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a  b  s  t  r  a  c  t

The  northern  Noorabad  area  in  western  Iran  contains  several  gabbro  and  basalt  bodies  which  were
emplaced  along  the Zagros  suture  zone.  The  basalts  show  pillow  and  flow  structures  with  amygdaloidal
textures,  and  the gabbroic  rocks  show  massive  and  foliated  structures  with  coarse  to  fine-grained  tex-
tures. The  SiO2 contents  of  the  gabbros  and  basalts  are  similar  and  range  from 46.1–51.0  wt.%,  and  the
Al2O3 contents  vary  from  12.3–18.8  wt.%,  with  TiO2 contents  of  0.4–3.0  wt.%.  The  Nb  concentrations  of
some gabbros  and  basalts  are high  and can be  classified  as  Nb-enriched  arc  basalts.  The  positive �Nd(t)
values  (+3.7  to +9.8)  and  low 87Sr/86Sr(initial) ratios  (0.7031–0.7071)  of both  bodies  strongly  indicate  a
depleted  mantle  source  and  indicate  that  the rocks  were  formed  by partial melting  of  a depleted  litho-
spheric  mantle  and  interaction  with  slab fluids/melts.  The  chemical  composition  of  trace  elements,  REE

87 86 143 144
etasomatized mantle
r-Nd isotope ratios

pattern  and  initial Sr/ Sr- Nd/ Nd ratios  show  that the  rocks  have  affinities  to  tholeiitic  magmatic
series  and  suggest  an extensional  tectonic  regime  over the  subduction  zone  for  the  evolution  of these
rocks.  We  propose  an extensional  tectonic  regime  due  to the  upwelling  of metasomatized  mantle  after
the  late  Cretaceous  collision  in the  Harsin-Noorabad  area.  These  rocks can  be  also  considered  as  Eocene
back  arc  magmatic  activity  along  the  Zagros  suture  zone  in  this  area.

© 2017  Elsevier  GmbH.  All  rights  reserved.
. Introduction

The Iranian plateau is a tectonically active region within the
lpine-Himalayan orogenic belt. It contains a number of conti-
ental fragments that have been welded together along a suture
one of oceanic character from the Early Paleozoic to Late Tertiary.
töcklin and Nabavi (1972) divided the Iranian plateau into eight
egments (Fig. 1) including Zagros fold-thrust belt, Sanandaj-Sirjan,
rmia-Dokhtar magmatic arc, central Iran, Alborz, Kopeh Dagh and
astern Iran. Amongst the microcontinents, some oceanic crust and
sland arc such as Proto-Tethys, Paleo-Tethys and Neo-Tethys are
reserved. The main remnant of the Neo-Tethys oceanic crust is
agros ophiolite that is developed in the Zagros suture zone in the

est of Iran and southern part of Turkey (Ş engör, 1987; Alavi, 1994;
zizi and Moinevaziri, 2009; Paul et al., 2010; Wrobel Daveau et al.,
010; Azizi et al., 2011a,b; Azizi et al., 2013; Saccani et al., 2013;

∗ Corresponding author.
E-mail address: F.nourisandiani@gmail.com (F. Nouri).

ttp://dx.doi.org/10.1016/j.chemer.2017.06.002
009-2819/© 2017 Elsevier GmbH. All rights reserved.
Whitechurch et al., 2013; Shafaii Moghadam and Stern, 2015). In
the last three decades, many researchers have been interested in
the Zagros suture zone (Buday, 1980; Delaloye and Desmons, 1980;
Desmons and Beccaluva, 1983; Ghazi and Hassanipak, 1999; Alavi,
2004; Shafaii Moghadam et al., 2009; Allahyari et al., 2010; Shafaii
Moghadam and Stern, 2011; Ali et al., 2013; Ali and Aswad, 2013;
Saccani et al., 2013; Whitechurch et al., 2013; Azizi et al., 2013;
Allahyari et al., 2014; Aswad et al., 2014; Saccani et al., 2014; Ao
et al., 2016; Shafaii Moghadam and Stern, 2015; Nouri et al., 2016)
and have suggested various tectonic regimes for some parts on the
ophiolites in the Zagros orogeny such as supra-subduction origin,
plume, MORB sources, oceanic island basalt (OIB) and island arc
to back arc tectonic settings. Although many studies have exam-
ined the magmatic activity of the Zagros orogenic belt in western
Iran, no detailed information has been reported on the Harsin dis-
membered ophiolite in the Zagros Mountains prior and during the

collision of the Arabian and Iranian Plates.

In the Zagros suture zone, the Biston-Avoraman block (BAVB),
which is similar to the Arabian plate and probably contains Precam-
brian basement (Ş engör, 1987; Jassim and Goff, 2006; Okay et al.,

dx.doi.org/10.1016/j.chemer.2017.06.002
http://www.sciencedirect.com/science/journal/00092819
http://www.elsevier.de/chemer
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemer.2017.06.002&domain=pdf
mailto:F.nourisandiani@gmail.com
dx.doi.org/10.1016/j.chemer.2017.06.002
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Fig. 1. Simplified geological map  of the eastern Turk

008; Azizi et al., 2013), is squeezed between the Sanandaj-Sirjan
one in the east (Azizi and Moinevaziri, 2009; Azizi et al., 2011a,b;
zizi et al., 2015a,b; Azizi et al., 2016) and Arabian Plate in the
est (Fig. 1). The BAVB now underlies a tall cliff in the Kermanshah

rea referred to as Biston Mountains. Several researchers concluded
hat thick limestone sequences were deposited in Arabian passive

argin on an epi-continental basement (Ricou et al., 1977; Braud,
978; Kazmin et al., 1986; Stampfli et al., 1991; Pillevuit et al., 1997;
hahidi and Nazari, 1997; Karimi Bavandpur and Hajihoseini, 1999;
ohajjel et al., 2003; Vergés et al., 2011). Jassim and Goff (2006)

oncluded that the BAVB, TA (Tauride Anatolide) and Hawasina
locks were a fragment of Arabian Plate in the Neo-Tethys Ocean.
n addition, Wrobel Daveau et al. (2010) regarded the BAVB as frag-

ent of the Arabian Plate that was squeezed between the Iranian
nd Arabian Plates and suggested that an upwelling mantle plume
ad a major role in separating the BAVB from the Arabian Plate.
he same scenario was suggested by Azizi et al. (2013) and Nouri
t al. (2016). Detailed discussion of the geodynamic of the BAVB by
assim and Goff (2006) was based on the assumption that the BAVB
nderwent the same evolution as the TA block in southern Turkey
nd the Hawasina block in Oman. Given this situation, correlation
etween the TA block and the BAVB will clear up the relationships
mong the BAVB, TA block and Arabian Plate.

In addition, the TA block initially belonged to the Arabian Plate
ut separated from this continent during the Triassic Era (Okay,
008). Monod et al. (2003) reported Ordovician glacial deposits in
he TA block overlain by a huge volume of Mesozoic carbonate rocks
Okay, 2008). The radiometric dating of the TA basement yielded
n age of 550 Ma  (Okay et al., 2002). To the south, in the Biston
rea along the Iran-Iraq border, the basement is not exposed and is
erhaps hidden under a large volume of Triassic-Jurassic carbon-
te deposits. Good correlation of Triassic and younger sedimentary
ocks in the Biston area with those in the TA block lead us to believe
hat this zone is a segment of the Arabian Plate even without a
eport of Precambrian basement similar to that of the TA block in
outhern Turkey.

The Zagros ophiolite in the west of Iran and southern Turkey has
een separated by the Tauride Anatolide – Biston Avoraman micro-
ontinental block (Fig. 1). The Izmir-Ankara-Erzinkan suture zone

IAE) (Okay and Tüysüz, 1999) or the Northern Neo-Tethys remnant
Ş engör and Yilmaz, 1981) is a junction between the Eurasian Plate
nd Tauride Anatolide block (Fig. 1). The south suture zone, which
s situated between the Arabian Plate in the south and the Tauride
d Iranian Plateau (modified from Nouri et al., 2016).

Anatolide block in the north, is known as the Pütürge–Bitlis–Zagros
(PBZ) suture zone (Okay and Tüysüz, 1999; Yilmaz and Özel, 2008).
Recent reports by Azizi et al. (2013) and Nouri et al. (2016) have
designated two  parallel ophiolite zones in the Kermanshah–Harsin
area which match with the IAE and PBZ suture zones in the north-
ern and southern Tauride Anatolide block in Turkey, respectively
(Fig. 1).

In this study, we report new geochemical and isotopic data from
the Harsin-Noorabad mafic bodies, which have been considered to
be part of the Cretaceous ophiolite before this study (Ghazi and
Hassanipak, 1999; Allahyari et al., 2012; Saccani et al., 2013; Kiani
et al., 2015; Tahmasbi et al., 2016). The petrogenesis and tectonic
setting of these rocks are poorly constrained because geochemical
and isotopic data remain scarce and only regional studies have been
carried out on the area under investigation (Shahidi and Nazari,
1997). We  discuss the significance and implication of these data in
describing the heterogeneous lithology and geological makeup of
the Neo-Tethys oceanic crust that is exposed in the Zagros suture
zone. In this paper, we  focus on the earlier suture zone and devel-
opment of back arc magmatism in the Eocene after Late Cretaceous
collision between Arabian Plate and BAVB block. Then, we show the
connection of these rocks to the extensional tectonic regime over
the subduction such as a back arc basin tectonic regime.

2. Regional geology and field relations

The Harsin-Noorabad area is situated in western Iran along the
Zagros suture zone. The oldest rocks are Biston sedimentary rocks
(Fig. 2) which were epi-continental facies (Shahidi and Nazari,
1997) and were thrusted over Cretaceous or younger unites.

Cretaceous ophiolite mélange is a main component of the
igneous bodies and includes ultramafic, gabbro and rarely basaltic
rocks (Fig. 2). Clear separation of the rocks is difficult because they
are deformed and mixed with sediments. In most part, dynamic
deformations have affected the entire ophiolite complex which
occur as irregular blocks or bands within Eocene and Miocene
unites. The ophiolite complex occurs as tectonic slices in fault con-
tact with Eocene complex and thrusted over Quaternary deposit
due to young activities of Zagros fault (Fig. 2). Allahyari et al. (2010)

suggested that these rocks were formed in the middle oceanic ridge
with tholeiitic composition.

The Eocene mafic-sedimentary complex (Fig. 2) is the focus
of this paper and is mostly different from Cretaceous ophiolite.
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Fig. 2. Geological map  of the Harsin area modified

he relationship of the complex with Cretaceous ophiolite is not
lear and in some parts cut the Cretaceous complex. The main
omponent in the Eocene complex includes limestone, shale and
andstone with mafic volcanic and plutonic rocks. Braud (1978) and
hahidi and Nazari (1997) suggested that this complex was  formed
n the Early to Middle Eocene (fossils such as Nummulites sp.,
ockarita cf. conditi, Alveolina cf. elongate, Orbitolites sp. Globoro-
alia spinulosa and so on) based on stratigraphic relationship.

In this complex, gabbros are fine to coarse grained and locally
how layering, and the bodies are more deformed and mainly
ltered near the Noorabad area (Fig. 3a). Mylonitic foliation is devel-

ped in the western part of the body, and in some places they are
onverted to Mylonitic gabbro. They have been metamorphosed
t green schist facies and contain chlorite and secondary epidote.
hey have been mapped as Eocene complex in the Harsin geologi-
 the geological map  of Shahidi and Nazari (1997).

cal map (Braud, 1978; Shahidi and Nazari, 1997). Whitechurch et al.
(2013) suggested arc to back arc tectonic regimes for Eocene mafic
complex in this area. They determined Eocene age for these gab-
bros based on K-Ar and U-Pb dating (Whitechurch et al., 2013; Ao
et al., 2016) in the northern Harsin. In some part, the carbonate
beds overlie the gabbros (Fig. 3b). Toward the east, most parts is
coarse grained gabbros and the gabbro bodies are present as mas-
sive layers (Fig. 3c), lenses and boudins in the Eocene sediments.
It is not clear if the mafic rocks represent intrusive sills or alter-
natively allochtonous imbricates of mafic rocks within the Eocene
sediments. Above the lenses of some gabbros, mafic flows intrude

into the carbonate matrix, leading to recrystallization of carbonate
slices (Fig. 3d).

The volcanic sequence includes basaltic rocks with interbedded
carbonate and shale (Fig. 3e). The mafic lava occurs as massive flow
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Fig. 3. (a) Noorabad gabbro outcrops. (b) The carbonate bed overlie the gabbro. (c) The gabbro body is present as massive layer in the Eocene sediments. (d) Mafic lava flows
intrude into the carbonate matrix, leading to recrystallization of carbonate slices. (e) The volcanic sequence includes basaltic rocks with intercalated carbonate and shale. (f, g)
The  mafic lava occurs as massive flow and pillow. (h) The volcano-sediment succession with fragmented features. (i) The Nummulites fossil in the sediments with Eocene age.

Fig. 4. Photomicrographs of the Harsin-Noorabad mafic rocks. (a, b) Granular, micro granular textures in the gabbroic rocks. (c, d) Plagioclase and pyroxene in the gabbros. The
plagioclase crystals are euhedral to subhedral, and the pyroxenes generally exhibit clear cleavage traces and are subhedral phenocrysts. (e) Uralitization and sasussritization
in  altered sample. (f, g) Plagioclase and clinopyroxene fine-grain groundmass with occasional plagioclase microphenocryst in the basalts. (h) The plagioclase grains with
irregular borders and skeletal shape. (i) Plagioclase and pyroxene assemblages in the calcite groundmass. Most of the plagioclases and pyroxenes are broken and crushed in
peperites. Symbols: Pl = plagioclase; Cpx = clinopyroxene; Am = amphibole; Cal = calcite.
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ig. 5. (a) Clinopyroxene compositions (Morimoto, 1988) in the gabbroic and
asaltic rocks. The crystals fall in the diopside to augite fields. (b) Plagioclase com-
ositions (Deer et al., 1991) the crystals plot in the labradorite field.

nd pillow (Fig. 3f,g). Some researchers, based on geochemical data,
ave suggested the mafic lava as MORB and OIB source in an intra-
late tectonic setting and based on concomitance with ophiolite
ave interpreted that this complex is part of the Zagros ophio-

ite which obducted in the Late Cretaceous (Ghazi and Hassanipak,
999; Allahyari et al., 2012; Saccani et al., 2013). These unites are
ostly brecciated and mélange with unconsolidated sediments and

eperite type rocks that contain some Nummulites and remnant
ossils (Fig. 3h, i) of the Eocene age. In western Noorabad, some
asaltic rocks are replaced with green schist and/or changed to red
nd oxidized in the fault zone. Far from the fault, the primary mag-
atic texture is preserved. Primary textures and structures such

s lava flow and pillow for mafic rocks show that the eruption
ccurred in submarine basin.

In these areas some pillow lava and peperite are in direct contact
ith each other. They are deformed and primary limestone sedi-
ents are located between the pillows suggesting that some of the

illows formed within the sediments. The formation of pillow-like
asalts in the area suggests that the sediments were completely
nconsolidated and water-saturated.
. Petrography

Based on our field observations, the Harsin-Noorabad mafic
ocks are divided into two types and are described below.
de 77 (2017) 517–533 521

3.1. Gabbro

The gabbros are mostly heterogeneous blocks near Noorabad.
The gabbros are mostly fine- to coarse-grained and are affected by
dynamic deformation. Granular and micro-granular textures are
common (Fig. 4a,b). The weathered surfaces are generally gray to
green and are fractured. The rocks are mainly composed of plagio-
clase and pyroxene, (Fig. 4c,d). The plagioclase grains are euhedral
to subhedral and show polysynthetic twining (Fig. 4c,d) and are
locally saussuritized. The pyroxenes generally exhibit clear cleav-
age traces and are subhedral shapes (Fig. 4d), and some parts are
altered to actinolite and chlorite (Fig. 4e).

3.2. Basalt

The basalts are composed of a fine-grained groundmass of
plagioclase and clinopyroxene with microlites and occasional pla-
gioclase microphenocrysts (Fig. 4f,g). Most of the rocks show some
amygdaloidal textures that are filled by calcite (Fig. 4f). The clinopy-
roxenes occur as quenched forms between plagioclase microlites.
Most of the plagioclases are saussuritized and are partially replaced
by epidote. The plagioclase microphenocrysts are generally assem-
blage minerals with irregular borders and are skeletal and acicular
shapes (Fig. 4h).

In the peperites, most of the plagioclase and pyroxene grains are
broken and crushed in the calcite groundmass (Fig. 4i). The fractures
and cavities of the rocks are filled by calcite and chlorite.

4. Analytical techniques

The samples are chosen for the chemical analyses based on
their location and apparent freshness. Because most of the basaltic
rocks had amygdaloidal textures and contained veins, the sec-
ondary calcites in the basaltic rocks were first removed by 10%
acetic acid (CH3COOH), and the treated samples were then washed
with ultrapure water. The major element contents of whole rocks
were determined by the conventional X-ray fluorescence (XRF)
technique with a Rigaku ZSX Primus II at Nagoya University (mix-
ture of 0.5 gr sample powder and 5.0 gr lithium tetraborate). The
mixture was melted at 1200 ◦C for 12–17 min  with a high frequency
bead sampler. The loss on ignition (LOI) of the sample was  calcu-
lated by the weight difference after ignition at 950 ◦C. To determine
the trace element abundances including rare earth elements (REEs)
and Sr-Nd isotope ratios, 100–200 mg  of the powdered sample was
completely dissolved in 3 ml  of HF (38%) and 0.5–1 ml  of HClO4
(70%) in a covered PTFE beaker at 120–140 ◦C on a hotplate in a clean
room. The dissolved sample was then dried at 140 ◦C on the hotplate
with infrared lamps. The dried sample was dissolved in 5–10 ml  of
2.4 M HCl, and the resulting solution was used for analyses of the
trace elements and isotopes.

The concentrations of the trace elements were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) (Agilent
7700x) at Nagoya University. The isotope ratios of Sr and Nd were
determined by VG Sector 54-30 and GVI IsoProbe-T thermal ion-
ization mass spectrometers (TIMS) at Nagoya University. The mass
fractionations during measurement were corrected according to
86Sr/88Sr = 0.1194 and146Nd/144Nd = 0.7219. The NBS987 and JNdi-
1 standards (Tanaka et al., 2000) were adapted as the natural Sr and
Nd isotope ratio standards, respectively. Detailed descriptions of
the analytical techniques are provided in Azizi and Asahara (2013)
and Nouri et al. (2016).
The chemical compositions of fresh clinopyroxene and plagio-
clase grains were determined by a JXA-8800R electron microprobe
analyzer (EPMA) at Nagoya University. The acceleration voltage and
beam current were set at 15 kV and 12 nA, respectively.
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. Mineral chemistry

The chemical compositions of the clinopyroxene and plagioclase
n the Harsin-Noorabad mafic rocks are shown in Tables 1a and 1b.

.1. Clinopyroxene

Most of the clinopyroxenes in the gabbros are unzoned
Table 1a). The clinopyroxenes are characterized by high contents of
l2O3 (1.2–10.8 wt.%) and Na2O (0.1–1.7 wt.%), low Cr2O3 contents

<0.1 wt.%) and low Mg#  (0.62–0.75). They plot in the diopside field
n the wollastonite-enstatite-ferrosilite ternary diagram (Fig. 5a;

orimoto, 1988), and their compositions are Wo43-54, En27-44, and

s13-27.
Clinopyroxenes from the Harsin basalts are characterized by

ompositional variability such as Al2O3 contents (2.6–4.1 wt.%) and
iO2

basalt fields (b) K2O (wt.%) – SiO2 (wt.%) diagram (Peccerillo and Taylor, 1976).

Na2O contents (0.4–0.5 wt.%). Most of clinopyroxenes plot within
the field of diopside to augite (fig. 5a) in the diagram of Morimoto
(1988).

5.2. Plagioclase

The plagioclases are generally unzoned. Their CaO contents
(10.4–14.1 wt.%) and Na2O contents (3.6–5.7 wt.%) do not show
large variations (Table 1b). The anorthite content ranges from 53
to 68 wt.%. In the Ab-Or-An ternary diagram (Deer et al., 1991), all
of the minerals plot in the labradorite field (Fig. 5b).

The analyzed fresh plagioclase grains in the basalts are com-

posed of An53.8-65.8 Ab30.9-45.0 and Or0.30-1.17 with Al2O3 contents
ranging between 30.4–31.0 wt.%. Most of the plagioclase compo-
sitions plot within the labradorite field on the Ab-Or-An ternary
diagram (Fig. 5b; Deer et al., 1991).
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Table  1a
Clinopyroxene composition by EPMA.

Location: Noorabad

Rock type Gabbro

Sample name IR-FNG21 IR-FNG35

Grain N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11
Point 1 2 3 4 5 6 7 8 9 10 11

SiO2 wt.% 49.38 50.72 50.78 50.43 47.09 50.37 49.35 51.89 54.68 56.37 49.94
TiO2 0.408 0.407 0.425 0.277 0.261 1.189 0.428 0.381 0.324 0.091 0.501
Al2O3 8.299 5.630 5.575 5.313 10.798 6.127 7.948 4.508 3.252 1.188 6.882
Cr2O3 0.045 0.066 0.112 0.038 0.003 0.066 nd 0.128 0.059 0.023 0.040
FeO 12.09 14.94 13.73 14.22 12.77 12.13 13.02 13.71 12.66 10.42 13.47
MnO 0.208 0.242 0.233 0.258 0.168 0.280 0.247 0.267 0.262 0.151 0.307
MgO 14.66 13.98 14.38 14.03 12.91 15.11 12.18 14.52 15.35 17.63 14.18
CaO 12.08 11.59 11.90 11.86 11.99 12.00 13.04 11.98 12.14 12.70 11.64
Na2O 1.350 0.845 1.029 0.815 1.772 1.061 0.952 0.779 0.463 0.148 1.053
K2O 0.089 0.063 0.054 0.087 0.123 0.049 0.075 0.041 0.038 0.015 0.058
Total 98.61 98.51 98.28 97.36 97.91 98.38 97.25 98.20 99.28 98.81 98.08

Cation
Si 1.845 1.915 1.915 1.924 1.784 1.886 1.879 1.953 2.015 2.064 1.884
Ti 0.011 0.012 0.012 0.008 0.007 0.033 0.012 0.011 0.009 0.003 0.014
Al (total) 0.366 0.251 0.248 0.239 0.482 0.270 0.357 0.200 0.141 0.051 0.306
Mn 0.007 0.008 0.007 0.008 0.005 0.009 0.008 0.009 0.008 0.005 0.010
Mg 0.817 0.787 0.808 0.798 0.729 0.843 0.691 0.815 0.843 0.962 0.798
Ca 0.484 0.469 0.481 0.485 0.487 0.481 0.532 0.483 0.479 0.498 0.471
Na 0.098 0.062 0.075 0.060 0.130 0.077 0.070 0.057 0.033 0.011 0.077
K 0.004 0.003 0.003 0.004 0.006 0.002 0.004 0.002 0.002 0.001 0.003
Cr 0.001 0.002 0.003 0.001 0.000 0.002 0.000 0.004 0.002 0.001 0.001
Fe3+ 0.017 0.000 0.000 0.000 0.065 0.000 0.000 0.000 0.000 0.000 0.000
Fe2+ 0.361 0.472 0.433 0.454 0.340 0.380 0.415 0.431 0.390 0.319 0.425
Total 4.011 3.980 3.986 3.981 4.035 3.984 3.967 3.964 3.922 3.914 3.988
Al(IV) 0.155 0.085 0.085 0.076 0.216 0.114 0.121 0.047 −0.015 −0.064 0.116
Al(VI) 0.211 0.166 0.163 0.162 0.266 0.156 0.236 0.153 0.156 0.115 0.190
Mg# 0.68 0.62 0.65 0.63 0.64 0.68 0.62 0.65 0.68 0.75 0.65

End member
Wo 48.7 45.6 46.9 46.0 45.0 49.5 42.7 47.1 49.2 54.1 47.1
En 28.8 27.1 27.9 27.9 30.0 28.2 43.9 27.9 28.0 28.0 27.8
Fs 22.5 27.3 25.1 26.1 25.0 22.3 13.4 24.9 22.8 17.9 25.1

Location: Harsin

Rock type Basalt

Sample name FNG8 FNG12

Grain H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11
Point 1 2 3 4 5 6 7 8 9 10 11

SiO2 wt.% 52.50 52.08 51.34 52.30 52.93 52.59 53.20 51.43 51.77 52.57 52.83
TiO2 0.448 0.514 0.663 0.993 0.732 0.823 0.664 0.919 0.642 0.767 0.576
Al2O3 3.200 3.173 3.813 3.032 2.594 3.013 2.555 3.157 4.090 3.044 3.054
Cr2O3 0.724 0.877 0.56 0.098 0.506 0.549 0.425 0.537 0.807 0.388 0.354
FeO 4.757 4.736 5.182 5.289 5.282 5.426 5.194 5.074 5.163 5.174 5.679
MnO 0.137 0.106 0.103 0.198 0.125 0.194 0.194 0.195 0.14 0.152 0.191
MgO 15.80 15.39 16.37 15.88 16.09 15.77 15.60 15.36 16.92 15.83 16.67
CaO 21.71 22.01 20.97 22.14 21.95 21.79 22.48 22.02 20.18 22.00 20.22
Na2O 0.441 0.537 0.520 0.440 0.495 0.535 0.493 0.501 0.464 0.501 0.457
K2O 0.004 0.013 nd nd 0.005 0.004 0.014 0.015 nd 0.003 0.001
Total 99.72 99.44 99.52 100.39 100.71 100.74 100.83 99.27 100.22 100.44 100.09

Cation
Si 1.926 1.921 1.891 1.914 1.929 1.918 1.938 1.906 1.889 1.921 1.930
Ti 0.012 0.014 0.018 0.027 0.020 0.023 0.018 0.026 0.018 0.021 0.016
Al (total) 0.138 0.138 0.166 0.131 0.111 0.130 0.110 0.138 0.176 0.131 0.132
Mn 0.004 0.003 0.003 0.006 0.004 0.006 0.006 0.006 0.004 0.005 0.006
Mg 0.864 0.846 0.899 0.866 0.874 0.858 0.847 0.849 0.920 0.862 0.908
Ca 0.854 0.870 0.828 0.868 0.857 0.852 0.877 0.874 0.789 0.861 0.791
Na 0.031 0.038 0.037 0.031 0.035 0.038 0.035 0.036 0.033 0.035 0.032
K 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000
Cr 0.021 0.026 0.016 0.003 0.015 0.016 0.012 0.016 0.023 0.011 0.010
Fe3+ 0.000 0.005 0.036 0.016 0.011 0.010 0.001 0.018 0.020 0.010 0.000
Fe2+ 0.146 0.146 0.105 0.138 0.144 0.150 0.156 0.130 0.127 0.143 0.174
Total 3.998 4.008 3.999 4.000 4.000 4.000 4.000 4.000 3.999 4.000 4.000
Al(IV) 0.074 0.079 0.109 0.086 0.071 0.082 0.062 0.094 0.111 0.079 0.070
Al(VI) 0.065 0.059 0.057 0.044 0.040 0.048 0.047 0.044 0.065 0.052 0.062
Mg# 0.86 0.85 0.85 0.84 0.84 0.84 0.84 0.84 0.85 0.84 0.84

End member
Wo 45.8 45.8 43.9 45.8 45.3 45.4 46.6 46.5 42.3 45.8 42.3
En 46.4 46.4 47.7 45.7 46.2 45.7 45.0 45.1 49.3 45.8 48.5
Fs 7.83 7.83 8.46 8.54 8.51 8.83 8.41 8.36 8.44 8.40 9.27

nd = not detected.
Wo  = Wollastonite; En = Enstatite; Fs = Ferrosilite.
Structural formula based on 6 oxygen atoms.
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Table 1b
Plagioclase composition by EPMA.

Location: Noorabad

Rock type Gabbro

Sample name IR-FNG21 IR-FNG35

Grain P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11
Point  1 2 3 4 5 6 7 8 9 10 11

SiO2 wt.% 55.74 56.43 55.05 54.84 55.72 54.99 51.83 55.73 56.43 55.70 55.63
TiO2 0.062 0.090 0.095 0.052 0.071 0.048 0.009 0.100 0.058 0.073 0.049
Al2O3 28.99 28.26 29.25 28.96 29.70 29.75 31.16 28.80 28.62 29.02 29.66
FeO  0.416 0.235 0.476 0.523 0.278 0.191 0.425 0.451 0.309 0.278 0.139
MnO  0.009 nd nd nd nd 0.010 0.021 0.037 nd nd nd
MgO  0.019 0.021 0.031 0.047 0.075 0.013 0.002 0.037 0.031 0.007 nd
CaO  11.23 10.42 11.71 11.65 11.17 11.72 14.10 11.04 10.67 11.21 11.55
Na2O 5.457 5.693 5.019 4.901 4.887 5.063 3.612 5.348 5.598 5.247 5.237
K2O 0.045 0.027 0.025 0.071 0.100 0.010 0.030 0.019 0.045 0.024 0.010
Total  101.99 101.19 101.70 101.05 102.06 101.81 101.20 101.62 101.78 101.56 102.27

Cation
Si  2.466 2.513 2.449 2.457 2.472 2.440 2.333 2.478 2.500 2.478 2.456
Ti  0.002 0.003 0.003 0.002 0.002 0.002 0.000 0.003 0.002 0.002 0.002
Al  1.512 1.483 1.534 1.529 1.553 1.556 1.653 1.509 1.495 1.521 1.543
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe2+ 0.015 0.009 0.018 0.020 0.010 0.007 0.016 0.017 0.011 0.010 0.005
Mg  0.001 0.001 0.002 0.003 0.005 0.001 0.000 0.002 0.002 0.000 0.000
Ca  0.532 0.497 0.558 0.559 0.531 0.557 0.680 0.526 0.506 0.534 0.546
Na  0.468 0.492 0.433 0.426 0.420 0.436 0.315 0.461 0.481 0.452 0.448
K  0.003 0.002 0.001 0.004 0.006 0.001 0.002 0.001 0.003 0.001 0.001
Total  5.000 4.999 4.999 5.000 4.999 4.999 4.999 4.999 5.000 5.000 5.000

End  member
An 53.1 50.2 56.2 56.5 55.5 56.1 68.2 53.2 51.2 54.1 54.9
Ab  46.7 49.6 43.6 43.0 43.9 43.9 31.6 46.7 48.6 45.8 45.1
Or  0.253 0.155 0.143 0.410 0.591 0.057 0.173 0.109 0.257 0.138 0.057

Location: Harsin

Rock type Basalt

Sample name FNG8 FNG12

Grain P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14
Point  1 2 3 4 5 6 7 8 9 10 11 12 13 14

SiO2 wt.% 54.54 53.40 52.13 53.16 53.93 52.64 54.70 51.13 52.05 52.60 52.20 52.45 51.97 53.26
TiO2 0.035 0.031 0.069 0.034 0.080 0.090 0.066 0.026 0.047 0.086 0.080 0.090 0.069 0.015
Al2O3 30.43 30.57 30.74 30.37 30.11 29.78 31.41 31.06 30.49 30.81 30.46 30.81 30.98 30.61
FeO  0.196 0.172 0.171 0.191 0.123 0.197 0.210 0.143 0.156 0.177 0.176 0.209 0.186 0.148
MnO  nd nd 0.020 0.006 0.022 nd nd nd 0.008 0.034 0.045 nd 0.011 nd
MgO  0.015 0.007 0.023 0.018 0.039 0.019 0.050 0.044 0.019 0.025 nd 0.021 0.012 0.015
CaO  12.64 12.86 13.12 12.60 12.54 12.35 9.91 14.21 12.77 13.12 13.04 13.43 13.58 12.82
Na2O 4.545 4.294 4.096 4.492 4.595 4.484 4.578 3.527 4.334 4.084 4.369 3.890 3.869 4.418
K2O 0.061 0.057 0.046 0.052 0.068 0.060 0.182 0.057 0.052 0.079 0.052 0.046 0.059 0.058
Total  102.52 101.39 100.41 100.98 101.57 99.62 101.13 100.24 99.94 101.06 100.41 100.95 100.76 101.36
Cation
Si  2.412 2.388 2.355 2.385 2.405 2.393 2.447 2.322 2.359 2.363 2.355 2.362 2.344 2.380
Ti  0.001 0.001 0.002 0.001 0.003 0.003 0.002 0.001 0.002 0.003 0.003 0.003 0.002 0.001
Al  1.586 1.611 1.637 1.606 1.583 1.595 1.656 1.662 1.628 1.631 1.619 1.635 1.647 1.612
Ca  0.599 0.616 0.635 0.606 0.599 0.601 0.475 0.691 0.620 0.631 0.630 0.648 0.656 0.614
Na  0.390 0.372 0.359 0.391 0.397 0.395 0.397 0.311 0.381 0.356 0.382 0.340 0.338 0.383
K  0.003 0.003 0.003 0.003 0.004 0.003 0.010 0.003 0.003 0.005 0.003 0.003 0.003 0.003
Total  4.991 4.993 4.991 4.991 4.991 4.991 4.989 4.990 4.992 4.989 4.992 4.991 4.992 4.993
End  member
An 60.4 62.1 63.7 60.6 59.9 60.1 53.8 68.8 61.8 63.7 62.1 65.4 65.8 61.4
Ab  39.3 37.5 36.0 39.1 39.7 39.5 45.0 30.9 37.9 35.9 37.6 34.3 33.9 38.3
Or  0.347 0.328 0.266 0.298 0.387 0.348 1.177 0.328 0.300 0.457 0.295 0.267 0.340 0.331

n
A
S

6

s
4
a

d = not detected.
b = Albite; An = Anorthite; Or = Orthoclase.
tructural formula based on 8 oxygen atoms.

. Geochemical characteristics

The results of the chemical composition of 18 whole rock

amples are listed in Table 2. The gabbro samples contain
6.1–51.0 wt.% SiO2, 12.8–18.8 wt.% Al2O3, 0.4–2.7 wt.% TiO2
nd 3.9–10.1 wt.% MgO, and the basalt samples 47.9–50.8 wt.%
SiO2, 12.3–16.2 wt.% Al2O3, 1.6–3.0 wt.% TiO2 and 3.7–5.9 wt.%
MgO. Some gabbro and basalt samples have high Nb content
(Ave(Nb) = 15.1 ppm) with higher contents of TiO2 (1.1–3.0 wt.%),

suggesting a similarity to Nb-enriched arc basalts (Wang et al.,
2011, 2013; Zhang et al., 2012).
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Table  2
Chemical composition of whole rocks.

Sample HV1 HV3 HV4 GN1 GN2 FNG3 FNG4 FNG5 FNG7
Rock  type Basalt Gabbro Basalt Gabbro Gabbro Basalt Basalt Gabbro Gabbro
Location Noorabad Noorabad Noorabad Noorabad Noorabad Noorabad Noorabad Noorabad Noorabad

SiO2 (wt.%) 49.10 48.47 49.98 50.89 50.28 46.09 50.79 49.04 50.83
TiO2 2.68 0.42 1.14 0.54 1.58 0.99 1.63 1.27 1.10
Al2O3 12.78 16.49 16.79 16.22 15.84 16.96 16.23 16.16 16.62
Fe2O3 14.90 5.26 8.00 5.25 9.45 10.61 9.86 8.68 7.42
MnO  0.11 0.10 0.17 0.11 0.17 0.17 0.12 0.15 0.14
MgO  3.89 9.08 8.30 8.61 6.65 7.25 4.79 6.29 6.78
CaO  4.83 14.57 10.13 14.46 9.67 12.12 6.66 11.55 10.23
Na2O 5.06 3.81 3.60 2.52 3.69 2.22 5.02 3.59 4.06
K2O 0.31 0.18 0.11 0.10 0.67 0.33 1.55 0.45 0.31
P2O5 0.59 0.033 0.13 0.031 0.22 0.10 0.34 0.26 0.17
LOI  5.96 1.61 1.63 1.27 1.80 2.93 2.06 0.90 1.68
Total  100.22 100.01 99.98 99.99 100.02 99.77 99.07 98.34 99.34

V  (ppm) 253 128 172 181 208 358 226 156 140
Cr  23.8 551 154 402 167 58.3 9.76 83.4 172
Co  24.1 28.4 33.3 26.7 32.8 43.6 26.2 29.4 32.9
Ni  14.1 197 143 135 101 55.0 9.90 61.7 114
Cu  28.0 81.4 9.05 158 42.0 5.38 18.2 13.0 93.8
Zn  91.6 35.9 60.5 37.1 86.4 62.5 80.7 69.1 89.7
Ga  25.6 12.7 13.6 12.0 17.0 15.3 17.0 16.1 17.6
Rb  3.67 1.66 1.50 1.75 19.4 11.3 44.5 8.02 7.14
Sr  183 241 225 170 184 1630 339 291 264
Zr  189 19.3 71.2 23.0 58.6 65.9 161 119 150
Nb  39.0 2.64 7.76 2.42 11.6 3.52 7.92 5.16 7.82
Cs  0.107 0.048 0.041 0.130 0.387 0.912 0.641 0.211 0.119
Ba  37.9 24.4 37.4 27.3 115 118 345 88.1 94.4
Pb  0.983 1.00 1.34 0.82 1.94 2.56 3.28 3.46 4.10
Th  3.33 0.210 0.542 0.294 2.03 1.52 4.98 2.76 3.07
U  0.629 0.039 0.094 0.071 0.499 0.346 1.37 0.722 0.991
Hf * * * * * 1.99 4.16 4.03 3.63
Ta  2.24 0.175 0.515 0.285 0.630 0.236 0.560 0.354 0.514
Y  46.9 8.52 19.7 13.5 31.6 23.3 25.6 26.7 29.6

La  (ppm) 31.3 1.19 5.20 1.84 10.4 6.06 16.8 12.3 12.2
Ce  70.0 3.19 13.4 4.89 24.4 14.0 33.9 26.7 27.6
Pr  8.62 0.512 1.93 0.767 3.33 1.88 4.15 3.47 3.67
Nd  35.2 2.58 9.04 4.04 15.6 8.84 17.2 15.1 16.4
Sm  6.50 0.650 2.05 1.22 4.20 2.55 3.77 3.67 3.90
Eu  2.03 0.350 0.78 0.554 1.42 0.895 1.35 1.22 1.30
Gd  8.05 1.04 2.71 1.77 5.05 3.57 4.42 4.53 4.89
Tb  1.45 0.222 0.531 0.356 0.88 0.608 0.718 0.75 0.81
Dy  9.46 1.58 3.66 2.56 5.93 4.20 4.70 4.91 5.40
Ho  1.89 0.337 0.754 0.548 1.24 0.915 0.982 1.03 1.13
Er  5.21 0.951 2.24 1.58 3.52 2.73 2.87 2.99 3.35
Tm  0.722 0.135 0.300 0.217 0.486 0.396 0.412 0.428 0.477
Yb  4.45 0.848 1.98 1.38 3.06 2.80 2.73 2.76 3.11
Lu  0.634 0.120 0.282 0.190 0.417 0.400 0.402 0.401 0.456

Mg#  34.1 77.4 67.3 76.5 58.2 57.5 45.9 58.9 60.7
Ba/Th  11.4 116 69.1 92.8 56.7 77.4 69.2 31.9 30.7
Th/Nb 0.085 0.080 0.070 0.122 0.176 0.433 0.629 0.536 0.393
Th/Nd 0.094 0.082 0.060 0.073 0.131 0.172 0.290 0.183 0.188
Nb/U  62.0 67.8 82.8 34.1 23.2 10.2 5.8 7.1 7.9

Sample FNG10 FNG29 FNG31 FNG51 FNG52 FNG63 FNG64 FNG65 FNG66
Rock  type Gabbro Gabbro Gabbro Basalt Basalt Basalt Basalt Basalt Basalt
Location Noorabad Noorabad Noorabad Harsin Harsin Harsin Harsin Harsin Harsin

SiO2 (wt.%) 49.76 49.73 51.02 50.41 50.37 49.58 47.90 49.66 49.41
TiO2 0.48 1.03 0.58 2.07 2.30 2.95 2.82 1.75 1.75
Al2O3 15.30 16.06 18.78 13.41 14.27 12.54 12.28 13.46 13.44
Fe2O3 5.88 6.92 6.10 11.92 10.81 14.57 16.46 12.72 13.38
MnO  0.10 0.09 0.11 0.27 0.25 0.25 0.21 0.22 0.22
MgO  10.12 10.04 7.29 4.66 5.88 3.73 4.50 5.35 5.69
CaO  14.04 9.46 11.96 8.07 9.39 6.80 5.97 7.73 7.49
Na2O 2.71 3.52 3.24 4.88 3.77 4.66 4.35 4.59 4.34
K2O 0.093 0.10 0.063 0.37 1.10 1.02 0.65 0.16 0.51
P2O5 0.035 0.14 0.050 0.28 0.35 0.42 0.40 0.20 0.20
LOI  1.40 2.07 1.32 2.85 1.18 2.66 3.78 3.86 2.73
Total  99.91 99.15 100.52 99.19 99.67 99.17 99.31 99.70 99.17

V  (ppm) 121 170 155 331 368 410 420 315 322
Cr  578 363 128 36.9 38.5 51.0 56.7 118 115
Co  36.3 40.9 31.9 41.1 44.1 45.1 46.0 40.6 41.9
Ni  288 277 103 45.3 47.6 33.9 35.6 39.3 40.0
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Table 2 (Continued)

Sample FNG10 FNG29 FNG31 FNG51 FNG52 FNG63 FNG64 FNG65 FNG66
Rock  type Gabbro Gabbro Gabbro Basalt Basalt Basalt Basalt Basalt Basalt
Location Noorabad Noorabad Noorabad Harsin Harsin Harsin Harsin Harsin Harsin

Cu 64.9 10.7 92.1 126 138 86.4 78.9 88.9 91.2
Zn  49.6 38.5 53.2 112 125 160 161 109 112
Ga  11.8 11.3 15.1 17.5 20.7 20.0 22.1 18.9 17.3
Rb  2.49 1.60 1.42 3.27 25.5 16.2 12.5 3.84 9.64
Sr  281 312 193 295 272 253 232 196 548
Zr  21.8 89.4 27.1 152 178 251 272 164 166
Nb  0.35 1.51 0.61 16.7 19.8 21.3 22.7 6.79 5.09
Cs  0.084 0.037 0.032 0.019 0.180 0.031 0.028 0.027 0.042
Ba  25.5 25.6 19.7 55.8 177 110 232 50.4 301
Pb  1.77 0.432 0.825 1.90 2.68 1.86 2.83 1.66 2.81
Th  0.195 0.152 0.120 2.11 3.09 3.45 3.58 1.54 1.56
U  0.058 0.059 0.035 0.465 0.957 0.847 0.807 0.355 0.363
Hf  0.907 2.23 0.909 4.18 4.99 7.01 6.78 4.66 4.71
Ta  0.029 0.118 0.051 1.04 1.35 1.43 1.14 0.329 0.331
Y  13.4 20.1 13.1 34.7 37.9 53.0 33.2 42.6 42.3

La  (ppm) 1.82 3.85 1.28 16.9 19.1 19.5 13.5 10.2 10.0
Ce  5.07 11.7 4.18 36.2 41.3 46.3 29.5 25.0 24.8
Pr  0.84 1.81 0.728 4.75 5.36 6.18 3.91 3.57 3.51
Nd  4.63 9.10 4.10 21.1 23.6 28.1 17.8 17.1 16.9
Sm  1.53 2.52 1.35 4.88 5.32 7.05 4.56 4.58 4.46
Eu  0.71 1.06 0.719 1.70 1.87 2.31 1.45 1.55 1.49
Gd  2.26 3.42 2.09 6.08 6.68 9.08 5.76 6.48 6.38
Tb  0.38 0.564 0.360 1.01 1.11 1.48 0.937 1.13 1.13
Dy  2.54 3.75 2.44 6.57 7.32 9.72 6.16 7.78 7.73
Ho  0.535 0.782 0.52 1.36 1.51 2.05 1.31 1.68 1.66
Er  1.51 2.27 1.48 3.90 4.28 6.01 3.81 4.97 4.92
Tm  0.209 0.314 0.205 0.553 0.599 0.849 0.548 0.717 0.719
Yb  1.34 2.04 1.33 3.80 4.66 4.70 3.59 4.66 4.69
Lu  0.193 0.293 0.192 0.547 0.690 0.690 0.532 0.688 0.686

Mg#  77.3 74.2 70.3 43.6 41.5 33.6 35.1 45.4 45.7
Ba/Th 131 168 164 26.5 57.3 31.7 64.7 32.6 194
Th/Nb 0.555 0.101 0.197 0.126 0.156 0.162 0.158 0.227 0.306
Th/Nd 0.042 0.017 0.029 0.100 0.131 0.123 0.201 0.090 0.092
Nb/U  6.0 25.6 17.4 35.9 20.7 25.1 28.1 19.1 14.0
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g#  = 100Mg/(Mg + Fe).
* Not measured.

According to the classification of LeBas et al. (1986), the samples
lot in the basalt to trachybasalt fields (Fig. 6a). In this diagram, the
amples are mainly in the field of basalt, and two samples are in the
lkali basalt field. In the SiO2 versus K2O diagram (Peccerillo and
aylor, 1976), the samples plot in the tholeiitic and clac-alkaline
elds (Fig. 6b).

On the NMORB normalized spider diagram (Sun and
cDonough, 1989), the samples are characterized by nega-

ive anomalies of Nb and positive anomalies of large-ion lithophile
lements (LILEs) such as Sr, K and Ba (Fig. 7a). Some samples show
eak depletions in Nb, and others show large depletions in Nb. In

he Chondrite normalized diagram, some samples exhibit flat REE
atterns (Fig. 7b) and are similar to the Mariana Trough back arc
asin basalts (BABBs) and NMORB. In this diagram, some samples
xhibit steeper light rare earth element/heavy rare earth element
LREE/HREE) patterns than other samples and are a similar trend
Fig. 7b) to the Okinawa trough BABBs (Shinjo et al., 1999), EMORB
nd Nb-enriched arc basalts (NEBs) from Yunkai (Zhang et al.,
012; Wang et al., 2013).

. Sr-Nd isotope ratios

The Sr-Nd isotope ratios of 18 samples in the study area are
isted in Table 3. Because Braud (1978) and Shahidi and Nazari

1997) reported that the fragmented mafic lava flows, pillows
nd pyroclastics were interbedded with red to green sandy lime-
tone and shale with some Eocene fossils, the initial isotope ratios
ere calculated based on an age of 45 Ma.  For the gabbro sam-
ples, the 87Sr/86Sr(i) ratios and �Nd(t) values are 0.7032–0.7071
and +3.8 to +9.9, respectively and for basalt samples these values
are 0.7039–0.7057 and +4.4 to +8.5, respectively. The gabbros and
basalts have similar isotope characteristics. The 87Sr/86Sr(i)–�Nd(t)
and 87Sr/86Sr(i)-143Nd/144Nd(i) diagrams (Fig. 8a,b) shows that the
samples plot near the depleted mantle and that the samples were
affected by enriched mantle 2 (EMII) components. In this diagram
(Fig. 8a), the Harsin-Noorabad samples mostly overlap with the
Kamyaran mafic rocks domain, Neyriz, Mawat and Baft ophiolites
(Azizi et al., 2011b, 2013; Shafaii Moghadam et al., 2013, 2014)
but show a different trend from the other domains. The EMII man-
tle component was considered to be a mantle contaminated by
subducted continental and upper continental crust (Weaver, 1991;
Greenough et al., 2005). These diagrams shows that the gabbros and
basalts were not hardly affected by seawater alteration (Fig. 8a,b).
The Nd model ages (TDM) were calculated from the depleted man-
tle (Jahn et al., 1999) and vary from 159 to 766 Ma  except for
two samples (Table 3). The TDM ages for all samples were simi-
lar.

The variations of 87Sr/86Sr(i) and 143Nd/144Nd(i) versus MgO
(Fig. 8c,d) exhibit horizontal trends for the basalts and posi-
tive/negative correlations for the gabbros, respectively. The two
diagrams indicate magmatic differentiation for the basalts and the
contamination of the depleted mantle with a small continental frag-

ment or slab component for the gabbros. The contamination was
confirmed by the higher 87Sr/86Sr(i) and lower �Nd(t) values of
some samples.
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Table 3
Sr and Nd isotope ratios of whole rock samples.

Sample Location Group Rb Sr 87Rb/86Sr 87Sr/86Sr (p) ± 1SE 87Sr/86Sr (i) Nd Sm 147Sm/144Nd 143Nd/144Nd (p) ± 1SE 143Nd/144Nd (i) �Nd(0) �tNd TDM (Ma)

HV1 Noorabad Basalt 3.67 183 0.0199 0.704547 0.000007 0.70453 6.50 35.2 0.152 0.513011 0.000024 0.51297 7.3 8.5 347
HV3  Noorabad Gabbro 1.66 241 0.0193 0.703190 0.000007 0.70318 0.650 2.58 0.137 0.513070 0.000004 0.51303 8.4 9.7 159
HV4  Noorabad Basalt 1.50 225 0.0298 0.703952 0.000008 0.70393 2.05 9.04 0.182 0.513002 0.000004 0.51295 7.1 8.3 715
GN1  Noorabad Gabbro 1.75 170 0.306 0.704335 0.000007 0.70414 1.22 4.04 0.163 0.512931 0.000004 0.51288 5.7 6.9 659
GN2  Noorabad Gabbro 19.4 184 0.3798 0.704743 0.000006 0.70450 4.20 15.6 0.133 0.512868 0.000004 0.51283 4.5 5.7 531
FNG3  Noorabad Basalt 11.3 1628 0.0321 0.705430 0.000006 0.70541 2.55 8.84 0.140 0.512843 0.000005 0.51280 4.0 5.2 633
FNG4  Noorabad Basalt 44.5 339 0.0798 0.704214 0.000008 0.70416 3.77 17.2 0.146 0.512915 0.000005 0.51287 5.4 6.6 533
FNG5  Noorabad Gabbro 8.02 291 0.0784 0.704733 0.000008 0.70468 3.67 15.1 0.144 0.512935 0.000004 0.51289 5.8 7.0 471
FNG7  Noorabad Gabbro 7.14 264 0.0257 0.704679 0.000007 0.70466 3.90 16.4 0.200 0.512990 0.000005 0.51293 6.9 8.1 1778
FNG10  Noorabad Gabbro 2.49 281 0.0148 0.703973 0.000006 0.70396 1.53 4.63 0.167 0.513075 0.000004 0.51303 8.5 9.8 247
FNG29  Noorabad Gabbro 1.60 312 0.0213 0.703547 0.000006 0.70353 2.52 9.10 0.199 0.513081 0.000005 0.51302 8.6 9.9 718
FNG31  Noorabad Gabbro 1.42 193 0.0201 0.707115 0.000006 0.70710 1.35 4.10 0.175 0.512769 0.000004 0.51272 2.6 3.8 1480
FNG51  Harsin Basalt 3.27 295 0.271 0.705544 0.000007 0.70537 4.88 21.1 0.136 0.512839 0.000004 0.51280 3.9 5.2 612
FNG52  Harsin Basalt 25.5 272 0.185 0.705385 0.000007 0.70527 5.32 23.6 0.152 0.512841 0.000004 0.51280 4.0 5.2 761
FNG63  Harsin Basalt 16.2 253 0.156 0.705274 0.000006 0.70517 7.05 28.1 0.155 0.512854 0.000004 0.51281 4.2 5.4 766
FNG64  Harsin Basalt 12.5 232 0.0566 0.705455 0.000006 0.70542 4.56 17.8 0.162 0.512950 0.000005 0.51290 6.1 7.3 592
FNG65  Harsin Basalt 3.84 196 0.0509 0.705453 0.000006 0.70542 4.58 17.1 0.160 0.512959 0.000004 0.51291 6.3 7.5 539
FNG66  Harsin Basalt 9.64 548 0.0407 0.705721 0.000006 0.70570 4.46 16.9 0.156 0.512801 0.000005 0.51275 3.2 4.4 925

The Nd and Sr natural isotope ratios were normalized based on the 146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194. Average and 1� for isotope ratio standards, JNdi-1 and NBS987 are 143Nd/144Nd = 0.512098 ± 0.00010 (n = 13) and
87Sr/86Sr = 0.710240 ± 0.000010 (n = 17). The CHUR (Chondritic Uniform Reservior) values, 147Sm/144Nd = 0.1967 and143Nd/144Nd = 0.512638 were used to calculate the �0(DePaolo and Wasserburg, 1976).
The  BABI (Basaltic Achondritic Best Initial = Bulk earth, undifferentiated) value, TDM = 1/� Ln {[(143Nd/144Nd)sample-(143Nd/144Nd)DM]/[(147Sm/144Nd)sample-(147Sm/144Nd)DM]  + 1}. (143Nd/144Nd)DM = 0.51315,
(147Sm/144Nd)DM = 0.2137. �0Nd = [((143Nd/144Nd)sample/(143Nd/144Nd)CHUR-1]*10000. (143Nd/144Nd)CHUR = 0.512638. �tNd = [((143Nd/144Nd)sample(t)/(143Nd/144Nd)CHUR(t))-1]*10000, i = initial and p = present.
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amples have lower Ti/V ratio (<20) and correlate with the arc
ystem. In the La-Y-Nb diagram (Cabanis and Lecolle, 1989), the
amples plot in the back arc, volcanic arc and MORB fields (Fig. 9b).
he overlap of the island arc and MORB fields in some diagrams
nfers that these samples generated in the back arc region of an
sland arc which have HFSE and REE signatures similar to MORB or
sland arc basalts. On the Th/Nb versus Ce/Nb tectonic discrimina-
ion diagram, all of the samples plot in the back arc field (Fig. 9c). In
ddition, in the Nb versus Nb/U variation, the samples with higher
b contents plot in the Nb enriched arc basalt (NEB) fields. The
hemical compositions of the NEB were reported by Sajona et al.
1994) and Wang et al. (2013). The samples with lower Nb contents
xtended to the island arc to back arc fields (Fig. 9d).

Saunders and Tarney (1984), Fan et al. (2010) and Li et al. (2013)
uggested that the back arc basalts can be geochemical transitional
rom arc or calc alkaline basalts to NMORB, and that the geochemi-
al characteristics depend on the stage of progress of the volcanics
n the back arc. Thus the early stage basalts show arc-like pat-
erns, while later stage basalts show NMORB-like patterns that
re characteristic of back arc basins (Gribble et al., 1998; Lawton
nd McMillan, 1999; Rolland et al., 2002; Pearce and Stern, 2006).
ntra-continental BABBs with continental basement usually have
MORB-like elemental compositions (Hickey-Vargas et al., 1995;
hinjo et al., 1999), whereas intra-oceanic BABBs have geochemical
eatures from NMORB signatures (Hawkins, 1995; Hickey-Vargas
t al., 1995). Based on these characteristics, most of the basalt sam-
les and some gabbro samples with EMORB like signatures in the
arsin-Noorabad area were generated in an intra-continental back

rc like basin that formed by extension within the continental litho-
phere (Figs. 7 b, 9). In contrast, some Harsin-Noorabad samples
ith similar REE patterns to the Mariana trough BABBs (Fig. 7b)
 their sources. (c) MgO  versus 87Sr/86Sr(i) and (d) MgO versus 143Nd/144Nd(i). The
et al. (2011b) and Azizi et al. (2013), the data for Late Cretaceous Neyriz ophiolite
faii Moghadam et al. (2013).

were generated in an intra-oceanic back arc like basin (Pearce et al.,
1995; Gribble et al., 1998; Tian et al., 2008; Rolland et al., 2009).

Nevertheless it remains unclear whether the Harsin-Noorabad
back arc basin developed in an intraoceanic arc or an intracon-
tinental arc domain. Based on the geochemistry features, the
Harsin-Noorabad samples with EMORB and arc features formed
in the earlier stage of back arc rifting at the continental margins,
comparable to the Okinawa trough BABB in the present day (Shinjo
et al., 1999; Shinjo and Kato, 2000; Ishizuka et al., 2002; Chen et al.,
2015). The gabbro and basalt bodies with NMORB and arc charac-
teristics formed in the later stage of the back arc basin spreading
analogous to present day Mariana trough BABB (Gribble et al., 1996,
1998; Pearce et al., 2005; Chen et al., 2015). This geochemical affin-
ity supports the development of an incipient to mature back arc
basin in the Harsin-Noorabad area.

A back arc setting is closely linked to plate subduction process,
and this makes back arc basin magmatism chemically and physi-
cally more variable than magmatism generated at middle oceanic
ridges (Li et al., 2013). During the subduction processes, elements
such as Th, Nd, Nb and Y are immobile and reflect sediment- (Nd,
Nb) and slab- (Y) derived melts, whereas the Pb component is
mainly controlled by fluids (Brenan et al., 1995a,b; Elliott et al.,
1997; Kogiso et al., 1997; Castillo et al., 2002, 2007; Castillo, 2008).
The Th/Nd versus �Nd(t) diagram (Fig. 10a) indicates a metasom-
atized mantle source mixed with an additional slab-derived fluid
component for all samples. The involvement of slab-derived fluid is
confirmed by the greater enrichment in the LILEs than the high field
strength elements (HFSEs) of these rocks at shallow depths because

Rb, Ba, K, Sr and Pb are mobile at low temperatures (shallow depths)
causing the relatively high Ba/Th ratio of both groups (Fig. 10b).
The high Ba/Th and low Th/Nb ratios indicate the influence of
low-temperature aqueous fluids derived from the dehydration of



F. Nouri et al. / Chemie der Erde 77 (2017) 517–533 529

0 5 10 15 20 25
0

100

200

300

400

600

V 
(p

pm
)

Ti/1000

500

Alkaline

10

50

100

(a)

IAT
Low-Ti IAT
BON

0.1 1 10 100
1

10

100

N
b/

U

Nb

Island arc volcanic

N
b enriched 

arc basalt

Nb enriched
 basalt along 
Wuyi-Yunkai

Metabasite with BABB 
affinity along the
 Wuyi-Yunkai

c)(

La/10 Nb/8

Y/15

Calc-alkaline
     basalt

VA
T

Continental 

    basalt
Alkaline

Intercontinental
rifts

NM
ORB

EMORB

0.1 1
1

10

C
e/

N
b

Th/Nb

Back arc basalt

Average continental
           crust

NM
O

RB

OIB

EMORB

Ocean ridge basalt

Continental back arc

    basalt tholeiite

Gabbro
Basalt (b)

(d)
Ce/T

h=
10

Ce/T
h=1

00

Fig. 9. (a) Ti-V discrimination diagram (Shervais, 1982) shows that the samples span in the IAT and BABB and MORB. (b) La-Y-Nb diagram (Cabanis and Lecolle, 1989). The
samples span in continental back arc, volcanic arc and MORB fields. (c) Th/Nb versus Ce/Nb diagram (Sandeman et al., 2006), fields are from Saunders et al. (1980). The
samples  plot in the back arc field. (d) Nb versus Nb/U diagram for Harsin-Noorabad rocks. The fields of island arc volcanics and Nb enriched arc basalt are from Defant et al.
(1991), Kepezhinaskas et al. (1996) and Sajona et al. (1994, 1996). The data for earliest Neoproterozoic metabasite with geochemical affinity to back arc basin and Nb enriched
a oleiite
t

a
L
b
t

c
K
a
2
p
e
a
fl
t
a
i
c
s
i
i

c
m
N
(
b

rc  basalt from Wuyi-Yunkai domain are from Zhang et al. (2012). IAT: island arc th
holeiite, VAT: volcanic arc tholeiite.

ltered oceanic crust or dewatering of sediments (Tian et al., 2008;
i et al., 2013). In addition, the lower Ba/Th ratio in most of the
asalts suggests a smaller contribution of fluid related to subduc-
ion metasomatism (Li et al., 2013).

The fluxing of the mantle source by aqueous fluids is the main
ontrol in degree of mantle melting (Taylor and Martinez, 2003;
elly et al., 2006; Langmuir et al., 2006). The difference of the TiO2
nd Na2O contents (Klein and Langmuir, 1987; Taylor and Martinez,
003) indicates the degree of mantle melting: a large degree of
artial melting generally leads to lower contents of incompatible
lements such as TiO2 and Na2O (Gaetani and Grove, 1998; Falloon
nd Danyushevsky, 2000; Li et al., 2013). Large amount of aqueous
uids in the magma  due to a larger amount of mantle melting lead
o lower contents of Ti and subduction-immobile elements (Taylor
nd Martinez, 2003; Tian et al., 2008; Li et al., 2013). Based on these
deas, the Harsin-Noorabad samples with low TiO2 contents are
rystallized by a higher degree of mantle melting than the other
amples. This is confirmed by the large amount of aqueous fluids
n the magma  and the isotope ratios with more depleted signature
n some samples (Figs. 8, 9).

In the Harsin-Noorabad area, large volumes of pillow lava, brec-
ia, peperite, tholeiitic basalt and gabbro are interbedded and
ixed with Eocene sedimentary rocks. Braud (1978), Shahidi and

azari (1997), Wrobel Daveau et al. (2010), Whitechurch et al.

2013) and Ao et al. (2016) have reported their age to be Eocene
ased on tectonics, U-Pb and K-Ar ages.
s; MORB: middle ocean ridge basalts; BABB: back arc basin basalts; IAT: island arc

Based on the above-mentioned results on the mafic rocks in the
Harsin-Noorabad area, our new report confirms the enrichment
of LREEs and LILEs with negative Nb anomaly compared with the
NMORB and some Nb enrichment of the basaltic rocks. These data
show some relations of these rocks to metasomtized mantle above
the subduction zones. We  suggest that after the Late Cretaceous
continental collision of the Arabian Plate and the BAVB (Azizi et al.,
2013; Nouri et al., 2016), the extensional regime which occurred
in the Eocene and oceanic rollback was  responsible for upwelling
of hot asthenosphere. The upwelling of hot asthenospheric mantle
caused increasing geothermal gradient due to differentiation of the
magma  and partial melting of depleted mantle in the region. During
this period, a large volume of mafic rocks with interbedded lime-
stone and detrital sediments were developed (Braud, 1978; Shahidi
and Nazari, 1997; Wrobel Daveau et al., 2010; Whitechurch et al.,
2013), and the high discharge rates with a large difference in vis-
cosity between the magma  and host sediment lead to fingering of
magma  in the sediment (Kano, 2002).

9. Conclusions

In the Harsin-Noorabad area in western Iran, a number of

Eocene mafic rocks exist which extend along the Zagros suture zone
in a northwest-southeast direction. The major lithology include
basalts and gabbros. The isotope and geochemical data confirm
that the original magma  was  generated by partial melting of a
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t  al. (2010) and Wang et al. (2011), depleted mantle and slab derived fluid from Ca
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ere responsible for the different types of Harsin-Noorabad mafic

ocks.
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