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ABSTRACT 

The Boroujerd pluton (ca 175 Ma) was emplaced 
in the Sanandaj-Sirjan zone (SSZ) active margin 
of Central Iran consists of monzogranite, grano- 
diorite, and quartz-diorite. Microstructural stud- 
ies show a continuum from magmatic to (sub) 
mylonitic deformations fabric. Intensity of defor- 
mation decreases from W-NW to E-SE. The over- 
all magnetic fabric of the pluton yields steep NW- 
SE striking foliations and sub-horizontal linea-
tions plunging both to the northwest and south- 
east. These features imply that during intrusion 
of the pluton, a NW-SE trending stretching was 
dominant. This stretching is ascribed to the trans- 
pressive deformation of the overriding SSZ dur-
ing northeastward subduction of the Neotethys 
under the Iranian plate. The NW-SE trending linea- 
tions of the Gousheh pluton (ca 35 Ma) suggest 
that the transpressive regime was ongoing from 
the Mesozoic to late Eocene. 
 
Keywords: Gousheh; Boroujerd; Sanandaj-Sirjan; 
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1. INTRODUCTION 

The geochronology of the Boroujerd pluton is well 
constrained by U-Pb zircon ages of Ahmadi-Khalaji [1] 
which showed that the rocks yield ages within the inter- 
val of 171 - 175 Ma. These ages are similar to other plu- 
tons dated in the Hamadan-Aligudarz section of SSZ [2- 
4], defining a main Middle-Jurassic magmatic event, 
lasting from 162 to 187 Ma.  

The Boroujerd pluton is a regionally extensive pluto- 
nic assemblage that crops out within the garnet- and an- 
dalusite-bearing metasedimentary rocks of Hamadan Phyl- 
lites in the Sanandaj-Sirjan Zone (SSZ) of the West Iran 
(Figure 1; [1]). The Boroujerd pluton is important in the 

regional tectonomagmatic evolution because it exempli- 
fies a pluton emplaced in transpressional tectonic regime 
within the of oblique subduction zone between Iranian 
and Arabian plates, represented by the SSZ. Obliquely 
convergent orogens are a suitable tectonic setting which 
leads to continuous and massive granite magma produc- 
tion [5] because the continental crust becomes thicker and, 
therefore hotter, which, together with heat advection from 
the mantle, promotes crustal melting. 

In this paper, the structural and magnetic fabric were 
analysed for Boroujerd pluton as a part of multidiscipli- 
nary study of the plutons to assess the relationships be- 
tween plutonism and deformation in the SSZ. The work 
focused mainly on detailed hand and core sampling for 
mapping the pervasive fabrics developed in the pluton 
during the magmatic, low to high-temperature subsolidus, 
and mylonitic deformations that accompanied and fol- 
lowed the emplacement. In general, fabrics in rocks were 
measured by using two methods: field observations and/or 
Anisotropy of Magnetic Susceptibility (AMS) measure- 
ments. In the case of weak fabrics that could not be ob- 
served in the field (i.e. granitoids), the AMS technique is 
based on the relationship between magnetic and mineral 
fabrics in rocks [6-8]. In the studied area, the fabrics were 
systematically mapped on a sampling grid (95 sites dis- 
tributed over about the 400 km2 map area) using the low- 
field anisotropy of magnetic susceptibility (AMS) tech- 
nique [9,10]. 

The magnetic fabrics are homogeneously oriented at 
the outcrop scale, and its pattern follow the regional strain 
pattern field. 

2. GEOLOGICAL SETTING 

2.1. Regional Framework 

The Boroujerd pluton belongs to the northwestern part 
of the SSZ (Figure 1), a major, NW-SE trending struc- 
ture, with a width of 150 - 250 km occupying a position 
between the Tertiary Urumieh-Dokhtar magmatic belt in  
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Figure 1. Geological sketch of the Boroujerd pluton. (a) The small map shows the Sanandaj-Sirjan Zone position in Iran, and the 
most important plutonic bodies are shown in larger figure: UPC: Urumieh Putonic Complex; OS: Oshnavieh; N-K-P: Naqadeh– 
KhalifanPasveh; Pi: Piranshahr; Ma: Mahabad; Ta, Takab; Ba: Baneh; Sa: Saqqez; Ka: Kamyaran; Ag: Almogholgh; Al: Alvand; Mal: 
Malayer; Br: Boroujerd; (b) Geological map of the Boroujerd pluton. 
 
the northeast and Cretaceous-Tertiary Zagros fold thrust 
belt in the southwest. The SSZ is a segment of Alpine- 
Himalayan magmatic belt that includes voluminous basic 
to felsic igneous rocks. They have mainly calc-alkaline 
affinity and are attributed to the subduction of an Neo- 
tethyan oceanic slab beneath central Iranian plate in the 
Mesozoic time [11,12]. 

The SSZ was first recognized as a separate linear 
structural element by Stöcklin [13] and is one of the most 
dynamic structural zones of Iran and possesses complex 
structural and stratigraphic features [14,15]. It joins the 
Taurus orogenic belt in Turkey. The zone occupies a 
NW-trending 1500 km belt in which the Zagros struc- 
tural grain is overprinted by the typical Central Iran 
structural framework [16]. The northeastern part of the 
SSZ contains a series of elongated depressions that are 
well developed parallel to the southwestern boundary of 
the Urumieh-Dokhtar magmatic assemblage [15]. Nega- 
tive bouguer anomaly shows an elevation increase to- 
ward the southwest [17] and it appears that from NE to 
SW crustal thickness of the SSZ increase through the 
SSZ from 40 km in the NE to 55 km in the SW. 

2.2. Boroujerd Pluton 

The Boroujerd calc-alkaline and peraluminous to me- 
taluminous granitoids pluton are between the Boroujerd 
city and the Nezam-Adab village, and occupy an area of 
ca 400 km2. It cropsout along a broad NW-SE trending 
area within the regionally metamorph rocks and is formed 
by two bodies: the Boroujerd and Gousheh bodies (Fig- 

ure 1). The field and petrographic studies show that this 
pluton contains a wide range of rocks from granite, gra- 
nodiorite to diorite along with acidic (pegmatite and ap- 
lite), basic and intermediate dikes and quartz tourmaline 
veins, although granodiorite and quartz-diorite are domi- 
nant rock types. The granodiorite which forms the north- 
ern part of pluton, and is intruded by NE-SW striking ba- 
sic dikes (Figures 1 and 2(a)). The granitoids have gra- 
nular textures and are composed of plagioclase, alkali- 
feldspar, quartz and biotite. The accessory minerals are 
allanite, apatite, sphene, zircon and opaques. 

The Rb/Sr ages on the pluton [18] indicated that it is 
crystallized during early to Late Cretaceous, but recent 
U-Pb zircon ages indicate a middle-Jurassic age for plu- 
ton [8]. The geochemical signature of the pluton ranges 
from metaluminous to slightly peraluminous and it typi- 
cally shows S-type characteristics. It belongs to high-K 
calc-alkaline series and displays the geochemical char- 
acteristics typical of volcanic arc granites related to an 
active continental margin (e.g. significant Nb, Ti, P and 
Sr depletion). Isotopic data (Sri = 0.7062 - 0.7074 and 
εNdt = –3.02 to –3.62) are consistent with a crustal pro- 
tolith [1]. 

Spatially separated from the Boroujerd pluton, about 5 
km to the south, is the Gousheh pluton, mainly consisting 
of gray-coloured monzogranite. The rocks of this intru- 
sive body are calc-alkaline and metaluminous, and have 
S-type characteristics [19]. At the outcrop scale, it ap- 
pears relatively homogeneous in compositions, but mi- 
croscopic studies show that the intrusive rocks vary from  
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Figure 2. (a) The mafic dikes are generally intruded into the granitoids in the NE-SW direction; (b) Granitoids hosting quartz pegma-
tite dykes; (c) Contact metamorphism formed the garnet-andalusite schist in the inner zone of thermal aureole; (d) Low grade re-
gional metamorphic rocks in the southern part of the pluton. 
 
alkali granite to granite and minor granodiorite with a 
granular textures. The microgranular mafic, pegmatites 
and quartz veins are frequently observed (Figures 2(a), 
(b)). The U-Pb system on zircon ages for the Gousheh 
intrusion indicates a ca 35 Ma for its crystallization [8]. 
Razavi et al. [20] indicate that this body is post-orogenic 
and a within plate granite. The intrusive rocks of the area 
have caused thermal contact metamorphism in their sur- 
rounding Paleozoic and Mesozoic sediments including 
meta-volcanic and meta-limestones/dolomites of Paleo- 
zoic and Triassic age [21]. 

Metamorphism evolution occurred as low grade regio- 
nal metamorphism and low to high grade contact meta- 
morphism. Contact metamorphism inception is charac- 
terized by spotted (garnet-andalusite) schist (Figure 2(c)) 
and ends to hornfels assemblages, where as the regional 
metamorphism is found in under green-schist facies con- 
ditions. These rocks experienced high temperature-low 
pressure contact metamorphism during injection of gran- 
itic magma across their schistosity plane. In the southern  

part of the complex, contact metamorphism is poor, al-
though there is a narrow band of schist with cordierite or 
hornfels cordierite and also is ended to slate and phyllite 
(Figure 2(d)). However, in northern part the hornfels oc- 
curs. 

3. MICROSTRUCTURES OF  
THE PLUTONS 

For accurate interpretation of the internal structures of 
a pluton, we need a detailed study of its microstructures 
in order to show whether deformation occurred in the 
magmatic state, solid state (high or low temperature), or 
mylonitic state. Field and petrographic studies show that 
the deformation intensity through the pluton is heteroge- 
neously distributed decreases from W-NW to E-SE. For 
example, in the corners of monzogranites, no deforma- 
tion fabrics could be observed, whereas, in north and 
northwest of the complex, mylonitic microstructures are 
abundant. 
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For microstructural studies we used thin-sections ob- 
tained from our AMS and hand samples. We sued as a 
basis the previous studies on granitic microstructures that 
classified deformations into magmatic, high- to moder- 
ate-temperature solid state, and low temperature types 
along with mylonitization [22-24]. 

3.1. Magmatic Microstructures 

Microstructures indicative of magmatic flow are ob- 
served only within the Gousheh intrusive body, where 
the rock-forming minerals do not show any evidence for  

metamorphic reactions or tectonic deformation. Very weak 
undulatory extinction is found in quartz whereas feldspar 
crystals are undeformed. In some rocks there are signs of 
deformation, with the feldspars fractured in what was 
probably is a submagmatic state as defined by Bouchez 
et al. [25] (Figure 3(a)). The biotites and subgrain 
boundaries in the quartz crystals display some bends 
which are considered as mechanical interactions between 
crystals in a magma where the residual melt content was 
possibly much less than 30% [26,27]. The other crystals 
in this body remain undeformed.

 

   

   

   

Figure 3. (a) Fractures in plagioclase indicate submagmatic flow; (b) Kinking of biotite is very common in the 
samples; (c) Polysynthetic twinning in plagioclase which was formed during high-temperature deformation; (d) 
Recrystallization texture of quartz crystals on the low-temperature deformation; (e) Mylonitic microstructures im-
ply high rates of strain in the studied region; (f) Recrystallisation and grain growth of quartz under high rates of 
stress. 
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3.2. High Temperature Solid State  

Microstructures 

Microstructures of this type occurre at the end of or 
shortly after the complete crystallization of the magma, 
and are found in the east-southeast corner to the center of 
the Boroujerd pluton. The biotite crystals have been con- 
volute and kinked in the most intensely deformed rocks 
in this zone (Figure 3(b)). The edges of the plagioclase 
crystals have been crushed and show polysynthetic twins 
(Figure 3(c)). The perthitic texture is common in feldspars. 
Re-crystallization has occurred in quartz crystals and 
their subgrains exibit mosaics with chessboard patterns. 
The grain-boundary migration of quartz caused an evol- 
vement of subgrains into new grains. 

3.3. Low Temperature Microstructures 

The low temperature microstructures are developed in 
the centre to west-southwest side of the Boroujerd pluton. 
The small re-crystallized grains are mostly distributed 
along the boundaries and within wrench fractures of 
large grains of quartz (Figure 3(d)). In some rocks, the 
biotite is transformed into chlorite and the plagioclase is 
partly replaced by sericite. 

3.4. Mylonitic Deformations 

The mylonitic and sub-mylonitic microstructures are 
mainly observed within shear zones. The sub-mylonitic 
microstructures are mostly found in the northeast of the 
complex, while the mylonitic microstructures are devel- 
oped in the northwest (Figure 3(e)). The biotites are in- 
tensely altered and converted to muscovite, epidote and 
chlorite. In some parts of this zone, mica fish micro- 
structures are developed. Dynamic recrystallization and 
undulatory extinction are common in quartz (Figure 3(f)). 

4. AMS ANALYSIS 

Ninety-five sampling sites were established within the 
Boroujerd pluton (Figure 4). Drilling was done in 95 sta- 
tions in different lithological units of the complex. Sam- 
pling at each site was performed with a portable benzin 
drill. At each station, at least two 25mm in-diameter ori- 
ented cores, a few meters apart, were drilled. Each core 
was cut into 2 to 7 cylindrical specimens, 22 mm in- 
height, adapted to the sample holder of the susceptometer.  

The measurements of AMS and bulk susceptibility 
was taken using a KLY3™ susceptometer of Agico Ltd 
(Brno, Czech Republic) that uses an alternating low-field 

 

 

Figure 4. Sampling stations (95 sites) used for the magnetic fabric study. 
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of 4 × 10−4 Tesla (920 Hz) and has a sensitivity of 5 × 
10−8 SI at the University of Toulouse, France. These mea- 
surements allow the orientation and magnitude of the 
three main axes (K1 ≥ K2 ≥ K3) of the magnetic suscepti- 
bility ellipsoid to be determined. For defining the mean 
ellipsoid representative of the magnetic fabric of the site, 
we used their tensorial mean, measured on all the speci- 
mens of each site. The results enable us to define the 
bulk susceptibility (Km = (K1+ K2 + K3)/3), magnetic li- 
neation (K1) and foliation (plane normal to K3), which 
usually are parallel to the mineral lineation and foliation, 
respectively. Furthermore, the principal fabric parameters 
such as anisotropy percentage [P% = ((K1/K3) − 1) × 100] 
and the shape parameter [T = [ln(K2/K3) − ln(K1/K3)]/[ln 
(K2/K3) + (ln (K1/K2)]] can be calculated. 

The petrographic study of samples suggests that biotite, 
and amphibole to a lesser extent, are the main paramag- 
netic contributors. Therefore, in the paramagnetic gran- 
ites such as the Boroujerd pluton, Km is proportional to 
the iron content of the iron-bearing silicates and suscep- 
tibility can be directly correlated to the modal content of 
biotite and amphibole. In the other words, the bulk sus- 
ceptibility (Km) map showing the spatial variation of Km 
mainly reflects the biotite content, and the directional 
measurements of AMS magnetic fabric reflect the pref- 
erential orientation of sheet silicates [28-30]. The results 
imply that magnetic fabrics are predominantly controlled 
by the preferred orientations of paramagnetic minerals 

(e.g. biotite plus an accessory fraction of amphibole) al- 
though chlorite that has locally replaced biotite and very 
fine-grained magnetite contribute to the magnetic sus- 
ceptibility and to the AMS as well. In these paramagnetic 
rocks, several studies [31] have shown that the value of 
Ppara% correlates with the amount of deformation. The 
behavior of the shape parameter T is more complex since 
it depends on both the amount of biotite in the specimen 
and the deformation regime [32]. Generally, AMS has 
been used to constrain the kinematics of magma em-
placement [33-35].  

In this study, the main objectives were to establish a 
database of the magnetic lineation and foliation preser- 
ved in the rocks and compare them with known deforma- 
tion events to decipher the mechanism of emplacement. 

4.1. Bulk Susceptibility 

In order to classifying magnetic susceptibility on the 
contoured map we classify them in three groups (μSI): 1) 
10 < Km <160; 2) 116 < Km < 260; 3) 261 < Km < 920 
(Figure 5). The values of Km (μSI), ranging from 14 
(monzogranites) to 921 (quartz-diorites), can be corre- 
lated with the rock types as follows (Table 1): monzo- 
granite 32 < Km < 330, granodiorite 14 < Km <647, 
quartz-diorite 72 < Km < 922. Such a rather wide range of 
susceptibilities is common in the large plutons of the SSZ, 
as for instance the nearby Malayer pluton [36] which 
reflects the diversity of the plutonic rocks of the SSZ. 

 

 
Figure 5. Contoured map and histogram of the bulk susceptibilities (K). 
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Table 1. AMS data for the Boroujerd pluton. 

Site N Rock type X Y Km µSI Lin. Az/pl. ┴ Fol. 
Az/dip 

P(%) T 

1 6 Gd 295269 3758114 17 232/25 139/06 1.7 –0.03 

2 5 Gd 296952 3761130 293 089/04 201/80 9.1 0.54 

3 4 Gd 295890 3759488 214 133/22 032/23 3.7 –0.16 

4 5 Gd 294956 3759046 107 185/50 280/04 4.6 0.04 

5 4 Gd 299599 3758792 349 183/47 077/14 5.6 –0.49 

6 2 Gd 301664 3760506 14 340/10 126/78 6.2 0.49 

7 2 Gd 300303 3760503 32 186/40 297/23 5.6 –0.09 

8 6 Gd 300832 3762465 93 191/02 286/71 2.4 0.31 

9 3 MG 299883 3756413 330 164/26 052/36 4.0 –0.30 

10 5 MG 298365 3755089 169 359/15 241/61 6.5 0.31 

11 5 Gd 304084 3759531 34 139/08 293/82 2.3 –0.31 

12 6 Gd 304084 3759531 64 141/14 301/75 2.7 0.41 

13 6 Q-Di 305481 3760057 303 154/06 256/63 5.3 –0.63 

14 3 Gd 308175 3761204 28 207/79 311/03 2.4 –0.76 

15 6 Gd 310010 3756667 355 126/33 252/42 7.3 0.32 

16 6 Gd 308440 3755219 40 277/08 175/56 2.0 0.68 

17 6 Q-Di 307405 3757398 255 144/01 234/09 5.8 –0.40 

18 6 Q-Di 306730 3759600 403 219/22 325/33 0.4 0.46 

19 6 Gd 309600 3759264 22 037/09 304/15 2.3 –0.13 

20 5 Gd 308529 3758361 39 103/34 335/42 3.0 –0.55 

21 7 Gd 305760 3756106 22 137/25 234/14 2.3 –0.04 

22 6 Gd 295839 3755945 43 023/46 269/21 1.4 0.57 

23 6 Gd 297930 3757595 78 081/23 330/40 2.0 –0.19 

24 6 Gd 300548 3751375 129 040/19 284/52 4.1 –0.25 

25 3 Gd 302347 3752601 211 029/41 274/26 3.5 –0.32 

26 6 Gd 304007 3753307 219 151/32 303/55 5.5 –0.59 

27 4 MG 298121 3753276 58 344/08 230/71 12.1 –0.02 

28 4 Gd 303742 3750446 138 159/27 333/63 3.4 0.35 

29 4 Gd 305195 3751094 76 072/18 325/42 1.3 0.47 

30 5 Gd 306713 3749923 51 159/27 040/72 1.8 0.62 

31 5 MG 300370 3753906 32 332/07 227/65 1.8 –0.44 

32 5 Gd 298367 3756384 199 351/07 252/50 5.1 0.26 

33 4 Gd 302319 3759876 46 132/03 042/04 1.3 0.01 

34 5 Gd 311079 3758711 26 194/30 286/04 1.8 0.25 

35 2 MG 308611 3747141 203 069/36 231/53 0.8 0.09 

36 5 Gd 310416 3746088 49 148/15 264/59 3.5 –0.29 

37 5 Gd 311300 3750478 281 355/25 251/29 3.9 –0.57 

38 5 Gd 313747 3752032 38 036/33 283/31 1.1 –0.09 

39 3 Gd 310773 3752430 256 034/13 217/77 2.7 –0.51 

40 5 Gd 311392 3753804 343 354/05 084/09 2.2 0.21 

41 3 Gd 315187 3748090 27 049/34 319/00 3.3 0.14 

42 6 MG 316040 3745670 122 319/21 073/47 2.8 0.17 

43 2 MG 314442 3746841 123 124/43 340/41 1.5 0.16 

44 6 Gd 312283 3746883 93 021/48 263/23 0.7 –0.30 

45 6 MG 309951 3744711 92 176/39 331/49 1.1 –0.18 

46 3 MG 312030 3743159 187 112/29 227/38 4.4 0.55 

47 6 Q-Di 314056 3741548 349 100/67 215/11 1.7 –0.17 

48 4 MG 313167 3738206 278 334/05 195/48 5.3 0.15 

49 6 Gd 321308 3744090 62 276/01 184/64 0.8 –0.16 
50 3 Gd 321668 3741341 280 270/28 017/29 4.6 0.53 
51 3 Gd 323405 3740692 313 294/01 024/02 3.4 –0.40 
52 6 Q-Di 323414 3738381 467 299/17 208/03 3.4 0.55 
53 3 Gd 324592 3736695 470 258/42 165/04 4.2 0.52 
54 6 Gd 324610 3734877 194 317/13 210/51 8.3 0.54 
55 3 Gd 326874 3734774 167 126/10 231/57 5.5 –0.41 
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56 6 Gd 328609 3736745 306 315/10 046/05 3.3 0.13 

57 5 Gd 330370 3737392 360 174/07 326/82 3.5 0.32 

58 6 Q-Di 332441 3736585 314 343/24 244/19 3.0 –0.61 

59 2 Gd 332229 3734771 387 324/11 233/02 3.3 –0.51 

60 2 Gd 330781 3735875 309 164/33 038/42 5.5 0.46 

61 5 Q-Di 321237 3737558 268 321/04 229/24 9.0 0.13 

62 3 Gd 319228 3736148 425 058/39 187/37 4.7 0.69 

63 2 Gd 333868 3732831 380 140/74 022/08 5.0 0.36 

64 5 Gd 333701 3730647 277 077/75 202/08 6.3 0.17 

65 4 Gd 335007 3728683 197 314/77 200/05 3.1 –0.23 

66 4 Q-Di 337767 3727403 299 061/42 177/26 2.1 –0.05 

67 4 Q-Di 325464 3740747 296 117/08 300/82 3.9 0.87 

68 6 Q-Di 341334 3725033 493 101/62 207/09 7.1 0.17 

69 2 Q-Di 340392 3727236 143 111/00 021/12 5.0 –0.38 

70 3 Gd 335411 3726704 314 006/25 255/38 3.1 0.52 

71 5 MG 332113 3731106 178 089/25 196/33 5.6 0.52 

72 6 Gd 327942 3734015 249 127/04 219/28 4.4 –0.97 

73 4 Q-Di 319522 3744863 321 117/00 026/79 3.5 0.07 

74 6 Q-Di 318895 3738928 168 317/38 200/31 7.1 –0.19 

75 4 MG 316883 3737364 922 324/23 216/36 6.0 0.42 

76 2 MG 320136 3743342 292 253/25 353/21 5.6 –0.02 

77 4 MG 321936 3728116 65 063/27 257/62 2.5 –0.01 

78 4 MG 325295 3728639 96 321/07 230/07 2.4 0.44 

79 4 Gd 326597 3728030 82 106/13 214/53 2.2 –0.15 

80 4 Q-Di 328692 3725589 72 244/26 334/00 9.8 –0.35 

81 4 Q-Di 326357 3737464 329 349/42 243/17 4.3 0.49 

82 4 Q-Di 334357 3731344 277 053/36 178/38 2.7 –0.23 

83 4 Q-Di 335233 3729850 315 266/53 048/31 3.5 –0.55 

84 4 Q-Di 333919 3726853 215 218/06 308/03 1.3 0.84 

85 4 Q-Di 336351 3727458 348 050/51 234/40 1.5 –0.75 

86 4 Q-Di 340603 3725969 375 201/72 100/04 1.4 –0.45 

87 4 Q-Di 340703 3724242 159 338/57 200/26 3.0 –0.13 

88 3 Gd 340543 3725477 390 252/40 158/05 1.1 0.25 

89 4 MG 339605 3727927 189 311/17 220/03 3.7 0.42 

90 5 MG 323273 3743283 225 321/05 067/72 4.4 –0.38 

91 4 MG 324572 3731395 108 044/87 229/03 3.8 0.05 

92 4 Q-Di 325140 3730029 108 313/36 189/39 1.5 –0.09 

93 4 MG 323507 3729473 125 275/88 020/00 2.0 –0.03 

94 4 Gd 319851 3735058 647 278/44 140/38 5.5 0.94 

95 2 Gd 321545 3729263 76 118/33 287/56 1.5 –0.47 

 
The granites have been classified into three groups on 

the basis of magnetic susceptibility: diamagnetic (Km < 
50), paramagnetic (50 < Km <400), and ferromagnetic 
(Km > 400). The average value of Km for Boroujerd 
granitoids is 205 (μSI) and they can ascribed to para- 
magnetic granites. Locally, this value is higher or lower 
than paramagnetic range. For example, most of quartz- 
diorites of Nezam-Abad village have Km more than 400 
(μSI) and small stocks in monzogranites and granodio- 
rites show lower than 50 (μSI). The petrographic study of 
quartz-diorites shows the presence of pyroxene in these 
rocks. This study in the latter group indicates that opaque  

minerals are absent or rare and they can be considered as 
diamagnetic rocks. The Km values are lower than 300 
(μSI) from centre toward the north, while, it is mostly 
high (>300 μSI) from centre to the south in the Boroujerd 
main body (Figure 5). In the Gousheh, the Km is gener-
ally low.  

4.2. Magnetite Anisotropy Degree (Ppara) 

In paramagnetic granites, the anisotropy parameter is 
defined as Ppara% = 100 [(K1 – D)/(K3 – D) – 1] in which 
K1 and K3 are the maximum and minimum susceptibili- 
ties, and D is the diamagnetic contribution considered to 
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be constant and isotropic, and estimated as –1.4 × 10–5 SI 
[4]. In these cases, a correlation exists between the bulk 
magnetic anisotropy and the fabric intensity, itself linked 
to the accumulated strain magnitude undergone by the 
rock in the magmatic and solid states [37,38]. On the 
distribution pattern of the anisotropy percentages, there 
is significant information coming from the deformation 
microstructures. 

The mean anisotropy percentages in Boroujerd pluton 
is Ppara% = 3.72 (Table 1). The highest and lowest values 
are 12.09 and 0.37, respectively. Mean Ppara% is low in 
north part of Boroujerd pluton (<2%) correlating with 
mylonitic deformation, however, somewhere of its north- 
western parts have the high anisotropies (>5%) (Figure 
6(a)). The southeasrern part which is covered by low- 
temperature deformation shows low anisotropy as well. 
The intermediate anisotropy magnitudes, between 2 and 
5% nearly are correspond to high-temperature deforma- 
tion. The highest anisotropies (>5%) distribution in map 
view is somewhat irregular which underlines the hetero-  

geneity of the solid-state deformation in some areas. Ac-
cording to classification of Olivier et al. [39], the Borou-
jerd granitoids with mean anisotropy of 3.72% belongs to 
oriented granitic rocks. 

4.3. Shape Parameter (T) 

The T values cover a wide range of shapes, from 
strongly planar (T = 0.94) to strongly linear (T = –0.97) 
within the granodiorite. The shapes of the magnetic el- 
lipsoids are irregularly divided into planar and linear 
types (Figure 6(b)). In map view, the distribution of lin- 
ear and planar fabrics is not regular. As a whole, there are 
no correlations between the the bulk susceptibility and 
degree of anisotropy or the shape of the AMS ellipsoid 
(Figures 7(a), (b)) and between the degree of anisotropy 
and the shape of the AMS (Figure 7(c)) in the Boroujerd 
pluton. These features may indicate that the values of T 
and P are not influenced by the petrographic variations 

bserved in the Boroujerd massif. o 
 

 

Figure 6. Contoured maps of: (a) Degree of anisotropy and (b) Shape of the 
magnetic fabric ellipsoid. 
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Figure 7. Correlations between: (a) Bulk susceptibility and de- 
gree of anisotropy; (b) Bulk susceptibility and the shape of the 
AMS ellipsoid; (c) The degree of anisotropy and the shape of 
the AMS. 

5. DIVIDING THE PLUTONS INTO  
DOMAINS BASED ON AMS  
SIGNATURE 

By examining the microstructures along with magnetic 
foliations and lineations four domains can be distingui- 
shed (Figures 8(a), (b)). The magnetic susceptibility 
magnitudes, Km, vary from 14 to 921 μSI (Table 1). 
Susceptibilities lower than 115 μSI are mostly found 
among the monzogranite located at the southern end of 
the massif (Gousheh intrusion) and the altered granites to 
the northwest of the pluton. The intermediate susceptibil-
ity domain (116 ≤ K (μSI) ≤ 260) occupies the through-
out of the pluton mostly its NW section. Finally, suscep-
tibilities higher than 261 μSI cover most of the granodio-
rite of the Boroujerd pluton. The magnetic foliations and 
lineations mostly strike NNW-SSE and have steep dips. 
The lineations have NNW -SSE trends as well but they 
have shallow plunges: 

In the northwest, close to the city of Boroujerd, domain 
A is the largest domain comprising 48 stations with a 
mean susceptibility of 153 μSI. With a few exceptions, 
the domain belongs to granodiorite. The microstructures 
are the sub-mylonitic to mylonitic and the anisotropy is 
the lowest among others (mean P% = 3.42). The linea-
tions are mostly aligned in the NW-SE direction with an 

average trend/plunge of 157˚/14˚. 
Domain B is composed of 20 stations, mostly within 

the granodiorite with a mean susceptibility of 268 μSI. 
The lineations have NNW-SSE trends and shallow 
plunges, with an average trend/plunge of 178˚/22˚. The 
anisotropy degree may be rather high, between 0.8% and 
9.8% (mean P%: 4.18), a value consistent with a strain 
imprint higher than in domain A. The T values occupy 
almost the full range, from −0.61 to 0.94. 

Domain C comprises 19 stations to the south of do- 
main B. It is made of both granodiorite (4 stations) whose 
susceptibility is moderate (mean K = 291 μSI) and quartz- 
diorite (9 stations) with a mean K of 312 μSI. The out- 
crop along the southern border of the Boroujerd pluton, 
at the contact with the metamorphosed country rocks 
shows more deformation. The lineations have an average 
trend/plunge of 163˚/35˚. This domain has high values of 
the susceptibility, reaching 493 μSI, with a mean of 306. 
The average anisotropy percentage is close to 4.1%, and 
the shape factor is in the plano-linear field (mean T = 
0.14). This deformed domain represents either the south- 
ern prolongation of the shear zone that characterizes do- 
main D, or represents an independent NW-SE trending 
fault zone parallel to SSZ. 

Finally domain D, in the south is the smallest with 8 
stations and has exclusively magmatic to submagmatic 
microstructures. The lineations have mean trend/plunge 
of 311˚/27˚. This domain is has a medium susceptibility 
monzogranite (mean K: 160 μSI) and covers exactly the 
area where the youngest bodies are observed. Site no. 75 
has an exceptionally high anisotropy of 921 μSI. The 
degree of anisotropy is low to medium (mean P%: 3.78) 
and the T values range from 0.44 to −0.38 with a mean of 
0.1 (plano-linear). 

6. DISCUSSION 

6.1. Microstructures 

The magnetic fabric axes are parallel to the mineral 
fabric axes, and these axes record the strain field (flatten- 
ing plane and stretching direction) to which the magma 
was subjected, either during its crystallization (magmatic 
microstructures) or immediately after (high-temperature 
solid-state microstructures) [40-43]. The microscopic stu- 
dy and field observation of the Boroujerd pluton show 
that there are continuities from magmatic to mylonitic 
deformations and associated fabrics. This feature points 
clearly to a continuum of magma straining during and 
after its crystallization [44].  

The lineations are mainly shallowly plunging and ir- 
respective of the lithological boundaries, they mostly stri- 
ke in a NW-SE direction. The similar lineation pattern in 
the Gousheh young body (Figure 8(a)) can be attributed 
to a consistent continuous tectonic regime in the region,  
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Figure 8. (a) Magnetic lineation map and contoured lower hemisphere equal area projection of magnetic lineation (K1) 
of the study area for granitoids. This plunge of K1 is NW which display the stretching direction; (b) Magnetic foliation 
map and magnetic foliation poles (K3) of the study area. 
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lasting from the middle Jurassic to the late Eocene (ca 
35Ma) and in consistent with continuum of deformation 
of the Boroujerd pluton after its emplacement and solidi- 
fication. At the extremities of the Boroujerd pluton (Fig- 
ure 8) structures display dextral shearing. The lineations 
are the best indicators of the stretching direction to which 
the magma was subjected while the mineral fabric was 
forming [4,45,46]. This interpretation is strongly sup- 
ported by the mafic dykes that crosscut the pluton in the 
very northwest of Boroujerd perpendicular to the mag- 
matic lineations (Figure 8; [47]). From a structural point 
of view, it is concluded that the plutons were subjected to 
an overall protracted N-S to NNW-SSE stretching re- 
gime during emplacement and cooling. The northeaster- 
ly-oriented oblique subduction of the Neotethys under 
the Central Iran led to dextral transpressive tectonism 
which is contemporaneous with the emplacement of the 
Boroujerd pluton, as inferred from regional studies [1-4]. 

The anisotropy is high in two parts; the southeastern 
part of Boroujerd pluton which experienced low tempe- 
rature deformation and the northwestern part with my- 
lonitic deformation (Figure 4). No correlation was found 
between P% and K, except for domain D where the posi- 
tive correlation agrees with the magmatic deformation 
and low strain undergone by the monzogranite in Gou- 
sheh intrusion. The shape of AMS ellipsoid (T parame- 
ter), is relatively homogenous (27 of 95 samples show 
prolate and 32 of 95 oblate fabrics) and tends to increase 
from domain D (mean T = 0.11.) to domain A (mean T = 
0.14), suggesting that an increase in flattening has ac- 
companied the increase in deformation. 

6.2. Magnetic Parameters versus Rock-Types 

Susceptibility magnitudes naturally decrease from parts 
that are occupied by quartz-diorite (mean K = 285 μSI), 
and granodiorites (mean K = 183 μSI) to parts consisting 
of granites (mean K = 159 μSI) that contain less iron- 
bearing silicates. In the low susceptibility granite plutons, 
such as the Boroujerd, the magnetic susceptibility is re- 
garded as a tool for petrographic characterization and re- 
gional mapping [47]. The study of Boroujerd shows that 
there is good correlation between magnetic susceptibility 
and the modal classification of Streckeisen (1976) through 
the iron-content of the rock. The map of bulk susceptibil- 
ity is similar to the map of the different rock-types (Fig-
ure (5) cf. Figure 1). 

7. INTERPRETATION AND MODE OF 
EMPLACEMENT 

The results are of interest from a regional tectonic per- 
spective. Syntectonic emplacement of the pluton during 
the main phase of deformation is demonstrated, hence 
new isotopic dates for the pluton (ca 172 Ma; [1]) may 

be used to establish the age of this Jurassic tectonic event 
in the SSZ. The fabrics documented using the AMS are 
compatible with transpressional syn-tectonic emplacement, 
indicating a horizontal Z-axis and an important compo- 
nent of horizontal stretching associated with the bulk re- 
gional deformation strain. The low angle of the magnetic 
lineations is interpreted as horizontal stretching in the 
pluton.  

We conclude from this study that the Boroujerd pluton 
was subjected to an overall NW-SE stretching during and 
after its emplacement. This stretching is inferred from 
magnetic lineations that were mostly arranged in this di- 
rection. In some places in the pluton margins this linea- 
tion pattern is affected by shear zones. We shall therefore 
assume that magma stretching took place during pluton 
emplacement in an arc setting resulting from the oblique 
subduction of the western Neotethys under the Central 
Iran during the Jurassic. The low plunge of magnetic li- 
neation of Boroujerd pluton argues in favour of a sill- 
shaped body. The dextral transpressive tectonic regime 
[12] led to elongation of the plutons due to flattening 
associated with arc perpendicular shortening. This would 
resukt in stretching the lineations parallel to NW-SE di- 
rection in map view. The transpressional environment is 
likely based on geological and structural evidence throu- 
ghout the SSZ. 

In the transpressive model of the region, the relative 
motion plate results in a combination of dextral simple 
shearing parallel to the plate boundary and contraction 
nearly perpendicular to this plate boundary. The contrac- 
tion caused extensive folding in the country rocks. Tikoff 
and Teyssier [48] argued that the θ = 35˚ could be the 
maximum value in the wrench-dominated transpression 
that considers ~20% of slip partitioned on strike-slip 
faults. According to the present geographic configuration, 
if we assumed that the azimuth of the mean stretching 
direction (i.e. lineation) for the studied pluton is ~190˚ 
(010˚), this gives ~225˚ (45˚) for the plate boundary stri- 
ke and ~250˚ for the azimuth of the slip vector between 
Arabia and the Sanandaj–Sirjan microplate and in fine a 
~25˚ for the angle between the slip vector and the plate 
boundary (Figure 9). However, the azimuth for domain 
D in the younger body of Gousheh is 215˚ which may 
suggests an anti-clockwise rotation of Iranian plate dur- 
ing emplacement span of Boroujerd and Gousheh plutons 
(e.g. from Middle-Jurassic to Late-Eocene. 

8. CONCLUSIONS 

There was a continuum in deformation, from a mag- 
matic state to low-T, and (sub)mylonitic, conditions, with 
similar structural patterns for both the Middle-Jurassic 
(Boroujerd) and Late-Eocene (Gousheh) plutons. The ho- 
mogeneity and continuity of the AMS fabrics across the 
pluton indicate that emplacement and crystallization of  
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Figure 9. Possible kinematics at the eastern boundary of the 
Sanandaj-Sirjan microplate, for a transpression: (a) Shear par- 
allel to plate boundary (b) Slip vector oblique to plate boundary. 
θ = 35˚ = Angle between stretching axis and the plate boundary. 
α = 25˚ = Angle between the slip vector and the plate boundary. 
90˚ = Azimuth of stretching axis. 190˚ + 35˚ = 225˚ = Iran- 
Arab plate boundary strike. 225˚ + 25˚ = 250˚ = Azimuth of the 
slip vector between Arabia and SSZ.α and θ are from the analy- 
sis of Tikoff and Teyssier [48]. 
 
the Boroujerd granitoids under a similar tectonic strain 
field. The emplacement of the studied pluton took place 
in an active margin magmatic arc of SSZ during oblique 
subduction of the Neotethys under the Central Iran. The 
northern part of the Boroujerd pluton, where microstru- 
cures indicate a (sub)mylonitic deformation might cor- 
respond to shear zones. Field and microscopic evidence 
show a dextral sense of movement in these zones. The 
elongated shape of the Boroujerd pluton (like other plu- 
tons of SSZ) and its location close to shear zones call for 
a close relationship between the SSZ plutonism and the 
shear zones. In the Boroujerd pluton, magnetic lineation 
plunge is too gentle to demonstrate a sill-shaped body. 
The low bulk susceptibility of the studied rocks is lower 
than 5 × 10–4 SI (except for two stations) which indicates 
that paramagnetic minerals were dominant components 
(biotite and hornblende). The stretching trend may sug-
gest that the boundary strike of the Iranian plate was 
oriented 225˚. 
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