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ABSTRACT: The Granitoid Complex of Boroujerd belongs to the Sanandaj-Sirjan Zone (SSZ) in the 
western of Iran. It is elongated and parallel to the prevailing schistosity in the metamorphic rocks by the 
trend of NW–SE and consists of quartz diorites, granodiorites, monzogranites and acidic dikes (aplites 
and pegmatites). This Complex is of sub-alkaline affinity; belong to the high-K calc-alkaline series, 
metaluminous to weakly peraluminous, and display features typical of I-type granites. 
Trace and rare-earth elements distribution patterns for the Boroujerd granitoid rocks indicate a distinctive 
depletion with respect to primitive mantle in Nb, Eu, Sr, Ba, P and Ti relative to other trace elements and 
a greater enrichment in LILE compared to HFSE. These geochemical characteristics suggest that these 
rocks derived from a crustal source. 
The granitoid Boroujerd has geochemical characteristics typical of arc intrusives and plot as volcanic arc 
granites on various discriminant diagrams. This granitoid is typical representatives of a volcanic arc 
environment, spatially related to an active continental margin. Probably, it is the result of the subduction 
of Neo- Tethyan oceanic crust below the Iranian microcontinent. All available data are compatible with the 
idea that these rocks represent the products of convergent margin processes during the Mesozoic. 
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INTRODUCTION 

 
 The Sanandaj-Sirjan Zone, which host the Boroujerd granitoid complex, has a length of 1500 km and a width up 
to 200 km from northwest to southeast of Iran (Fig. 1). This tectonic zone is mainly composed of Mesozoic and some 
Paleozoic rocks (Berberian, 1977) and separates the stable Central Iran block, from the Afro-Arabian plate (Stöcklin, 
1968).  
 

 
Figure 1. Tectonic sketch map of western Iran after Mohajjel et al. 2003 showing location 
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 Berberian (1983) considered this zone as a Mesozoic magmatic arc, and a Tertiary fore-arc. Presence of a 
narrow arc-trench gap in this belt is an indication of steep subduction (Isacks and Barazangi, 1977; Berberian and 
Berberian, 1981). The Sanandaj-Sirjan calc-alkaline magmatic arc, including the Boroujerd complex, formed over a 
high angle subducting oceanic slab in the Neotethyan subduction zone during late Triassic to late Cretaceous time 
(e.g., Berberian and Berberian, 1981; Shahabpour, 2005). 
 The main aims of this paper is to present geochemical characters, as well as observed field relationships of the 
Boroujerd complex, to characterise granite magmatism, determine its origin and tectonic environment in the 
Sanandej-Sirjan Zone and to shed light on the Alpine history and related magmatism in Iran. The data in this paper 
are important for the understanding of the presence of a subduction zone in SW of Iran during the Mesozoic. 
 
2. Geological setting 
 The Boroujerd granitoid complex is a NW-SE trending body covering an area of 600 km2, approximately 60 km 
in length and 8-10 km in width, which lies between 33° 38' - 34° N and between 48° 45'- 49° 20' E (Fig. 2).The 
Boroujerd area is characterised by the predominance of metamorphic rocks of Jurassic age (Baharifar et al, 2004) 
and the Boroujerd huge granitoid complex. Metamorphic rocks subdivided to 3 groups based on their setting: 
Dynamothermal, Contact and Retrograde. Dynamotermal metamorphism has affected a vast area and is composed 
of slate, phyllite, schist, Meta volcanic and tuff, Meta cherty limestone and Meta sandstone (Ahmadi Khalaji, 2006). 
By the injection of large granitoid pluton, a contact metamorphism has occurred which can be considered as a 
pyroxene hornfels facies. Contact metamorphism rocks consist of spotted schist, hornfels schist, cordierite-, 
andalusite-cordierite-, sillimanite honfelses (Ahmadi Khalaji, 2006). The contact metamorphism of the northern 
margin is better developed and exposed then those of the southern margin. This suggests that the southern contact 
of Boroujerd complex is controlled by a fault system parallel to the contact (Berthier, 1974; Masoudi, 1997).  
 U-Pb zircon geochronological data from a variety of granitoid rocks, including the main units and associated 
pegmatitic dikes, indicate a strong, but short-lived episode of magmatic activity during the period 172 Ma to 169 Ma 
in the middle Jurassic (Ahmadi Khalaji, 2006). The ages of the granitoid Complex are indistinguishable from the 
timing of emplacement of the late stage pegmatitic dikes which represent the final stages of magmatism. 
 
3. Petrography 
 Boroujerd granitoids include quartz diorite, granodiorite and monzogranite. They cut by numerous acidic dikes. 
The granodiorites are widespread throughout the area and the biggest intrusion in the area with an elongate shape 
extending north-west (Fig. 2). They are gray and generally medium to coarse–grained rocks and have a granular to 
weakly porphyritic texture showing a simple mineralogy: Plagioclase (30-40 % mod.), K-feldspar (<10 % mod.), 
Quartz (25-30 % mod.) and Biotite (10-20 % mod.). Apatite, zircon and allanite occur in all samples (0.5–1.6 % mod.). 
 

 
 

Figure 2. Geological map of the Boroujerd Granitoid Complex 
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 Fine-grained microgranodioritic enclaves are abundant in these rocks. Their size is variable with average lengths 
of 10-30cm. Their mineralogy and texture is similar to the host granodiorite. Enclave shapes are globular, ellipsoid 
or rounded and are fragments of chilled margins. These enclaves have a co-magmatic nature with their host. 
 The quartz diorites are exposed within the granodiorites and have diffuse boundaries with them. These rocks 
have granular texture to porphyritic with plagioclase megacrysts and composed predominantly of plagioclase (40-
50% mod.), amphibole (5-10% mod.), biotite (15-20% mod.), alkali feldspar (<5% mod.) and quartz (<10% mod.). 
Zircon, sphene, apatite are common accessory minerals.  
 The monzogranites widely scattered as separate and small outcrops through the southern part (Fig. 2). These 
rocks are light in colour and fine to coarse-grained (fine grain in margin and coarse grain in center) and display a 
porphyritic texture (in center) with feldspar megacrysts and a granular texture in margin.  
 The mineral assemblages include perthitic alkali feldspar (20-25% mod.), plagioclase (15-25% mod.), quartz (30-
35% mod.), biotite (7-10% mod.) and minor muscovite. Zircon, allanite, apatite are common accessory minerals. 
 Fine-grained microgranitic enclaves occur in these rocks. Their size is 5-15cm in length. Their mineralogy and 
texture is similar to the host. Enclave shapes are globular, ovoid or rounded and are fragments of chilled margins. 
 The granitoids are cut by a series of north-northwest trending aplites and pegmatites. The aplites are 
characterised by an equigranular texture of quartz, alkali feldspar, muscovite, tourmaline and opaque oxides. 
Pegmatites are mainly present in the granodiorites and their aureole. They show simple mineralogy and graphic 
texture. They are characteristically composed of quartz, feldspar, muscovite, tourmaline, zircon, apatite, garnet and 
andalusite. These rocks are the last differentiation product of granitoid magmas. 
 So, the Boroujerd granitoids consist of two different suites (types); a monzogranitic (more felsic, leucocratic type), 
and a quartz dioritic to granodioritic (more mafic or mesocratic type).Whereas the mesocratic type occurs as an 
ellipsoid large intrusion and form elongated SE-NW trending complexes, leucocratic type as small intrusions show 
round shapes suggesting a change in the crustal stress field    

 
MATERIALS AND METHODS 

 
 About 300 samples of the granitoid rocks were collected from different facies. In order to correctly characterise 
their chemical compositions, 34 least-altered samples were chosen for major, trace and rare-earth-elements (REE) 
analysis. Major and trace element abundances were determined by inductively coupled plasma atomic emission 
spectrometry (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS) at the ALS Chemex 
laboratories in Vancouver, Canada. The analytical processes are described in Cotten et al. (1995). The results of the 
analyses are reported in Table 1. 
 

Table 1 . Major and trace element contents from the Borrower Granitoid Complex 
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Table 1 (Continued) 

 
 

Table 1 (Continued) 

 
 
5. Geochemical characteristics  
 The SiO2 content of samples vary from 52 to 75 wt% (Table 1). Most samples form near-linear to curvilinear 
trends of decreasing Al2O3, Fe2O3*, MnO, TiO2, MgO, CaO and P2O5, and increasing K2O and Na2O with increasing 
SiO2 (Fig.3). The patterns of these in the TiO2 versus SiO2 and P2O5 versus SiO2 diagrams show marked inflections 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBP-3W7PV35-8&_user=1400009&_coverDate=04%2F30%2F1999&_alid=235002882&_rdoc=15&_fmt=full&_orig=search&_cdi=5932&_sort=d&_st=4&_docanchor=&_acct=C000052577&_version=1&_urlVersion=0&_userid=1400009&md5=d3fd1450dae770b9edf6cbba15e31a25#figFig.4#figFig.4
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at approximately 60 wt% SiO2 and provide a slightly convex curve in the Al2O3 versus SiO2 diagram. These patterns 
suggest that fractionation of hornblende, a Ti-bearing phase, and apatite may have played roles in these rocks. 
 Harker diagrams of the major elements (Fig. 3) indicate some trends suggesting clearly that the granodiorites 
and monzogranites may be co-magmatic, whereas the quartz-diorites seems to be derived from different source or 
magmatic processes.  
 

 
Figure 3. Harker diagrams for major elements of the Boroujerd Granitoid Complex. 

 
Symbols: ■ quarz diorite,    □: monzogranite,      ∆: granodiorite 

  
 The trace elements behave in a similar way when plotted versus increasing SiO2 content (Fig.4): decreasing 
trends for Ba, Sr, V, Cr, Ni, Co and Zn and increasing trends for Rb, U, Ta and Nb. As was observed for the major 
elements, the Quartz-diorites define a distinct domain in the trace element diagrams, clearly shown by the Cr, Rb 
and Zr variations, suggesting a different source (or magmatic processes) for them. Transition elements (Ni, Cr, Co, 
V) decrease with increasing SiO2 content, in agreement with their incorporation into early-crystallized ferro-
magnesian silicates. Average Nb contents are always low (<20 ppm) as it is usual in calk-alkaline rocks. 
 

 
Figure 4. Harker diagrams for selected trace elements of the Boroujerd Granitoid Complex. Symbols as in Fig. 3 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VBP-3W7PV35-8&_user=1400009&_coverDate=04%2F30%2F1999&_alid=235002882&_rdoc=15&_fmt=full&_orig=search&_cdi=5932&_sort=d&_st=4&_docanchor=&_acct=C000052577&_version=1&_urlVersion=0&_userid=1400009&md5=d3fd1450dae770b9edf6cbba15e31a25#figFig.4#figFig.4
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 In the molecular Al2O3/(CaO + Na2O + K2O) versus Al2O3/(Na2O + K2O) [A/CNK vs. A/NK] diagram (Shand, 1947) 
the composition of quartz-diorites plot into the metaluminous field, while the granodiorites and the monzogranites 
plot into the peralminous domin. Nevertherless, the ratio of the molcular A/CNK of the quartz-diorites as well as the 
most of the granodiorites and the monzogranites are in the 1 – 1.1 interval of A/CNK (Fig. 5), hence the rocks are of 
I-type in the sense of Chappell and White (1974). All samples are of subalkaline affinity and belong to the calc-
alkaline series on the basis of the Irvine and Baragar (1971) classification scheme (fig. 6a) and show high-K affiliation 
based on the K2O vs. SiO2 diagram of Rickwood (1989) (Fig. 6b). Some of the samples (MA3, GM5 and AB6) fall in 
the medium-K calc-alkaline field and their K2O contents are inconsistent with their silica contents could be due to 
some hydrothermal alteration. 
 

 
Figure 5. Molar A/CNK [Al2O3/(CaO + Na2O + K2O)] vs. A/NK [(Al2O3/(Na2O + K2O)] diagram 

 
(Shand, 1947) for the Boroujerd Granitoid Complex. Symbols as in Fig.3. 
 

 
Figure 6 (a) 

 

 
Figure .6 (a) 

 
Figure 6. (a) K2O vs. SiO2 diagrams with field after Rickwood (1989): (b) AFM diagram with field delineated after Irvine and 

Baragar (1971). Symbols as in Fig. 3 

 
 Also, trace elements distribution patterns of the granodiorites, quartz-diorites and the monzogranites from the 
Boroujerd complex are normalized to primitive mantle of Sun and McDonough (1989) (Fig. 7). Accordingly, all studied 
samples show Eu, Nb, Ti, P and Sr depletion and are enriched in LILE (Ce, K, and Th). In comparison with HFSE 
(Nb, Zr, Sm, Y, and Yb), the LREE (La,Ce, Nd) show enrichment. High Ce, Th, K and low Sr, P and Ti values are 
compatible with typical crustal melts (Harris et al., 1986; Chappell and White, 1992). 
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Figure 7. Primitive mantle -normalised, trace element abundance diagrams (spider diagrams) for representative samples of the 

studied Granitoid Complex. Normalization factors are from Sun and McDonough (1989). Symbols as in Fig. 3 

 
 Chondrite-normalized REE patterns are shown in Fig. 8. Using chondrite-normalizing values of Nakamura (1974) 
for REE, the light REE (LREE) patterns show enrichment for The Boroujerd granitoid complex. The samples of the 
granodiorites exhibit strongly fractionated REE patterns ([La/Yb]n = 7–53), in which variable Eu anomalies (Eu/Eu* 
= 0.2−1.1) and flat heavy REE (HREE) patterns are visible. The samples of the quartz-diorites again show moderately 
fractionated REE patterns ([La/Yb]n = 3–13), but flatter heavy REE patterns with moderate negative Eu anomalies 
(Eu/Eu*= 0 –0.7). The samples of the monzogranites are characterized by strongly fractionated and flatter heavy 
REE patterns than the quartz diorites ([La/Yb]n = 5–15) and have strong to moderate negative Eu-anomalies (Eu/Eu* 
= 0–0.6).  
 

 
Figure 8. Chondrite-normalized REE patterns (values from Nakamura, 1974). Symbols as in Fig. 3 

 
RESULTS AND DISCUSSION 

 
5. Discussion 
5.1. Petrogenesis 
 The quartz-dioritic samples and the most of the granodioritic and monzogranitic samples of the Boroujerd 
granitoids belong to the I-type granites of Chappell and White (1974). The S-type affinity shown by a few samples of 
the Boroujerd granitoids may also represent highly fractionated I-type granites, as these rocks commonly reach and 
even slightly exceed aluminum saturation (Chauris, 1991; Chappell, 1999) or it is due to the contamination by reaction 
with country rocks. 
 Regarding the origin of felsic arc magmas, two petrogenetic models have been proposed. According to the first 
model, felsic arc magmas are derived from basaltic parent magmas by Assimilation and Fractional Crystallization 
(AFC) processes (e.g. Grove and Donnelly-Nolan, 1986; Bacon and Druitt, 1988) or Melting, Assimilation, Storage 
and Homogenisation (MASH) processes (Hildreth and Moorbath, 1988). The MASH model applies to entire magma 
generation. Mantle and crustal magmas mixing close to the mantle-crust boundary, establish the charactrisitic 
chemical signature of magmas at the melting stage. The age and consequent chemical composition of the lower 
crustal component controls the isotopic variations during the assimilation stage. Finally, AFC processes may 
substantially modify the composition of the ascending magmas, resulting in the homogenisation stage (Hildreth and 
Moorbath, 1988).In the second model, basaltic magmas provide heat for the partial melting of crustal rocks (e.g. 
Bullen and Clynne, 1990; Roberts and Clemens, 1993; Tepper et al., 1993; Guffanti et al., 1996). The mantle is also 
the heat source that controls crustal melting (Vigneresse, 2004). Other mechanisms for crustal melting require either 
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advective or diffusive heat. Heat transfer by the former process brings hot material from the mantle and rapidly heats 
up the crust (Vigneresse, 2004). Due to the low concentration of the transitional elements (Ni, Cr, Co, V), the large 
volume of the granitoids rocks and the absence of rocks with basaltic compositions (all samples have SiO2 content 
> 52%, Table 1), in the Boroujerd area, suggest that a basaltic parent magma unlikely and that the voluminous felsic 
magmas were generated by differentiation of mantle-derived mafic magmas. It seems also unlikely that these 
granitoids prove mixtures of basaltic and granitic magmas, as mixing evidences (e.g. coeval basaltic members) are 
lacking in the Boroujerd area.  
 In addition, the Boroujerd granitoids are high-K, I-type, calc alkaline rocks, characterized by pronounced negative 
Ba, Sr, Nb, P and Ti anomalies, enriched in Th, K, Ce, La and Nd, and have Nd (170) values of -3.62 to -3.02 and 
the 87Sr/86Sr initial isotopic ratios of 0.7062 - 0.7074 (Ahmadi khalaji, 2006). The abundance of incompatible 
elements (K, Th, U, La, Ce) and the negative Eu anomaly support an intra crustal origin for the granitoids of the 
Boroujerd area. In conclusion, it could be suggested that the Boroujerd granitoids originated by partial melting of 
crustal protoliths having different compositions in a deforming active margin. In such a setting, mantle melts emplaced 
into the lower crust, most likely is the supplier for the heat required for crustal anatexis.  
 Fractional crystallization of the melts en route to higher crustal levels can generate the whole spectrum of 
granitoid types represent in the Boroujerd area. Increases in Na2O, K2O and decreases in TiO2, Fe2O3, CaO, MgO, 
MnO, P2O5 and Al2O3 contents shown in the granitoids are compatible with their evolution through fractional 
crystallization processes (Fig. 3). Negative Ba and Sr anomalies in rocks from the Boroujerd area are associated 
with negative Eu anomalies, indicating evolution by fractionation of K-feldspar and plagioclase either in magma 
chambers or during magma ascent. This is also supported by negative correlations between CaO, Al2O3, and SiO2 
(Fig. 3). The fractionation of plagioclase has played an important role in the petrogenesis of the Boroujerd granitoids, 
as indicated by significant anomalies of Eu, Ba, and Sr (Figs. 7 and 8). Decreases in P2O5 with increasing SiO2 
content are attributed to fractionation of apatite (Fig. 3). The unfractionated HREE (and Y) patterns (Fig. 7) suggest 
that the magma was produced outside the garnet stability field whereas the negative Eu and Sr anomalies (Figs. 7 
and 8) could indicate that plagioclase was stable in the source. 
 
5.2. Tectonic setting of magma generation and emplacement 
 The Boroujerd Granitoid Complex is typically formed of a high-K calk- alkaline suite (Fig. 6b), in which 
granodiorite, quartz diorite and monzogranite are the dominant rock types. Field relations, petrography and 
geochemistry these rocks show similarity to intrusions typical of the active continental margins. Numerous studies 
suggest that trace elements can be used to discriminate between the different tectonic settings of granitoid magmas 
(e. g. Pearce, 1983; Pearce et al. 1984; Harris et al., 1986); although they must be used with caution as they could 
represent the formation of the protoliths rather than those of the derived magma. The Boroujerd granitoids in the 
geotectonic classification of Pearce et al. (1984) are classified as volcanic arc granites (Fig. 9). Furthermore, as 
discussed earlier, granitoids of the Boroujerd area are enriched in LILE such as Cs, K, Rb, and Th with respect to 
the HFSE, especially Nb and Ti (Fig. 7). Magmas with these geochemical characters are generally ascribed to the 
subduction-related environments (e.g., Rogers and Hawkesworth 1989; Sajona et al. 1996). High Th/Yb ratios 
correlated with high values for La/Yb are consistent with continental arc magmas (Fig. 10) 

 
Figure 9. Rb vs. (Yb + Ta) and Rb vs. (Y + Nb) diagrams of Pearce et al. (1984); ORG, ocean-ridge granites; syn-COLG, 

syncollisional granites; VAG, volcanic arc granites; WPG, within-plate granites. Symbols as in Fig. 3 
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Figure 10. La/Yb vs. Th/Yb diagram after Condie (1989). Symbols as in Fig. 3 

 
CONCLUSION 

 
 The Boroujerd Granitoid Complex is made of three units including quartz diorite, granodiorite and monzogranite. 
The geochemical characteristics, mineralogy and petrography of these rocks are comparable with the typical I-type 
granites. The Complex belongs to metaluminous to slightly peraluminous, a high-K calk-alkaline series, and displays 
geochemical characteristics typical of volcanic arc granites related to an active continental margin. The geochemical 
data for the Boroujerd granitoids are consistent with derivation from a crustal source and it could be suggested that 
the granitoids originated by partial melting of crustal protoliths having different compositions in a deforming active 
margin. This conclusion is in good agreement with the general model of Berberian (1983) and Shahabpour (2005) 
which assumed that the Sanandaj-Sirjan calc-alkaline magmatic arc formed over a high angle subducting oceanic 
slab in the Neotethyan subduction zone during Late Triassic to Late Cretaceous time. 
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