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Abstract

1. Introduction

Peridotites in the ophiolite complex generally involve 
serpentinized harzburgites, lherzolite, dunite, and existing 
pyroxenite (Snow and Dick, 1995). These peridotites represent 
the bottom category of the ophiolite; these comprise sub-
continental or orogenic Alpine ultramafic rocks (Menzies 
and Dupuy, 1991) and slivers of ancient oceanic lithosphere 
obducted onto the continental or oceanic crust (Beccaluva et 
al., 1984; Nicolas and Boudier, 2003). Moreover, the oceanic 
origin represents mantle rocks that were extracted along 
normal and transform faults (Bonatti et al., 1981). Igneous 
oceanic crust is a second part of this complex formed at 
divergent plate boundaries and consists of gabbro rocks, 
pillow lava, and diabasic dykes (Klein, 2004; Jassim and 
Goff, 2006). Ophiolite complexes’ classification normally 
depends on their geochemical features, interior structures, 
and regional tectonics (Pearce et al., 1984; Shervais, 2001; 
Pearce, 2008). A new classification of ophiolite complexes 
proposed by Dilek and Furnes (2011) implies subduction-
related ophiolite complexes which involve volcanic arc and 
supra subduction zone, and subduction-unrelated ophiolite 
complexes which involve mid-oceanic ridge (MOR), plume 
(P-type), and continental margin (CM). 

Zagros Suture Zone encompasses the Penjween-Walash 
Subzone that consists of volcano-sedimentary sequences 
created in the Cretaceous ocean spreading of the Neo-Tethys 
and is strongly affected by magmatism (Buday and Jassim, 

1987). During Paleocene-Eocene, the final closure of Neo-
Tethys, Paleocene arc volcanic and syn-tectonic essential 
intrusions created (Aswad, 1999), thus the area represents 
the residues of the Neo-Tethys which during Miocene-
Pliocene thrust over the Arabian Plate, such as Pleistocene 
Al-Lajjoun Basaltic flows, central Jordan (El-Hasan and 
Al-Malabeh, 2008), and Precambrian Magmatic  Rocks (Al-
Malabeh et al., 2004) besides elsic dike swarms in Aqaba 
complex (Al-Fugha et al., 2013). The Penjween-Walash 
Subzone is divided into three thrust sheets, the upper Qandil, 
the middle Walash, and the lower Napurdan (Jassim and 
Goff, 2006; Aswad et al., 2011; Mohammad et al., 2014; Ali 
et al., 2016). This subzone forms an almost unbroken swath 
over the Iraqi-Iranian borders. Qandil thrust sheet includes 
basic igneous massifs consisting of Hasanbag, Pushtashan, 
Bulfat, Mawat, and Penjween (Ali et al., 2019), the study 
area is located within this thrust sheet. Penjween igneous 
complex is located to the south-west of Penjween town, about 
50 kilometers to the east of Sulaimani city between latitudes 
(35° 36´ 16.4¨- 35° 37´ 15.6¨ N) and longitudes (45° 54´ 40.4¨-
45° 55´ 54¨ E), (Figure 1).

Gabbros are part of the crustal portion in an ophiolite 
complex and consist of (from bottom to top) layered 
gabbros, isotropic and then foliated gabbros formed by slow 
crystallized basaltic melt injection from the fundamental 
rising mantle (Kakar et al., 2013). According to Al-Hassan 
and Hubbard (1985); Al-Hassan (1987), the gabbroic rocks of 
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The Penjween Ophiolite Complex is part of the Zagros Suture Zone (ZSZ) and is located within the Penjween-Walash 
Subzone northeast of Iraq. It is an incomplete sequence that consists of two main igneous bodies: the ultramafic body and 
the gabbroic body. The Penjween layered metagabbros show wide variation in grain size and are composed of saussuritized 
plagioclase, and amphibole with relict pyroxene. The chondrite-normalized REE patterns in Penjween metagabbroic rocks 
exhibit LREE depletion and flat MREE and HREE patterns, with patterns that are nearly flat in general, and these patterns 
are similar to rocks generated in Island Arc Tholeiite (IAT) and subduction-related environments. The depletion in High 
Field Strength Elements (HFSEs) with enrichment in Large Ion Lithophile Elements (LILEs) and the strong negative Nb 
anomaly is typical of magmas formed in the supra subduction zone. The La/Nb and La/Ba ratios indicate that metagabbroic 
rocks originated in the asthenosphere mantle, while the La/Yb and Dy/Yb ratios imply shallow source partial melting of 
spinel-peridotite. The variable Sr/Nd and Ba/Th ratios with nearly constant Th/Yb and La/Sm ratios, indicate that fluids 
from slab dehydration modified the ancient mantle. Penjween ophiolite metagabbros are classified as Island Arc Tholeiite 
(IAT) because it contains very low to low-TiO2 (0.11-0.69%). In conclusion, the low and very low Ti concentration strongly 
suggests that the metgabbroic rocks of the Penjween Ophiolite Complex are linked to Island Arc Tholeiite, which has a link 
to the supra subduction zone.
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2. General Geology

3. Materials and Methods

The Penjween Ophiolite Complex is situated to the south-
west of Penjween town about 50 kilometers east of Sulaimani 
City northeast of Iraq (Figure 1a). The area is part of the 
Zagros Suture Zone (ZSZ) and the complex is located within 
Penjween-Walash Subzone (Jassim and Goff, 2006). The ZSZ 
is subdivided into two allochthonous thrust sheets; lower and 
upper allochthonous (Aswad, 1999). The Penjween-Walash 
Subzone (i.e. upper allochthonous) represents the ophiolitic 
complexes and Albian-Cenomenian Gemo-Qandil sequence 
(Aswad and Elias, 1988; Aziz, 2008; Aswad et al., 2011; Aziz 
et al., 2011). The Walash-Naopurdan sequence (Paleocene-
Eocene) represents the lower allochthon which is separated 
from the upper allochthon by a thrust fault (Aswad, 1999).

The Penjween Ophiolite Complex is an elongated body 
that covers about 35 km2 inside the Iraqi territories towards 
northwest-southeast parallel with the general tectonic trend 
of the ZSZ, while the large remnant parts of this complex are 
located within and adjacent to Iranian territories (Mahmood, 
1978). The sequence of Penjween ophiolite is incomplete 
(Jassim and Goff, 2006). It consists of ultramafic rocks 
mainly peridotite with subordinate pyroxenites followed by 
gabbros and minor occurrences of diorites, granodiorites, 
and pegmatites (Mahmood, 1978), that is in contact with a 
volcano-sedimentary sequence (i.e. Gimo Group) (Jassim 
and Goff, 2006). The group is thrust over Merga Red Beds 
(Miocene molasse) in the west. The ultramafic body form 
about 70% of the complex and consists of relatively fresh 
dunite (Jassim and Al-Hassan, 1977). The gabbro body 
represents the second largest exposure in the area (18 km2 
in extent in Iraq) sharply overlies the ultrabasic body and is 
layered and laminated (Jassim and Al-Hassan, 1977). 

Twenty-one samples from the meta gabbroic rocks were 
collected from two different locations within the Penjween 
Ophiolite Complex. The current study employed a variety 
of analytical techniques, starting with the use of a polarized 
microscope for petrographic study and ending with chemical 
analysis. Five samples among the least weathered were 
selected to represent the freshest rocks prepared for chemical 
analysis. Before that the samples were ground in a swing 
mill and then the Loss on Ignition (LOI) was determined in 
the laboratories of the University of Mosul, Department of 
Geology. The geochemistry of whole rocks (major, trace, and 
rare earth elements) was analyzed in the ACME Analytical 
Laboratories, Canada, Vancouver done by 6000 ELAN ICP-
MS. To prepare the samples for analysis, 0.25 mg of rock 
powder is digested using a multi-acid digestion (H2O2-HF-
HClO4-HNO3), then heated on a hot plate, cooled, and finally 

the Penjween ophiolite formed as a result of partial melting 
of the upper mantle, leaving depleted dunite rocks. In 
Albian-Cenomanian, the gabbros of Penjween were intruded 
on during the ocean spreading process (Jassim and Goff, 
2006). In this study, we discuss the petrogenesis and tectonic 
environment of the Penjween ophiolite meta gabbroic rocks 
based on their field observations, petrography, and chemical 
compositions.

dissolved in 5% hydrochloric acid. The standards used in 
the analysis are OREAS 24P and OREAS 45P (For more 
information on analytical accuracy and precision, see Tables 
1 and 2 .). Since this ICP-MS analysis measures iron as FeOt 
as it does not distinguish between ferric and ferrous oxides, 
it had to be measured and separated by ECIL CE 3021 
Spectrophotometer at the Department of Geology, University 
of Mosul using the method of (Jeffery and Hutchison, 1981).
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4. Results 
4.1 Petrology and Petrography

Gabbro forms the second largest exposure in the area. 
It consists of a solid body extending to about 3 km of the 
upper and western edge of the mountain chain and southwest 
of Penjween village. These gabbros become a narrow sector 
in the northwest direction (Figure 1b). Gabbros are bordered 
by peridotite bodies as perpendicular and sharp contact and 
they are linked with the sandstones and conglomerates of the 
Merga Red Bed Group by a thrust fault near Kani Mangah 
village while they are in contact with Qandil metamorphic 
rock group in the southeastern direction.  Depending on 
field observations and a previous study by Al-Hassan (1982) 
three types of gabbroic rocks are recognized in Penjween 
ophiolite; marginal gabbro, layered gabbro, and gabbro 
pegmatite (Figure 1b). Most gabbros in the field had suffered 
deformation in the form of fracturing and jointing (Figure 
2b).

The metagabbros consist of saussuritized plagioclase, 
amphibole with relict pyroxene, chlorite, and opaque 
minerals. Some gabbros have been deformed, showing 
granular and porphyroclastic textures (Figure 2c, d). Also, 
these rocks show a schistosity texture (Figure 2e), those 
occurring along shear zones and western contact zone are 
severely crushed and foliated so much so that they impart 
schistosity to the rocks (Mahmood, 1978). The schistosity 
texture of Penjween metagabbros represents the thrusting 
movement and emplacement (Al-Hassan, 1982). Metagabbro 
also exhibits an ophitic and subophitic texture, with large 
crystals of amphibole completely or partially surrounding 
plagioclase (Figure 2f). The composition of plagioclase is 
An70-73 refers to the labradorite. Plagioclase shows wide 
variation in grain size due to granulation (Figure 2d). In 
sheared and schistose rocks, Williams et al. (1954) believed 
that many of the feldspars are granulated. The deformed 
plagioclase are characterized by fractured surface, wavy 
extinction, bent lamellae and well developed secondary  
twin (Figure 2e). The saussuritization process has partially 
changed the plagioclase grains into epidote (Figure 3a). A 
primary amphiboles have subhedral to anhedral grains, 
pleochroism that is primarily green to brown, and a cross-
basal section that reveals two sets of cleavage (Figure 3b). 
Some amphibole grains have partially or completely altered 
to chlorite (Figure 3c). Primary amphibole shows kink bands 
due to deformation process along the shear zones (Figure 
3d). The pyroxenes are mainly augite (extinction angle 42ᴏ). 
The minerals and textures are typical of metagabbros, which 
can form during low grade metamorphism from gabbros 
(Koyi et al., 2010; Hassan and Ridha, 2018).



Figure 1. (a) Simplified geological map of the Zagros Suture Zone (ZSZ) showing the position of the study area; (b) Geological-topographic 
map of Penjween Ophiolite Complex, northeast Iraq, from (Al-Hassan, 1982) showing samples locations.
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Table 1. Major and trace element composition for the Penjween ophiolite metagabbroic rocks, as well as accuracy, precision, and detection 
limits.

* Mg# =100 x Mg/(Mg+Fe+2).
R. N31 : Repeated N31.
45P** : Calculated OREAS45P, 45P* : Published OREAS45P.

24P** : Calculated OREAS24P, 24P* : Published OREAS24P.
MDL: Method Detection Limit.

Analytical accuracy and precisionSample No.
Elements

MDL**24P*24P**45P*45PR.N31N12N13N14N15N31
------45.5946.6448.3550.4451.06SiO2

0.0021.651.831.611.730.250.690.640.110.120.25TiO2

0.0414.7014.4712.9012.8810.2615.7914.7316.6613.0310.73Al2O3

0.039.399.6823.4324.728.068.648.644.895.977.77FeO
5.244.131.200.750.32Fe2O3

0.00030.140.140.170.170.160.190.180.140.160.17MnO
0.036.736.850.320.3213.238.039.4211.9913.3113.53MgO
0.038.098.160.420.4212.1312.6312.6113.8112.8612.24CaO

0.0033.363.150.110.111.350.690.490.520.521.38Na2O
0.020.870.840.430.420.330.020.020.050.020.33K2O

0.0020.320.310.100.110.020.0020.0020.0020.0020.02P2O5

------2.502.502.302.802.20LOI
------99.99100.0199.99100.01100.01Total
------51.6957.5978.1678.1174.93#Mg*

0.10144.1141.0380.3038524554.7178.7136.7142.5246.9Ni
1.001821961061108957114.061.0254325563Cr
0.1019.2020.0064.9067.1048.2064.667.243.853.248.0Sc
1.00156.00158.00263.00267.00266.0012031229157195266V
1.00266.00285.00289.00296.00101.006.0020.02.002.00101Ba
0.1020.9022.4023.0024.603.700.600.400.700.203.40Rb
1.00382.00403.0034.0032.6088.0068.053.054.040.089.0Sr
0.100.800.802.202.000.280.10<0.10<0.10<0.10<0.30Cs
0.20138.40141.00154.30154.006.103.001.200.701.005.80Zr
0.1020.5021.3012.9013.007.303.103.702.502.507.40Y
0.0419.4721.0020.2721.600.430.090.060.070.060.44Nb
0.0219.3919.4322.0522.508.5314.6713.619.688.038.65Ga
0.0248.6952.00703.30749.0014.13349854.585.0357.4214.41Cu
0.20116.40119.00140.50141.0051.7071.575.443.738.353.0Zn
0.022.802.9023.1422.000.950.921.172.520.691.03Pb
0.051.471.502.042.100.450.130.120.180.090.46Mo
0.2048.1044.00121.70120.0066.2072.581.451.656.667.2Co
0.202.001.2012.8012.000.500.900.600.20<0.700.70As
0.020.160.150.210.200.050.150.090.070.080.07Cd
0.020.090.090.810.820.200.050.030.070.050.18Sb
0.100.400.501.001.1095.3053.939.741.034.895.6W
0.108.408.7015.9014.708.501.401.101.301.608.70Li
0.023.333.603.764.120.300.110.060.040.050.25Hf
0.102.802.8510.009.800.100.090.090.090.090.10Th
0.101.101.041.301.200.230.100.10<0.10<0.10<0.30Ta



Table 2. REE elements composition (in ppm) of the Penjween ophiolite metagabbroic rocks, as well as accuracy, precision, and detection 
limits.

R. N31 : Repeated N31.
45P** : Calculated OREAS45P, 45P* : Published OREAS45P.

24P** : Calculated OREAS24P, 24P* : Published OREAS24P.
MDL: Method Detection Limit

Analytical accuracy and precisionSample No.
REEs

MDL24P**24P* 45P**45P* R. N31N12N13N14N15N31

0.1017.9017.4025.1024.800.600.200.300.100.200.50La

0.0238.2537.6051.2648.901.360.260.560.140.161.30Ce

0.104.804.705.806.000.14<0.100.20<0.10<0.100.20Pr

0.1021.0022.0023.2023.21.200.300.600.200.201.10Nd

0.104.604.704.004.240.400.100.200.100.100.40Sm

0.101.501.601.101.100.200.100.10<0.10<0.100.20Eu

0.105.305.303.403.800.900.300.500.300.300.80Gd

0.100.700.810.500.590.20<0.100.10<0.10<0.100.20Tb

0.104.604.603.603.601.200.600.700.500.501.20Dy

0.100.800.800.600.650.260.100.10<0.100.100.30Ho

0.102.202.201.701.701.000.400.500.300.401.00Er

0.100.300.300.200.240.10<0.10<0.10<0.10<0.100.10Tm

0.101.701.831.501.600.900.400.500.400.401.00Yb

0.100.200.250.300.240.20<0.10<0.10<0.10<0.100.20Lu

Ratios

N12N13N14N15N31SamplesN12N13N14N15N31Samples

1.501.401.251.251.20Dy/Yb0.360.430.180.360.36(La/Yb)N

226.788.3327020080.91Sr/Nd0.620.830.620.620.66(Gd/Yb)N

66.67222.222.222.21010Ba/Th0.670.500.501.000.45La/Nb

0.230.180.230.230.10Th/Yb0.030.020.050.100.005La/Ba

2.001.501.002.001.25La/Sm0.500.600.250.500.50La/Yb

4.2 Major Oxides
The MgO-CaO-Al2O3 diagram (Colleman, 1977) has 

been used to differentiate between ultramafic and mafic 
cumulate rocks. Based on that the metagabbroic rocks of 
Penjween ophiolite are classified as mafic cumulate rocks 
(Figure 4a). The TAS diagram (Cox et al., 1979) shows that 
the Penjween ophiolite metagabbroic rocks are sub alkaline 
character (Figure 4b). On the AFM diagram, the Penjween 
ophiolite metagabbros exhibit the nature of tholeiitic igneous 
rocks (Figure 4c). The Penjween metagabbro rocks are 
classified largely as low-K rocks (Figure 4d). Generally, the 

Penjween metagabbros have a low content of TiO2 (0.11 to 
0.69 wt %), and P2O5 (0.002 to 0.02 wt %), K2O (0.02 to 0.33 
wt %) and Na2O (0.49 to 1.38 wt %), with modest variations 
in SiO2 (45.59 to 51.06 wt %), while the Al2O3, FeO, Fe2O3, 
MgO, and CaO have wide ranges and high concentrations, 
these ranges are 10.73 to 16.66 wt %, 4.89 to 8.64 wt %, 0.32 
to 5.24 wt %, 8.03 to 13.53 wt %, and 12.24 to 13.81 wt % 
respectively (Table 1). Moreover, the metagabbros have very 
low total alkali concentrations, where Na2O+K2O values are 
between 0.51 to 1.7 wt% with the K2O value much lower than 
Na2O.
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Figure 2. Field photos and photomicrographs showing: (a) Panoramic view of the studied gabbro; (b) Metagabbro fracturing and jointing, 
sample N11; (c) Granular textures in metagabbro , sample N10; (d) Porphyroclastic texture in metagabbro and the plagioclase show wide 
variation in grain size due to granulation, sample N14; (e) Metaga bbro show schistosity texture and secondary twin lamellae in plagioclase, 

sample N12; (f) Ophitic and subophitic texture, sample N10; [Plg: Plagioclase; Amph: Amphibole; Opq: Opaque].
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Figure 3. Photomicrographs showing: (a)  Saussuritization process has partially changed the plagioclase grains into epidote, sample N5; (b) 
Amphibole has two sets of cleavage (56/124°), sample N6; (c) Alteration of amphibole into chlorite, sample N4; (d) Amphibole  with kink 

bands, sample N4, [Plg: Plagioclase; Amph: Amphibole; Epi: Epidote; Opq: Opaque].

Figure 4.  Geochemical classifications of the Penjween metagabbroic rocks: (a) CaO-Al2O3-MgO diagram for the Penjween ophiolite 
metagabbroic rocks (Colleman, 1977); (b) TAS plot of the gabbros (Cox et al., 1979); (c) AFM diagram (Irvin and Baragar, 1971) of 

metagabbros from Penjween Ophiolite Complex indicating their tholeiitic affinity; (d) SiO2 vs. K2O diagram (Le Maitre, 2002).
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4.3 Trace and Rare Earth Elements (REEs)
Both Large Ion Lithophile Elements (LILE) and the High 

Field Strength Elements (HFSE) have variable amounts in 
the Penjween metagabbros, like Ba (2-101 ppm), Sr (40-
89 ppm), Rb (0.2-3.4 ppm), Pb (0.69-2.52 ppm), Zr (0.7-5.8 
ppm), Nb (0.06-0.4 ppm), and Y (2.5-7.4 ppm) (Table 1). 
LIL elements (Ba, Rb, Sr, and K) are thus probable to have 
been remobilized during alteration and metamorphism to 
greenschist facies (Staudigel, 2003).

The REEs in the Penjween metagabbro rocks are 
generally characterized by relatively parallel REE patterns 
with enrichment of HREE and depletion in light rare earth 
elements (LREE) [(La/Yb)N= 0.36-0.43]. These ratios 
indicate the enrichment of these rocks in HREE and MREE 
compared to LREE (Figure 5a). The spider diagram (multi 
elements) exhibits depletion in HFSEs like Zr, Nb, Y, and Hf 
with enrichment in LILEs like Sr, Ba, Rb, and Pb  (Figure 
5b).  The depletion in Nb and LREE refers to a source 
originating from the lower crust (Taylor and McLennan, 
1985), it is characteristic of magmas formed in the supra-
subduction mantle wedge (Duclaux et al., 2006). Pearce et al. 
(1984) assumed that the eclectic enrichment of Ba and Sr in 
comparison to Zr, and Y shown by tholeiitic rocks is typical 
of a supra-subduction zone (SSZ) setting where tholeiitic and 
boninitic magma mixing happens.

Figure 5. (a) Chondrite-normalized REE patterns of metagabbroic 
rocks from Penjween ophiolite (Sun and McDonough, 1989); (b) 
Primitive mantle-normalized spider diagram of metagabbroic rocks 

of Penjween ophiolite (Sun and McDonough, 1989).

5. Discussion
5.1 Petrogenesis
Magmatic rocks derived from primary magma typically 

have a high Mg number (Mg#  >65) (Winter, 2001; Al Smadi 
et al., 2018). The samples from the Penjween metagabbro 
have a high Mg# (68.1), indicating that the metagabbros 
are the result of primary magma crystallization. REEs and 
HFSEs are immobile during the weathering and alteration 
processes (Zhang et al., 2015). As a result, magma origins are 
determined largely using the ratios and contents of HFSEs 
and LREEs (Zhao and Zhou, 2007). Most metagabbros 
fall in the astheno sphere mantle origin in the La/Nb-La/
Ba diagram (Figure 6a). The La/Yb ratios have a range of 
0.25-0.6, and the Dy/Yb ratios of the metagabbroic rocks 
are concentrated in a limited range of 1.2-1.5, reflecting 
shallow source partial melting of spinel-peridotite (Figure 
6b) (Thirlwall et al., 1994). Penjween metagabbro mantle 
metasomatism was also revealed by the La/Sm against Ba/
Th diagram (Labanieh et al., 2012) and the Th/Yb against 
Sr/Nd diagram (Woodhead et al., 1998). As seen in figures 
(6c, d) the Penjween metagabbros deviate from the sediment 
melting trend while being consistent with slab dehydration, 
suggesting that fluids from slab dehydration modified the 
mantle. The depletion in HFSEs like Zr, Nb, Hf, and Pb 
refers to the separating of LILE such as Sr, Ba, Rb, and 
HFSEs during subducting slab dehydration (Shawna et al., 
2003). Moreover, the depletion of HFS elements may result 
from fractionation and metamorphism processes (John et 
al., 2004). In summary, the Penjween metagabbro formed 
as a result of partial melting of the mantle spinel peridotite 
that has been metasomatized by fluids dehydrated from a 
subducted slab (Wang et al., 2019).

The relation between Y and Cr  (Figure 7a) proves that 
the amount of Cr varies with a nearly constant in Y; which 
is a characteristic of a mantle source depleted (Shinjo et al., 
2000). The relationship between Ni and Cr is significant in 
determining ferromagnesian mineral fractionation (Leeman, 
1976). Figure (7b) shows that clinopyroxene is the main 
ferromagnesian phase existing in Penjween metagabbros, 
based on the positive trend between Ni-Cr and the absence of 
olivine in all samples. This indicates that it was derived from 
a previous fractionated origin or a melt that was extensively 
fractionated mostly by removing olivine (Wilson, 2001). 
On Ti against Ti/Cr and Ti against Al2O3/TiO2 (Figure 7c, 
d), the crystallization trends of the main phases parallel the 
trends of plagioclase and clinopyroxene. As a result, these 
minerals are the major crystalline phases, as Al-Hassan 
(1982) demonstrated in the Penjween gabbroic rocks.
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Figure 6. (a) La/Ba vs. La/Nb diagram (Saunders et al., 1992); (b) La/Yb vs.Dy/Yb diagram (Jung et al., 2006); (c) La/Sm vs. Ba/Th for the 
Penjween metagabbros (Labanieh et al., 2012); (d) Th/Yb vs. Sr/Nb for the Penjween metagabbros (Woodhead et al., 1998).

Figure 7. (a) Cr vs. Y diagram shows a depleted mantle source (Shinjo et al., 2000); (b) Ni vs. Cr; (c) Ti vs. Cr/Ti diagram (Pearce and Flower, 
1977); (d) Ti vs. Al2O3/TiO2 diagram (Pearce and Flower, 1977).
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5.2 Tectonic Setting
In general, all studied metagabbros of the Penjween 

ophiolite are geochemically related and have a tholeiitic 
character. Zr-Nb-Th diagram classifies these metagabbros 
as Island Arc Tholeiite (IAT) (Figure 8a). Therefore, maybe 
these metagabbroic rocks have been created in the extensional 
environment (low pressure) by fractional crystallization 
directly in the supra-subduction zone or above a subduction 
zone (Kakar et al., 2013). The AFM diagram shows the 
Penjween metagabbro rocks occur into the arc-related mafic 
cumulate rock (Figure 8b), this is confirmed that these 
rocks are created from fractionation of the primary magma 
via depleted mantle in the magma chamber (Sarifakioglu 
et al., 2009). All these indicate that Penjween ophiolite 
metagabbroic rocks are created in a supra-subduction zone 
environment (Beard, 1986). 

The al2O3-TiO2 diagram shows these metagabbros are 
located in the arc-related magma setting (Figure 9a), whereas 
all metagabbroic rocks show that the magma is related to 
subduction on the Zr-Th-Nb diagram (Figure 7a).  Figures 
(9b, c) show that metagabbroic rocks are generally low-
Ti and very low-Ti Island Arc Tholeiitic (IAT), indicating 
that they are generated in a subduction zone. Penjween 
ophiolite metagabbros contain very low to low-TiO2 (0.11-

The IAT nature of the metagabbroic rocks from the 
Penjween ophiolite is further evidenced by their REE and 
spider diagrams (Figure 5a, b). Generally, the chondrite-
normalized REE patterns in Penjween metagabbroic rocks 
exhibit LREE depletion and flat MREE and HREE patterns, 
with patterns that are nearly flat in general, and these patterns 
are similar to rocks generated in IAT and subduction-related 
environments (Shamim et al., 2005). The features exhibited 
on the spider diagram show enrichments of Sr and Ba and 
the relative depletion of Y, Zr, and Hf these patterns as well 
as HFSEs variances in the tholeiitic rocks represent the SSZ 
setting (Pearce et al., 1984). The depletion in HFSEs with 
enrichment in LILEs and the strong negative Nb anomaly 
(Figure 5b) are typical of a magma formed in the supra-
subduction zone (Whattam et al., 2004).

0.69%) concentrations and were probably derived from 
IAT magmas, which are formed in supra-subduction zone 
environments (Beccaluva et al., 1989). In conclusion, the 
low and very low Ti concentration strongly suggests that the 
metagabbroic rocks of the Penjween Ophiolite Complex are 
linked to Island Arc Tholeiite, which has a link to the supra 
subduction zone, as Mirza (2008) demonstrated in the Mawat 
gabbros.

Figure 8. Tectonomagmatic diagrams of the Penjween ophiolite metagabbroic rocks: (a) Zr-Nb-Th diagram (Wood, 1980); (b) AFM 
compositions of metagabbros in Penjween ophiolite. The non-cumulate and cumulate rocks are from Beard (1986).

Figure 9. Tectonomagmatic diagrams of the Penjween ophiolite metagabbroic rocks: (a) Al2O3 vs. TiO2 diagram (Muller and Groves, 1997); 
(b) MgO vs. TiO2 diagram (Laurent and Hebert, 1989); (c) Ti vs. V petrogenetic discrimination diagram (Shervais, 1982)
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6. Conclusion
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