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ABSTRACT ARTICLE INFO 

The Alvand Mountains is one of the largest batholith bodies in the middle 

part of the Sanandaj-Sirjan zone. This study investigates the origin of 

mafic enclaves in syn-plutonic dykes in this area. Based on field 

relationships and petrographic observations, the Alvand batholith is 

composed of mafic –felsic rocks (gabbro, olivine gabbro, tonalite, quartz 

diorite, quartz monzodiorite, monzogranite, syenogranite and granite) and 

mafic enclaves and syn-plutonic dykes. Enclaves are fine-grained and 

more mafic than host rock. They are mafic microgranular enclaves 

(MMEs) and have the composition of granodioritic to dioritic rocks. 

MMEs are mostly elongated ellipsoids, with coarse crystals, clear 

boundaries with the granitoid host, and aligned with the flow direction of 

felsic magma. The hosts are granitic in composition. Geochemical data 

display enclaves are metaaluminous and the hosts are peraluminous, and 

both are the calc-alkaline in nature. Geochemical results in spider- 

normalized diagrams indicate enclaves and their hosts are enriched in 

LILEs and depleted in HFSEs. In the rare earth element-normalized 

patterns, they show enrichment in LREEs and depletion in HREEs and 

enrichment in LREEs is more pronounced in hosts. This feature is one of 

the prominent characteristics of the calc-alkaline magmas in a volcanic 

arc environment.  In discrimination tectonic setting diagrams, enclaves 

and hosts are plotted on the VAG field. Based on petrographic and 

geochemical studies, the microgranular mafic enclaves formed in a 

magmatic mixing/mingling process due to the absence of sedimentary 

fabrics and cumulative textures, along with different grain size 

characteristics.  
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Extended Abstract 

Introduction 

Mafic Microgranular Enclaves (MME) are the 

common evidence of magmatic mixing in internal 

bodies, especially calc-alkaline granitoids, which 

can be used to determine the origin and determine 

the geodynamic environment and processes 

involved in magma evolution. The use of the term 

microgranular in enclaves indicates that they have 

a finer crystalline texture than their granitoid 

hosts. When mafic or hybrid magma enters a 

highly crystallized felsic magma chamber, 

microgranular enclaves are usually dispersed as 

syn-plutonic dykes. The purpose of this paper is to 

investigate the petrography and geochemistry of 

syn-plutonic dykes in the Alvand batholith. 

 

Materials & Methods 

To investigate the petrographic studies of enclave 

and host samples, 76 samples (34 enclaves, 34 

hosts, and 8 granitoid bodies) were taken from syn-

plutonism dykes. Of these samples, a total of 24 

fresh, unaltered samples, 10 host samples, 10 

enclave samples, and 4 samples from the massif 
were prepared in thin sections at the sectioning 

workshop of Bu-Ali-Sina University. Also, to 

investigate the geochemistry of the enclaves and 

hosts, 12 samples (Enclave 6, Host 6), unaltered, 

were crushed (200 mesh size) and powdered, and 

sent to the Zar Azma Minerals Studies Company 

for analysis of major elements by XRF and trace 

and rare earth elements by ICP-MS. After 

receiving the results, the necessary graphs for the 

laboratory data were drawn using Corel Draw and 
GCDkit software and then analyzed and 

interpreted.  
 

Discussion & Result  

The presence of mafic enclaves in the granitic 

context is clear evidence of the mixing and mixing 

of mafic and felsic magmas. In the intrusion zone, 

there are mafic dykes that are fragmentary and 

some of these dykes have been displaced along 

their length, which are known as syn-plutonic 

dykes and are common signs of the simultaneous 
emplacement of mafic and felsic magmas. The 

enclaves in Kivaristan and Imamzadeh Kouh 

region have N-S and W-E trends. The enclaves of 

synplutonic dykes have composition of quartz 

diorite and granodiorite. The host rocks are fine-

crystalline granites, porphyritic granites, and 

leucogranites. In examining the alumina saturation 

index coefficient, the enclaves are metaaluminous 

and the hosts are peraluminoious and both are 

plotted in the calc-alkaline magmatic series. 

Interpretation of the trace element spider diagram 

for the enclaves indicates that there is enrichment 
in LILE elements and depletion in HFSE. A 

negative anomaly is seen among HFSEs in the 

elements Zr, P, Nb, and Ti, and a positive anomaly 

is seen among LILEs in the elements Th, Ba, K, 

and Rb. The hosts have a positive anomaly in the 

elements Sm, Th, and Rb and a negative anomaly 

in Ba. In the rare earth element (REE) pattern, the 

enclave and host samples show enrichment in 

LREEs relative to HREEs, but the hosts have a 

more pronounced enrichment in LREEs. Depletion 

in heavy trace elements or HFSEs can be caused 

by the immobility of these elements in the fluid 

phase or indicate magmatic activity associated 

with subduction. The presence of positive 

anomalies in U and Th elements in the host 

samples is due to the fact that they are considered 
intrusive rocks of continental arcs, and the 

enrichment of LILE elements along with the 

depletion of HFSE elements such as Zr, P, and Ti 

indicates the crustal origin of the magma, because 

the continental crust is rich in LILE elements and 

poor in HFSE elements, and is an indication of the 

calc-alkaline nature of the magma forming the 

felsic host samples of the region. The enrichment 

of LREEs relative to HREEs in enclaves and hosts 

is one of the prominent and characteristic features 

of calc-alkaline rocks where volcanic arcs of 
continental margin subduction zones are located. 

Considering the existence of three petrogenetic 

hypotheses for the enclaves, such as restite origin, 

cumulate origin, and magmatic mixing origin, due 

to the absence of residual sedimentary fabric or 

metamorphic fabric, the absence of cumulative or 

aggregate texture, the absence of rapid 

solidification margins, and differences in grain 

size, the mixing / mixing model is acceptable for 

the enclaves. In terms of tectonic location, the 

enclaves and hosts are located within the granites 

of the magmatic arc and the active continental 
margin. The magma forming the enclaves 

originates from the melting of amphibolite and the 

magma forming the granite hosts originates from 

the melting of amphibolite and felsic plates.  

 

Conclusion 

Based on petrographic and geochemical studies, 

due to the absence of sedimentary fabrics and 

cumulative textures, along with different grain size 

characteristics, the enclaves were formed as a 

result of magmatic mixing processes, in which the 
migration of mafic fluids into the host felsic rocks 

played an important role. In geochemical analyses, 

it can be concluded that the effect of continental 

crust subduction and subduction activities plays a 

key role in the formation and origin of these 

enclaves. The final conclusion is that the mixing 

process and complex reactions in magma play a 

pivotal role in the formation of these types of mafic 

enclaves in the region. 
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Fig. 2. A: Hornfelsic enclaves in a porphyritic granite context, B: Mafic microgranular enclaves in a porphyritic granite 

context from a coeval syn-plutonic dyke containing large crystals of quartz and feldspar, C: Leucogranite massif adjacent to 

porphyroidal granite in the Kivarestan region, D: Granodiorite enclaves in a porphyritic granite context in a syn-plutonic 

dyke of the Soulan region, E: Granodiorite enclaves in a context of fine-grained granite in a syn-plutonic dyke of the Soulan 

region, F: Quartzdiorite enclaves in a leucogranite host context in a syn-plutonic dyke of the Kivarestan region. 
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Table. 1. Trend and dip of enclaves in syn-plutonic in the Kivarestan region. 
Number Trend Dip Number Trend Dip Number Trend Dip Number Trend Dip 

1 N10E 37 11 N10E 15 21 N16E 5 31 N20E 54 

2 N01E 30 12 N08E 17 22 N02W 5 32 N10E 50 

3 N01E 32 13 N06E 20 23 N10E 9 33 N18E 50 

4 N01E 11 14 N16E 45 24 N28W 4 34 N22E 75 

5 N10W 10 15 N22E 27 25 N24W 3 35 N08E 65 

6 N00E 10 16 N22E 37 26 N25W 15 36 N23E 46 

7 N03W 14 17 N20E 37 27 N04E 30 37 N08E 64 

8 N04E 25 18 N24E 35 27 N14E 6 38 N16E 73 

9 N14W 35 19 N06E 27 29 N08E 25 39 N02W 49 

10 N12E 25 20 N00E 23 30 N10W 25 40 N10E 48 
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�� 

Table. 2. Trend and dip of enclaves in syn-plutonic in the Soulan region. 
Number Trend  Dip  Number  Trend  Dip  Number  Trend  Dip  Number  Trend  Dip  

1 N74W 17 6 S88E 25 11 W12S 15 16 N62W 24 

2 N80E 20 7 N30W 15 12 W02S 15 17 N60W 18 

3 N60W 37 8 N26E 20 13 N80W 3 18 N72W 38 

4 S84E 21 9 N62E 5 14 W64S 10 19 N56W 38 

5 S86E 25 10 N60E 22 15 N84W 8 20 W64S 17 
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Fig. 3. A: Contour diagram, B: Rose diagram and C: Lineation of dike enclaves in the Kivarestan region; D: Contour 

diagram, E: Rose diagram and F: Lineation of dike enclaves in the Soulan region. 
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Fig. 4. A: Large plagioclase crystal in a quartz-diorite enclave, B: View of a large plagioclase in a granodioritic enclave with 

myrmekite texture , C & D: Microphotographic image of a mafic microgranular enclave with granodioritic composition 

containing ocular quartz, E & F: Enclave of diorite quartz with bladed sphene crystals, G & H: Porphyritic granite with 

constituent minerals, I & J: A granodioritic enclave nearby host fine-grained granite; evidence of rapid cool in the enclave, 

K: Zoning in a large plazioclase crystal  in leucogranite, L: Leucogranite containing large crystals of plagioclase and titanite. 

(Biotite=Bt, Quartz=Qz, Plagioclase=Pl, Muscovite=Ms, Sphene=Spn and Amphibole=Amp). Abbreviated names of minerals 

from (Whitney and Evans, 2010). XPL: polarized light and PPL: natural light. 
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Fig. 5. A &  B: The classification of enclave and host rock samples in the TAS diagram (Middlemost, 1994; Cox et al., 1979), 

C: & D: The determination of the magmatic series of enclaves and hosts by diagrams from Irvin and Baragar, (1971) and 

Miyashiro (1974), both of which are located in the calc-alkaline magmatic series. 
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Fig. 6. A/NK vs. A/CNK diagram (Shand, 1943) 
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��.  

Table. 3. Results of chemical analysis of major elements (in wt.%) and trace and rare earth elements (in ppm) of enclave and host 

rocks. 
Enclave Host 

��"�� ,	��% PgS6-

1E 

PgS6-

8E 

PgS6

-13E 

PgS6-

16E 

PIMS9-

3E 

PIMS10

-2E 

PgS6-

1H 

PgS6-

8H 

PgS6-

12H 

PgS6-

16H 

PIMS9-

3H 

PIMS10-

2H 

l"� 

B�$ 

 "���1

=-	"-� 

"���1 

=-	"-� 

 8�	�"�

=-	"-� 

 8�	�"�

=-	"-� 

"���1 

=-	"-� 

"���1 

=-	"-� 

 =����1

&�P
���	". 

 =����1

&�P
���	". 
=����1"�"4 =����1"�"4 

 =����1

&�P
���	". 
=����1 

SiO2 54.21 56.32 51.14 52.78 49.61 45.32 65.69 67.62 65.27 66.25 63.92 70.77 

TiO2 2.35 1.63 2.56 2.16 1.92 1.27 0.8 0.75 0.39 0.51 0.73 0.37 

Al2O3 16.63 14.22 18.44 13.11 14.83 12.92 15.43 17.46 21.00 21.10 16.91 14.82 

Fe2O3
* 9.56 9.01 5.00 6.31 9.09 9.4 5.15 2.54 0.52 0.45 3.88 1.78 

MnO 0.18 0.18 0.18 0.23 0.16 0.17 0.07 0.05 < < 0.05 < 

MgO 4.43 6.76 6.32 9.17 7.31 11.6 1.5 1.60 0.15 0.11 1.74 0.9 

CaO 6.29 5.43 12.29 11.70 7.66 8.46 1.24 3.68 5.17 4.97 3.49 1.91 

Na2O 2.05 1.32 2.12 1.75 3.11 2.1 2.86 4.34 5.91 5.85 4.3 4.54 

K2O 2.6 3.12 0.40 0.14 3.07 3.78 5.96 1.12 0.27 0.19 3.26 4.1 

P2O5 0.53 0.33 0.47 0.28 0.41 0.27 0.1 0.17 0.39 0.05 0.24 0.05 

LOI 1 1.19 0.87 0.85 2.69 4.46 1.01 0.57 0.69 0.45 1.33 0.52 

Total 99.83 99.51 99.79 98.48 99.86 99.75 99.81 99.90 99.76 99.93 99.85 99.76 

Cs 3.9 15.3 1.6 0.7 6.3 6.5 4 3.9 0.8 0.7 2.9 2.1 

Rb 63 75 21 4 94 89 114 46 5 4 80 63 

Ba 365 669 92 52 236 327 703 403 130 128 457 1164 

Sr 303.2 454.9 1053.7 1019.8 313.8 205.2 176.6 1084.3 1476.1 1441.4 329.8 304.2 

Cr 36 609 157 350 252 392 27 56 34 24 34 17 

Ni 27 361 85 142 115 204 17 59 10 10 22 13 

Co 20 62.7 15.2 19 30.8 34.4 8.8 8.9 1.4 1 9.1 5.8 

V 174 387 802 1039 189 193 77 189 74 64 76 33 

Zn 93 265 174 229 266 80 77 115 53 52 56 41 

Cu 34 12 18 8 58 19 12 12 32 28 13 20 

Th 4.9 4.9 7.3 11.9 3.9 4.7 17.6 14.1 53.6 25.5 11.7 27.7 

U 1.2 1.1 4.2 4.3 1.3 1 1.1 1 1.9 1.2 2 3.6 

Zr 11 29 44 65 14 21 <5 17 12 14 6 28 

Hf 0.8 0.9 1.1 1.2 0.9 1.1 0.8 0.8 0.8 0.8 0.8 1 

Ta 1 1 2.1 1.3 1.9 1.3 0.4 0.6 0.5 0.8 1.4 2.2 

Y 19.3 38.9 128 118.8 19.4 18 14.9 33 32.2 30.3 16.3 13.8 

Nb 18.5 13.7 32.2 20.9 24.1 19.3 10.9 9.8 6.5 9.9 14.3 25 

Sn 1.3 1.3 5.6 4.6 2.4 4.3 3.1 0.6 0.7 1.5 3.6 1.1 

La 22 38 62 67 19 18 35 75 196 98 23 45 

Ce 44 68 109 128 39 36 68 139 383 175 46 75 

Pr 6.3 4.36 11.3 10.15 5.14 4.62 9.43 7.84 23.19 11.58 5.51 8 

Nd 24.6 18.2 53.8 43.9 21.7 19 35.6 28.6 76.9 36.7 20.4 25.8 

Sm 5.4 4.6 15.8 12.9 4.7 4.5 7.8 5.9 10.8 6.4 5.3 4.8 

Eu 1.56 1.08 4.76 3.72 1.29 0.93 1.1 0.95 2.38 1.56 1.11 0.95 

Gd 3.48 2.82 9.7 8.45 3.28 3.2 4.38 3.77 7.35 4.28 2.95 3.01 

Tb 0.6 0.5 2.5 2.1 0.7 0.4 0.6 0.5 0.9 0.5 0.5 0.4 

Dy 4.2 4 15.4 13 3.9 3.1 3.5 2.8 4.4 3.4 2.9 2.2 

Tm 0.4 0.3 1.1 1.1 0.4 0.3 0.2 0.3 0.3 0.3 0.3 0.2 

Yb 2.01 4.98 13.86 14.23 2.05 2.11 1.09 2.6 2.24 2.47 1.34 1.03 

Lu 0.4 0.3 1 1 0.3 0.4 0.2 0.2 0.2 0.2 0.2 0.2 

L.O.I.=Loss on ignition; Fe2O3 *=as Fe total 
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Fig. 7. A: The plot of major oxides versus silica in weight percent (wt.%) and B: The plot of minor elements (ppm) 

versus silica for enclave and host samples (Harker, 1909). 
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Fig. 8. Spider diagrams for enclave samples A: MORB- normalized diagram (Pearce, 1983), B: Chondrite-normalized 

diagram (Thompson, 1982), C: REE element patterns in host samples and microgranular enclave's chondrite- normalized 
(Nakamura, 1974), D: Upper crust- normalized for host rock samples (Tayler and McClennan, 1985), E: N-MORB normalized 

for host rock samples (Sun and McDonough, 1989).  
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Fig. 11. A:, B: and C: Diagrams showing the petrogenesis and origin and compositional ranges of experimental melts obtained 

from partial melting of Felsic plates, Meta greywackes, and Amphibolites (Patino Douce, 1999; Douce and Beard, 1996 and 

Wolf and Wyllie, 1994)Symboles; Enclaves: triangle and host rocks: square. 
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