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Abstract

The Mawat Ophiolite Complex located in north-eastern Iraq represents part of the
Iragi Zagros Suture Zone, located at the border between the Arabian-Iranian plates.
It consists of peridotite, gabbro, subvolcanic sheeted dykes and volcanic pillow lava.
The geochemical signatures of the gabbro show a significant variation in major
elements concentration, low concentrations of TiO, (0.06-0.36 wt.%), Na,O (0.44-
0.98 wt.%), K,O (0.024-0.48 wt.%), P,Os (0.002-0.009 wt.%) and moderate
variations in SiO, (46.13-53.77 wt.%) with wide ranges and high concentration of
Al,O3 (13.87-22.18 wt.%), Fe,0O3 (0.04-2.95 wt.%), FeO (2.68-8.76 wt.%), MgO
(8.09-14.28 wt.%) and CaO (11.08-17.04 wt.%). The flat REE patterns of the
present rocks represent island arc tholeiite (IAT) tectonics and a subduction-related
environment. The main features of the magma generated in the supra subduction
zone are the enrichment of LILEs and depletion of the HFSEs and the strong
negative Nb anomaly. Geochemical evidence indicates that the tholeiitic gabbros
were generated in an arc-related tectonic setting. The tectonomagmatic diagrams for
gabbros and the very low Ti content propose that the gabbroic rocks of Mawat
Ophiolite have island arc tholeiitic (IAT) and possibly boninitic affinities which
have a related to the supra-subduction zone (SSZ).
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1. Introduction

A general overview of the geological setting of the Eastern Mediterranean ophiolites
indicates that the widespread distribution of depleted basaltic, andesitic, and boninitic lavas
prefers the creation of most of the intact large ophiolites above the subduction zone rather
than along mid-ocean ridge in the Tethyan region [1]. The several models for the generation
of Tethyan ophiolites could be summarised as follows; ophiolites generated along mid-
oceanic ridges, ophiolites generated at spreading ridges between microcontinents [2, 3],
ophiolites generated at back-arc supra-subduction zone (SSZ) in intra oceanic environments
that usually give high magnesium andesite (boninitic) [4, 5], ophiolites developed in fore-arc
regions with high magnesium andesite (boninitic) [6]. The peridotites are the lowest members
of the ophiolite complexes. At the same time, the oceanic crust is the second member of

ophiolites, which comprises volcanic pillow lava, subvolcanic sheeted dykes, and gabbroic
rocks [7, 8, 9].

The units of the Zagros Suture Zone were created inside of the Neo Tethys and were thrust
over the Arabian Plate during the Late Cretaceous and Miocene-Pliocene [10]. From the
southwest, three tectonic zones have been observed in Iraq: Qulqula-Khwakurk, Penjween-
Walash, and Shalair zones [9, 11]. The Penjween-Walash Zone includes sequences of
volcano-sedimentary that originated in the Cretaceous Neo Tethys spreading, and Paleocene
volcanic arc and basic intrusions formed during the ocean's final closure. The Penjween-
Walash Zone comprises three thrust sheets: the lower Napurdan, the middle Walash, and the
upper Qandil [9, 12, 13, 14]. The upper thrust sheet (Qandil) includes Iraqgi ophiolites
consisting of Penjween, Mawat, Bulfat, Pushtashan and Hasanbag [15]. The research area lies
within the upper Qandil thrust sheet, about 30 km northeast of Sulaimaniya and 4 km north of
Chwarta Village in northern Iraq, between latitudes 35° 49" - 35° 53’ N and longitudes 45° 31’
- 45° 35" E, (Figure 1). There are just a few studies on the petrogenesis of gabbroic rocks in
the Mawat Ophiolite Complex, such as Agrawi [16], Abdulzahra [17], and Mirza [18], so this
paper examines the tectonogenesis of Mawat Ophiolite gabbros depending on petrography
and geochemical constraints.

2. General Geology

The Mawat Ophiolite Complex is located 30 kilometres northeast of the city of Sulaimani.
The complex is located inside the Penjween-Walash Zone and is part of the Iraqi Zagros
Suture Zone (1ZSZ) [9]. The complex forms an elongate body that extends about 25 km,
striking NE-SW parallel to the Thrust Zone and covering 7 to 12 km, occupying an area of
about 250 km? [19] (Figure 1). The Iragi Zagros Suture Zone, according to Aswad [20] is
divided into two allochthonous nappes: upper and lower allochthonous, which Al-Mehaidi
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[21] called upper and lower thrust sheets. The lower thrust sheet of volcano-sedimentary
Palacogene rocks belonging to the Walash-Naopurdan Group and an upper sheet of
Cretaceous metasedimentary and metavolcanic rocks with large ultramafic and mafic bodies
[9]. The upper allochthonous (Penjween-Walash Zone) includes the ophiolitic massifs and
Gemo-Qandil formations of Albian-Cenomanian [22], It is also named as ophiolite bearing
terranes [12]. The lower allochthonous represents the lower transported nappes above the
passive margin. The ophiolite is composed of the upper thrust sheet (Mawat Nappe), which is
600-1000 m thick and consists of basaltic rocks called as Mawat Group, which is intruded by
ultrabasic, coarse and layered gabbros, diorites, subvolcanic dykes and plagiogranite [19], and
overlaid by a Gimo Group (interbedded basalt and marble).

Gabbro is situated in the central part of the ophiolite, with a thickness of about 1000 m. The
Mawat Ophiolite Complex is dominated by gabbro [19], followed by ultrabasic rocks (dunite,
harzburgite, Iherzolites, and pyroxenite) and diorite and diabase intrusions [19]. Gabbro
member consists of banded amphibolized gabbro, metagabbro, pyroxene gabbro, greenschist,
albite and epidosite amphibolites [19, 21]. Banded gabbro is the largest body intruded in the
east by coarse gabbro that outcrops at the east thrust contact. The banded gabbro western
contact with greenschist is a North-South trending shear zone where the gabbro is firmly
crushed and deformed and is intruded by minor acidic and basic intrusions [9].

3. Materials and Methods

Samples are carefully selected on petrographic criteria to ensure that a complete range of
compositions is obtained. They are prepared for chemical analysis, starting by crushing in a
jaw crusher. The surface parts affected by weathering processes were cleaned and removed,
and then the fresh parts were powdered using a time swing mill to the size of less than 63
mesh. Then 1 gm of the powder of each sample was heated to 1100 °C for 2 h to determine
the LOI in the Department of Geology, Mosul University laboratories. Eleven samples of
layered gabbros are analysed for major, trace, and rare earth elements (REE) by ACME
Analytical Laboratories Ltd., Vancouver, Canada, using ELAN 6000 ICP-MS. Before ICP-
MS analysis, however, the whole rock powders (0.25 mg) were digested with an acid mixture
of H,0,-HF-HCIO4-HNO;3 (multi-acid digestion), then heated on a hot plate until the fumes
came out and then left to cool. They were finally dissolved in 5% HCI. Because (ICP-MS)
analysis could not distinguish iron oxide (FeO) from ferric oxide (Fe;03), it had to be
measured separately at the Mosul University using an ECIL CE 3021 spectrometer using
Jeffery and Hutchison [23] procedure (Tables 1, 2).

4. Petrology and Petrography

The gabbro member is located in the central part of the ophiolite with a thickness of about
1 km. It is the major part of the Mawat Ophiolite Complex, and it occupies around 170 km? of
the complex [19]. The research area includes three types of gabbros, according to a previous
study done by Abdulzahra [17], and Al-Saffi et al. [24]: layered gabbro, dyke pegmatoid
gabbro and marginal gabbro. Abdulzahra [17], and Al-Saffi et al. [24] suggested that these
rocks exhibit three types of deformation: crystal-plastic, semi-brittle, and brittle deformations.
The gabbroic rock samples were collected by Aqrawi [16] and Zekaria [25] during the
fieldwork.

The textures of these rocks are often granular and porphyroclastic (Plate 1 a, b), although
they can also have a schistosity texture (Plate 1 c¢). Hatch et al. [26] suggested that in schistose
and sheared rocks, many feldspars are granulated and crushed to smaller sizes, and secondary
amphiboles replaced most pyroxenes. According to Al-Hassan [27], the schistose of Penjween
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gabbroic rocks indicates the emplacement and thrust. These rocks are composed of
plagioclase, amphibole uralitized with relict pyroxene, minor chlorite, and opaques. Gabbro
also has an ophitic and sub-ophitic texture, showing that plagioclase crystals are entirely or
partially enclosed within secondary amphibole (Plate 1 d). Plagioclase is moderately
sericitized and is mostly labradorite (Angy-gs). Plagioclase has largely suffered granulation,
which changes shape and grain size, and its form varies from subhedral to anhedral, affected
by crushing and granulation (Plate 1 b). Tectonic deformations such as granulated, wavy
extinction, fractured, bent lamellae, and kink banding are shown in plagioclase (Plate 1 e).
Plagioclase exhibits the most severe alteration in shear zones, where grains may be replaced
by small calcite and epidote due to the saussuritization process (Plate 1 f). Plagioclase with
tails of polygonal neoblasts (Plate 1 b) can be seen in some of the most strongly deformed
samples, indicating that crystal plastic deformation has ended and semi-brittle deformation
has started [24]. Pyroxene is usually augite (extinction angle 41) which is uralitized in varying
degrees (Plate 1 g). There are two types of amphibole: primary (Plate 1 h) and secondary
amphibole. The Latter resulting from uralitisation of the primary pyroxene contents occur
mainly in the shear zones where the rocks have been deformed along their contact with dunite
(Plate 1 g).

5. Results
5.1 Major Oxides

On the CaO-Al,03-MgO diagram [28], the gabbroic rocks of Mawat Ophiolite Complex
are located in the cumulate mafic rocks (Figure 2 a). The silica and total alkalis (TAS)
diagram [29] shows that these rocks are tholeiitic/sub-alkaline gabbros (Figure 2 b). The
tholeiitic character of all rocks is confirmed by the YTC and Zr-Y diagrams (Figure 2 c, d).
The whole rock analysis show moderate variations in SiO, (46.13-53.77 wt.%) and low
concentrations of TiO, (0.06-0.36 wt.%), Na,O (0.44-0.98 wt.%), K,O (0.024-0.48 wt.%),
P,Os (0.002-0.009 wt.%) and wide ranges and high concentration of Al,O3; (13.87-22.18
wt.%), Fe O3 (0.04-2.95 wt.%), FeO (2.68-8.76 wt.%), MgO (8.09-14.28 wt.%) and CaO
(11.08-17.04 wt.%) (Table 1). The concentrations of CaO, MnO, and Na,O exhibit positive
correlations with MgO, while the behaviour of FeO, Al,O; and TiO, show negative
correlations with MgO, while SiO;, Fe;03, K;0, and P,0Os for all samples show scattered
correlations (Figure 3). Most of the scattered results in Figure 3 can be attributed to the
layering nature of gabbros and the alteration process.
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Plate 1- Photomlcrographs showmg (@) Gabbro show granular textures, sample, 32. (b)
Gabbro show porphyroclastic texture and granulation, sample V5. (c) Schistosity texture in
gabbro, sample 19. (d) Ophitic and sub-ophitic texture, sample 32. (e) Plagioclase shows kink
banding, sample 26. (f) Calcite formed as a result of saussuritization of plagioclase, sample
28. (g) Secondary amphibole formed as a result of uralitization of clinopyroxene, sample 24A.
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(h) Primary amphibole has a prismatic cleavage angle about 56° and 124°, sample, 21, [PI :
Plagioclase; Cpx: Clinopyroxene; Amph: Amphibole; Cal: Calcite].

Table 1: Content of major and trace elements in gabbroic rocks from the Mawat Ophiolite
[SempleNo. VI V5 @2 28 27 26 2% A2 21 19 |

SiO, 5144 5161 5164 4936 53.78 47.22 4939 46.82 48.15 48.68
TiO, 0.25 0.28 019 036 0.11 0.11 0.13 013 014 0.07

Al,O; 1479 1521 16.83 1655 1592 16.66 14.92 13.87 14.07 15.02

:\5 FeO  7.00 7.33 555 8.76 3.87 2.68 3.27 6.02 555 4.08
E Fe,O; 0.75 0.83 0.79 0.04 0.57 2.94 2.45 044 031 084
é MnO  0.18 0.16 015 019 0.11 0.13 0.13 015 014 013
X MgO 1147 1036 10.01 924 10.76 1192 1234 1428 13.03 13.61
5 CaO 1108 1123 1199 1360 1200 1524 1463 14.65 1570 14.38
g Na,0 0.98 0.85 0.65 0.70 0.44 0.50 0.44 056 048 049
KO  0.05 0.04 0.04 0.05 0.02 0.02 0.05 0.04 0.02 0.04

P,Os 0.005 0.01 0.005 0.01 0.01 0.005 0.002 0.005 0.002 0.007

LOI 2.00 2.10 220 1.20 2.40 2.60 2.30 310 240 270

Total 999 100.01 999 999 100.01 99.9 100.01 99.9 99.9 999

Ni 118 96.0 1072 894 1381 151.7 1432 1733 169.1 161.6

Cr 153 193 141 139 218 223 261 164 270 277

Sc 50.7 50.6 441 483 34.4 43.1 47.8 50.2 527 4238

V 241 273 134 278 137 150 155 174 179 134

Ba 13.0 8.00 10.0 4.00 3.00 3.00 5.00 3.00 9.00 340

Rb 0.60 0.20 0.10 0.60 0.60 0.40 0.20 040 040 0.50

Sr 142 143 840 84.0 58.0 64.0 64.0 570 62.0 66.0

Zr 5.20 4.20 210 1.90 4.20 1.00 1.70 120 120 0.60

Y 6.10 7.40 13.0 8.0 1.70 2.70 3.80 320 360 170

— Nb 0.20 0.20 0.10 0.08 0.08 0.04 0.08 0.05 0.07 0.06
% Ga 1059 1121 1148 1244 9.40 9.49 9.40 876 924 851
‘\E/ Cu 250 1256 10.15 50.01 898 56.27 60.64 821 1026 1.90
g Zn 50.80 56.30 479 66.8 24.3 325 73.7 375 363 263
2 Pb 0.39 0.42 047 0.36 0.33 0.31 0.31 038 052 0.27
§ Mo 0.19 0.32 012 032 0.16 0.49 0.09 009 035 0.09
= Co 5850 5538 458 531 47.7 52.4 52.8 625 564 512

As 0.80 1.50 040 1.90 0.30 0.30 1.40 110 140 0.20
Au <010 <0.10 <0.10 <010 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Cd 0.06 0.06 0.13 0.09 0.11 0.09 0.07 009 014 011
Sh 0.06 0.07 0.03 0.03 0.11 0.03 0.03 0.07 0.05 0.18
Bi <0.04 <0.04 <0.04 <0.04 0.07 <0.04 <0.04 <0.04 <0.04 <0.04
w 75.90 703 7510 58 129.2  43.0 63.8 61.1 768 77.10
Sn <0.10 0.20 0.10 <010 010 <0.10 <0.10 <0.10 <0.10 <0.10
Be <1.00 <1.00 <1.00 <1.00 <1.00 <100 <1.00 <1.00 <1.00 <1.00
Li 1.70 1.10 0.80 1.10 0.80 1.10 0.80 140 160 210

5.2 Trace and Rare Earth Elements

Large ion lithophile (LIL) elements (in ppm) like Sr (57-143), Ba (3-34), Rb (0.1-0.7), and
Ce (0.15-1.18), and High Field Strength (HFS) elements (in ppm) like Zr (0.3-5.2), Y (1.1-
13), and Nb (0.04-0.2) (Table 1) have varying concentrations in the Mawat gabbros. As a
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result, LIL elements (Sr, Ba, Rb, and K) are likely to have been remobilised to varying
degrees throughout alteration processes [30].

The binary variation diagrams use Zr against major oxides and trace elements because Zr
is supposed to be immobile [31]. Figure 4 shows Zr against HFS elements (Nb, Y, and Ti). It
illustrates a linear correlation with some dispersed resulting from cumulate phases. Figure 4
refers to all these gabbros are may be created from one melt and one origin during
fractionation because the HFS elements are less influenced by secondary alteration [32].
Zircon (Zr) has a positive correlation with SiO, and Ti but a negative correlation with MgO.
Early crystallised minerals, including pyroxene and calcic plagioclase formed throughout
magma differentiation; therefore, the negative connection of MgO with Zr makes sense [18].
On the other hand, Ni and Cr negatively correlate with Zr, which causes plagioclase and
clinopyroxene to crystallise during the magma differentiation [33]. Wilson [34] proposes
using the variations trend of Zr against SiO,, La, Ga, Y, and Ce to investigate the fractional
crystallisation processes in basic rocks (Figure 4).

Table 2- Content of REE elements (in ppm) in gabbroic rocks from the Mawat Ophiolite

Sample No. V1 V5 32 28 27 26 25

La 040 040 030 020 010 020 010 020 020 0.0 [k
Ce 086 118 106 056 020 025 032 026 029 0.15 MKk
Pr 020 030 030 010 <010 <010 <010 <0.10 <0.10 <0.10 [HOkL
= Nd 1.00 100 170 1000 010 030 040 030 040 020 L)
% Sm 050 050 080 0.60 010 020 030 020 020 <0.10 [0l
= Eu 020 020 030 030 <010 010 010 010 <010 <0.10 RN
£ Gd 050 080 140 120 020 040 050 040 050 020 [k
2 Tb 010 020 030 020 <010 <0.10 <0.10 <0.10 <0.10 <0.10 RE<oky
% Dy 1.00 120 290 160 040 060 080 070 070 030 [0
£ Ho 030 030 050 040 <010 010 020 010 020 <0.10 [N
« Er 060 100 170 1.00 020 030 050 040 050 020 [
Tm <010 010 020 010 <010 <010 <0.10 <0.10 <0.10 <0.10 [l
Yb 070 090 130 090 020 040 050 040 040 020 [kl
Lu <010 010 020 020 <010 <0.10 <010 <0.10 <0.10 <0.10 [E=OfLH
Cs 010 020 <010 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 0.10 [e<oky)
5 Hf 020 020 013 009 012 005 004 007 004 003 K
o) Th 012 010 013 010 010 013 012 010 010 0.0 [FEK¥
U <010 <010 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 [ELOfLY
Z (LaSm) 052 052 024 022 065 065 022 065 065 - -
E (LaYb)y 041 032 017 016 036 036 014 036 036 036 WKL
W (Gd/Yb)y 059 074 089 110 08 08 08 08 103 083 [PEL
E  (Cen/Ce* 076 105 084 072 093 053 092 055 056 058 MKk

The parallel and flat REE patterns of these rocks indicate that they have originated from
the same source. Light rare elements LREE depletion [(La/Sm)y = 0.22-0.65], [(La/Yb)y =
0.14-0.41, except sample 19 =3.59], as well as flat middle MREE and heavy HREE patterns
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[(Gd/YDb)y = 0.59- 1.1], except sample 19 = 2.48], can be seen in the chondrite-normalized
REE patterns (Figure 5 a). Gabbros have flat REE patterns with negative Ce anomaly
(Cen/Ce* [Ce* = (2xLan+Ndy)/3] = 0.17-1.05) and no Eu anomaly in their overall patterns.

The multi-element patterns on the spider diagram are similar in all samples, indicating that
they evolved from a single magmatic source. The relative enrichment of LILE relative to
HFSE is shown in this diagram (Figure 5 b). This diagram is characterised by the positive
anomalies of Rb, Sr, Ba, and K relative to Nb, Hf and Zr. The enrichment in LILE with HFSE
depletion and a conspicuous negative Nb, Ti, and Zr anomaly are thought to be typical of
subduction zone basaltic rocks [34, 35]. Enrichment in LILE and depletion in HFSE are
characteristics of gabbros of ophiolite complex and dykes of tholeiite to boninite affinities in
the subduction zone [36].
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Figure 3: MgO vs selected major and trace elements plots of the Mawat gabbros.
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Figure 5: (a) Chondrite normalised REEs patterns of Mawat Ophiolite gabbros [39]. (b)
Primitive mantle normalised multi-element diagram of Mawat Ophiolite gabbros [39].

6. Discussion

The geochemical composition of Mawat Ophiolite gabbros indicates the fractional
crystallisation of Ca-plagioclase. The relation between Cr and Ni is used to predict magma
evolution and identify the minerals that will crystallise first. When the Mawat gabbro rock
samples are projected onto the Figure (6 a), it is clear that they form a linear relationship
parallel to clinopyroxene with plagioclase dispersion. This diagram shows that clinopyroxene
crystallised first instead of olivine. Clinopyroxene developed as the first phase in mafic rocks,
based on the more significant Cr depletion compared to Ni [40]. In Pearce and Flower’s [41]
diagrams (Figure 6 b, c), the gabbros are shown to have formed by fractional crystallisation
with pathways parallel to clinopyroxene and plagioclase.

Th-Zr-Nb and Y-Nb/Th diagrams show that these gabbroic rocks are plotted in the island
arc tholeiite arc-related magma settings, respectively (Figure 7 a, b). Most gabbros fall into
the arc-related cumulate mafic field when major element concentrations are projected on
Beard's [42] AFM diagram (Figure 7 c). This implies that these rocks formed in the magma
chamber due to crystal fractionation of primary magma through a depleted mantle. This
indicates the gabbroic rocks originated in a supra subduction zone [43]. Beccaluva et al. [44]
proposed the Ni-Ti/Cr diagram to distinguish between very low Ti basalt (boninites), island
arc tholeiite (IAT), and mid-ocean ridge basalt (MORB) by using the relation between the
incompatible element (Ti) with compatible elements (Ni and Cr). Mawat gabbroic rocks are
classified as very low-Ti basalts (boninite) (Figure 7 d).

The REE patterns of gabbros in the Mawat Ophiolite Complex (Figure 5 a) are similar to
those observed in subduction-related and island arc tholeiitic (IAT) rocks [45]. Gabbros are
slightly enriched in MREE and HREE and depleted in LREE, with relatively flat REE
patterns. The flat and parallel REE patterns of the Mawat gabbros may suggest that they
formed from the same depleted mantle source, which may have been dominated by dunite and
harzburgite with local occurrences Iherzolite [46]. The multi-element patterns of gabbros in
the Mawat Ophiolite Complex (Figure 5 b) show Sr and Ba enrichment but a lack of
enrichment of Zr and Y; these patterns, along with HFSE variations in tholeiitic rocks, are
typical of a supra subduction environment [47]. The enrichment in LILE (compared to
primitive mantle) in the gabbroic rocks of Mawat is considered to have been derived from the
mantle source region metasomatised by subducted sediment and subduction zone fluid [36].
Depletion of HFS elements such as Zr, Nb, Th and Hf refers to LILE separation such as Sr,
Ba, Rb, and HFS elements during subducting slab dehydration [48]. The negative Nb anomaly
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and the enrichment in LILE compared with the depletion in HFSE spider diagram patterns are
typical for supra-subduction magmas [49].

These gabbros are located inside a boninitic field on the MnO-Ti0O,-P,0s, Zr-Ti, and Ti-V
tectonomagmatic diagrams, confirming their formation in a subduction zone. (Figure 8 a, b,
c). A significant IAT and boninitic character can be seen in the magmatic rocks of an
ophiolitic assemblage in a subduction zone [50]. The TiO, concentration of boninite (<0.5%)
is lower than that of IAT (<1%) [45]. In comparison, Mawat Ophiolite gabbros have very low
TiO, contents (0.06-0.36%) as Ali and Rostum [46] demonstrated in the Penjween gabbros
and are thus possibly formed from magmas with a boninite-like composition (Figure 8 d). The
ophiolites are divided into two types: magmatic island arc (low-Ti) and boninite (very low-
Ti), which form in supra-subduction zone settings [51]. As a result, the Mawat gabbros are
related to the island arc tholeiite (IAT) and boninite rocks, which are related to the supra-
subduction zone.
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7. Conclusions

Gabbro is the major part of the Mawat Ophiolite Complex, followed by ultrabasic rocks
and smaller diorite and diabase intrusions. The textures of these rocks are often granular and
porphyroclastic, although they can also have a schistosity texture. Gabbros described here are
of the island arc thoelittic type, and they formed in the magma chamber as a result of crystal
fractionation of primary magma through the depleted mantle. The REE and multi-element
patterns of gabbros in the Mawat Ophiolite Complex imply a supra-subduction environment.
Since Mawat Ophiolite gabbros have very low TiO, contents, these rocks are thought to have
island arc tholeiitic (IAT) and maybe boninitic affinities, which are related to the supra-
subduction zone (SSZ).
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