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ABSTRACT

The Mawat ophiolite is a remnant from the Neotethyan oceanic lithosphere exposed within
the Zagros Suture Zone, northeastern Iraq. This thesis focuses on the evolution of the mantle-
derived magma and their temporally and spatially associated evolution during the late
Cretaceous-Eocene. The isotope geology in Mawat is based on zircon and monazite U-Pb
dating, and zircon Hf isotopes from felsic dykes and a gabbro. The zircon results give ages
between 222 and 38 Ma interpreted to be related to radiogenic Pb mobility and Pb loss. The
monazite 94.6 + 1.2 Ma age is considered as a crystallization age of the felsic dykes and the
oldest zircons in gabbro provide the age of 81.2 + 2.5 Ma which is the crystallisation age of
the gabbro. The gabbro is interpreted to be related to later rifting above the suprasubduction
zone. The youngest ages ~ 40 Ma are raleted to crustal extension. The negative zircon initial
enr values for the felsic dykes indicate that the magma comes from an older source. The
positive zircon initial eur values for gabbro suggest that the magma comes from a juvenile
source.

The felsic dykes occur in two types: tonalites and granites. The dykes also occur in the
western part as a plagiogranite and the central part as a leucogranite. Both types are mixed
in various proportions in the east. The eastern tonalities are weakly peraluminous to
metaluminous and are low in K,O, TiO», and high in Na,O. They have low MgO, Cr, and Ni
contents and low Sr/Y compared to the western ones where these are high and similar to
adakites. These were derived by partial melting of the subducted oceanic slab. The eastern
tonalities underwent hornblende and plagioclase fractionation in a shallow-level magma
chamber modifying their original compositions. The eastern granites are strongly
peraluminous, moderate to high in K,O, Pb and Na,O, and very low in TiO,. Their melts are
derived from psammitic sediments on the top of the subducted slab. Parental melts of the
tonalities and granites partially mixed in shallow magma chambers.

The basalts and ultramafic rocks are extremely depleted in the LILE and some HFSE
elements. They plot below the N-MORB reference line suggesting that these elements have
been mobile. The basaltic and ultramafic rocks resemble the arc boninites related to subduction
initiation setting. This is confirmed with Ti/1000 vs. V diagram. This suggests that these rocks
formed in the same forearc region. The undepleted pattern of the gabbros plot parallel to the
N-MORB reference line and within the MORB field in the V vs. Ti/1000 diagram. This is an
indication of rifting in an extensional setting above the subduction zone. The geochemical data
is consistent with the tectonic setting for suprasubduction zone ophiolite.

KEYWORDS: felsic dyke, U-Pb geochronology, mafic, Mawat ophiolite, Neotethyan
ocean, Zagros, Iraq
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TIVISTELMA

Mawatin ofioliitti on jdinne muinaisesta Neotethyanin merellisestd kuoresta Zagrosin
sutuurivydhykkeelld — Koillis-Irakissa.  Téssd  viitoskirjassa  keskitytddn =~ Mawatin
vaippaperdisten magmojen evoluutioon sekd niiden ajallisiin ja alueellisiin muutoksiin Y14-
Liitu-Eoseenin ajanjaksolla. Mawatin isotooppigeologia perustuu U-Pb zirkoni- ja monatsiitti-
ikdmadrityksiin seka zirkonin Hf isotooppeihin felsisisti juonista ja gabrosta. Zirkonit antavat
idt 222-38 Ma, joiden on tulkittu liittyvén radiogeenisen lyijyn mobiilisuuteen zirkonissa ja
lyijyn karkaamiseen zirkonista. Monatsiitista saatua 94.6 + 1.2 Ma ikéda pidetédn felsisen
juonen kiteytymisikand. Gabron vanhimmat zirkonit antavat idn 81.2 + 2.5 Ma, joka on gabron
kiteytymisikd. Gabbron tulkitaan liittyvén ekstensioon subduktiovyohykkeen ylipuolelle.
Nuorimmat ~40 Ma iét liittyvit kuoren myShempéadén ekstensioon. Felsisten juonien zirkonien
negatiiviset enr arvot osoittavat, ettd magma tulee vanhemmasta léhteesté ja gabron zirkonien
positiiviset eyrarvot viittaavat juveniiliin 1dhteeseen.

Felsisid juonia esiintyy kahta tyypp4: tonaliitteja ja graniitteja. Juonet esiintyvit my0s
Mawatin lénsiosassa plagiograniittina ja keskiosassa leukograniittina. Molemmat tyypit ovat
sekoittuneet itdosissa eri suhteissa. Itdisten tonaliitien koostumukset ovat heikosti
peralumiinisista metaluminisiin ja niill4 on alhaiset K»O ja TiO;ja korkeat Na,O pitoisuudet.
MgO, Cr ja Ni pitoisuudet ja Sr/Y suhde ovat alhaisempia kuin ldntisissé juonissa, joissa
ndmé ovat hyvin korkeita ja muistuttavat adakiitteja, jotka ovat perdisin subduktoituneen
merellisen laatan osittaisesta sulamisesta. Itdisten tonaliittien sarvivilke ja plagioklaasi
fraktioituvat matalalla sijaitsevassa magmasiiliossd, ja se muokkasi magman alkuperéisti
koostumusta. Itdiset graniitit ovat voimakkaasti peraluminaalisia ja niilld on korkeat K,O, Pb
ja NayO ja hyvin alhaiset TiO, pitoisuudet. Ne ovat perdisin subduktoituneen merellisen
laatan péélld olevista psammittista sedimenteistd. Tonaliittien ja graniittien alkusulat ovat
osittain sekoittuneet matalalla sijainneessa magmasdiliossa.

Basaltit ja ultramafiset kivet ovat erittidin koyhtyneitd LILE- ja HFSE-alkuaineista. Ne
ovat N-MORBIin verrattuna kdyhtyneitd, mika viittaa ndiden alkuaineiden mobiilisuuteen.
Basalttiset ja ultramafiset kivet muistuttavat subduktion alkuvaiheessa syntyneitd
kaarityypin boniniitteja. Sitd esitetddn Ti/1000 vs. V-diagrammilla. Tama4 viittaa siihen, ettd
ndmd muodostuivat samassa kaaren etualtaassa. Gabrojen yhtendiset geokemialliset
koostumukset muistuttavat N-MORB:ia ja osuvat V vs. Ti/1000 -diagrammissa MORB-
kenttddn. Tadma viittaa riftiytymiseen subduktiovydhykkeen ylédpuolella. Geokemiallinen
aineisto on kokonaisuudessaan samanlaista kuin suprasubduktiovydhykkeen ofioliiteilla.

AVAINSANAT: Felsinen juoni, U-Pb geokronologia, mafinen, Mawatin ofioliitti,
Neotethyanin meri, Zagros, Irak
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1 Introduction

1.1 Ophiolite

An ophiolite is an association of ultramafic to felsic rock assemblages formed in a
variety of plate tectonic settings, including mid-oceanic ridges, extensional fore-arcs,
extensional arcs, back-arc basins and rifted continental margins (e.g., Moores, 1982;
Lippard et al., 1986; Parson et al., 1992; Dilek and Robinson et al., 2003; Kusky
2004, Kusky et al., 2011). The ophiolites record the tectonic and magmatic events
that occurred in ancient oceanic basins and adjacent continental margins, from rift to
rift-drift, oceanic spreading, subduction and accretion (Dilek and Furnes, 2011). An
ophiolite may be obducted onto continental margins or incorporated into
accretionary prisms and orogens (Dilek and Furnes, 2009).

Ophiolites are classified into two main types: subduction-related and subduction-
unrelated types (Dilek and Furnes, 2014; Furnes and Dilek, 2017; Furnes et al, 2020).
The subduction-related types, i.e., suprasubduction zone ophiolites, form as part of
the upper plate of a subduction zone. They are subdivided into backarc, forearc,
backarc-forearc and volcanic arc ophiolites. In the the subduction-unrelated
ophiolites their magmatic signatures are not affected by subduction processes. They
are subdivided into rift, continental margin, mid-ocean ridge and plume-type
ophiolites (Dilek and Furnes, 2011, 2014). A complete ophiolite sequence grades
upward from bottom to top and consists of upper mantle peridotite, layered
ultramafic-mafic rocks, layered to isotropic gabbros, sheeted dykes, extrusive rocks
(lavas) and a sedimentary cover (Anonymous, 1972). The ophiolites record
significant evidences for tectonic and magmatic processes from rift-drift through
accretionary and collisional stages of continental margin evolution in various
tectonic settings (Dilek and Robinson, 2003).

Ophiolites are reported from various parts of the world with ages from Archean
to Cenozoic (Furnes and Dilek, 2017). There are Archean ophiolites, e.g., along the
margin of microcontinent in the North China Craton (Santosh et al., 2016) and the
Proterozoic 870-627 Ma ophiolite suite occur, e.g., in Fennoscandian Shield
(Kontinen, 1987) and Arabian Shield (Dilek and Ahmed, 2003). The Cenozoic
ophiolites are distributed along the Alpine-Himalayan Orogenic Belt (AHOB; Figure
1). The Eocene ophiolites occur along the Iran-Iraq border from Kermanshah (Iran;
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Moghadam and Stern, 2015) to Hasanbag (Iraq; Ali et al., 2013). The Eocene and
younger ophiolites occur in southeastern Asia, e.g., in Indonesia (Ishikawa et al.,
2007), Philippines (Yumul, 2007), Taiwan (Jahn, 1986), Japan (Hirano et al., 2003)
and western South America in Chile (Veloso et al., 2005).

Eurasian Plate
w

Zagros Orogenic =

Belt (ZOB)

I:I Alpine-Himalayan
Orogenic Belt Africa

)

Figure 1. Tectonic map showing the geographic extent of the Alpine-Himalayan Orogenic Belt
(AHOB), the location of the Mawat ophiolite and the Zagros Thrust Zone Zone (yellow)
are indicated (modified after Furnes et al. 2020).

African Plate ~ j—1200km Indian Ocean

Collision between the continents of Eurasia and Gondwana caused the closure of the
Tethyan ocean producing the Tethyan ophiolite belt that extends from the Balkan
Peninsula through the Anatolian Taurus Mountains to the Iraqi-Iranian Zagros
Mountains (Dilek et al., 2007). The Zagros Orogenic Belt (ZOB; Figure 1) is part of
the AHOB and extends ~ 2000 km from southeastern Turkey, northern Syria and and
northeastern Iraq to western and southern Iran. The ZOB formed in three major
tectonic events: a) early to late Cretaceous subduction of the Neotethyan oceanic
plate beneath the Eurasian continental plate, b) emplacement of the Late Cretaceous
Neotethyan ophiolites on the Arabian passive continental margin, and c) the
Cenozoic collision of the Arabian and Eurasian continental plates (Alavi, 1994;
Agard et al., 2995; Mohajjel and Fergusson, 2014; Moghadam and Stern, 2014;
Moghadam et al., 2019).

1.2 Zagros Orogenic Belt

The ZOB formed in a young continental convergence and provides an opportunity
to assess the tectonic cycle processes of subduction, obduction and continental
collision. The ZOB is in an intermediate phase between the preliminary obduction
preserved along the Makran-Oman transect and the late-stage collision observed in

11
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southern Turkey (Agard et al., 2005; Moghadam et al., 2014; Fergusson et al.,
2016).The Neotethyan ophiolites along the ZOB are emplaced in two belts (Stocklin,
1977; Homke et al., 2010; Ghazi et al., 2012). The Inner and Outer Ophiolitic Zagros
Belts are separated by the Sanandaj-Sirjan metamorphic terrane. The Inner Zagros
Ophiolitic Belt is located between the Sanandaj-Sirjan and Central Iran, comprising
the Khoy, Nain, Dehshir, Shahr-e-Babak and Baft ophiolites (Moghadam and Stern,
2011). The Outer Zagros Ophiolitic Belt is located between the Sanandaj-Sirjan and
Zagros Thrust Zones (Figure 1), and contains the Iraqi ophiolites Hasanbag,
Pushtashan, Bulfat, Mawat and Penjwen, as well as the Iranian ophiolites Piranshahr,
Kermanshah, Neyriz and Haji Abad ophiolites (Sahfaii Moghadam and Stern, 2011;
Ali et al., 2016; Ismail et al., 2017).

1.3 Ophiolites in northeast Iraq

The Iraqi ophiolites are allochthons, derived from the Neotethyan ocean that started
to form in the late Permian to early Triassic by rifting of the northern part of
Gondwana (Agard et al., 2005). These ophiolites were emplaced in two episodes in
the late Cretaceous and Paleogene (Ismail et al., 2014). They formed in a new
subduction zone that was initiated on the southern part of Eurasia (Moghadam and
Stern, 2011).The Iraqi ophiolites, which crop out along the Iraqi Zagros Suture Zone
(IZSZ; Figure 2), are distributed discontinuously and record the ongoing collision
sites: a) between the Arabian continent and the Iranian microcontinent, northeastern
Iraq and b) between the Arabian and Turkish continents in northern Iraq (Numan,
1997). The 1ZSZ consists of two allochthonous units: the upper and lower units
(Jassim and Goff, 2006) subdivided into three tectonic sub-zones: the Qulqula-
Khwakurk, the Penjwen-Walsh, and the Shalair (Buday and Jassim, 1987; Jassim
and Goft, 2006; Figure 2). The Penjwen-Walsh is consists of two thrust sheets. The
lower allochthon 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 is the ophiolite-bearing terrane (Ali et al.,
2012). It contains the Cretaceous ophiolites and suprasubduction zone assemblages,
e.g., the Penjwen, Mawat, Pushtashan, Hasanbag and Kata-Rash ophiolites (Aswad
et al., 2012; 2016, 2019; Ismail et al., 2014, 2017, 2020; Abdulla, 2015). The lower
allochthon contains incomplete fragments of mélange-type ophiolites, e.g., Rayat
(Arai et al., 2006; Ismail et al., 2009, 2010, 2014; Ali et al., 2019), Qalander (Ismail
and Al-Chalabi, 2006) and Bulfat (Ali et al. 2017) were identified as Cenozoic
ophiolites now preserved as fragments in the Paleogene Wlash-Naupordan groups.
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Figure 2. Regional tectonic map of northeastern Iraq Kurdistan region showing the major tectonic
subdivisions in the Iragi Zagros Suture Zone, modified after Al-Kadhimi et al. (1996).
Tectonic zones and boundaries, modified after Al-Qayim et al. (2012).

1.4 Objectives of the study

The aim of this study is to elucidate the evolution and geotectonic environment of
the mantle-derived rocks in the Mawat ophiolite (MO) in northeastern Iraq. The
thesis describes a) the petrographic features, b) whole-rock geochemical
composition of ultramafic, mafic and felsic rocks, ¢) U-Pb monazite and zircon
dating of two felsic dykes and a gabbro, and d) Hf zircon isotope composition from
two felsic dykes and a gabbro from the MO.

Paper I is preliminary based on field observations, to identify the different rock
units in the MO. Four samples from two felsic dykes and a gabbro were collected
from the eastern part of the MO for the U-Pb zircon and monazite dating and the
Lu—Hf isotope analysis. The new findings of the age determinations are used to
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interpret the tectonic setting of the ophiolite and the initial enrvalues are used to
discuss the magma sources of the rock types.

Paper Il describes the petrography, mineralogy and geochemistry of eight felsic
dykes in the eastern part of the MO. The purpose is to discuss their magma sources
and regions. The findings are discussed in comparison with the previous works
reported on the felsic rocks in the western and central parts of the MO.

Paper Il describes the petrography and geochemistry of the mafic and
ultramafic rocks. The purpose of the study is to present the petrographic and
geochemical characteristics and discuss the origin and tectonic setting of the MO.
Thirty-two mafic and ultramafic samples were selected for geochemical analyses.
Thirteen samples of both types were re-analysed with a method with lower detection
limits.
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2 Study area

2.1 Mawat ophiolite

The MO crops out on over ~250 km? (Jassim, 1973; Al-Mehaidi, 1975) in an elevated
and rough topographic area northeast of the city of Sulaimani, northeastern Iraq. The
lithostratigraphic sequence is relatively preserved, complete and consists of mantle
and crustal sections as the main components. Minor diabasic dykes, dioritic lenses
and felsic dykes intruded the mafic and ultramafic rocks. The mantle section consists
of peridotite, serpentinized harzburgite, dunite, pyroxenitic dykes, chromitite and
minor lherzolite. The crustal section comprises layered gabbro, amphibole-rich
gabbros as well as basalts and siliceous carbonates. The volcanic rocks occur in
lower metavolcanic unit (Mawat group) and the upper volcano-sedimentary unit
(Gimo group) and they are exposed in the northern and southern parts of the MO
(Figure 3).
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Figure 3. Simplified geological map of the Mawat ophiolite, showing locations of felsic samples

(Paper I-11) and mafic and ultrmafic samples (Paper Ill), modified after Aziz (2008).

These rock units are deformed and they are mixed with sediments on the top and are
covered by soils. Thus, the contact relationships are difficult to observe. The
topography of the MO is elevated, with high relief hampering to reach the key
outcrops. Previous studies on the mafic rocks conclude that these have MORB
affinity (Mirza and Ismail, 2007). In the southern part of the MO, the metagabbros
are tholeiitic MORBs formed by partial melting of peridotite (Koyi et al., 2010).
Azizi et al. (2013) proposed that the Mawat magmatism shows an OIB affinity and

suggested that it is related to a plume setting.
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3 Materials and Methods

3.1 Field work and sample preparation

The high and rugged topography caused that the outcrops were sometimes hard to
reach. The sample locations were positioned with GPS and their location are shown
in Figure 3. More than 80 bedrock observations were made and 85 rock samples
were collected. The samples selected for the study are split in three pieces: a) whole
rock geochemistry, b) thin sectin preparation, and c) zircon and monazite separation
for the U-Pb dating and Lu-Hf isotope analysis.

[ Isotropic pegmatitic ;
- gabbro | Ty

ki

Pyroxenite dyke

Figure 4. Field photographs for the studied areas. A) Felisic dyke crosscutting the mantle
peridotite (serpentinized harzburgite), B) Fine-grained basalt, C) Isotropic gabbro and
fine-grained mafic segregation, D) Massive block of dunite was cut by pyroxenite dyke.
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3.2 Petrography

Polished and glass-covered thin sections as well as polished thick section were
prepared at the thin section facilities at the Geohouse, University of Turku. A second
batch (n=30) of polished thin section were prepared in commercial Lab Vanpetro in
Vancouver Petrographics Ltd. Canada. Mineral identification was done by optical
microscopy. The identification of the zircons, monazites and xenotimes was done
from the epoxy mounts. Furthermore, two analytical methods were used to support
the mineral identification. First, the element mapping was done with Bruker M4
Tornado micro-XRF facility equipped with two SDD detectors at the University of
Turku, Finland. Second, a more detailed mineral identification with point analysis
was performed in the Finnish Geosciences Research Laboratory at the Geological
Survey of Finland, Espoo with Hitachi SU3900 Scanning Electron Microscope
(SEM).

3.3 Whole rock geochemistry

The samples were cut into small pieces by a diamond saw. Part of the samples were
used to prepare the polished thin or thick sections and isotope analysis, while a jaw
crusher crushed the remains.

A total of forty-eight rock samples were analysed for whole rock geochemistry
at Acme Analytical Laboratories Ltd. (Acme) in Vancouver, Canada (Paper II-I1I).
Major elements were analysed by inductively coupled plasma-emission
spectrometry (ICP-OES) with Spectro Ciros Vision instrument. The trace elements
were analysed by inductively coupled plasma-mass spectrometry (ICP-MS) with
PerkinElmer ELAN 9000 instrument. The data are interpreted and plotted with the
GCDK:it software (Janousek et al., 2006). Four rock samples were used for the
geochronology and Lu-Hf studies.

Thirteen samples from the mafic and ultramafic rocks were re-analysed at Acme
Analytical Laboratories Ltd. in Peth, Australia (Paper I1I). The samples were crushed
and pulverised in a mild steel grinder mill. The major elements were analysed by X-
Ray Fluorescence Spectrometry (XRF) on oven dry (105°C) samples. The trace
elements were analysed by Laser ablation inductively coupled plasma-mass
spectrometry (ICP-MS).

3.4 Zircon and monazite U-Pb dating

Four samples from two felsic dykes and a gabbro were selected for the monazite and
zircon separation. The separation process was done through standard procedure
including crushing, grinding, panning, magnetic separation, heavy liquid separation
and hand packing. The zircon and monazite grains were mounted in the epoxy resin,
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cut to half and polished. The Back-scattered Electron (BSE) images were conducted
using LEO 1530 Gemini scanning electron microscope at Abo Akademi University,
Finland and JEOL JSM-7100F FE-SEM Schottky attached to an Oxford Instruments
energy dispersive spectrometer (EDS) X-max (80 mm2) in the Finnish Geosciences
Research Laboratory at the Geological Survey of Finland in Espoo.

The U-Pb analyses were performed with two instruments: the first was Nu
Plasma HR multicollector ICP-MS at the geological Survey of Finland in Espoo
using a technique very similar to Rosa et al. (2009), except that a Photon Machine
Analyte G2 laser microprobe was used. The second was performed using Nu AttoM
single collector ICP-MS at Geological Survey of Finald, Espoo connected to a
photon Machine Ecite laser ablation system

The calibration standard zircon GJ-1 (609 1 Ma; Belousova et al., 2006), PL
(3374 0.4 Ma; Slama et al., 2007) and in-house standard A382 (1877 £ 2 Ma, Huhma
et al., 2012), and the calibration standard monazite 44069 (424 + 1 Ma; Aleinikoff et
al., 2006) or in-house standard 117531 (272 £ 4 Ma) were run at the beginning and
end of each analytical session and at regular intervals during sessions. Plotting of the
U-PDb isotopic data and age calculations were performed using the Isoplot/Ex 4.15
program (Ludwig, 2003).

3.5 Zircon Lu-Hf analysis

The zircon Hf isotope analyses were performed on the same or ajacent domains of
the grains on which the U-Pb dating was done. The analyses were carried out using
the Nu Plasma HR multicollector ICP-MS at the geological Survey of Finland in
Espoo using a technique very similar to Heinonen et al. (2010) except that a Photon
Machine Analyte G2 laser ablation system was used. The zircon standard GJ-1 was
run at frequent intervals for quality control. Multiple LA-MC-ICP-MS analyses of
GJ-1 during the course of the present study yielded a "*Hf/"""Hf of 0.28194 + 6 (1o,
n=35), which is just within the error of the results obtained by solution MC-ICP-MS
analyses for GJ-1 (0.281998 + 7, Gerdes and Zeh 2006; 0.282000 £ 5, Morel et al.,
2008). For the calculation of eur values, present-day chondritic "Hf/'""Hf =
0.282785 and '"*Lu/!"""Hf = 0.0336 were used (Bouvier et al., 2008).
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4 Results

4.1 U-Pb monazite and zircon ages

Three felsic samples were analysed for the U-Pb zircon and monazite and a gabbro
sample for the U-Pb zircon. The zircon textures from the felsic samples display
spongy domains and intergrowth of xenotime, monazite and unidentied Th- and U-
rich phases. The monazite textures show inclusions of xentime, thorite and zircon,
and dark and bright spots. Zircons textures from the gabbro show weak internal
zoning and contains plagioclase inclusions.

The felsic rocks show crystallisation age of monazite at 94.6 + 1.2 Ma. The
gabbro sample show ages varing between 81.2 = 2.5 Ma and 38 Ma.

4.2 Lu-Hf isotope

The zircon Hf isotopes were analysed for two felsic samples and a gabbro. The zircon
of the felsic sample D1a show 2°°Pb/>*®¥U ages spreading between 100 and 78 Ma.
The initial exr values range between -10 and +2.2 with an average value of -2.7. Two
zircons from the second felsic sample D3 were used to calculte the initial eyr values
for 2%Pb/>*8U ages (83 and 70 Ma). The initial €ur values range between - 4.4 and -
1.7 with an average value of -3.1.

For the gabbro, the individual zircon 2°°Pb/?*8U ages between 75 and 40 Ma were
used for the Hf measurements. The initial €ur values range between - 3.3 and + 9.1
with an average value of + 3.5.

4.3 Whole rock geochemistry

The samples range in composition from felsic to mafic and ultramafic. Based on the
petrography, the felsic dykes are classified into two types: the tonalities and granites.
In the Total Alkalis vs. Silica diagram, both types fall in the granite fields except for
two samples from tonalite type that plot in the quartz-monzonite-synite field. The
tonalite and granites types show differences in major and trace elements indicating
that they come from different sources but are partially mixed. Geochemically, the
mafic samples (basalts and gabbros) show a distinctive differences in the major, trace
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elements and REE patterns suggesting different tectonic settings. The ultramafic
samples of dunites and serpentinites and pyroxenites are highly depleted in the
LILEs and most of the HFSEs. They plot in two patterns below the MORB-line
reference and both show a boninite affinity.

4.4 Review

441 Paper |

This study display the U-Pb, Lu-Hf isotope analyses data from felsic dykes and
gabbro from the eastern part of the MO. The monazites from the felsic dykes yield
an age of 94.6 £ 1.2 Ma which is interpreted as a crystallization age of the dykes.
The zircons from felsic dykes yield range of ages from 222 Ma to 46 Ma because of
the Pb mobility. The zircon from the gabbro yield a wide range of ages from 81 to
38 Ma and the oldest one reflects the crystallization age of the magma.

The two felsic dykes (zircon ages between 100 and 78 Ma, and 83 and 70 Ma,
respectively) have negative initial eur values of - 2.7 and - 3.1, respectively. These
negative values indicate that the source of the felsic magma is older than the intrusion
age suggesting a crustal contribution. The zircon grains from the gabbro have a
positive average initial gxr value of +3.5 with the highest value of + 9.1. That suggest
the magma was derived from a juvenile source.

4.4.2 Paper Il

This publication presents whole-rock major and trace elements as well as REE
patterns of eight felsic dykes in the eastern MO. The felsic dykes in the western,
central and eastern parts of the MO occur in two compositional groups; tonalites and
granites. The eastern tonalite dykes are composed of plagioclase, amphibole, and
quartz and they are weakly peraluminous to metaluminous, low in K,O and TiO, and
high in Na)O. The eastern granite dykes are composed of K-feldspar, quartz,
plagioclase, muscovite and biotite and they are strongly peraluminous with moderate
to high KO and Na;O and very low TiO..

The western tonalite dykes show high St/Y ratios, high MgO and Ni contents
resembling the adakite melts derived from subducted oceanic crust contaminated by
mantle wedge peridotites. The central granite dykes were derived from a sedimentary
source. The eastern dykes include both tonalites and granites and they are mixed
with each other in various proportions. They have intermediate compositions
between the western and central dykes. The eastern tonalites have low MgO, Cr and
Ni contents and lower St/Y compared to the western ones. They are interpreted to be
formed by hornblende and plagioclase fractionation in a shallow-level magma
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chamber. Hornblende fractionation is also suggested as responsible for low Mg, Cr
and Ni contents in the granites. The eastern granites are high in K,O, Rb, and LREEs
and are derived from subducted sediments.

4.4.3 Paper Il

In this manuscript, the whole-rock major and trace elements and REE patterns of the
mafic (basalts and gabbros) and ultramafic (dunite and serpentinite with pyroxenite)
rocks are described. The data show that the basaltic rocks are tholeiitic, characterized
by depletion of LREEs and display a positive trend from LREE to HREE with low
Ti/V ratios. The gabbroic rocks are mostly calc-alkaline, characterized by
enrichment of LREE with a negative REE trend and high Ti/V ratios. The basalts
and ultramafic samples are highly depleted in the LILEs and most of the HFSEs and
plot below the N-MORB reference line suggesting that these elements have been
mobile. The immobile element diagrams show that the basaltic and ultramafic rocks
resemble the boninitic lavas related to subduction initiation. This is confirmed with
the Ti/V diagram, where the rocks fall in the boninite field. The gabbroic rocks plot
in the MORB field of Ti/V diagram. This is interpreted as an indication of later
rifting during the extensional setting above a subduction zone. In the Th/Yb vs.
Nb/Yb diagram, the mafic rocks of this study and the reference data from other parts
of the MO are classified into three groups. They plot in the oceanic arc, continental
arc and MORB fields. In the Ti/V diagrams, they fall in the MORB, IAT and boninte
fields. These geochemical data are consistent with the suprasubduction zone tectonic
setting.
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5 Discussion

5.1 Ages of the felsic dykes and gabbro

The felsic dykes from the MO have crystallized at ~ 95 Ma (Paper I). That age is in
good agreement with pervious age determinations from the Daraban leucogranite in
the MO (96.8 &+ 6. Ma zircon; 93.2 + 1.7 Ma monazite and 94.6 £ 6.6 Ma xenotime;
Mohammad and Qaradaghi, 2016; Mohammad et al., 2017), the Rb-Sr mineral
isochron age of 93.4 + 1.8 Ma (Aziz et al., 2013) and the nearby 96 + 2 Ma
Pushtashan trondhjemite and the 90.74 + 0.56 Ma Penjwen trondhjemite (zircon;
Ismail et al., 2017; 2020). Similar ages are aslo common throughout the Neotethyan
ophiolites (e.g., Moghadam and Stern, 2011).

We interpret the oldest 81 Ma age to show the crystallization age of the zircon
and the gabbro magma. Similar 79.3 + 0.9 Ma age for gabbroic magmatism is
common in the Kermanshah ophiolite, (~ 250 km southeast MO). Ao et al., (2016)
interpret the gabbro to be related to continental rifting forming the oceanic crust. The
gabbro of the MO is interpreted as rift-related above the suprasubduction zone.

A specific feature of the U-Pb data sets in both felsic and mafic samples is the
wide range of zircon and monazite ages. The youngest ages in all three samples are
~ 40 Ma which we interpret as the time of Pb loss/mobilisation event. There are
many igneous rocks of that age nearby the MO, such as the 39 Ma gabbro in Bulfat
ophiolite, ~ 50 km north Mawat, (Ali et al., 2017). °Ar -**Ar hornblende and biotite
also give an age of 39 Ma indicating a rapid cooling at the time (Aswad et al., 2016).
In the Kermanshah ophiolite ~ 250 km southeast MO, there are a 39 Ma gabbro and
a 36 Ma plagiogranite (Ao et al., 2016), and 41-39 Ma granites occur in the northern
part of Sanandaj-Sirjan zone (Zhang et al., 2018).

The ~ 40 Ma ages recorded in Mawat are probably related to these tectonic events
even though they are still are poorly known and controversial in detail. During the
closure of the Neotethyan ocean the crustal extension and related volcanism took
place at 50-40 Ma in southern Turkey (Robertson et al., 2013). In Iran, extensional
events are evidenced in the late Paleocene to late Eocene 54-40 Ma volcanism and
plutonism (Verdel et al., 2011).

In the MO, the c. 97 Ma Daraban felsic dyke (Mohammad and Qaradaghi, 2016) has
its “*Ar-* Ar muscovite age 38 Ma (Mohammad et al., 2014). This is interpreted to
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represent the beginning of the continental collision between the Arabian and
Eurasian continents. Same conclusion was drawn from similar “Ar-*Ar ages from
the Bulfat ophiolite (Aswad et al, 2016). Perhaps the advancing and retreating
subduction generated both compressional and extensional events.

5.2 Lu-Hf data

The negative average initial eur values for the felsic dykes are -2.7 and -3.1 with the
lowest value of -10.0 (Paper I). Such negative values indicate that the source of the
felsic magma is older than the intrusion age suggesting a crustal contribution. The
wide range of values indicates a heterogeneous or mixed source, or alternatively later
incomplete equilibration. The gabbro has a positive average initial value of +3.5 with
the highest value of + 9.1, suggesting that the magma was derived from a juvenile
source. The average initial €ur value in the nearby Pushtashan ophiolite is higher
+13.9 (Ismail et al., 2017). This may indicate that the MO gabbro comes from a
slightly older source or it has contaminated with such a source.

5.3 Magma sources of the felsic dykes

Since the felsic rocks are classified into two groups, tonalites and granites, their
magma sources probably are different. The Rb/Sr vs. Rb/Ba diagram differentiates
the magma sources and suggests that the tonalite and granite derive from mafic and
sedimentary sources, respectively. The low contents of K,O and Rb, in particular,
support a mafic source for the tonalite (Rollinson, 2014). The high K, Pb, Th, U and
Pb in the granite along with the aluminous mineralogy suggests that they formed
through partial melting of metasediments (Cox et al., 1999; Rollinson, 2014; Haase
et al., 2015).

The MO tonalites, characterized by low K>O and Rb contents, are interpreted to
derive from a mafic source (see Rollinson, 2014). These are consistent with
compositions from the eastern and western tonalites. Also, the low to high La/Sm
ratio for given La concetrations implies that these trace elements are more likely
controlled by partial melting rather than fractional crystallization.

In the Zr vs. Y diagram, the eastern and western tonalites plot in the field of
anatectic melting of a mafic source (Pedersen and Malpas, 1984). This may suggest
that sediment-derived melts were also partially involved.

The zircon €ur data from the eastern tonalite sample show a range of negative
values (4.4 to -1.7; Paper I). The negative €ur values require an additional
component of non-radiogenic Hf to be present in the magmas, which strongly points
to continental material (Griffin et al., 2000). Hf isotope composition thus indicates
that the eastern tonalites were likely derived from mixed sources or were
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contaminated with sediments.The western tonalite show an adakite signature in
terms of Sr and Y concentrations and ratios. They also have high MgO, Mg#, Ni,
and V contents, suggesting that they were contaminated with the mantle wedge
(Rollison, 2014). Such features are consistent with adakitic melts derived from
subducted oceanic slab (Defant and Drummond, 1990; Martin 1999).

The eastern tonalites have low Y and Yb but Sr contents are lower than in the
western tonalites. The Str/Y straddle the adakite/volcanic arc boundary. The eastern
tonalites are derived from mixtures of mafic and felsic magmas. The low-Sr
sedimentary components may have lowered the originally higher Sr/Y ratios. The
eastern rocks have low MgO, Ni, Co and V contents and negligible Cr. The Mg# are
similar in both locations. We interpret that the eastern tonalite magma fractionated
in a shallow-level andesitic magma chamber, because hornblende has very high Kp
for Co, Cr, Ni and V in such a magma (Rollinson, 1993) and fractionated together
with plagioclase (Moyen, 2009). Low concentration of these elements therefore are
related to hornblende ( + plagioclase) removal.

5.4 Petrogenesis and tectonic setting of the mafic
and ultamafic rocks

The basaltic rocks are slightly enriched in the HREEs relative to LREEs with positive
Ba, U, K, Pb and Sr and negative Nb, Zr and Ti anomalies. The N-MORB normalized
diagram suggests that the basalts formed by partial melting of a depleted mantle.
These features resemble those of the boninites formed in a forearc setting related to
initial intra-oceanic subduction settings (Shervais et al., 2019).

Based on the Sm/Lu vs Sr/Ce diagram, the basaltic rocks show higher degree of
partial melting relative to the gabbros (Fig.9a in Paper III) and the La/Yb vs. La
confirms the results show that both the gabbro and basalts follow the partial melting
trend and the basalts have higher degree of partial melting than the gabbros (Fig. 9b
in Paper III).

The values of Ce/Yb (0.08-0.2) and LaN/YDbN (0.22-0.49) in the basalts are
lower than those in the gabbros (1.18-2.7 and 3.9-10.3, respectively). This suggests
that the basalts formed by higher degree of partial melting of a depleted-mantle
source compared to the gabbros that formed by low degree of partial melting of an
enriched mantle source (Saccani et al., 2003).

The ultramafic samples are slightly enriched in the LREEs compared to MREEs
and HREEs, showing a spoon-shaped pattern with extremely low XREEs. Both the
dunite/serpentinites and the pyroxenites plot below the N-MORB reference line. The
N-MORB and primitive mantle-normalized multi-element diagrams show that there
are two pattern types: the first type is the dunite and serpentinite group which are
extremely depleted in the LILEs and most of the HFS elements. The second type is
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the pyroxenite group which is less depleted in the LILE and some HFS elements
compared to the dunite/serpentinite group. The ultramafic samples show positive U,
Pb and La and negative Nb, Ta and Zr anomalies. These features suggest that their
parental magmas are derived from highly depleted mantle and partial melting is the
main process in their formation (Fig. 8g; Paper III).

Geochemical compositions, especially the trace elements, are an effective tool
to infer the tectonic setting of the ophiolites. In this study we use the Nb/Y vs. Zr/Ti
(Pearce, 1996) for classification purposes, Nb/Yb vs. Th/Yb diagram (Pearce, 2008)
to separate the subduction-unrelated ophiolites from the subduction-related
ophiolites and Nbx vs. Thy diagram (Sccani, 2015) to identify the forearc basalts.
These diagrams are based on the immobile elements to minimise the effect of
alteration.

A general view of the tectonic setting of the mafic rocks is determined by the
Th/YDb vs. Nb/Yb diagram (Pearce, 2008). It shows that the mafic rocks fall above
the MORB-OIB array. The basaltic rocks fall in the oceanic arc field and the gabbros
in the continental arc field. The data that fall above the MORB-OIB array is
explained by variable enrichment of elements transported by hydrous fluids with or
without melts released from subducted oceanic slab. This suggests a subduction-
related tectonic setting (Furnes et al, 2020).

The Ti/1000 vs. V diagram discriminates the magmas of boninites, island-arcs,
MORBESs and alkali basalts. The ultramafic and basaltic samples plot in the boninite
field. The gabbroic samples plot in the MORB field. The mafic rocks from the
western and central parts from the MO (Mirza and Ismail, 2007; Azizi et al. 2013)
plot in the boninite-IAT fields, while the mafic rocks from Kermanshah plot in IAT
and MORB/BABB-OIB fields (Fig. 11b in Paper III).

The Nbx vs. Thy diagram shows that the basaltic samples and the mafic rocks
from the western MO and six mafic rocks from the Kermanshah ophiolite plot within
the intra-oceanic system and forearc. The majority of the mafic rocks from the
central MO and four rocks from the Kermanshah ophiolite fall within the backarc
field. The gabbros and one mafic rock from the central MO and two mafic rocks
from the Kermanshah ophiolite fall within the continental arc field (Fig, 11c: Paper
11).

The mafic rocks have boninite, IAT and MORB-like compositions. Therefore,
these rocks (MORB, IAT and boninites) formed in the same forearc region, probably
with early MORB-like (Reagan et al., 2010) and younger boninitic lavas, as is
common for forearc settings (Dilek & Furnes, 2014; Ishizuka et al., 2014). This is,
however, difficult to prove in the MO because the stratigraphic order is disrupted by
thrusting and now the ultramafic (harzburgite and dunite) rocks are on the top, the
amphibole-gabbros are in the middle and the basalts are at the bottom.
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The basalts and gabbros were derived from different sources. The basalts are
slightly enriched in HREEs related to LREEs, with positive Ba, U, Pb, and Sr
anomalies (Fig. 9d; Paper IIl) indicating that they were produced by partial melting
of the depleted mantle peridotite. These features are similar to boninites formed in a
forearc setting related to the intra-oceanic initial subduction (Shervais et al., 2019).
The gabbros are interpreted as rift-related in an extensional setting above the
sibduction zone setting >15 Ma later that the basalts and ultramafic rocks.
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6 Summary/Conclusions

The thesis describes the evolution of the mantle-derived magmas and their
temporally and spatially associated changes during the late Cretaceous-Eocene. The
zircon U-Pb dating results give ages between 222 and 38 Ma interpreted to be related
to radiogenic Pb mobility and Pb loss. The thesis describes the evolution of the
mantle-derived magmas and their temporally and spatially associated changes during
the late Cretaceous-Eocene. The monazite 94.6 + 1.2 Ma age is considered as the
crystallization age of the felsic dykes and the oldest zircons in gabbro provide the
age of 81.2 + 2.5 Ma which is the crystallization age of the gabbro and interpreted
to be related to rifting above the suparsubduction zone. The youngest ages ~ 40 Ma
are related to crustal extension. The negative initial eur values for felsic dykes
indicate that the magma comes from an older source. The positive initial enr values
for the gabbro suggest that the magma comes from a juvenile source. The felsic
dykes occur in two types: tonalites and granites. The dykes also occur in the western
part as a plagiogranites and central part as a leucogranites. Both types are mixed in
various proportions in the east part of the MO. The eastern tonalites are weakly
peraluminous to metaluminous and are low in K,O, TiO,, and high in Na;O. They
have low MgO, Cr, and Ni contents and low St/Y compared to the western ones
where these are high and similar to adakites. These were derived from partial melting
of the subducted oceanic slab. The eastern tonalites underwent hornblende and
plagioclase fractionation in a shallow-level magma chamber modifying their original
compositions. The eastern granites are strongly peraluminous, moderate to high in
K»0, Pb and Na,O, and very low in TiO. Their melts are derived from psammitic
sediments on the top of the subducted slab. Parental melts of the tonalities and
granites partially mixed in shallow magma chambers in east.

The basalts and the ultramafic rocks are extremely depleted in the LILE and
some HFSE elements. They plot below the N-MORB reference line suggesting that
these elements have been mobile. The basaltic and ultramafic rocks resemble the arc
boninites related to the subduction initiation setting. This is confirmed with Ti/1000
vs. V diagram. This suggests that these rocks formed in the same forearc region. The
undepleted pattern of the gabbros plot parallel to the N-MORB reference line and
within the MORB field in the V vs. Ti/1000 diagram. This is an indication of rifting
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Summary/Conclusions

in an extensional setting above the subduction zone. The geochemical data is
consistent with the tectonic setting for suprasubduction zone ophiolite.
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