly from the unaltered grain 3 gave a
concordia age of 93.2 ± 1.7 Ma as shown in the Wetherill
concordia plot (Fig. 6b). A weighted mean Th–Pb age on the
same points is 91.0 ± 1.7 Ma.

The U–Pb data on zircon, monazite and xenotime for both
samples are consistent and yields a combined result of
92.6 ± 1.2 Ma. This is interpreted as the age of intrusion and
magmatic crystallization of the two granite samples.

Mineral Chemistry

Tourmaline

The tourmalines from the leucogranite dyke in the Mawat
ophiolite, in general, belong to the alkali group, (Fig. 7a) fol-
lowing the classification by Hawthorne and Henry (1999). As
most of the analyzed grains of tourmaline are aluminous
(Al > 6.00 apfu), the X-vacancy/(Na + X-vacancy) vs. Mg/
(Fe + Mg) diagram is used here for tourmaline classification.
In this diagram, tourmalines from the leucogranite plot most
commonly within the schorl–dravite field (Fig. 7b). Overall,
the leucogranite tourmaline is Ca- and K-poor, with Na/ (Na +

Ca) typically between 0.70 and 0.99 (average: 0.88). The core
to rim color variation in the coarse grain tourmaline correlates
well with its major-element composition, light blue and green
varieties are reduced in Ti (Fig.8), relatively rich in Fe; the
Fe#(Fe/(Fe + Mg)) value is between 0.50 and 0.55 for light
blue tourmaline, and greater than 0.6 for the green variety. The
Li content was not determined but is considered to be negli-
gible, as bulk-rock analyses of strongly tourmalinized rocks
(up to 10 vol% tourmaline) contain less than 10 ppm Li
(Kareem 2015).

Biotite

EPMA results show that the biotite in the leucogranite has
bimodal chemistry. The marginal zone biotite contains high
concentrations of MgO (17.2–18.4 wt%), very high levels of
Al2O3 (19.2–20.9 %), and low FeO total (8.3–9.0 wt% with
Mg/ (Fe2+ + Mg) ratios between 0.77 to 0.78 (see Table 5).
Inner zone biotites contain high FeO (16.12–17.7 wt%), very
high concentrations of Al2O3 (19.6–20.8 wt%) and low MgO
(11.1–11.8 wt%) with Mg/(Fe2+ + Mg) ratios between 0.54
and 0.55 (see Table 5). Regarding TiO2, pale brown biotites
from the marginal zone have the lowest content (mean,
0.9 wt%) and reddish ones from the inner zone have the
highest TiO2 (mean, 2.1 wt%).

Table 5 Representative microanalyses of the Fe–Ti oxides from Daraban leucogranite dyke.

Fe–Ti oxide

Sample no. DL3 DL3 DL5 DL5 DL5

Oxides wt% Tit-2 Il-2 Tit-3 Il-3 Tit-5 Il-5 Tit-6 Il-6 Tit-9 Il-9 Ilmo

TiO2 19.50 47.66 19.33 48.22 19.42 48.53 18.91 48.24 18.81 47.65 33.73

Al2O3 0.00 0.40 0.19 0.01 0.27 0.05 0.26 0.09 0.19 0.13 0.13

FeO 80.35 50.55 80.04 51.06 79.73 50.45 80.34 50.47 80.82 50.95 65.00

MnO 0.00 1.18 0.00 0.61 0.00 0.86 0.14 1.02 0.05 1.09 0.45

MgO 0.20 0.23 0.41 0.09 0.38 0.12 0.25 0.18 0.13 0.18 0.28

Total 100.04 100.02 99.96 100.00 99.80 100.00 99.90 100.00 100.00 100.00 99.90

Ti 0.55 0.90 0.53 0.91 0.53 0.92 0.52 0.91 0.52 0.90 0.94

Al 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01

Fe+3 0.89 0.19 0.93 0.18 0.92 0.17 0.95 0.18 0.96 0.20 0.11

Fe+2 1.54 0.86 1.51 0.89 1.51 0.89 1.50 0.88 1.51 0.87 1.92

Mn 0.00 0.03 0.00 0.01 0.00 0.02 0.00 0.02 0.00 0.02 0.01

Mg 0.01 0.01 0.02 0.00 0.02 0.00 0.01 0.01 0.01 0.01 0.01

Xusp 0.55 0.53 0.53 0.51 0.51 0.94

Xilm 0.89 0.91 0.91 0.91 0.89

T, °C 953.00 919.00 905.00 912.00 940.00

ƒO2 −11.37 −12.16 −12.55 −12.20 −11.54

Xusp = Ti+4 /(Ti+4 + Fe+3 /2)

Xilm = Fe+2 /(Fe+2 + Fe+3 /2)

Tit titanohematite, Il ilmenite, Ilmo ilmohematite (re-integrated)

608 Page 10 of 23 Arab J Geosci (2016) 9: 608



On a Mg–(Fe2+ + Mn)–(Fe3+ + AlVI + Ti) biotite clas-
sification diagram, biotites from the Daraban leucogranite
are classified as phlogopite and Mg-rich biotites (Forster
1960) for marginal and inner zone respectively (Fig. 9).

Peraluminosity index (A/CNK; molar Al2O3/ (CaO+
Na2O+K2O)) of biotite shows relatively consistent A/CNK
values (1.8–1.9) for biotites from the marginal and internal
zones from the leucogranite indicating their aluminous
character.

The most pronounced compositional characteristics of
the biotite in the Daraban leucogranite intrusive suites are
the similarity in Al contents and the differences in Fe/
(Fe+Mg) value. Both features are sensitive indicators of
conditions in the host magma (Wones and Eugster 1965).

The similarity in total Al reflects the peraluminuos narture
of the host magma and suggests that both types of biotite
crystallized from the same magma. The differences in Fe/
(Fe+Mg) values of biotite from the Darban leucogranite
reflect either important differences in the oxygen fugacity
or Mg-diffusion from the country rock by metasomatic
process.

Discussion

The implication of ages for the leucogranite

Zircon, xenotime and monazite U–(Th)–Pb dating shows
consistent, concordant ages of 92.6 ± 1.2 Ma for two
samples of a leucogranite dyke. Thus, the granitic rocks
in Mawat ophiolite were formed simultaneously with a
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regional episode of granitic intrusions in Iranian outer
Zagros ophiolites (92–98 Ma: Shafaii Moghadam and
Stern 2015 and references therein), Oman (93–98 Ma:
Tilton et al. 1981) and Troodos ophiolites (92 Ma:
Mukasa and Ludden 1987).

The overlap of the Rb–Sr mineral isochron age of
93.4 ± 5 Ma by Azizi et al. (2013) with the U–(Th)–Pb ages
for the same intrusions demonstrates that Daraban
leucogranite in Mawat ophiolite remained closed for Rb
and Sr isotopes, after magmatic crystallization, even though
all the major phases were affected by deformation. The age
is 55 Ma older than the previously published age of the
Daraban leucogranite obtained by 40Ar–39Ar muscovite dat-
ing method. The discrepancy between the U–(Th)–Pb
zircon,monazite and xenotime age (92.6 ± 1.2 Ma) and the

40Ar–39Ar muscovite age (37.7 ± 0.3 Ma) is related to major
tectonic phases that affect the isotopic system of datable
phases especially radiogenic unbounded argon in muscovite.

These U–(Th)–Pb zircon, xenotime, and monazite ages
are 10–15 Ma younger than published 105 ± 5 Ma K–Ar
(Aswad and Elias 1988) ages for hornblende from diaba-
sic rocks of the Mawat ophiolite and ~100 Ma Rb–Sr ages
for serpentinite rocks associated with the ultramafic sec-
tion of Mawat ophiolite (Aziz et al. 2011). As closure
temperatures of zircon and normal igneous monazite are
900°C and 700–750 °C, respectively (Cherniak and
Watson 2000; Heaman and Parrish 1991), the new U–Pb
zircon, xenotime, and monazite ages are best interpreted
as magmatic crystallization ages. These younger ages of
Daraban leucogranite suggests that the leucogranite intru-
sion postdated formation ages for the mafic and ultramafic
country rocks of the Mawat ophiolite.
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Fig. 8 X-ray maps of euhedral
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Tourmaline chemistry versus the host rock type

The major element composition of tourmaline is strongly in-
fluenced by the host rock composition (Henry and Guidotti
1985). Henry and Guidotti's (1985) Al–Fe–Mg and Mg–Fe–
Ca ternary diagrams were used to verify the type of the rock in
which the tourmalines were formed.

On the Al–Fe–Mg diagram all tourmaline data plotted in
the field of metapelites and metapsammites coexisting with an
Al-saturating phase (field 4 of Fig. 10a).

Concerning the type of rock where the tourmalines were
formed, we notice that the tourmaline rim composition plot in
the fields of Li-poor granitoid (field 2 of Fig. 10b) while the
cores plot in those of Ca-poor metapelites, metapsammites,
and quartz-tourmaline rocks (field 4 of Fig. 10b).

The Fe# value of tourmaline from the Draban
leucogranite range from 0.55 to 0.61, overlapping with
the Fe# of tourmaline in metasedimentary rocks.

Tourmalines from granites and metasedimentary rocks
have Fe# values ranging from 0.86 to 0.96 and 0.41 to 0.67,
respectively (Henry and Guidotti 1985; Henry and Dutrow
1996). The tourmaline chemical data from the Daraban
leucogranite suggest that the parental material of the
leucogranite may have been derived from sedimentary mate-
rial without undergoing an extensive fractionation process.
The co-occurrence of emery sedimentary enclave within the
Daraban leucogranite may support less differentiation
(Mohammad et al. 2014).

Biotite chemistry versus the host rock type

The major oxide composition of biotites is routinely used as a
guide to evaluate the physicochemical conditions in which
their magmatic host-rocks were formed. The conditions in-
clude oxygen fugacity in the parent magmas (Wones and
Eugster 1965), granite liquidus temperature (Abbot and
Clarke 1979), to classify the granitoid (Abdel-Rahman
1994) as well as to date the crystallization history and tectonic
events registered by these rocks. Abdel-Rahman (1994) dis-
criminated three compositionally distinct fields of biotite
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Fig. 10 a Al–Fe–Mg plots for tourmalines from Daraban leucogranite
dyke after Henry and Guidotti (1985) fields (1) Li-rich granitoid pegma-
tites and aplites, (2) Li-poor granitoids and their associated pegmatites
and aplites, (3) Fe+3-rich quartz-tourmaline rocks (hydrothermally altered
granites), (4) metapelites and metapsammites co-existing with an Al-
saturating phase, (5) metapelites and metapsammites not coexisting with
anAl-saturating phase, (6) Fe+3-rich quartztourmaline rocks, calc-silicate
rocks and metapelites, (7) low-Ca metaultramafics and Cr, V-rich

metasediments, (8) metacarbonates and metapyroxenites, Ca-poor
metapelites metapsammites and quartz-tourmaline rocks. b Mg–Fe–Ca
cation plots for tourmalines from Daraban leucogranite dyke after
Henry and Guidotti (1985) fields (1) Li-rich granitoid pegmatites and
aplites, (2) Li-poor granitoids and their associated pegmatites and aplites,
(3) Ca-rich metapelites, metapsammites, and calc-silicate rocks, (4) Ca-
poor metapelites metapsammites and quartz-tourmaline rocks, (5)
metacarbonate, (6) metaultramafic
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based on major oxides that reflect different magmatic host
rocks: alkaline (I-type), calc-alkaline (I-type), and
peraluminous (I-type and S-type).

Biotite is the most common mineralogical sink for excess
aluminum in granite generally and particularly in the Darban
leucogranite. This is demonstrated in Fig. 11a, in which the
biotites have almost twice the whole-rock peraluminosity in-
dex in the Daraban leucogranite. Whalen and Chappell (1988)
documented that AlVI abundances in biotite permit discrimi-
nation between I- and S-type granites, thus biotite in I-type
granites are characterized by lowAlVI abundances (<0.4 apfu),
whereas biotite hosted in S-type granite has higher AlVI abun-
dances (0.2–0.7 apfu).

Taking this characteristic of biotite into consideration, we
compiled a database of biotite from 29 localities based on
more than 31 references (Lalonde and Bernard 1993; Abdel-
Rahman 1994 and references therein; Villaseca and Barbero
1994; Aydin et al. 2003; Shabani et al. 2003; Koh and Yun
1999) in attempt to distinguish between biotite from S- and I-
type granites, using the ACNK vs Al2O3 criteria of biotites. In

Fig. 11b, these data show that biotite from I-type granite and
S-type granite can be distinguished. The AlVI abundances in
biotites from the Darban leucogranite range from 0.7 to 0.9
apfu, suggesting that the biotite in the Daraban leucogranite is
of sedimentary origin.

Oxygen fugacity

Biotite

Biotite composition is a valid recorder for the oxidation state
of the magma from which it crystallized when it coexists
with K-feldspar + magnetite. Wones and Eugster (1965)
applied the composition of biotite solid solutions in the ter-
nary system annite KFe3

2+AlSi3O10(OH)2–phlogopite
KMg3AlSi3O10(OH)2–siderophyllite KFe3

3+AlSi3O10(OH)2
for the approximation of oxygen fugacity by using a variety
of oxygen buffers. In Fig. 12a, the biotites cluster into two
separate regions.
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The marginal zone biotite (phlogopite) falls between the
nickel oxide (NNO) and hematite–magnetite (HM) buffers,
indicating somewhat oxidizing conditions similar to
magnetite-series granites (Ishihara 1977). The inner zone bio-
tite plots between the quartz–fayalite–magnetite QFM and
NNO buffers (Fig. 12a) similar to ilmenite-series granites in
Japan (Ishihara 1977), indicating reducing conditions.

This difference in oxygen fugacity can be supported by the
unique occurrence of ilmenite oxy exsolution lamellae in

titanohematite as the opaque phase in the leucogranite rock
samples. A qualitative estimate of oxygen fugacity and tem-
perature can be obtained from the Fe/(Fe + Mg) value of
biotite by applying the calibrated curve of Wones and
Eugster (1965) in fO2–T space for the biotite + K-feldspar +
magnetite equilibrium. A Crystallization temperature of 900
to 1100 °C for Mg–biotite and phlogopite in Daraban
leucogranite is obtained, estimated log fO2 values span a range
of 10–10 to 10–13 bars. Values for T and fO2 of individual
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Fig. 12 a Composition of
biotites in Fe+2–Fe+3–Mg ternary
diagram along with the fO2

buffers of Wones and Eugster
(1965). b Composition of
Daraban leucogranite biotites in
the 10*TiO2–FeOtot–MgO
ternary diagram after (Nachit et al.
2005)
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biotite are presented in Table 5 based on Fe/(Fe +Mg) value of
biotite. The data apparently suggest that the phlogopite is the
early phase that crystallized first, whereas theMg–biotite crys-
tallized later. However on 10*TiO2–FeO–MgO ternary dia-
gram of Nachit et al. (2005) the biotites in Daraban
leucogranite plot in the field of re-equilibrated primary biotite
with Mg–biotite closer to primary biotite field(Fig. 12b). This
suggests that the marginal zone biotite extensively re-
equilibrated with physicochemical conditions in the host rock
as a result of Mg-cryptic metasomatism from mantle host
rock.

Fe–Ti Oxides

The equilibrium between the iron–titanium oxide minerals
has been widely engaged to give a quantitative thermo-
oxy barometer in various igneous and metamorphic rocks
(Buddington and Lindsley 1964; Sauerzapf et al. 2008).
Our SEM/electron probe analyses of titanohematite and
ilmenite in the exsolution intergrowths, illustrated in
Fig. 13a, b, c, d, showed that their compositions are
consistent, suggesting that exsolution took place at a
high temperature which then cooled rapidly. Based on
the experimental works of Buddington and Lindsley
(1964) and Sauerzapf et al. (2008), the compositions of
co-existing Fe–Ti oxides in the exsolution intergrowths in
leucogranite samples were used to measure fO2 and T.
Magnetite–ilmenite geothermobarometry (Lepage 2003)
and isopleth diagrams of Xusp-Xilm (Sauerzapf et al.

2008) were used for quantitating fO2 and T in Daraban
leucogranite. The results are presented in Table 5 and
Fig. 14. The obtained results of fO2 and T overlap with
the results of Mg–biotite using biotite crystal chemistry in
Table 5. This suggests that the parental hemoilmenite was
exsolved at ~900 °C to produce exsolution of ilmenite
(Xil = 0.90)–Ti-rich hematite (Xusp = 0.53).

Re-integration of exsolved Fe–Ti oxides was done
using the compositions of the two unmixed phases of
sufficiently coarse grains comprising lamellae of ilmenite
in titanohematite, analyzed by electron microprobe. The
proportions of the exsolution lamellae and host were esti-
mated for four rock samples by computer image analysis
of back-scattered electron (BSE) images. The bulk of
ilmohematite has Xusp of 0.94 ± 0.02 which may suggest
an extreme crystallization temperature of more than
1,300 °C (Tauxe 2010; Sauerzapf et al. 2008). The Fe–
Ti oxide exsolution can be explained based on the follow-
ing reaction:

Hemoilmenite ¼ Ilmenite þ Titanohematite
3 Fe2−yTiyO3

� � ¼ 2FeTiO3 ilmeniteð ÞþFe2−yTiyO3 titanohematiteð Þ

Solidification pressure

We have used biotite chemistry to estimate the pressure
and depth of crystallization of the tourmaline leucogranite

Fig. 13 a, b, c and dBSE images
of ilmenite-titanohematite exso-
lution from Daraban leucogranite
samples (DL3 and DL5) used for
re-integration of ilmohematite
composition (0.4 ± 0.03 ilmen-
ite + 0.6 ± 0.03 titanohematite).
Light gray color = titanohematite,
dark gray = ilmenite
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dyke. From the chemical data of biotite (see Table 4), it is
clear that the Al2O3 contents of Mg–biotite and phlogo-
pite are nearly equal (see Table 4); thus it is feasible to
use Al contents as guide to estimate the pressure of solid-
ification (Etsuo et al. 2007). The solidification pressure of
the granitic rocks shows a positive correlation with in-
creasing TAl in biotite, thus the total Al content in biotite
(AlIV + AlVI) can be used to quantify the solidification
pressure as a dependable geobarometer. The equation pro-
posed by Etsuo et al. (2007) was used to calculate the
crystallization pressure and depth, with the crystallization
depth estimated from a pressure–depth relationship of
1 kbar to 3.3 km depth:

The following equation was used to calculate the biotite
crystallization pressure

P Kbarð Þ ¼ 3:03� TAl−6:53 �0:33ð Þ

where TAl is the total aluminum content of biotite calculated
on the basis of 22 oxygen atoms. The crystallization pressures
of biotite in the tourmaline leucogranite dyke are given in
Table 5. As the TAl for the phlogopite (Avg.TAl = 3.42 apfu)
and Mg-rich biotite (Avg.TAl = 3.56 apfu) is nearly the same,
the crystallization pressures range from 3.8 to 4.2 kbar, corre-
sponding to average depths of 12.5–13.8 km.

Tectonic setting

Biotite signature

Biotite compositions from divers granitic rocks based on a
large data set have been used by Abdel-Rahman (1994) to
discriminate between (1) anorogenic extension-related
peralkaline granites, (2) calc-alkaline I-type orogenic suites
and (3) peraluminous rocks including S-type granites.

Several diagrams were introduced to distinguish these differ-
ent tectonic settings. We used the ternary FeO*–MgO–Al2O3

plot shown in Fig. 15, which is probably the most powerful
discriminant since it reflects changes in redox state and
peraluminosity. Biotite compositions from rocks of the
Darban leucogranite dyke marginal zone fall principally in
the subduction-related calc-alkaline field, whereas those from
the inner zone plot in the collisional related peraluminous field
(Fig. 15).

Tourmaline signature

The most common tourmaline-bearing granite is one that has
undergone significant fractionation, because boron, an essen-
tial constituent of tourmaline, behaves incompatibly in igne-
ous systems and is therefore highly enriched in fractionated
melts (London 1999). Tourmaline is most common in calc-
alkaline and peraluminous granites. If granitic rocks are de-
rived from the melting of metasedimentary material that is
commonly enriched in B compared to the average crust, tour-
maline may occur in substantial modal amounts.

Igneous tourmaline tracks the composition and mineral as-
semblage of its host magma. Therefore, it provides a first-
order approximation of the composition of the magma from
which it nucleated, including changes in major components
such as Fe, Mg, andMn (Jolliff et al. 1986). In general Na-rich
tourmaline with intermediate Fe and Mg is diagnostic for in-
termediate igneous rocks, e.g., schorl and dravite, whereas
tourmaline from moderately fractionated granitic rocks tends
to be Fe-rich (i.e., schorl and foitite; see nomenclature in
Hawthorne and Dirlam 2011). With increased fractionation,

MgO

FeO Al2O3

Oro
ge

nic
 ( 

co
llis

ion
 ) 

Oro
ge

nic
 (s

ub
du

ct
ion

)

An
or

og
en

ic 
(e

xt
en

sio
n)

A

C

P

Fig. 15 Composition of biotite from Daraban leucogranite dyke
expressed in the discrimination plot of Abdel-Rahman (1994). A: alka-
line, C: calc-alkaline, and P: peraluminous granite fields. FeO* = [FeO +
(0.89981*Fe2O3)]

−5

−4

−3

−2

−1

0

1

2

3

4

600 700 800 900 1000 1100 1200 1300

Temperature (°C)

U-10

U-20
U-30

U-70
U-60

U-50
U-40

U-80

U-100

U-90

I-99.5
I-99

I-98

I-97

I-96

I-94

I-90

I-80

I-70
1 bar

ΔN
N

O

Fig. 14 Composition of Fe–Ti oxides in isopleths of Xusp vs Xilm of as a
function of temperature and oxygen fugacity (ΔNNO) after Sauerzapf
et al. (2008)

608 Page 18 of 23 Arab J Geosci (2016) 9: 608



tourmaline gets enriched in Li, so that in highly differentiated
pegmatites, the Li species elbaite, fluor-liddicoatite, and
rossmanite are characteristic.

Tourmaline is identical phase for the B-enriched group of
granitic-pegmatites of the lithium–caesium–tantalum (LCT)
family, typically formed at the expense of metasedimentary
materials and occurs more rarely in granitic pegmatites that
represent the culmination of protracted fractional crystalliza-
tion of basaltic magma of the niobium–yttrium–fluorine
(NYF) family (London 2008). Martin and De Vito (2005)
consider that LCT granite-pegmatites are members of orogen-
ic (calc-alkaline) suites formed in a subduction setting. In
contrast, NYF granite–pegmatites are affiliated with
anorogenic suites, formed in an extensional setting. The Al
and Na-rich dravite–schorl nature of tourmaline from the
Daraban leucogranite dyke, together with mantle host rock
that suggests the leucogranite dyke was formed in the subduc-
tion zone tectonic environment of the Mawat ophiolite.

Petrogenesis

Granitic rocks within ophiolites can be grouped into two main
genetic categories: (1) Na-rich granite (trondhjemites) are gen-
erated either by extensive fractional crystallization of basaltic
magma at high levels (i.e., at low pressure) or by hydrous
partial melting of gabbros or MORB in subduction zones
(Koepke e t a l . 2004, 2007) ; (2) K-r ich gran i te
(leucogranites) are generated by partial melting of sediments
in subduction zones (Cox et al. 1999; Haase et al. 2015).

Because the Daraban leucogranite is dominated by K-rich
minerals such as muscovite, orthoclase and minor biotite, the
possibility that the Daraban leucogranites represent fractional
crystallization of mafic magmas in the crust of the Mawat
ophiolite was rejected because this process will yield
sodium-rich and potassium-depleted phases in the felsic mag-
ma in ophiolites.

The peraluminous nature of biotite and tourmaline,
occurance of phlogopite and major element composition of
the host leucogranite mantle intrusive with >72 wt% SiO2

(Table 1 in Mohammad et al. 2014) closely resembles that of
rocks produced by anatexis of subducted pelagic sediments at
<900 °C, depth 70–90 km in the stability field of phlogopite
(Wyllie and Sekine 1982; Johnson and Plank 1999; Hermann
and Spandler 2008). Also, the similarity of the incompatible
elements and especially the boron composition of the most
SiO2-rich rocks to the Himalayan and Oman leucogranites
imply that these rocks represent partial melts of sediments
along the subduction zone. The source or the magma might
be related to seafloor sediments rich in silica and depleted in
calcium that suffered anatexis during their subduction into
deeper regions. The obtained physicochemical conditions
suggest a transition from the high temperature moderately
oxidizing environment to low temperature reducing

environment. This supports the idea of formation of granitic
melt along the deep subduction zone followed by upward
movement of the melt into a reducing environment in the
mantle wedge at shallower depths. This mantle section in
Mawat ophiolite probably represents the tip of the mantle
wedge of the former subduction zone and must have been
relatively hot to allow equilibration of the biotite along the
margin of the Daraban leucogranite through Mg metasomatic
process.

A model to explain crystallization conditions

Experimental studies (Lattard et al. 2006; Sauerzapf et al.
2008; Yoder and Kushiro 1969; Tareen et al. 1995;
Condamine and Médard 2014) show that the phlogopite and
hemoilmenite are the common minerals stable under mantle
oxidizing conditions along subduction zones. Fe–Ti oxides
thermo-oxy barometry indicates that the first mineral crystal-
lized was hemoilmenites. As the temperature fell and the ox-
ygen fugacity decreased, due to upward movement along the
mantle wedge, the homolimenites in the silicate melt were
converted to titanohematite and ilmenite exsolution
symplectites (intergrowths) at 900 °C.

However, the biotite thermometer suggest two different
crystallization temperature at 1,100 and 900 °C but this is
attributed to re-equilibration rather than to different crystalli-
zation conditions. The re-equilibration mechanism can be ex-
plained the three following scenarios.

Scenario 1:When the magma is rising from the melting
region along the subduction zone at 70–90 km depth at
900 °C, the Mg-rich biotite starts to crystallize homogenously
though out the Daraban leucogranite magma. With further
upward raising of the magma into hotter mantle wedge (see
Fig. 7 in Stern 2002) the marginal zone interacts with hot host
rock and converts Mg-rich biotite to phlogopite through the
high-temperatureMg-metasomatic process cryptic metasoma-
tism (Fyfe and McBirney 1975; Wyllie and Sekine 1982).

Scenario 2:Following physical mechanisms by which gra-
nitic magmatic dykes crystallize when the magma chambers
contain a central mass of nearly crystal-free magma that grad-
ually loses heat and crystallizes in situ inward from its margins
(Morgan and London 1999). Phlogopites phase will crystal-
lized first at about 1,100 °C as the magma rises from the
melting region along the subduction zone into the solid hot
overlying mantle wedge peridotite. This process causes the
crystallization of marginal phlogopite along the border of
felsic melts. The phlogopite formation produces Mg-
depleted and Fe-enriched toward the felsic melt internal part
as consequencesMg–biotite crystallize at a higher level, lower
temperature 900 °C and reducing environment.

Scenario 3:Phlogopite formed along the marginal zone of
leucogranite at the expense of Mg-rich biotite due to the infil-
tration of Mg-rich hydrothermal fluids through both the
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leucogranite and serpentinite, thus the formation of phlogopite
should be coeval with the serpentinization process in the coun-
try rock (Cheilletz et al. 1993).

The uniform crystal size throughout the Daraban
leucogranite dyke and the lack of chilled margin excludes
scenario 2. Scenario 3 is also excluded, as the serpentinization
process is a low-temperature process it is unlikely to produce
high temperature phlogopite along the contact between the
dyke and host rock.

The high-temperature stability field of the phlogopite com-
bined with the subduction zone characteristic of the host rock
may suggest that the phlogopite formation process, through
scenario 1 is more likely.

With further falling in temperature and continuing upward
movement of the melt as result of buoyancy, the composition
of the melt became boron saturated and peraluminous and
Mg–biotite started to react with peraluminous liquid to form
tourmaline. The co-occurrence of biotite + orthoclase +
quartz + albite + tourmaline (Fig. 9) suggests that the biotite
started to form tourmaline according to following reaction
(Wolf and London 1997):

KFe3AlSi3O10 OHð Þ2 þ NaAlSi3O8

þ 2:5 Al2SiO5 þ 0:5 SiO2 þ 1:5 B2O3

þ H2O→NaFe3Al6 BO3ð Þ3Si6O18 OHð Þ4 þ KAlSi3O8

In general, the local occurrence of biotite as inclusions in
tourmaline shows that the former started crystallizing before
tourmaline (Fig. 9). It is plausible that oxidizing conditions
promoted the formation of tourmaline at the expense of biotite
(Scaillet et al. 1995). These observations, together with the
experimental data suggests a water content in the melt at the
emplacement level in the range 6.0–7.5 wt% H2O and boron
contents ranging from about 0·15 to 6 wt% B2O3 (Scaillet
et al. 1995; Benard et al. 1985; Wolf and London 1997).

The possible sources of sedimentary rocks

Before the subduction stage during rifting in the Neo-
Tethyan oceanic basin, there was a continued deposition
of radiolarite facies on the oceanic crust that is one of the
diagnostic features of the Neo-Tethyan Mesozoic realm.
This sedimentary facies extended from Hawasina region
(Oman) in the south, passed by Pichakun in south Iran,
Kermanshah (western Iran), Qulqula (Kurdistan region of
Iraq) and ended with Kocali basin (Turkey) (Berberian
and King 1981; Ali et al. 2013). The Neo-Teythan
radiolarites range in age from Triassic to Cretaceous. In
Iraq, the Qulqula radiolar i te comprises var ious
lithostratigraphic units, of which the pelagic and
hemipelagic facies of radiolarite deposited in the inner
abyssal plain of the Neo-Tethyan oceanic basin are typical
(Baziany 2014). Following the subduction, a vast amount

of radiolarite material of the Qulqula group and oceanic
crust descended together along the subduction zone,
reflecting typical accretionary wedges above NE subduc-
tion zone (Karim et al. 2011). Partial melting of these
sediments probably generated the leucogranite magmas
that intruded into hot depleted parts of the mantle wedge.
The presence of corundum-bearing high-grade metapelite
xenoliths in the leucogranite, in addition to the dominance
of manganese and barium-bearing phases psilomelane and
pyrolusite in Qulqula radiolarite may have been a signif-
icant contribution to the high concentration of Ba (avg:
219 ppm, Mohammad et al. 2014) and the existence of
Mn–ilmenite (up to 1 wt% MnO) in the leucogranite
dyke. Very high uranium levels ranging from 4,000 to
14,000 ppm in zircon may reflects that the black shale
within pelagic facies involved during anatexis process to
produce leucogranite magma.

Tectonic implications

The new U–Pb isotope data, together with widespread
geochronological data of granitic rocks in Zagros
ophiolite sectors of ~9,000-km Magrhebian–Alpine–
Himalayan orogenic belt show that the distinctive period
of granite production in ophiolite belts occurred synchro-
nously with subduction events in the Neo-Teythan Ocean.
The overlap in U–Pb zircon ages between the Mawat
ophiolite with Ar–Ar age of Hassanbag ophiolite in Iraq
and the ages of the end-member ophiolites of the Late
Cretaceous Neo-Tethyan ophiolite belt represented by
Troodos in Cyprus and Semail in Oman; suggests that
subduction was concordant and predate the intrusion of
granitic magma at 92–98 Ma. The overlapping of
U–(Th)–Pb zircon,monazite and xeotime age of the
Mawat ophiolite with entire Zagros ophiolites in Iran, oc-
currences of podiform chromitite bodies (Ismail et al.
2010), extreme dominance of gabbro over basalt units
(Al-Saffi et al. 2012) and integrated with lack of BAB
between the Mawat ophiolite and Arabian passive margin
in the area (Baziany 2014) confirm the subduction char-
acteristics over a mantle plume origin.

Conclusions

1. New LA-ICP-MS zircon U–Pb geochronological data for
leucogranites in the Mawat ophiolite provides new in-
sights into the timing of late Cretaceous subduction in
Iraq which generated ophiolites along the Zagros
ophiolite belt.

2. The composition of key mineral-like tourmaline, biotite,
and Fe oxides can function as a tool for the classification
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and petrogenetic characterization of leucogranite in
ophiolite.

3. The Darban leucogranite dykes are slightly zoned; biotites
compositions vary from a Mg-rich thin marginal zone
towards a Fe-rich inner zone of the pluton. The lower
ƒO2 and temperature in the internal relative to the margin-
al area of the leucogranite dyke suggests that the marginal
zone have been re-equilibrated with host rock conditions

4. The occurrence of bimodal Mg-rich biotites and
phlogipites in the same rock type suggests that the biotite
grains form at the same time under different physico-
chemical condition in the magma. Consequently, it is
risky to interpret single mineral chemistry without de-
tailed geochemical and petrographic investigations of
the studied minerals.

5. The Daraban leucogranite intrusions represent partial
melts of Si-rich and Ca-depleted pelagic sediments simi-
lar to the Qulqula group that crystallized in the forearc
mantle wedge.
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