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ABSTRACT

The Mawat ophiolite is a fragment from the Neo-Tethyan oceanic lithosphere and is considered as the largest and best-exposed ophiolite within the Za-
gros Suture Zone, northeast Iraq. Felsic dykes are encountered in three locations in the Mawat ophiolite. Here, we use field work, petrology and geochemical
data to investigate the magma sources of the felsic dykes. The felsic dykes are classified into two types: oceanic plagiogranites in the western (Mirza and
Ismail, 2007) and leucogranites in the central (Mohammad et al., 2014) Mawat ophiolite, here called tonalites and granites, respectively. Both types, mixed
in various proportions occur in the eastern felsic dykes. The eastern tonalites are weakly peraluminous to metaluminous and are low in K,O (0.13-0.24 wt%)
and TiO, (0.01-0.07 wt%) and high in Na,O (6.63-11.02 wt%). The eastern granites are strongly peraluminous, moderate to high in K,O (1.16-6.57 wt%) and
Na,O (2.83-6.47 wt%), and very low in TiO, (0.03-0.07 wt%). The western tonalites are similar to adakites and are interpreted to have crystallized from melts
of subducted oceanic crust interacting with the mantle. The eastern tonalites underwent hornblende and plagioclase fractionation in shallow-level magma
chambers modifying their original compositions. The granites are interpreted to derive from melting of psammitic sediments on top of the subducted slab. Pa-

rental melts of the tonalities and granites were partially mixed in shallow magma chambers in eastern Mawat.

INTRODUCTION

Small volumes of felsic magmatic rocks are commonly
associated with modern oceanic crust and ancient ophiolites.
They occur as metre- to kilometre-scale dykes and intrusive
bodies in the upper portion of the lower oceanic crust. They
are particularly abundant in the upper gabbros and in the root
zones of the sheeted dyke complexes in ophiolites (e.g. Cole-
man and Peterman, 1975; Flagler and Spray, 1991; Amri et
al., 1996; Koepke et al., 2007; France et al., 2009).

These rocks are composed of plagioclase and quartz,
minor ferromagnesian minerals and rare K-feldspar with
very low K,O contents (~ 0.2 %; Coleman and Peterman,
1975; Amri et al., 1996; Koepke et al., 2007; Dilek and
Furnes, 2014; 2017) and have compositions corresponding
to diorite, quartz diorite, tonalite, trondhjemite and albite-
anorthosite (Amri et al., 1996; Li and Li, 2003; Li et al.,
2008; Meffre et al., 2012; Freund et al., 2014). They are
commonly referred to as oceanic plagiogranites. Another
type of felsic rocks identified in several ophiolites is com-
posed of K-feldspar, plagioclase, quartz and mafic mineral
forming up to 5% (Pearce, 1989). These are often called
leucogranites.

Different magmatic processes leading to the formation
of felsic rocks in ophiolites have been recognized: i) frac-
tional crystallization of basaltic magmas at shallow depths
(Coleman and Peterman, 1975; Amri et al., 1996; Floyd et
al., 1998; Freund et al., 2014), ii) partial melting of hydrat-
ed mafic (Malpas, 1979; Gerlach et al., 1981; Flagler and
Spary, 1991; Keopke et al., 2004; Grimes et al., 2013) and
sedimentary rocks (Haase et al., 2015; Rollinson, 2015), iii)
liquid immiscibility (Dixon and Rutherford, 1979; Ulrich
and Borsien, 1996).

Studies on felsic rocks in ophiolites have shown that they
may form at different stages of the evolution, from mid-ocean
ridge through spreading, subduction and obduction leading to
a variety of felsic rocks observed in ophiolites (Searle and
Malpas, 1980; Pedersen and Malpas, 1984; Pearce, 1989;
Flagler and Spary, 1991; Amri et al., 1996; Whitehead et al.,
2000; Li and Li, 2003; France et al., 2010; Dilek and Furnes,
2014; Santosh et al., 2016).

Small volumes of felsic dykes occur in the central and
western Mawat ophiolite (MO), NE Iraq, intruded into the
upper mantle peridotite (Mohammad et al., 2014; Moham-
mad and Qaradaghi, 2016) and crustal gabbros (Mirza and
Ismail, 2007). Similar rocks have been reported in other
ophiolitic sequences, e.g., Kizildag (Dilek and Delaloye,
1992), Oman (Rollinson, 2014; 2015), Neyriz (Moghadam
et al., 2014), New Caledonia (Maurizot et al., 2020), and
Pushtashan ophiolites (Ismail et al., 2017).

In this study, we describe geochemistry and petrography
of felsic dykes recently found in the eastern MO and discuss
their magma sources and regions. Our findings will be dis-
cussed in comparison with felsic intrusions from the west-
ern (Mirza and Ismail, 2007) and central (Mohammad et al.,
2014) MO.

REGIONAL GEOLOGY

The MO is located within the Iraq Zagros Suture Zone
(IZSZ) of northeast Iraq, about 30 km northeast of the city
of Sulaimani (Figs, 1 and 2). The IZSZ is part of the 2000
km long Zagros-Bitlis Suture Zone, which extends from
southeastern Turkey through northern Syria and Iraq to west-
ern and southern Iran (Dilek and Moores, 1990; Dilek et al.
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2007; Dilek and Thy, 2009; Fig. 1). The Zagros-Bitlis Suture
Zone was formed by closure of the Neo-Tethys Ocean, dur-
ing the progressive Mesozoic to present collision between the
Arabian and the Eurasian continents (Alavi, 1980; Agard et
al., 2005; Mouthereau, et al., 2012; Koshnaw et al., 2019).
Fragmented ophiolite remnants mark the boundary between
the Arabian and the Eurasian continental margins (Dilek and
Furnes, 2019; Fig. 1) providing geological continuity be-
tween the ophiolites in the Turkish Taurides and those from
the Zagros in Iran. The ophiolites in the IZSZ are classified
in terms of age in Late Cretaceous and Paleogene (Ismail and
Carr, 2008; Ismail et. al., 2014).

The 1ZSZ is composed of three units, i.e. Qulqula-Kh-
wakurk, Penjwen-Walash and Shalair units (Buday and
Jassim, 1987; Jassim and Goff, 2006; Fig. 2). The Penjw-
en-Walash unit consists of two thrust sheets: the lower al-
lochthon is the Eocene-Oligocene Walash-Naopurdan Group,
made up of volcanic-sedimentary arc rocks (Ali et al., 2013),
and the upper allochthon is the Cretaceous Gimo-Qandil
Group, which represents the ophiolite-bearing terrane (Ali et
al., 2012). Both allochthons rest on the Arabian plate mar-
gin above the Red Beds and radiolarian cherts. The upper
allochthon contains Cretaceous ophiolites and supra-subduc-
tion zone complexes that include the Mawat, Penjwen and
Pushtashan ophiolites (Ismail et al. 2014; 2017; 2020). The
lower allochthon includes fragments of mélange-type ophio-
lites of Rayat (Arai et al., 2006; Ismail et al., 2009) and Qa-
lander (Ismail and Al-Chalabi, 2006).

GEOLOGY OF THE MAWAT OPHIOLITE
AND ITS FELSIC DYKES

The MO is one of the largest and best-exposed fragment
of oceanic lithosphere within the 1ZSZ (Jassim, 1973; Al-
Mehaidi, 1974). The MO is well-preserved and consists of

mantle peridotites and thick crustal gabbros intruded by mi-
nor diorites and diabase dykes. Volcanic rocks were also ob-
served (Fig. 3). Layered and amphibole-rich gabbros are the
main components of the crustal sequence and form two-thirds
of the complex. The volcanic rocks are divided into two units:
the lower metavolcanic unit (the Mawat group) and the up-
per volcano-sedimentary unit (the Gimo group). These units
are exposed in the northern and southern parts of the MO.
The thickness of these units is about 600 metres and they are
composed of alternating white siliceous carbonate and dark
calcschists with thin metavolcanic interlayers. The contacts
between these three rock units are thrust faults (Mirza and
Ismail, 2007; Ismail et al., 2010; Mohammad et al., 2014,
Mohammad and Qaradaghi, 2016; Mohammad and Cornell,
2017; Fig. 3). The mantle peridotites are intruded by numer-
ous pyroxenite dykes and tectonically overlie the mafic rocks.
The uppermost part of the MO is overlain by the volcanic and
sedimentary rocks of the Gimo group in the north. In the east,
west, and south, the MO rocks are sandwiched between two
thrust sheets of Walsh and Naopurdan groups and in turn,
the MO and Walah-Naopurdan volcanic rocks are thrust over
the Tertiary Red beds (Fig. 3). The MO rocks and the Gimo
sequences underwent low-grade metamorphism (Jassim and
Goff, 2000).

A previous study has found felsic dykes within the gab-
broic rocks in the western part of the MO. The dyke samples
are white to light grey in colour, medium- to coarse-grained
and vary in width from few centimetres to few metres. They
are composed of quartz, plagioclase and rare K-feldspar
(Mirza and Ismail, 2007).

In the central part of the MO. near the village of Dara-
ban, NW-SE trending 1-20 m wide felsic dykes occur within
harzburgites (Mohammad et al., 2014). The dykes are white
in colour with coarse-grained texture and they are composed
of quartz, K-feldspar, plagioclase, muscovite and tourmaline.
The Daraban granite yields an age of 96.8+6.0 Ma (U-Pb
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zircon; Mohammad and Qaradaghi, 2016) and 93.4+1.8 Ma
(Rb/Sr mineral isochron; Azizi et al., 2013).

In this study we focus on eight felsic dykes that were re-
cently discovered in the eastern part of the MO. They occur
as a series of NW-SE striking 3-35 m wide dykes with un-
known lengths in the upper part of the mantle section (Figs.
3a,b and 4). Some of the narrow dykes show chilled margins.
Gradational contact with the wall rocks (dunite and serpen-
tinized harzburgite) is observed in a single narrow dyke. One
of the dykes yields an age of 94.6+1.2 Ma (U-Pb monazite;
Al Humadi et al., 2019).

ANALYTICAL METHODS

Eight samples were analysed at Acme Analytical Labora-
tories Ltd. (Acme) in Vancouver, Canada. The samples were
pulverized in a mild steel swing mill and after the LiBO, fu-
sion and HNO, dilution, the major elements, Cr, and Sc were
analysed by inductively coupled plasma-emission spectrom-
etry (ICP-OES) with Spectro Ciros Vision instrument. The
other trace elements were analysed by inductively coupled
plasma-mass spectrometry (ICP-MS) with PerkinElmer
ELAN 9000 instrument. The analytical precision is 1-5%

for the major oxides and +£10% for the other elements. More
detailed descriptions can be found at http://acmelab.com/ser-
vices/downloads/. The data are analysed and plotted using
GCDK:it software (Janousek et al., 2006). The geochemical
data are presented in Table 1.

To support the optical mineralogy, two analytical meth-
ods were used. The element mapping was done with Bruker
M4 Tornado micro-XRF facility equipped with two SDD
detectors at the University of Turku, Finland. The spot size
of mapping was 20 ym, step length 40 ym and the analy-
sis time per pixel was 16 ms. More detailed mineral iden-
tification with point analysis was performed in the Finnish
Geosciences Research Laboratory at the Geological Survey
of Finland, Espoo with Hitachi SU3900 scanning electron
microscope, with Oxford Instruments’ energy dispersive
spectrometer (EDS) equipped with a 20 mm? ultra-thin win-
dow. Prior to analysis the thin sections were carbon coated.
The analyses were performed in high vacuum at an accel-
erating voltage of 20kV and a probe current of 1 nA, with
a live time measuring time of 15 s. The analysis platform
used was INCA (Oxford Instruments). The detector was op-
timized using a Cu standard prior to analysis. All analyses
were normalized to 100 w% after performing ZAF matrix
correction procedures.
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Two types of felsic samples were recognized. Type-1
samples are medium- to coarse-grained with hypidiomor-
phic, porphyric and, rarely, myrmekitic and granophyric tex-
tures. These rocks are composed of plagioclase, amphibole,
quartz, and very rare biotite, muscovite and K-feldspar (Fig.
5a-c). Apatite, epidote, titanite, zircon, monazite, ilmenite and
magnetite are accessory minerals. The subhedral to anhedral
plagioclase is albite which is the dominant mineral partially

crysts contain fine-grained quartz and plagioclase inclusions.
The plagioclase laths form the framework with interstitial
spaces filled by quartz, hornblende and rare muscovite, biotite
and chlorite. The mafic phases are mainly hornblendes but two
grains contain low concentrations of Ti. They occur as needles
or fibrous crystals in a radial shape, and they crystallized at the
rims of the albite phenocrysts (Fig. 5a and b), which suggests
a secondary origin. A few hornblendes have partly altered into
biotite. Hereafter, these samples are referred to as tonalites.
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Type-2 samples are medium- to coarse-grained and white
to pale grey in colour. They are composed of K-feldspar,
quartz, plagioclase, muscovite, and biotite with or without
tourmaline (Fig. 5d-f). Accessory minerals are apatite, zir-
con, monazite, xenotime, ilmenite, titanite and magnetite.
The subhedral to anhedral feldspars are characterized by large
crystals, occasionally yielding porphyritic textures. Myrme-
kitic, perthitic and microperthitic textures are also found. Up
to 2.5 cm crystals of tourmaline were observed in sample
D3/G and up to 25 cm were locally found. The plagioclase
is albite which is partially altered to sericite. Some plagio-
clase show kinked twins (Fig. 5e). The quartz grains display
undulose extinction and re-crystallisation through sub-grain
formation (Fig. 5d). The K-feldspar phenocrysts in samples
17G and D3/G are veined by a network of late-stage fine-
grained quartz (Fig. 5j). The quartz veinlets occur within the
cleavage planes of the deformed feldspars. A few muscovites
are slightly folded. Inclusions of plagioclase, quartz, mus-
covite, biotite minerals can be observed within the feldspar
phenocrysts (Fig. 5f). Hereafter, these samples are referred
to as granites.

Felsic dyke — ¥ <
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Fig. 4 - Field photographs of the eastern felsic dykes hosted by the mantle
section; a, b and c- tonalites outcrops, d and e- granite outcrops.

Geochemistry

Major elements

Type-1 samples (Table 1; Fig. 7) have SiO, contents from
64.93 to 74.22 wt%, low TiO, (< 0.07 wt%) and CaO (0.24
to 1.72 wt%), and low to high Al,O; (12.48 to 20.77 wt%)
contents. They are enriched in Na,O (6.63 to 11.02 wt%) and
depleted in K,O (0.13 to 0.24 wt%). In the Total Alkalis vs.
Silica (TAS) diagram they plot in the granite and quartz mon-
zonite-syenite fields (Fig. 6a). They are weakly peraluminous
with Alumina Saturation Index (ASI) values between 1.02
and 1.04, but sample 23G is metaluminous with ASI value of
0.97 (Fig. 6b). The samples from western Mawat (Mirza and
Ismail, 2007) plot in the same fields as the Type-1 samples
of this study. The eastern tonalites have lower MgO contents
compared to the western ones (Fig. 7a). However, Mg# in
both locations are similar (Fig. 7g).

Type-2 samples (Table 1; Fig. 7) have high SiO, contents
(74.82 - 76.25 wt%) and low TiO, (0.03 - 0.07 wt%), high
Na,O (6.36 - 6.47 wt%) except sample 17G (2.83 wt%), as
well as moderate to high K,O (1.16 - 6.57 wt%) and low
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Table 1 - Major (wt%) and trace element (ppm) analyses of felsic rocks from the eastern Mawat ophiolite.

Sample 17G 21GS 22GCO D3/G 15G 18G 19G 23G
Locality Rashakani Shakarout Shakarout Top of Ser Shiw Rashakani Shakarout Shakarout Waraz
Rock Type granite granite granite granite tonalite tonalite tonalite tonalite
N-Coord 35°51.24' 35°51.29' 35°51.28 35°51.24' 35°52.21 35°51.24' 35°50. 41" 35°50.39'
E-Coord 45°32.56' 45°31. 11 45°32. 11 45°32.55' 45°32.53' 45°32.60' 45°33.12' 45°33.11'
Si0, 74.82 75.66 76.25 76.16 74.05 66.99 64.93 74.22
TiO, 0.06 0.07 0.07 0.03 0.07 0.01 0.02 0.04
ALOs 14.07 14.34 13.7 14.07 15.18 19.18 20.77 12.48
Cn)0; <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
Fe,0; 0.75 0.69 0.51 0.65 0.79 0.52 0.55 1.72
FeO 0.67 0.62 0.45 0.58 0.71 0.46 0.49 1.54
MgO 0.15 0.28 0.23 0.17 0.22 0.59 0.44 2.62
CaO 0.14 0.61 0.45 0.42 0.73 0.24 1.72 1
Na,O 2.83 6.36 6.37 6.47 8.03 11.02 10.33 6.63
K,0 6.57 1.16 1.61 2.05 0.16 0.24 0.13 0.14
P,05 0.05 0.05 0.06 0.08 0.11 0.05 0.01 0.04
MnO 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.02
LOI 0.5 0.8 0.7 -0.2 0.6 1.1 0.7 1
Sum 99.98 99.97 99.97 99.91 99.97 99.95 99.64 99.92
Sc 4 1 <1 <1 8 <1 <1 <1
Ba 112 80 146 80 104 151 147 99
Be <1 6 2 4 <1 <1 4 3
Co 0.8 0.7 0.3 0.8 1.3 1.2 1.6 9.2
Cs 2.1 12 <0.1 0.6 0.2 0.2 0.6 <0.1
Ga 18.1 16 12.7 14.4 17.6 12.4 14.5 8.7
Hf 0.3 1.9 14 1.6 0.3 0.3 1.8 0.8
Nb 16.7 45.9 30.8 52.9 39.9 6.4 6.4 14.8
Rb 150.1 25.1 13.4 35.8 4.1 29 13 1.2
Sn 5 <1 1 <1 1 <1 <1 <1
Sr 20 68.6 65.5 47.1 88.4 257.4 2842.8 208.8
Ta 1.1 32 2.3 4 1.5 0.8 0.8 1.3
Th 0.7 2.4 3.8 2.7 0.4 0.8 2.4 1.3
U 0.8 1.6 2.4 9.2 0.7 1 22 1.2
A% <8 <8 <8 <§ 9 <8 <8 <8
W% 1.4 0.6 0.7 <0.5 1 <0.5 <0.5 <0.5
Zr 5.2 32.8 23.5 19.7 3.5 5.1 343 18.3
Y 5.4 21.9 25.9 23.5 4 7.6 7.6 7.7
La 1.7 7 7.2 3.8 1.7 32 1.5 5.1
Ce 2.4 12.6 14.5 7.7 2.5 5 2 7.2
Pr 0.19 1.41 1.7 0.88 0.29 0.51 0.3 0.69
Nd 0.8 4.8 6.7 43 1.1 1.8 1 23
Sm 0.29 1.48 1.74 1.79 0.38 0.56 0.53 0.71
Eu 0.02 0.1 0.02 0.15 0.06 0.04 0.24 0.14
Gd 0.41 1.98 2.54 2.84 0.34 0.71 0.61 0.87
Tb 0.11 0.44 0.55 0.68 0.1 0.17 0.16 0.19
Dy 0.73 3.29 3.95 4.3 0.59 1.16 0.97 1.22
Ho 0.15 0.65 0.79 0.72 0.12 0.29 0.22 0.24
Er 0.64 1.84 2.63 2.13 0.34 0.82 0.6 0.89
Tm 0.08 0.3 0.36 0.37 0.06 0.13 0.11 0.13
Yb 0.55 227 2.51 2.39 0.56 0.81 0.84 0.83
Lu 0.09 0.34 0.37 0.36 0.08 0.13 0.16 0.12
Cu 5.7 1.7 3 3.7 4.6 2.8 6.6 2.1
Pb 12.3 3.4 42 2.7 0.6 2.1 1.5 1.4
Zn 2 3 2 2 2 1 <1 1
Ni 2.2 1.7 5 5.6 10 6.1 3.8 222
La/Sm 5.86 4.72 4.13 2.12 4.47 5.71 2.83 7.18
Lay 5.48 22.58 23.23 12.26 5.48 10.32 4.84 16.45
Yby 2.63 10.86 12.01 11.44 2.68 3.88 4.02 3.97
(La/Yb)y 2.08 2.08 1.93 1.07 2.05 2.66 1.20 4.14
La/Yb 3.09 3.08 2.87 1.59 3.04 3.95 1.79 6.14
Sr/Y 3.70 3.13 2.53 2.00 22.10 33.87 374.05 27.12
Rb/Sr 7.51 0.37 0.20 0.76 0.05 0.01 0.00 0.01
Rb/Ba 1.34 0.31 0.09 0.45 0.04 0.02 0.09 0.01
Mgt 28.53 44.60 47.67 34.32 35.58 69.57 61.55 75.20
Y~ REE 8.16 38.5 45.56 3241 8.22 15.33 9.24 20.63
Eu/Eu* 0.18 0.18 0.03 0.2 0.51 0.19 1.29 0.54
ASI 1.176 1.123 1.067 1.039 1.041 1.022 1.026 0.972

ASI: aluminium saturation index calculated with GCDKkit-software (Janousek et al., 2006) as molar Al,0,/(CaO+Na,0+K,0) vs. molar Al,0,/(Na,0+K,0).



Fig. 5 - Photomicrographs (cross-polarized light) of thin sections showing
mineralogy and textures. a-c) tonalites showing inequigranular, hypidio-
morphic and porphyritic textures. Plagioclase is the dominant mineral ,
partially altered to sericite. Plagioclase and quartz are phenocrysts, ground-
mass is fine-grained quartz and fibrous amphiboles. Amphibole grows
along the edges of plagioclase crystals. d-f) granites showing inequigranu-
lar, intergranular to hypidiomorphic, porphyritic textures of K-feldspar,
quartz, plagioclase, muscovite, and biotite. K-feldspar and plagioclase are
partially altered to sericite. J) Overgrowth and veinlets of quartz within
K-feldspar and plagioclase. Abbreviations: Qtz- quartz; Kfs- K-feldspar; Pl-
plagioclase; Mu- muscovite; Bi- biotite; Amph- amphibole.
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K,0)) vs. A/NK (ALO,/(Na,0 + K,0)).

CaO (0.14 - 0.61 wt%) contents. The Al,O; contents are
13.7 - 14.34 wt%. They are classified as granites in the TAS
diagram (Fig. 6a). Their ASI values range between 1.03-1.17
(peraluminous; Fig. 6b). K,O content is highly variable (Fig.
7f). The samples from central Mawat plot in the same fields
as the Type-2 samples of this study.

Trace elements
Tonalites

The REE patterns show low to moderate LREE enrich-
ment and flat to slightly concave-up in HREE. The 2REE
abundance is low (8.22-20.63 ppm), and the rocks display a
weak LREE-enrichment relative to HREE [(La/Yb), = 1.20-
4.14] with negative Eu anomalies (Euw/Eu* = 0.19 - 0.54),
except one sample (19G) that shows positive anomaly (Eu/
Eu* = 1.29). The REEs from Gd to Dy are slightly depleted
compared to Yb and Lu in the eastern dykes. Samples from
western Mawat show steeper REE pattern with higher LREE
and lower HREE (Fig. 8a). The eastern tonalites are low in
Ni and extremely low in Cr and V compared to the western
tonalites (Table 1; Fig. 9k and 1).

In the multi-element diagram (Fig. 8b), the eastern tonal-
ites show negative anomalies for the high field strength ele-
ments (HFSEs) Ti and P, weak depletion in large ion litho-
phile elements (LILEs) such as Rb, Th, and K, and enrichment
in Cs,Ba, U, Pb, and Sr. Sr exhibits high values (88-257 ppm)
and is anomalously high in sample 19G (2842 ppm; Fig. 9a).
Low Y (4-7.7 ppm) contents (Fig. 9b) and moderately high
St/Y (22.1-374; Table 1, Fig. 11) are observed. The samples
from western Mawat have consistently very high Sr contents
(> 700 ppm), low Y (< 14 ppm; Fig. 9a and b) and high Sr/Y
(> 64; Fig. 11).

Granites

The REE patterns show slight LREE-enrichment [(La/
Yb)y = 1.07-2.08] and flat MREE to HREE with very slight
MREE depletion and pronounced negative Eu anomalies (Eu/
Eu* = 0.03-0.20; Table 1; Fig. 8c). In the multi-element dia-
gram (Fig. 8d), the eastern granite samples are enriched in
Cs,Rb, K, Pb, U, and Nb, and they are depleted in Ba, Sr, Ti,
and Zr. These granites have low to moderate ¥REE content
(8.16-45.56 ppm), and the LILEs display large variations in
Rb (13.4-150.1 ppm), Ba (80-146 ppm), Zr (5.2-32.8 ppm)
and Th (0.7-3.8 ppm) contents (Fig. 9). the central Mawat
samples have REE patterns resembling those of the eastern
MO granites. They have LREE-enrichment and flat HREE
with negative Eu anomalies (Fig. 8c). Some samples are en-
riched in incompatible trace elements such as Ba, Rb, K and
Nb, and are depleted in Sr and Ti (Fig. 8d).

DISCUSSION
Magma sources of the felsic rocks

Since the felsic rocks fall into two groups, the tonalites,
and granites, their magma sources might be different. The
Rb/Sr vs. Rb/Ba diagram (Fig. 10a) differentiates the magma
sources and suggests that the tonalites and granites derive
from mafic and sedimentary sources, respectively. The low
K,O and Rb (Figs. 7f and 9d), in particular, support a mafic
source for the tonalites (Rollinson, 2014). The high K, Rb,
Th, U, and Pb in the granites along with the aluminous min-
eralogy suggests that they formed through partial melting of
metasediments. (Cox et al., 1999; Rollinson, 2014; Haase et
al.,2015; Fig. 8d).



Fig. 7 - Selected major element
vs. silica diagrams. f) K,O vs.
SiO, classification after Pec-
cerillo and Taylor (1976) and
g) Mg# = (100¥*MgO/(FeO, +
MgO)). All the values are in
weight % except Mg#. Symbols
as in Fig. 6.
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Tonalites

As the MO tonalites are interpreted to derive from a mafic
source, the next step is to define the process involved. Two
processes are possible: extreme fractional crystallization of
mafic magma or anatexis of a mafic source. The melt obtained
by partial melting of a mafic source is characterizsed by low
K,O and Rb contents (Rollinson, 2014), which is consistent
with the eastern and western tonalites compositions (Figs. 7f
and 9d). Also, the low to high La/Sm ratio for a given La
concentrations (Fig. 10c) implies that these trace elements
are more likely to be controlled by partial melting rather than
fractional crystallization. The western tonalites show an ada-
kitic signature (Fig. 11; Mirza and Ismail 2007), suggesting
partial melting of a mafic source at high-pressure conditions.

The incompatible trace elements such as Zr and Y can
effectively distinguish the processes of partial melting and
fractional crystallization (Pedersen and Malpas, 1984). In the
Zr vs. Y diagram, the eastern and western tonalites plot in the
field of the anatectic melting which define a partial melting of
a mafic source (Karmoy-type; Fig. 10b).

Eastern tonalites have low concentrations of U, Th, Rb,
Ta, Ce, and La (Fig. 9). However, some of these trace ele-
ments such as U, Th, and La are in the range of the central
granites (Fig. 9f, g. and h). This may suggest that sediment-
derived melts were also partially involved.

The zircon ¢;;data reported from the eastern tonalite sam-
ple 19G show a range of initial gy values (-4.4 to -1.7; Al
Humadi et al., 2019). The negative g, values require an ad-
ditional component of non-radiogenic Hf to be present in the
magmas, which strongly points to continental material (c.f.,
Griffin et al., 2000). Hf isotope composition thus indicates
that the eastern tonalites were likely derived from mixed
sources or were contaminated with sediments.

As discussed above, the western tonalites were formed by
the partial melting of a mafic source (Mirza and Ismail, 2007;

Rb Th Nb La Pb Sr Nd Sm Ti Y Lu

shaded field).

Fig. 10a). The concentrations of Th, La, and Ce (Fig. 9g,h and
i) are typical of a continental crust and therefore suggest that the
mafic-derived melt were contaminated by crustal components.

As a whole, the eastern and western tonalites show similar
compositions but also differ in some important aspects. The
western tonalites show high Sr and low Y and Yb (< 8 and
0.9 ppm, respectively; Fig. 9) leading to high St/Y (145-333)
and the samples plot in the adakite field (Fig. 11). They also
have high MgO, Mg#, Ni and V suggesting that they were con-
taminated within the mantle wedge (c.f., Oman mantle section
plagiogranites; Rollinson, 2014). These features are consis-
tent with adakitic melts derived from subducted oceanic slab
(Defant and Drummond, 1990; Martin, 1999). The eastern to-
nalites have similarly low Y and Yb contents but Sr contents
lower than the western ones. Therefore, their Sr/Y are lower
(22-34 ppm with one outlier 374 ppm) and they straddle the
adakite/volcanic arc boundary in Fig. 11. As the eastern tonal-
ites derive from mixtures of mafic and felsic magmas, the low
Sr sedimentary component may have lowered the Sr/Y ratio.
However, the effect cannot be that drastic as shown between
the western and eastern samples. Secondary enrichment in mo-
bile Sr could explain the anomalously high Sr of sample 19G
(2843 ppm; Fig. 9a). The low Y and Yb show that the melt-
ing has occurred at high pressure in the garnet stability field
as those elements have high distribution coefficients (Kp) in
garnet (Rollinson, 1993). The eastern tonalites also have low
Mg,Ni, Co and V contents (except sample 23G with high MgO
2.62 wt%) and negligible Cr (below detection limit). On the
other hand, Mg# are similar in both locations (Fig. 7g). Our
interpretation is that the eastern tonalite magma fractionated
in a shallow-level andesitic magma chamber. Hornblende has
very high K, for Co, Cr, Ni and V in andesitic magma (Rollin-
son, 1993) and fractionates together with plagioclase (Moyen,
2009). Low concentration of these elements may be therefore
related to hornblende (+ plagioclase) removal.
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Granites

A special feature of the granites is the low contents of
REEs and LILEs; in particular, LREEs are lower than in most
granites which are commonly characterized by steeper REE
patterns (e.g., Guo and Wilson, 2012). The dykes show nearly
flat REE patterns with very small LREE enrichment and a
prominent negative Eu anomaly (Fig 8c, d).

The low LREE contents point to low contents of miner-
als in the source carrying these elements, mostly micas. As
shown, e.g., by Condie (1993), psammitic sources such as
sandstones and volcanic detritus are low in REEs and, there-
fore, are the most likely candidates. This is fully compatible
with the Rb/Ba and Rb/Sr diagram in Fig. 10a which shows
that the granites may have crystallized from metapsammite-
and metagreywacke-derived melts, except sample 17G that
plot in the metapelite field. The psammite-derived melts tend
to have higher Rb/ Sr and Rb/Ba than their source. Thus,
the Rb/Sr and Rb/Ba of the granite melts reflect not only the
source composition but also the amount of feldspars left be-
hind in the source (e.g., Harris and Inger, 1992).

In addition, several lines of evidence indicate mineral
fractionation. The most obvious is the prominent negative
Eu anomaly in the REE patterns, which relates to plagioclase
fractionation. The negative Ba, Sr, Nb, P and Ti anomalies in
the multi-element variation diagrams (Fig. 8d) are consistent
with fractionation of Ti- bearing phases (e.g., ilmenite and ti-
tanite) and K-feldspar (e.g., Healy et al., 2004; Deschamps et
al., 2018). Overall, partial melting of psammitic source rocks
combined with fractional crystallisation may have eventually
produced the flat REE pattern with negative Eu anomaly.

The initial €, values from zircons from sample D3/G
fall in the range from -10.0 to +2.2 (Al Humadi et al., 2019).
These values indicate that the source of the granite melts
have a variable contribution from an old crustal component.
The wide range of these values suggest heterogeneous and/or
mixed sources.

The exact source region for these granites is not as clearly
defined as for the tonalites. The low and widely ranging zir-
con initial € values suggest a much older and heterogeneous
source. The psammitic low REE protoliths could have sev-
eral sources of different ages. Mixing with tonalitic magmas
should not be able to significantly lower the €y, values be-
cause of the relatively young age of the tonalite source. The
Red Bed Series, onto which the MO was thrust (Fig. 3), is a
possible candidate. However, the majority of the detrital zir-
cons in these sandstones are from 37 to 60 Ma old (Koshnaw
et al., 2018) showing that these rocks had not yet been depos-
ited when the 95 Ma dykes intruded.

We propose that the most likely source is represented by
the subducted sediments from the accretionary prism formed
in a fore-arc basin (Mohammad and Qaradaghi, 2016). In
such environment, sediments from several sources are depos-
ited and felsic material from eroded continents and volcanic
arcs are common (e.g., Cawood et al., 2009). By continued
subduction, the subducted sediments on top of the mafic oce-
anic crust melt by heat from the hot mantle wedge above.
This model was applied to the Oman mantle section granit-
oid dykes by Rollinson (2015) who concluded that both sub-
ducted oceanic slab and the sediments on top of the slab were
simultaneously melted and mixed. In the Oman example, the
melts interacted with the mantle wedge. The Mawat granites
are low in MgO, Ni and Cr and do not favour this interpre-
tation. However, the Wadi Fizh and Al Dadnah granites in
Oman also are low in these elements and the REE patterns
in Al Dadnah are very similar to the Mawat ones. The low
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contents of compatible elements can be explained by the large
volume of melt in the central granites leading to high melt/
rock ratio and low contamination degree (Moyen, 2009). In
the eastern granites hornblende fractionation in a shallow-
level magma chamber may have removed those elements.
The hornblende fractionation was interpreted for the eastern
tonalites and because the magmas are mixed the same idea
can be extended to the granites as well.

CONCLUSIONS

Felsic dykes are found in the western, central and eastern
parts of the Mawat ophiolite. They occur in two composi-
tional groups; tonalites and granites.

The western dykes are tonalites and show high St/Y ra-
tios, high MgO and Ni contents and resemble adakitic melts
derived from subducted oceanic crust contaminated by man-
tle wedge peridotites. The central dykes are granites derived
from a sedimentary source

The eastern dykes include both tonalites and granites. They
are mixed with each other in various proportions and have in-
termediate compositions between western and central dykes.

The eastern tonalites have lower MgO, Cr and Ni contents
and lower St/Y than the western ones. They are interpreted to
be formed by hornblende and plagioclase fractionation in a
shallow-level magma chamber. Hornblende fractionation is
also suggested as responsible for the low Mg, Cr and Ni con-
tents in the granites.

The eastern granites are high in K,O, Rb and LREEs and
are derived from subducted sediments.
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