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The Bulfat Ophiolite Complex (upper allochthonous thrust sheet) which represents a part of 

the Iraqi Zagros Suture Zone is situated at the boundary between the Arabian Plate and the 

Iranian Microplate. We have examined the metamorphic and cooling history of metapelitic 

rocks of Bulfat Complex using the whole-rocks 
40

Ar/
39

Ar age determination. The results of 

four samples match to the definition of the plateau and revealed to 40Ar/ 39Ar age of 42.4 ±0.5 

Ma (sample 1), 32.9 ±0.8 Ma (sample 2), 44.3 ±0.8 Ma (sample 3), and 43 .6 ±1.5 Ma (sample 

5). However, samples 4 and 6 yielded an age range between 35- 40 Ma and 40- 50 Ma 

respectively. Generally, plateau ages (32.9-50 Ma) are identical and considered reliable, but 

the presence of excess argon (
40

Ar) remains possible in samples (e.g., sample 6) having 

initial
40 

Ar/
36

Ar ratios higher than the present atmospheric 
40 

Ar/
36

Ar = 295.5. The excess argon 

is derived from the mantle by plumes of mafic magmas into the earth crust and/ or released 

from minerals and rocks during metamorphic processes. Bulfat Complex is subjected to two 

metamorphic events: the earlier regional occurred during the period Albian-Cenomanian 

(97-105 Ma) and associated with the intraoceanic infant supra-subduction zone. The later 

thermal metamorphism overprinted the previous one, and took place due to the intrusion of 

igneous body pre – 50 Ma age. This igneous activity is considered one of the multi-event 

magmatism that happened along t h e  Zagros Fold-Thrust Belt during the period from Upper 

Cretaceous and Mid – Late Miocene. It seems evident that the thermal metamorphic slice of 

Bulfat Complex (Gemo-Qandil Sequence) represents a part of the oceanic slab that has been 

subducted beneath the Iranian microplate. This event probably forming the last evolved 

episode of island arc system ended with the final closure of Neo-Tethys and t h e  collision 

between the Arabian Plate and Iranian Microplate occurred at Mid-late Miocene. 
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1. Introduction 

Application of 
40

Ar/
39

Ar step-heating in metamorphic belts can provide information on the timing 

of metamorphism and/or post-metamorphic uplift and cooling events. Argon may diffuse from minerals 
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by heating or may be lost during recrystallization processes that accompany thermal overprinting events 

(Wijbrans and McDougall, 1988). Thus, accurate evaluation of 
40

Ar/
39

Ar ages of crustal rocks in terms 

of the thermal evolution of crustal rocks requires precise knowledge of the mineral content of the 

measured sample as well as the P-T conditions experienced by the system during metamorphism. The 

quantitative accumulation of radiogenic argon within k-bearing minerals whether coincide with certain 

metamorphic conditions or occurs after the cooling of minerals below their closure temperatures 

remains a matter of debate. 

The Bulfat complex is situated at the boundary between the Arabian Plate and the Iranian 

microcontinent that represents a part of ZSZ. The complex together with Mawat and Penjween 

complexes belongs to the upper allochthonous thrust sheets (Gemo-Qandil sequence) that formed in the 

Neo - Tethys Ocean during Albian- Cenomanian (Aswad and Elias,1988; Aswad et al., 2011). The 

complexes were thrust above the passive margin of the Arabian Plate as two distinct stages of 

subduction, and the collision happened during the period Late Cretaceous –Late Miocene (Jasim and 

Buday, 2006; Aziz et al., 2011). The lower allochthonous thrust sheet comprises the Walash 

Volcano-Sedimentary rocks intertwined with Naopurdan sedimentary group (Aswad, 1999; Aswad, et 

al., 2011). Referring to the previous studies Bulfat complex is subjected to at least two types of older and 

younger intrusions. The older is composed mainly of gabbro and diorite while the younger smaller 

intrusion is composed of olivine gabbro- diorite (Jasim and Buday, 2006). The volcano-sedimentary 

succession in the Bulft complex is regionally metamorphosed. The regional metamorphic condition 

of Bulfat complex is of the low grade under conditions of greenschist–the onset of the amphibolite 

facies (Jasim et al., 2006). Regionally metamorphosed rocks of the Bulfat complex were affected by 

many pulses of strongly differentiated gabbros forming a wide metamorphic aureole of up to 2.5 Km 

around the igneous intrusions. The contact metamorphic zones of the Bulfat country rocks are composed 

of sanidinite facies, pyroxene hornfels facies, hornblendite hornfels facies, and albite-epidote hornfels 

facies (Aswad and Pashdari,1984; Jassim et al., 2006; Elias and Al-Jubory, 2013). The latter facies pass 

into greenschist regional metamorphic facies of the Bulfat group. Because the Bulfat complex was 

subjected to contact metamorphism, it can be assumed that the apparent 
40

Ar/
39

Ar age of bulk samples is 

a reasonable approximation of the late contact metamorphic event. Furthermore, the petrology of the 

rocks allows an estimate of P-T conditions (Elias and Al- Jubory, 2013). In the present paper, an attempt 

is made to evaluate the 
40

Ar/
39

Ar age spectrum of six metapelitic samples to gain complementary insight 

into the thermal–tectonic evolution of the Bulfat metamorphic belt. 

2. Geological Background 

The research area (Fig. 1) is located along the Iraqi-Iranian–Turkish boundaries and was formed as 

a result of the Arabian Plate margin colliding with Iranian Microplates accompanied the closure of 

Neo-Tethys (Alavi, 2004; Aziz et al., 2011; Aswad et al., 2011). The Bulfat complex is a p a r t  o f  t h e  

I r a q i  Z a g r o s  dismembered ophiolite sequence that occupies 100Km
2 

cropping out in Bulfat 

mountain near Qlala-Dizeh town, NE Iraq.The metapelite rocks that are the subject of this study situated 

in Bulfat Mountain in NE Iraq, at an elevation of 1659 meters. samples had been collected from Qandil 

group between longitudes (45
o 
16’972” –45

o 
16’ 884” E) and latitudes (36

o 
11’322”- 36

o
11’ 302” N) 

about 65 Km. from north of Qala-Dizeh town.  These metapelites were a part of the metasedimentary 

group of Qandil sequences which are calcsilicates, carbonate sand metavolcanic that formed in 

early-Cretaceous and then regionally metamorphosed. 
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Fig. 1. Simplified geological map showing the studied area (Aziz, 2008) 

During the regional metamorphic event, no changes were noticed in terms of the textures and 

chemical characteristics of protolith rocks. These rocks were strongly subjected to thermal 

metamorphism due to gabbro intrusive body formed a wide metamorphic aureole of about 2.5Km. 

Contact metapelitic rocks in the Bulfat complex were identified (Elias and Al- Jubory, 2013) as hornfels 

with characteristic mineral assemblages of Cordierite + Fibrolite + Andalusite + Muscovite + Biotite + 

Feldspar+ Quartz, and Cordierite + Fibrolite +Biotite+ Muscovite + Feldspar + Quartz. In this regard, 

the hornfels rocks were distinguished by their fine-grained minerals and various textures, including 

granoblastic, porphyroblastic, poikiloblastic, and intergrowth (Fig.2). The effect of deformation was 

noticed mainly in biotite and fibrolite (Fig.2 a), probably due to the later thrusting process. P-T 

estimation of hornfelsic rocks indicates a temperature reached up to ~ 668Co and pressures 2.9 Kbar-3.5 

Kbar corresponding to hornblende hornfels- the beginning of pyroxene hornfels facies. Metapelites 

were then probably affected by a process of exhumation and cooling at a temperature of about 581Co 

and pressure about 2Kbar (Elias and Al-Jubory, 2013). 

 
 

Fig. 2. A) Porphyroblastic texture of metapelites rocks (sample 1); B) Granoblastic texture of 

metapelites rocks (sample 3) 
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Geochemical investigation of metapelites (Al-Jubory, 2011) indicates their enrichment in light 

rare-earth elements (LREE), large ion lithophile elements (LILE), and relative depletion in high- field 

strength elements (HFSE). These characteristics with a prominent -ve Eu anomaly (Eu/Eu* =0.56- 0.81) 

are similar to the average Eu/Eu* value of Post- Archean Australian Shale (PAAS) and upper 

continental crust (UCC), UCC (Eu/Eu* =0.65, Mclennan, 1989). Therefore, sediments may have been 

originally derived from upper continental crust that was mostly felsic in composition. 

3. Experimental Technique 

Six whole-rock samples were crushed and sieved to identify the age of igneous intrusion and the 

associated metamorphic pelitic rocks. 40Ar/39Ar dating on metapelites enriched with K -bearing 

minerals (biotite, muscovite, and relatively less K-feldspar) can provide important constraints 

on the timing of medium to high temperature and relatively low-pressure contact 

metamorphism. Step-heating spectra based on the implied initial 40Ar/39Ar composition for 

four samples (1, 2, 3, 5) record well-defined and concordant plateau ages (32.9-44.3Ma) 

suggesting that obtained ages are not affected by excess argon, and /or post  crystallization 

diffusive loss of radiogenic argon. Matrix (groundmass) samples were picked from the 250- 

500-micrometer fraction to avoid large visible crystal inclusion. Samples were irradiated at the USGS 

Triga reactor in Denver (USA) with an irradiation time of 10 hours. To establish a J-value for the age 

calculation, the samples were co-irradiated with 4 fish Canyon sanidine monitor standards. We used the 

28.02 Ma age for this standard to calculate J-values (Renne et al., 1998). The LDEO Ar lab is equipped 

with a fully custom constructed and automated micro-extraction equipment as well as a VG5400 mass 

spectrometer for measuring 40Ar-39Ar of samples. Coaxial CO2 and UV lasers, as well as a video 

camera and a Newport X-Y-Z stage, make up the laser and beam delivery system. The system is 

entirely automated, and the vacuum valves are controlled by pneumatically driven valves that are 

achieved by electro-pneumatic solenoid valves. Gases released from the heating of samples are scrubbed 

of reactive gases such as H2, CO2, CO, and N2 by exposure to Zr - Fe-V and Zr-Al sintered metal alloy 

getters. The inert gases, primarily Ar, are then fed into the mass spectrometer, where the Ar-isotopic 

ratios are calculated using Al Deino's Berkeley Geochronology Center's data software. 

A modified Nier ion source and a 90° sector extended-geometry are used in the LDEO Ar mass 

spectrometer. In static mode, the mass spectrometer is used. For both the extraction system and the mass 

spectrometer, M/e 36 cold procedure blanks are less than 5 x 10-14 cc STP. The desorption of 
40

Ar in 

the vacuum envelope's stainless-steel wall is less than 1 x 10-12 cc STP/min. The VG 5400 has a 

detection limit of around 1 x 10-14 cc STP (about 5 x 10-19 moles) or about 1 x 10-3 Amps/Torr at 200 

mA trap current. Monitor standards were fused in a single step at 7 Watts with a CO2 laser. Samples 

were step-heated with progressively higher Watts with a CO2 laser (values of the heating steps are 

reported in the data tables). During the runs of the samples and monitors, blanks and air pipette 

standards were run frequently. Reported data are corrected for background based on blank runs and for 

mass discrimination based on air pipette standards. They are also corrected for nuclear interferences 

using reported data (Mick Kunk, USGS Ar geochronologist, personal communication). 

4. Results and Discussion 

Six samples were collected from different locations covering a distance of ~170 meters from the 

contact of the basic igneous body. The results of the analyses are reported in Table 1 and are presented 

as step heating spectra and isochrons (Fig. 3). The definition we used for plateaus is that they must 
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include at least 3 steps and 50% or more of the total 
39

Ar released. The reported plateau ages are 

weighted by precision, and the integrated ages are weighted by gas content. Amongst the samples, four 

of the six samples conformed to the definition of the plateau and reveal
40

Ar/
39

Ar plateau ages of 

42.4± 0.5 Ma (sample 1), 32.9± 0.8 Ma (sample 2), 44.3±0.8Ma (sample 3), and 43.6±1.5Ma (sample 5). 

However, samples 4 and 6 yielded age range between 35-40 Ma and 40- 50Ma respectively. Inverse 

isochron plots of the present samples display identical ages within errors to the respective plateau ages 

(Table 1 and Fig. 3). This is in spite of the different initial ratios of 
40

Ar/
36

Ar (250– 470). Thus, Plateau 

ages (32.9–50 Ma) can be considered reliable, but the presence of excess argon (
40

Ar*) remains possible 

in samples having initial 
40

Ar/
36

Ar ratios higher than the present atmospheric 
40

Ar/
36

Ar ratio (295.5). It 

is known that excess argon is derived from the mantle by plumes of mafic magmas into the earth's crust 

(Dalrymple, 1991). In addition to the primordial 40Ar from the mantle, there is a radiogenic argon
40

Ar* 

that may have been released from minerals and rocks during diagenesis and metamorphism processes. 

Thus, continued migration and circulation of both types of released argon remain possible in samples of 

crustal rocks that reflect their presence in CO2 enriched natural gases. The age spectrum of sample 1 

shows an excellent plateau age (42.4±0.5 Ma) over almost 90% of the 
39

Ar released (Fig. 3, A). This 

plateau age is identical to the integrated age (42.4±1.6Ma) as well as to the isochron age (42.4±0.3Ma), 

(Fig. 3 a) when regressed in terms of 
39

Ar/
40

Ar versus 
36

Ar/
40

Ar despite the higher initial 40Ar/36Ar 

value of 350±10 than the presumed value for atmospheric argon, 295.5. Sample 2 yielded a concordant 

spectrum with an integrated age of 32.9±0.8 Ma (5 steps; Fig. 3B) over ~ 65% of the 
39

Ar released. This 

age is remarkably consistent with the isochron age of 32.9±1.0 Ma (Fig.3b). Sample 3, however, 

revealed an excellent age spectrum with a plateau age of 44.3±0.8 Ma (5 steps; Fig. 3C) over ~94% 

of the 
39

Ar released, excluding the last step of the discordant age spectrum (~ 75 Ma) at high temperature 

degassing which is accompanied by elevated Ca/K. Additionally, the age is consistent (within the 

errors) with both integrated age (46.0±1.5Ma) and isochron age of 44.3±1.2 Ma (Fig. 3C). 

Excluding the first step of heating, the profound plateau age of 43.6±1.5 Ma (5 steps; Figure 3, E 

including ~ 92% of the 
39

Ar released) recorded in the age spectrum of sample 5 seems to be comparable 

with the age 44.3±0.8 Ma obtained by sample 3. In this concern, the plateau age of sample 5 corresponds 

(within the errors) to the isochron age of 43.6±1.9 Ma (Fig. 3 e) and with a lesser extent, to the 

integrated age of (37±5 Ma). The age spectra of samples 4 (Fig. 3d) and 6 (Fig. 3e) are similar in 

appearance as their apparent ages in the low extraction temperatures (over ~ 40% of the 
39

Ar released) 

are fluctuated and poorly constrained in agreement with variable values of Ca/K. In this context, low and 

variable apparent ages in the initial steps of extraction may be related to episodic loss of radiogenic 

argon from the mineral systems and/or excess 
40

Ar that were incorporated subsequent to the beginning 

of argon accumulation. However, age spectra of samples 4 and 6 at higher temperatures over ~ 60% of 

the 
39

Ar released may be significant, reflecting two distinct plateaus characterized by age range 35–40 

Ma (Sample 4) and 40–50Ma (Sample 6). 
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Fig. 3. The 40Ar/39Ar age spectra (A - F) and 36Ar/40Ar versus 39Ar/40Ar diagrams (a - f) of six 

metapelite samples from the Bulfat complex. A, a = Sample 1; B, b = Sample 2; C, c = Sample 3; D, d = 

Sample= 4; E, e = Sample 5; F, f = Sample 6 

The nature of the discordance spectra of samples 4(35- 40 Ma) and 6 (40-50 Ma) may be related 

to the low initial 
40

Ar/
39

Ar value (259±30) in sample 4 and high initial 40Ar/36Ar value (380±20) in 

sample 6. Thus, various K –bearing mineral systems, i.e., mica and K –feldspar, especially in samples 
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4 and 6 may have been experienced a different diffusive loss of radiogenic argon and/or excess argon 

has been incorporated into marginal sites of these minerals as a result of reheating during the two stages 

of regional and contact metamorphisms. Plateau ages are commonly inferred to reflect the time of 

metamorphism and subsequent uplift and cooling history as well as intrusive age of the igneous body 

(Turner, 1970; Dallmeyer et al., 1981). In many instances, 40
40

Ar/
39

Ar dating is unlikely to provide 

the age of intrusion of the igneous body as the age typically marks the time when the minerals were 

cooled through their closure temperatures. The present K-bearing minerals, particularly biotite and 

muscovite, were recrystallized during the early stage of contact metamorphism at ~ 668 
o
C (Elias and 

Al-Jubory, 2013). The large difference between this proposed temperature and the presumed closure 

temperature for argon diffusion in biotite (300±50
o
C) and muscovite (400±50 

o
C) (Jäger, 1979) leads us 

to interpret the timing (50–40 Ma) as the cooling period following the peak of the metamorphic event. 

This finding is an agreement with the 45 Ma cooling age (Jassim et al., 2006; Karim et al., 2015) of the 

Bulfat gabbro body. 

Consequently, the intrusion of the igneous body and associated early high-grade thermal 

metamorphism may have probably taken place pre 50 Ma. In this concern, the late low grade thermal 

metamorphic event that occurred in conjunction with uplift, and cooling is characterized by 

crystallization of secondary muscovite that is difficult to be distinguished from primary muscovite by 

petrography investigation. Based on Mg –Fe exchange between biotite and muscovite, a possible 

temperature less than 580
o
C (Elias and Al-Jubory, 2013) may refer to the late metamorphic event. 

Therefore, the most reliable estimate for the timing of late low grade thermal metamorphic event is ~30 

Ma. 
 

5. Conclusions 

The present 40Ar/39Ar plateau age determinations of metapelitic rocks from Bulfat complex along 

Zagros Suture Zone, NE Iraq yielded between 32.9 and 50 Ma comprising ~ 58–100% of the 39Ar 

released. Bulfat complex has experienced two metamorphic events: the first was regional (low – 

medium grade) occurred in the Iraqi Suture Zone during the period Albian–Cenomanian evident from 

97-105 Ma K-Ar dating of hornblende separated from the spilitic diabase rocks of Mawat Ophiolite 

complex. This metamorphic activity was associated with the intraoceanic infant supra-subduction zone. 

The second was contact metamorphism (restricted mainly in Bulfat complex) due to the intrusion of 

mafic igneous body and overprinted the previous regional metamorphism pre 50 Ma ago. This igneous 

activity is regarded as one of multi-events magmatism that took place along Zagros Fold Thrust Belt 

(parallel to NW –SE) during the period from upper Cretaceous and Mid –Late Miocene, as a result of 

progressive plate convergence and closure of Neo –Tethys. In spite of the difference in time between the 

two metamorphic events by a value ~ 40 Ma., both were perhaps resulted from related to the two distinct 

subduction zones (Aziz, 1986). Evidence from the present 40Ar/39Ar dating of metapelites, and K –Ar 

dating of hornblende separated from the gabbroic body, suggest that the crustal rocks were subducted to 

the shallow depth and subjected to high-grade thermal metamorphism under conditions of hornblende to 

the onset of pyroxene hornfels facies (T = 668 C°, P = 2.9–3.5 kbar) pre - 50 Ma. Rocks were then 

influenced by cooling episodes during the period post 50–40 Ma (Lower – Mid Eocene). These rocks 

were later exhumed to upper crustal levels and probably suffered from low– medium grade 

metamorphism close to 30 Ma under conditions of albite–epidote facies (T = 581 C°, P= 2 kbar) due to 

crustal thickening that accompanied the increased rate of convergence between the Arabian Plate and 

the Iranian microplate. Consequently, we believe that the medium-high temperature, relatively low 
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–medium pressure thermal metamorphism slice of Bulfat Complex (Gemo–Qandil sequence) represents 

a part of the oceanic slab that has been subducted beneath Sanandaj–Sirjan Zone of Iranian microplate. 

This activity represents the last evolved episode of the island arc system ended with resorption of 

oceanic crust contemporaneous with the final closure of New –Tethys, and collision between the 

Arabian plate and Iranian microplate probably occurred at Mid –Late Miocene.  
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