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Abstract
Events in the tectono-magmatic framework of the Eocene Bulfat Igneous Complex in the Kurdistan region of northeastern 
Iraq are revealed through the integrated field, petrographic, geochemical and zircon petrography and U–Pb geochronology of 
the Qaladeza trondhjemite sheets that cut gabbros of the complex. The trondhjemite sheets are variably deformed, with the 
cataclasis of large plagioclase feldspars. The trondhjemites are albitic, and geochemical features such as strong enrichment 
of the light REE relative to the heavy REE and low Ti and REE content show that they did not form as late differentiates of a 
MORB-like source, but instead by hydrous partial melting of mafic rocks, possibly also involving some more evolved crustal 
source as well. Qaladeza trondhjemite oscillatory-zoned magmatic zircon has an age of 48.0 ± 0.6 Ma (95% confidence). 
These domains have been etched to form voids in the zircons, the walls of which have thin coatings of Th- and Ca-bearing 
species. Subsequent partial recrystallization of the zircons obliterated the voids and increased the Th/U of the recrystallized 
zircon, which mostly formed at 38.74 ± 0.74 Ma. The 48 Ma domains relate to recycling of mafic crust in a proto-arc tectonic 
setting and are congruent with Eocene proto-arc magmatic activity within the Neotethyan oceanic basin. The 39 Ma domains 
relate to later tectonic-induced recrystallisation events coeval with the closure of Neotethys resulting from the late Eocene 
collision between the Arabian plate and Eurasia in Kurdistan.
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Introduction

The Zagros Suture Zone in NE Iraq (Kurdistan) is a complex 
collage of predominantly arc-related rocks that were formed 
in the Neotethys Ocean, from the late Mesozoic and into 
the Cenozoic (see review by Ali et al. 2019 and references 
therein). With ocean closure, these arc-related rocks were 
obducted onto the eastern edge of the Arabian plate as several 
allochthons (Fig. 1A; Aswad et al. 2013; Ali et al. 2012, 
2013, 2019). Recent studies are highlighting the temporal 
and lithological complexities of the Kurdistan sector of the 
Zagros Suture zone with, most importantly, the recognition 
of Cretaceous as well as Cenozoic arc-related allochthons 
(Ali et al. 2012, 2019). In most cases the different Cenozoic 
and Mesozoic arc assemblages in the Zagros Suture Zone 
cannot be distinguished in the field, particularly because 
in most cases any associated sedimentary rocks are not 
suitable for biostratigraphic constraints (Aswad and Pashderi 
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Fig. 1  (A) Geological map of the Zagros suture zone along the Iraq-Iran border, showing the location and tectonic division of the study areas 
(after Ali et al., 2013). (B) Geological map of the Bulfat Igneous Complex, Qaladeza, NE Iraq (after Aswad et al., 2016, and references therein)
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1984; Ali et al. 2013). Also, due to the dominance of mafic 
igneous rocks, there are limited targets for U–Pb zircon 
geochronology. Furthermore, due to minefields and recent 
conflict, fieldwork has in many instances to be based on 
rapid appraisal and limited sampling of roadside outcrops. 
Nonetheless, a growing amount of 40Ar/39Ar mineral and 
U–Pb zircon geochronology is revealing two important 
periods of arc magmatism: in the Cretaceous (Albian-
Cenomanian) and the Paleogene (Eocene–Oligocene; Aswad 
et al. 2011, 2013; Ali et al. 2013, 2016, 2019).

In this paper we report on yet further complexities to 
these systems—the presence of Eocene trondhjemites indic-
ative of low pressure partial melting of mafic rocks asso-
ciated with the Eocene Bulfat Igneous Complex (Fig. 1B), 
which was emplaced into a Cretaceous intra-oceanic assem-
blage. As revealed by U–Pb zircon geochronology, these 
trondhjemites were emplaced at ~ 48 Ma but then underwent 
tectonothermal modification later in the Eocene at ~ 39 Ma. 
Geochemistry of the dated trondhjemite indicates partial 
melting of mafic rocks at pressures less than the stability 
of garnet. However, as supported by petrographic evidence, 
the plagioclase-phyric nature of the sample precludes more 
detail information on the conditions under which it was gen-
erated. Significance of the timing of trondhemite formation 
and its tectonothermal modification for the closure of Neo-
tethys in the Middle East is discussed.

Regional geology

The Bulfat Igneous Complex occurs within the NW–SE 
trending Iraqi Zagros Suture Zone (Fig. 1A,B; Jassim et al. 
2006). Within this zone are the allochthonous Albian-
Cenomanian Gimo-Qandil sequence (upper Allochthon) 
and the Paleocene-Eocene Walash-Naopurdan volcanic-
sedimentary sequence (Lower Allochthon; Aswad et al. 
2011; Aziz et al. 2011). The Gimo-Qandil sequence used 
to be referred to as the Bulfat Group (Jassim et al. 1982). 
As a composite package, these allochthons now rest on the 
Arabian plate margin above molasse (Cenozoic Red Beds), 
neo-autochonous flysch (Maastrichtian) and parautochtho-
nous radiolarite (Albian-Cenomenian; Aswad 1999). Within 
the Upper Allochthon Gimo-Qandil sequence, magmatic 
arc activity began at ~ 100 Ma (Ali et al. 2012). Within the 
Lower Allochthon Walash-Naopurdan volcanic-sedimen-
tary sequence, the magmatic arc activity was focussed at 
c. 40 Ma (Ali et al. 2013). The Cenozoic island-arc-affinity 
of the Walash-Naopurdan volcanic-sedimentary sequence 
implies that subduction of oceanic crust continued until the 
Miocene, when continental collision began with the final 
consumption of oceanic lithosphere (Aswad 1999; Ali et al. 
2013, 2019).

The Eocene Bulfat Igneous Complex, cut by the trond-
hjemite dykes studied in this paper, consists of several 
intrusions emplaced into the Cretaceous Upper Allochthon 
Gimo-Qandil sequence. Voluminous gabbro-diorite intru-
sions and late stage differentiates of syenite and nepheline 
syenite crop out at Jabal Bulfat, 30 km east Qaladeza City 
(Fig. 1B).

The Bulfat Igneous Complex (Jassim et  al. 2006) 
(Fig. 1B) has experienced medium-grade regional meta-
morphism, overprinted by a Paleogene contact metamorphic 
aureole (Jassim and Goff 2006). In this complex, voluminous 
and diverse Paleogene gabbro-diorite intrusions crop out 
at Jabal Bulfat. At least two types of intrusions are distin-
guished (Buda 1993). An older intrusion is composed pre-
dominantly of olivine-free gabbro and diorite intruded by 
younger, smaller bodies of olivine gabbro-diorite. A minor 
body of ultrabasic rocks and very limited occurrence of acid 
differentiates is also present (Buda 1993; Jassim and Goff 
2006; Aswad et al. 2016). The Bulfat igneous bodies form 
sheet-like intrusions along lithological layering of the host 
sedimentary rocks, which are calcareous and argillaceous 
sediments of Late Cretaceous (Albian-Cenomanian) age 
(Jassim et al. 2006). Contact metamorphic rocks occur on 
the highest summits (~ 2340 m) forming roof pendants down 
into the Bulfat Igneous Complex (Buda 1993). Xenoliths of 
the country rocks with very high-grade thermal metamor-
phism up to the pyroxene hornfel facies are characteristic of 
the Bulfat complex (Buday 1980).

Trondhjemite field relationships 
and petrography

Trondhjemites occur as anastomosing sheets and dykes 
up to 1-m thick within the Eocene Bulfat complex gabbro. 
The studied trondhjemites occur at Qaladeza (36°04′59″ 
N, 45°17′26″ E; Fig. 1B). The gabbro was heterogeneously 
deformed since emplacement of the trondhjemites, such that 
in places the gabbro is devoid of fabric and the trondhjemites 
are not deformed (Fig. 2A), whereas elsewhere the gabbro 
has developed an LS tectonic fabric and the trondhjemite 
sheets are severely disrupted (Fig. 2B).

In thin section, a ~ 10-cm wide, weakly deformed, trond-
hjemite intrusion is dominated by albitic plagioclase (~ 90%) 
together with minor quartz, amphibole and biotite. Biotite is 
secondary, replacing amphibole (Fig. 3A). Zircon occurs as 
an accessory phase and is abundant enough to be detected 
in thin section. One notable feature of the trondhjemite is 
its inequigranular texture, with domains of very coarse-
grained plagioclase (up to 1 cm) surrounded by finer-grained 
domains, in which plagioclase and quartz display planar 
mutual boundaries, giving a granoblastic texture with 120° 
triple junctions (Fig. 3B). These features indicate solid-state 
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recrystallization under directed stress. The interiors of the 
larger plagioclase grains display normal and occasion-
ally oscillatory zoning which is locally cross-cut by grain 
boundaries. These textures indicate mild cataclasis of the 
original plagioclase grains, probably at conditions near the 
ductile–brittle transition.

Whole rock geochemistry

Analytical methods

A Qaladeza trondhjemite and a host gabbro sample (Table 1) 
were crushed using a chromium steel TEMA ring mill. The 
major elements were determined by X-ray fluorescence 
(Spectro-Analytical Instrument XEPOS XRF spectrometer) 
at the University of Wollongong (UOW), with uncertain-
ties less than 3%. The loss-on ignition was detected by a 
separate aliquot of powder heated at 1000 °C. A 57–43% 
flux mixture was used for the felsic sample, following Nor-
rish and Chappell (1977). The trace elements (including the 
rare earth elements, REEs) were analysed by inductively 
coupled plasma-mass pectrometry (ICP-MS) in commercial 

ALS Mineral Division, Brisbane. The prepared samples 
were added to lithium flux for melting and then cooled and 
dissolved in an acid mixture containing nitric, hydrochloric 
and hydrofluoric acids (geochemical procedure ME-MS61r). 
Pulverized sample was added to lithium metaborate/lithium 
tetraborate flux and fused in a furnace to form beads. Each 
bead is cooled and dissolved in an acid mixture containing 
nitric, hydrochloric and hydrofluoric acids. The resulting 
solution is neutralized and diluted before being analysed by 
ICP-MS. Standards used were OREAS-120 and STSD-1, 
and results are within a 10% error tolerance. Further details 
of standards for monitoring drift can be obtained from the 
ALS laboratories.

Results

The host gabbro has ~ 50 wt%  SiO2 and ~ 3 wt%  Na2O +  K2O, 
which according to the TAS classification system confirms 

Fig. 2  Field photographs showing (A) non-deformed and (B) 
deformed trondhjemite veins in gabbro

Fig. 3  Thin section petrography. (A) Amphibole (Ampl) being 
replaced by biotite (Bio). (B) Plagioclase (Pl) porphyroclasts within a 
fine-grained granoblastic matrix of plagioclase and quartz. Internally 
the porphyroclasts are breaking into sub-domains with distortion of 
twinning (indicated with arrow)
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its gabbroic affinity. The gabbro has an MgO content of 6.7 
wt%, in the range typical for arc-related mafic rocks. The 
gabbro shows mild enrichment in chondrite-normalised 
light rare earths (LREE) over the heavy rare earths (HREE; 
Fig. 4A) with La/Yb(N) = 2.9, with a positive Eu anomaly 

(Fig. 4A). The positive Eu anomaly is indicative of some 
plagioclase accumulation, as has been noted in leucogab-
bros (e.g., O’Nions and Pankhurst 1974). Some plagioclase 
accumulation is in accord with the rather high  Al2O3 content 
of ~ 21 wt% in the gabbro. The gabbro shows a Ti/V ratio of 
16.9, which is in the 10–20 range for arc-related mafic rocks 
(Shervais 1982). Given that the gabbro sample is homoge-
neous/isotropic, without cumulate layering, it is unlikely 
this value was distorted by magmatic accumulation of Fe-Ti 
oxide. The gabbro has a high La/Nb ratio of 5.0, typical for 
subduction-related mafic magmatism.

The Qaladeza trondhjemite with ~ 62.9 wt%  SiO2, ~ 9.3 
wt%  Na2O +  K2O with a low  K2O/Na2O of 0.06 and ~ 3.4 
wt% CaO demonstrates the trondhjemitic nature with 
the albitic character of its plagioclase. The trondhjemite 
shows strong enrichment of the LREE over the HREE (La/
Yb(N) = 58), but with almost flat HREE (Gd to Lu; Gd/
Yb(N) = 1.2) and a marked positive Eu anomaly (Figs. 4A,B), 

Table 1  Whole rock geochemistry

Sample # BGJ2029 BGJ2030

Affinity Trondhjemite Gabbro
SiO2 62.91 49.12
TiO2 0.03 0.52
Al2O3 23.31 21.27
Fe2O3 0.32 7.27
MnO  < 0.01 0.11
MgO 0.05 6.73
CaO 3.39 11.5
Na2O 8.69 3.02
K2O 0.56 0.1
P2O5 0.01 0.03
LOI 0.59 0.03
SO3 0.02 0.14
total 99.88 99.84
Trace elements (ppm)
Cr 70 280
Ni 6.4 23.4
Co 6.5 25.1
V 5 199
Rb 1.7 0.80
Sr 367 485
Ba 161 45.5
Y 0.80 5.30
Nb 0.60 0.40
Zr 59 9.00
Hf 0.90 0.30
Ta 0.09 0.10
Th 0.47 0.09
U 0.12 0.04
La 6.9 2.00
Ce 6.7 4.20
Pr 0.44 0.57
Nd 1.2 2.70
Sm 0.17 0.77
Eu 0.77 0.59
Gd 0.12 0.97
Tb 0.02 0.17
Dy 0.12 1.04
Ho 0.02 0.19
Er 0.09 0.57
Tm 0.01 0.07
Yb 0.08 0.47
Lu 0.03 0.08
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with this anomaly most readily explained by the sample con-
taining accumulated plagioclase. The Qaladeza trondhjemite 
shows depletion of Nb and Ta relative to Th and La and, in 
accord with likely plagioclase accumulation, positive Sr and 
Eu anomalies (Fig. 4B).  TiO2 and La versus  SiO2 Harker 
diagrams are used for discriminants for ‘plagiogranites’ of 
different origins (here meaning simply felsic igneous rocks 
in oceanic crust or ophiolites). The Qaladeza trondhjemite 
has low  TiO2 for given  SiO2 wt% content, and falls well-
below the line marking the lower limit of experiments on 
MORB fractionation (Fig. 4C), as explained in detail by 
Koepke et al. (2004, 2007). In terms of La versus  SiO2, 
the Qaladeza trondhjemite falls in the field of low-La ‘pla-
giogranite’, appropriate for those involving hydrous partial 
melting of mafic rocks, as opposed to those such as from the 
East Pacific Rise that have much higher La and are concen-
trations of residual melt from the crystallisation of MORB 
magma (Fig. 4D; Brophy 2009).

The Qaladeza trondhjemite with its strong enrichment 
of the LREE over the HREE and its low  K2O/Na2O and 
low CaO differs from ‘plagiogranites’ considered to have 
formed solely by hydrous anatexis of mafic rocks, such as 
the Jebbel Fayyad and Wadi Rajmi Oman ‘plagiogranites’ 
(Fig. 4A; Rollinson 2009). On the other hand, the LREE 
enrichment and the low  K2O/Na2O character of the Qala-
deza trondhjemite resemble that of the Oman Hamaliya ‘pla-
giogranites’ which Rollinson (2009) proposed contain both 
crust and mantle components and formed through a mixing 
or contamination process during, or immediately following, 
the emplacement of the Oman ophiolite.

Zircon U–Pb analyses and internal structure

Analytical methods

Zircons from the Qaladeza trondhjemite sample ‘trond’ 
were separated at the Australian National University 
(ANU) using density and magnetic methods. These 
were mounted with 238U-206Pb calibration reference 
material TEMORA zircon grains, on a glass plate with 
double-sided tape, which were then cast with epoxy 
resin in a mould. The zircon mounts were then polished 
prior to cathodoluminescence (CL) imaging. The CL 
images were obtained via the scanning electron micro-
scope JSM-6490 MonoCL4 with an operating voltage 
of 15 kV at the UOW Centre for Electron Microscopy.

Zircon U–Pb dating on the SHRIMP RG instrument 
at ANU followed the analytical protocols of Williams 
(1998). The intensity of the primary  O2− ion beam was 
4–6 nA and spot size was ~ 15 μm, with each site rastered 
for 120 s prior to analysis. Six scans through the mass sta-
tions (nominal masses 196 = 90Zr2

16O (2 s); 204 = 204Pb 

(10 s); 204.1 = background (10 s); 206 = 206Pb (15 s); 
207 = 207Pb (20 s); 208 = 208Pb (5 s); 238 = 238U (7 s); 
248 = 232Th16O (2 s); 254 = 238U16O (2 s)) were made for 
each age determination. The SHRIMP RG’s magnet is 
extremely stable, requiring a settling time of only 2 s 
before peak centering mass 196 after moving from mass 
254 between scans. The raw data were reduced using 
the new application POXI-SC developed by ANU, which 
combines the functionality of the previous two ANU 
applications PRAWN and LEAD. Quoted errors on iso-
topic ratios also take into account non-linear fluctuations 
in ion count rates above that expected from counting sta-
tistics alone (Williams 1998). Correction for common 
Pb using the composition of Broken Hill lead was made 
according to the 207-method (Compston et al. 1984), 
applicable to young zircons where concordancy can 
be assumed. U-Th elemental abundance was calibrated 
based on the reference zircon SL13 (U = 238  ppm), 
which was in a set-up mount and 206Pb/238U were cal-
ibrated using the TEMORA reference material with a 
concordant age at 416.8 ± 1.1 Ma (Black et al. 2003). To 
increase confidence in the calibration of U–Pb, Temora 
was distributed as several clusters of grains in different 
parts of the epoxy mount. These were visited in a random 
fashion during the analytical session. This allows the best 
estimate across the mount of the U–Pb calibration and 
uncertainty with it. In order to allow accurate compari-
son with other data, the calibrated mean 206Pb/238U ages 
in this paper are quoted with the Temora U–Pb calibra-
tion error (~ 1.5%) added in quadrature. The reduced 
and calibrated data were then assessed and plotted using 
Isoplot (Ludwig 2003). Calculated ages below are given 
at the 95% confidence level.

Back scatter electron imaging (BSE) and energy dis-
persive spectra (EDS) analysis of zircon inclusions and 
structure was undertaken on a Phenom benchtop scan-
ning electron microscope at UOW operating at 15 kV. 
The EDS analyses undertaken on the inclusions of the 
zircons are very thin, and therefore have Zr and Si from 
the underlying zircon (supplementary document).

Trondhjemite zircon U–Pb geochronology 
and internal structure

Sample ‘trond’ yielded zircons that are 200–300 µm 
long, euhedral, equant to stubby prisms. In CL images, 
they display diverse internal textures, which can be 
correlated with the measured 206Pb/238U ages (below). 
Domains with the oldest ages (~ 48  Ma) show well-
developed igneous-style oscillatory zoning with 
straight internal boundaries but are transected by elon-
gate domains that appear dull in CL images (Fig.  5) 
and bright in BSE images and are mostly orientated 
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parallel to the long axes of prisms (grain #9 on Fig. 6). 
BSE imaging and EDS analyses of the domains that 
appear dull in CL images reveal that they are voids in 
the zircons, the walls of which have thin, estimated at 
one micrometre-scale, coatings of Ca or Th phosphates 
(Fig. 6, supplementary document). Grains with younger 
206Pb/238U ages show a reduction, or lack, of the voids 
and obliteration or blurring of oscillatory zoning. Exam-
ples are grain #6 with an apparent age of ~ 45 Ma with 

few voids and irregular/blurred interior boundaries indi-
cating some recrystallisation, whereas grain #13, with an 
apparent age of ~ 41 Ma, has a homogeneous void-free 
interior but with blurred irregular zoning towards the 
margins. Grains 1 and 5, with apparent ages of ~ 39 Ma, 
show blurred and irregular zoning and complex internal 
structures, respectively (Fig. 5).

Seventeen U-Th-Pb analyses were undertaken on 
16 grains (Table 2). All sites have minimal content of 

Fig. 5  Cathodoluminescence 
images of dated zircons from 
the trondhjemite sample. U–
Pb ages are given at 1 sigma 
uncertainty
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common Pb and even prior to correction for it, they 
plot within analytical error of concordia (Fig. 7A). The 
206Pb/238U ages of the sites scatter well-beyond analyti-
cal error (44.70 ± 2.10 Ma MSWD = 24) as several clus-
ters (Fig. 7B). The cluster of oldest ages are those with 
best preserved igneous oscillatory zoning and with most 
grains showing a high density of (irregularly-distributed) 
micron-scale voids with mineralized surfaces that appear 
dull in CL and bright in BSE images. These analyses 
yield a weighted mean 206Pb/238U age of 48.00 ± 0.57 Ma 
(95% confidence; MSWD = 0.15; probabili ty of 
fit = 0.98) and are interpreted as giving the time of igne-
ous crystallisation of the trondhjemite (Ypresian, early 
Eocene). Sites with younger 206Pb/238U ages are those 
in CL images showing less, or no, micron-scale voids 
and variable internal structures, particularly blurred 
irregular zoning. These sites also show an increase in 
Th/U (Fig, 7A inset). Together, these features indicate 
recrystallisation within the ~ 48 Ma grains, leading to 
the eradication of the micron-scale voids. With one 
exception (analysis 13.1), analyses of these grains clus-
ter into two age groups, with weighted mean 206Pb/238U 
ages of 45.16 ± 0.82 Ma (MSWD = 0.49; probability of 
fit = 0.63) and 38.74 ± 0.74 Ma (MSWD = 0.61; prob-
ability of fit = 0.72). This indicates pulses of recrystal-
lisation later in the Eocene (Lutetian and Bartonian).

Discussion

Zircon igneous growth, corrosion 
and recrystallisation

The zircon petrology and dating indicate that the trond-
hjemite magma crystallised at ~ 48 Ma. The phosphate-
coated voids could have two origins. Firstly, they could 
indicate igneous crystallisation at ~ 48 Ma was coeval 
with a hydrous fluid exsolving from the magma. However, 
these domains appear more likely to be post-magmatic, 
because of the way in which they traverse across the oscil-
latory zoning (Figs. 5, 6). Thus, it is more likely that these 
domains represent partial dissolution of the zircons by a 
hydrothermal fluid, before 45 Ma, when it is evident from 
the zircon petrography that these voids were being lost 
through patchy crystallisation of the zircons. Corrosion 
of zircons and partial replacement by other phases been 
attributed to fluxing by alkaline hydrothermal fluids (rich 
in Na + Cl) as evidenced both in geological case studies of 
ophiolites and by experimentation (e.g., Rubatto and Her-
mann 2003; Ayers et al. 2012). The integration of zircon 
petrography and the U–Pb geochronology demonstrates 
recrystallisation of the corroded zircon in discrete events 
at ~ 45 and ~ 39 Ma, with the latter age being within ana-
lytical error of Ar–Ar hornblende and biotite ages acquired 
on noritic gabbro in the Bulfat complex (Aswad et al. 
2016).

Origin of the Qaladeza trondhjemite

From its geochemical signature such as low  TiO2 and La 
for given silica content (Fig. 4C,D), the Qaladeza trond-
hjemite cannot be interpreted as plagiogranite formed as 
a late differentiate of MORB-like magma but instead indi-
cates partial melting of a mafic source. This could have 
been triggered by incursion of meteoric water in the high 
heat flow extensional environment which spawned the 
Bulfat gabbro intrusions. Trondhjemites formed at great 
depth by melting of eclogitized mafic rocks within sub-
ducting oceanic crust form magmas with strong depletion 
of the HREE versus the middle and LREE, because of their 
equilibration with residual garnet (Martin 1986; Hoffmann 
et al. 2019). However, the lack of progressive depletion 
of HREE in the Qaladeza trondhjemites, as expressed by 
Dy/Yb(N) ~ 1 (Fig. 4A; Table 1), indicates that they did 
not involve partial melting at high pressure with garnet 
fractionation. Instead, the overall concave-bowed REE pat-
tern is suggestive of equilibration of the melt with either 
clinopyroxene or hornblende, which have complimentary 
convex-bowed REE patterns (e.g., Barker and Arth 1976; 

Fig. 6  Backscattered electron image of grain #9, showing the whole 
grain (top left) and an enlargement of a small area (top right). This 
shows one of the many voids in the zircon, with a thin mineral coat-
ing showing patchy enrichments in Th, P, Ca. The U–Pb age is given 
at 1 sigma uncertainty. For comparison (bottom left), the CL image 
of this grain is shown at the same scale. Bottom right shows example 
of an EDS analysis of the void coatings, from the site ‘ + ’ on the top 
right image
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Table 2  Zircon U–Pb

Spot: x.y = grain followed by analysis number
Site and habit: e = edge; m = middle, p = prism, eq = equant, fr = fragment
CL imagery: osc = oscillatory zoning, sz = sector zoning, h = homogeneous, rex = recrystallized
CL imagery continued: > v = numerous voids, < v = few or no voids, xv = no voids, cur = curved domain boundaries
Isotopic ratios and ages: meas = measured, corr = corrected for common Pb
Analytical errors: all are reported at 1σ level

Spot Site U (ppm) Th (ppm) Th/U 206Pb comm% 238U/206Pb (meas) 207Pb/206Pb (meas) age 206Pb/238U (corr)

1.1 e,rex, cur,xv,p,fr 76 36 0.473 0.89 165.4 ± 10.2  0.0549 ± 0.0106 38.51 ± 1.25
2.1 m,h, > v,p 280 50 0.179 0.37 133.0  ± 4.0  0.0504 ± 0.0049 48.12 ± 0.89
3.1 m,h, > v,p 457 96 0.210 0.24 134.4 ± 3.2 0.0492 ± 0.0038 47.68 ± 0.72
4.1 m,h/rex, < v,p,fr 102 84 0.825 2.0 159.8 ± 8.6 0.0651 ± 0.0102 39.42 ± 1.10
4.2 m,h/rex, < v,p,fr 97 80 0.826 0.67 161.5 ± 9.0 0.0529 ± 0.0094 39.53 ± 1.20
5.1 m,sz/rex, < v,eq 47 31 0.653 2.2 164.2 ± 12.3 0.0670 ± 0.0144 38.28 ± 1.52
6.1 m,h/rex,cur, < v,p 329 51 0.155 0.57 143.2 ± 4.1  0.0522 ± 0.0047 44.62 ± 0.78
7.1 m,h/rex, < v,p 687 161 0.234 0.18 141.9 ± 2.8 0.0485 ± 0.0031 45.18 ± 0.64
8.1 m,h,eq 1024 301 0.294 -0.01 133.3 ± 2.1 0.0469 ± 0.0024 48.17 ± 0.62
9.1 m,h, > v,p 273 47 0.172 0.30 131.9 ± 4.0 0.0497 ± 0.0049 48.55 ± 0.92
10.1 m,h/rex,cur, < v,p 570 498 0.873 0.62 168.0 ± 4.0 0.0524 ± 0.0040 38.02 ± 0.61
11.1 m,h/rex,cur, < v,fr 115 91 0.788 1.36 162.9 ± 8.2 0.0592 ± 0.0091 38.92 ± 1.06
12.1 m,h/rex,cur, < v,p 302 47 0.157 0.24 140.2  ± 4.1 0.0492 ± 0.0047 45.70 ± 0.81
13.1 m,rex,xv,cur,p 64 36 0.566 1.67 150.9 ±  9.8 0.0622 ± 0.0120 41.87  ± 1.41
14.1 e,osc, < v,p 906 161 0.178 0.12 134.0 ± 2.2 0.0480 ± 0.0026 47.86 ± 0.63
15.1 e,h/rex,xv,p 99 80 0.808 0.76 159.4 ± 8.6 0.0538 ± 0.0092 40.00 ± 1.12
16.1 m,h, < v,p 675 122 0.180 0.31 133.7 ± 2.6 0.0499 ± 0.0031 47.88 ± 0.65
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Fig. 7  (A) 238U/206Pb – 207Pb/206Pb concordia diagram (uncorrected for small amount of common Pb – see Table 2). Inset shows relationship 
between zircon age and Th/U ratio. (B) Frequency distribution and histogram for the zircon ages, corrected for common Pb
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Norman et al. 2005). Equilibration with clinopyroxene 
and/or hornblende without garnet is indicative of a lower 
pressure melting regime (e.g., Wyllie 1977). The strong 
positive Eu anomaly is indicative of local plagioclase 
accumulation/over-presentation in the coarse-grained 
sample.

The Qaladeza trondhjemite with its strong enrichment 
of the LREE over the HREE and its low  K2O/Na2O and 
low CaO differs from ‘plagiogranites’ considered to have 
formed solely by hydrous anatexis of mafic rocks, such as 
the Jebbel Fayyad and Wadi Rajmi Oman ‘plagiogranites’ 
(Fig. 4A; Rollinson 2009). On the other hand, the LREE 
enrichment and the low  K2O/Na2O character of the Qala-
deza trondhjemite have more in common with the Oman 
Hamaliya ‘plagiogranites’. Rollinson (2009) proposed such 
compositions contain both crust and mantle components and 
that they formed through a mixing or contamination process 
during, or immediately following, the emplacement of the 
Oman ophiolite. Therefore, we propose that the Qaladeza 
trondhjemites have a hybrid origin, where melts formed 
by low pressure hydrous anatexis of mafic rocks and some 
evolved crustal materials, or that melts derived solely from 
a mafic source were contaminated upon their emplacement.

Tectonic significance of the Qaladeza trondhjemite

The Qaladeza trondhjemite was emplaced at ~ 48 Ma, but 
later there were superimposed tectonothermal events wit-
nessed at the outcrop scale by weak deformation of some 
trondhjemites (Fig. 2B) and in thin section by the inter-
nal distortion of large feldspars (Fig. 3B) and alignment 
of biotite into a foliation. This also gave rise to variable 
recrystallisation of the original igneous zircons, probably 
connected with the tectonic recrystallisation observed in 
the thin sections of these rocks. It is noted that the zircon 
U–Pb recrystallization age of 38.74 ± 0.74 Ma is indistin-
guishable from the Ar–Ar amphibole ages of 39.23 ± 0.21 
and 38.87 ± 0.24 Ma acquired from the host Bulfat gabbros 
(Aswad et al. 2016). Therefore, we contend that the evidence 
for late Eocene zircon recrystallization relates to a tectono-
thermal event in which Ar–Ar amphibole and biotite ages in 
the host gabbros were reset.

Geochronological data of zircon in trondhjemite from 
the Bulfat Igneous Complex, combined with available geo-
chronological data (U–Pb, Ar–Ar) for various igneous rocks 
along the collision zone with the Iranian plate, reveal that 
the rocks at the studied locality reside in an early Eocene 
magmatic protoarc (Agard et al. 2011; Ali et al. 2019; Azizi 
and Tsuboi 2020). These intra-oceanic rocks were subse-
quently affected by the ~ 39 Ma tectonothermal event that is 
attributed to collision of the Arabian plate with the Iranian 
plate (Mohammad et al. 2014, 2020; Mohammad and Cor-
nell 2017; Azizi et al. 2019).

Conclusions

(1) Early Eocene trondhjemite dykes in the Bulfat Igne-
ous Complex formed by hydrous partial melting of ophi-
olitic mafic rocks at ~ 48 Ma, probably in a Neotethyan 
intraoceanic setting.
(2) A tectonic event at ~ 39 Ma caused partial recrystal-
lization of the magmatic zircons and reset Ar–Ar amphi-
bole and biotite ages in the host gabbros. This tectonic 
event is attributed to the onset of collision between the 
Arabian plate and Eurasia in Kurdistan.
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