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Extended Abstract

Introduction

The Seydal granitoid bodies is located in eastern Iran on the western boundary of the Sistan suture zone.
This zone represents remnants of the lithosphere of an oceanic basin that formed through processes of
continental collision and ocean closure. Numerous granitoid intrusions with varying ages, ranging from the
Cretaceous to the Eocene, have been identified in this zone. The Seydal granitoid, situated near the village
of Seydal, approximately 150 km southeast of Birjand, was previously described in studies as a plagiogranite,
gneiss, and leucogranite with an Upper Cretaceous age. Based on new evidence suggesting a younger age
for this intrusion, this study aims to investigate the petrography, geochemical analysis, and geochronology
of the Seydal granitoid.

Materials and Methods

The Seydal region lies in the northwestern part of the Sistan suture zone. This zone is characterized as an
accretionary complex formed by the subduction of the Sistan oceanic lithosphere. The ophiolitic complex of
the area, which consists of peridotite, gabbro, and basalt units, was intruded by magmatic activities during
the Late Cretaceous and Early Eocene. The most recent magmatic activity in the region includes alkaline
basaltic volcanism, which occurred during the Miocene to Quaternary period. Based on studies, the
lithological units in the Seydal region are classified into four main groups:

1. Regional metamorphic rocks of Cretaceous age, including slate, phyllite, schist, and amphibolite,
primarily exposed in the southern part of the area.

2. Ophiolitic mélange complex of Cretaceous age, consisting of peridotite, gabbro, and basalt units.

3. Clastic and carbonate sedimentary units of Cretaceous (deep marine) and Eocene (shallow marine) age,
including shale, sandstone, and carbonate rocks, which are widespread in the northern region and overlie the
ophiolitic complex.

4. Seydal granitoid intrusion, which is approximately 19 km in length, with a NW-SE orientation, and
intrudes into the ophiolitic and metamorphic units of Cretaceous age.

The Seydal granitoid is further subdivided into three main sections:

. Granodiorite section, which forms the largest unit of the intrusion and accounts for approximately
99% of its volume.

o Monzogranite section, occurring as small bodies along the boundary between the granodiorite and
ultramafic units.

o Syenogranite section, appearing as a small intrusion in the northern part of the area near the
boundary with ultramafic and granodiorite units.

Citation: Araadfar, I. et al, 2025. Petrography, geochemistry and dating of the Seydal area granitoid bodies, Res. Earth. Sci:
16(1), (1-23) DOI: 10.48308/esrj.2021.100784

* Corresponding author E-mail address: Araadfariman@shahroud.ac.ir

@ ® Copyright: © 2025 by the authors. Submitted for possible open access publication under the terms and conditions of the Creative
BY Commons Attribution (CC BY). license (https://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.48308/esrj.2021.100784
https://orcid.org/ 0009-0000-5826-0727
https://creativecommons.org/licenses/by/4.0/

Y o es g 30l J‘J.:.w ashie gugidl S ooy o w9 sendss) o BS g0

This study began with a review of previous research and the analysis of satellite imagery, including ASTER,
Sentinel-2, and Landsat-8. During fieldwork, 230 rock samples were collected from the area, and 123
samples were selected for the preparation of thin sections for petrographic analysis in the laboratory. Based
on petrographic observations, 10 fresh samples (free of alteration and weathering) were selected for
geochemical analysis. These samples were crushed and powdered before being sent to SGS Canada for
chemical analysis using ICP (for major elements) and ICP-MS (for trace elements). The data were analyzed
using GCDkit v5 software, and the regional geological map was prepared using ArcGIS v10.5.

To determine the precise age of the granodiorite unit, a sample was sent to the Institute of Geology and
Geophysics in Beijing for zircon separation. Zircons were separated using heavy liquid and magnetic
methods and then transferred to the National Taiwan University. A total of 57 large, euhedral zircon grains
were embedded in epoxy and polished to a thickness of 20 um. Cathodoluminescence (CL) images were
obtained to identify zones suitable for laser ablation. Uranium-lead (U-Pb) zircon dating was performed
using the LA-ICP-MS technique with an Agilent 7500 LA instrument. The results were analyzed to construct
concordia diagrams for geochronological interpretation.

Results and Discussion

In the petrographic study of the granitoid bodies in the Seydal region, the rocks are classified into
granodiorite and granite (monzogranite and syenogranite) based on modal analysis. The predominant texture
in these rocks is granular, with additional textures such as myrmekitic, graphic, and perthitic also observed.
These textures may indicate simultaneous growth from a melt, interaction between solid and melt phases, or
immiscibility between two solids.

Types of Granitoid Bodies and Petrographic Characteristics

1. Granodiorite

Granodiorite represents the largest granitoid unit in the region and is characterized by its granular texture,
medium grain size, and leucocratic nature. Poikilitic and myrmekitic textures are also observed in this unit.
The primary mineralogical composition includes quartz, plagioclase, and potassium feldspar:

o Plagioclase: Occurs as euhedral to subhedral crystals with albite twinning, predominantly of
oligoclase and andesine types, with partial sericitization in some cases.

o Potassium Feldspar: Includes orthoclase and microcline, displaying Carlsbad twinning, and is
slightly sericitized.

o Quartz: Appears as anhedral to subhedral crystals with sizes ranging from 1 to 3 mm.

o Ferromagnesian Minerals: Comprise about 10% of the rock volume and include green biotite and
hornblende.

Accessory minerals include sphene, zircon, and apatite. Sphene is observed as euhedral brown crystals, while
zircon and apatite are seen as inclusions in other minerals. Secondary minerals include chlorite, epidote, and
clay minerals.

2. Monzogranite

The predominant texture of monzogranite is granular, with additional textures such as granophyric and
myrmekitic appearing in some samples. The primary mineral composition includes:

o Plagioclase: Comprises 30-35% of the rock by volume.

o Potassium Feldspar: Predominantly orthoclase, occasionally microcline, with 30-35% volumetric
abundance, typically anhedral.

o Quartz: Accounts for 20-25% of the rock by volume.

o Ferromagnesian Minerals: Includes biotite (1-3%) and muscovite (~8%).

In some samples, potassium feldspars have been altered to clay minerals, plagioclase to sericite, and
ferromagnesian minerals to chlorite and epidote. Accessory minerals include apatite and zircon.

3. Syenogranite

Syenogranite exhibits a predominantly granular and coarse-grained texture, with granophyric and graphic
textures also present. The main mineralogical composition includes:

o Potassium Feldspar: Comprising 50-60% of the rock, primarily orthoclase with occasional
microcline.

o Quartz: Anhedral crystals with undulatory extinction, making up 20-30% of the rock.

o Plagioclase: Represents 10-15% of the rock, predominantly oligoclase.

Ferromagnesian minerals include muscovite (3-8%) and biotite (<1%). Garnet crystals, a distinguishing
feature of S-type granitoids, are also observed in this unit.
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Mafic Enclaves in the Granitoid Bodies

1. Mafic Microgranular Enclaves

These enclaves are the most abundant type within the granodioritic bodies and mainly consist of plagioclase,
hornblende, and quartz. Their sizes range from a few centimeters to 1 meter and are generally finer-grained
compared to the host granitoid. Their mineralogical composition is similar to that of the granodiorite, but
due to lower degrees of fractionation, they contain higher amounts of mafic minerals and less quartz. These
enclaves likely originated from early-crystallized portions of the granitoid magma, which were subsequently
transported to higher levels during the magma intrusion process.

2. Mafic Xenoliths

Mafic xenoliths represent fragments detached from gabbroic bodies during the ascent of the granitoid
magma. These xenoliths range in size from 2 to 10 cm and exhibit distinct boundaries with the host rock.
Their main constituents are pyroxene and plagioclase, which have undergone extensive alteration and
saussuritization, resulting in a fine-grained texture.

Geochemical Characteristics of the Granitoid Bodies

Geochemical analyses using ICP and ICP-MS methods reveal that the granitoid samples from the Seydal
region fall within the compositional range of granodiorite, monzogranite, and syenogranite. Granodiorites
belong to the calc-alkaline series, while monzogranites and syenogranites are part of the potassium-rich calc-
alkaline series.

Major and Trace Element Composition

The granodiorites exhibit metaluminous characteristics, whereas monzogranites and syenogranites are
peraluminous. Analysis of rare earth elements (REE) using chondrite-normalized and mantle-normalized
spider diagrams indicates enrichment in light REEs (LREES) and relatively lower enrichment in heavy REES
(HREES) for granodiorites. Positive anomalies in Rb, Th, and Ce, coupled with negative anomalies in Nb,
Ti, and Ba, suggest processes of crystal fractionation and partial melting in subduction-related tectonic
settings.

Geochemical Diagrams Analysis

Granodiorites of the region display characteristics consistent with arc-related granitoids associated with
subduction zones. Negative Nb anomalies are attributed to crystal fractionation of amphibole, titanite, and
rutile. Conversely, monzogranites and syenogranites show negative anomalies for Ba, Sr, and Ti and positive
anomalies for Rb, Th, and La, confirming their crustal origin.

Magmatic Origin and Tectonic Setting

Geochemical data suggest that granodiorites were derived from partial melting of amphibolitic rocks,
whereas monzogranites and syenogranites resulted from partial melting of pelitic sediments. This difference
in magmatic origin explains the variations in their geochemical compositions. Granodiorites exhibit
characteristics of I-type granitoids, while monzogranites and syenogranites align with the S-type granitoid
classification.

Geochronology

To determine the crystallization age of the granodiorite body, a sample was subjected to zircon U-Pb dating.
Zircons were separated using heavy liquids, and cathodoluminescence (CL) imaging revealed magmatic
zoning within the zircon grains. The dating results indicate a crystallization age of 54.3 + 0.7 Ma (early
Eocene), which is younger than the previously assumed Cretaceous age. A U/Th ratio of less than 1 in the
zircons confirms their magmatic origin.

Conclusion

The Seydal granitoid bodies, comprising granodiorite, monzogranite, and syenogranite, exhibit geochemical
and tectonic characteristics associated with post-collisional active continental margins. These bodies formed
after the closure of an oceanic seaway and the emplacement of oceanic lithosphere onto the continental
margin, through processes of partial melting and crustal assimilation.

Granodiorites are derived from mafic sources (metabasalt), while monzogranites and syenogranites
originated from pelitic sediments. Geochemical, petrographic, and geochronological evidence collectively
highlights the Seydal granitoid body as an example of a post-collisional granitoid system, providing
significant insights into the tectonomagmatic evolution of the region.

Keywords: Petrography, Seydal, Southeast of Birjand, Sistan Suture Zone, S- and I-type Granitoids.
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Fig. 1: Structural zones of Iran and the location of the study area (Adapted from Nabavi, 1976 and Stocklin, 1968,

modified by Nezafati, 2006).
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Fig. 2: Geological map of the study area based on the 1:100,000 Mokhtaran geological map (Movahhed Aval,

1974), modified by the authors.
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Fig. 3: A: Granodioritic body (main body) (view towards the northwest). B: Monzogranitic body within the

(2,8

ultramafic unit (view towards the north). C: Syenogranitic body at the boundary with the granodiorite unit and
the ultramafic unit of the ophiolitic complex (view towards the west).
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Fig. 5: A: Granular texture in the granodiorite of the Seydal area with euhedral to subhedral quartz, plagioclase,
and potassium feldspar crystals, B: Myrmekitic texture in the granodiorites of the Seydal area, C: Presence of
muscovite in the syenogranites of the Seydal area, D: Perthitic texture in the granodiorite, E: Poikilitic texture in
the granodiorite, F: Euhedral sphene mineral in the granodiorite, G: Euhedral hornblende with simple twinning
and zircon inclusions, H: Granular texture in the syenogranite with garnet crystals, I: Presence of primary
muscovite in the monzogranite.
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Fig. 6: A: Enclave in the granodioritic host rock of the area, B: Boundary between the microgranular enclave
and the granodioritic host rock in a thin section, C: Saussuritization in the mafic xenolith of the study area.

4o (Peccerillo and Taylor, 1986) SiO, L. ,s KO
o Coil S gt 5 Sl So5ige 5 T SIS (godgas
3 3ls B Y US8) pesly 5l i ST SIS (6 oo
el L (Fab glsl azpe 4 azg b lawiges ()l
b (Cay09,9) ceglllio g,als 5 (Shand, 1947)
V' JS8) wlosisgdly (Sl S gims o2l S93350) Crosl

C

s B

Y
dibie Glaasgisl S 5l diged Vo bt 5 bl
Jgoz ;9 ICP-MS 4 ICP slaools _ulul 55 aslllas 5,50
Soges yo ddlate (saSgisl, S sladiges el sl )
Sl S 9 Cay90090 5 oogue 4o Middlemost, 1985
STk 5| Jols b oS (A Y JS5) 25,5 o0 13
Soged bl o yg08l 5 0ai il GleSle ol cillas



W oS g 30l V-YY Slomio A FF ) o)lads (oo 5l 0,98 (o) il (slesimgy

PPM e p OleaS polie g (G55 o )0 ol olie) Jlow ddlaie (gu3giil 5 sbdigel (oloards 5T mls ) Jgos
.(Gd=Granodiorite, Sg=Syenogranite, Mg=Monzogranite ) («loas Lo

Table 1: Results of the chemical analysis of granitic samples from the Seydal area (major elements expressed in
weight percent and trace elements in ppm). (Gd = Granodiorite, Sg = Syenogranite, Mg = Monzogranite).

Sample No 5550 5551 5552 5553 5554 5555 5556 5557 5558 5559
Rock Unit Gd Gd Gd Gd Gd Gd Gd Mg Sg Sg
Latitude 32° 03/ 32° 1/ 32° 0/ 32° 0/ 32° 2/ 32° 2 32° 02 32° 02/ 32° 04/  32° 02/
26// iV 49// 18/ 28/ 33// 371/ 3/ 9// 49//
Longitude 59° 21/ 59° 28/  59° 28/ 59° 30/  59° 25/  59° 25/ 59° 23/  59° 29/  59° 29/  59° 23/
56// 13// 48// 15// 45// 31/ 52// 38/ 29// 32//
SiO: 6712 67166 65134 66104 67/41 66127 67114 75101 75141 76161
TiO2 0/4 033 0/41 0144 032 0144 0147 0105 0/05 0103
ALOs 16/58 16/42 1617 17102 16/74 17102 16135 15/01 14/63 14/12
Fe:03 2167 2179 334 4/12 215 4123 315 0/74 0/71 0/61
MnO 0/04 0/04 0/05 0/05 0/04 0/05 0/05 0/01 0/01 0/01
MgO 1174 1/65 2111 1125 157 1126 1159 011 015 0107
CaO 4/14 4722 4/51 435 431 435 4/59 1/89 1/65 1/56
Na:0 4/54 4/49 4/56 4/61 4/59 4/58 4/79 2/98 218 2124
K:0 1159 1173 1/66 1/58 1124 1/56 1/46 3181 407 4/06
P20s 022 0105 0/01 0/09 0/08 01 001 0/08 0/09 0/08
Cr203 0/003 0/008 01007 01004 0/004 01004 01006 0/008 0/008 0/004
LOI 017 0I5 11 0135 0/6 0/08 03 03 012 0/6
Sum 99/82 99/88 99/79 99/90 99/40 99/94 99/99 99/99 99/77 99/99
Ni 20 28 27 20 23 20 20 20 20 20
Sc 5 6 7 2 6 2 6 1 1 2
Ba 114 123 132 121 131 122 120 118 103 116
Be 4 1 1 1 2 1 2 2 2 1
Co 8/2 /5 9/9 4/6 73 5/1 78 0/5 0/9 03
Cs 719 6/2 6/2 4/9 4/8 5/3 4/9 716 6/4 5/1
Ga 16 15 14/5 15/8 14/5 15/2 16 11/3 10/6 14/5
Hf 12 1/2 1 1/1 11 1/3 1/4 1 /1 1/2
Nb 72 8/3 8/4 9/3 10/6 9/4 10/4 5/4 5/1 5
Rb 74/2 72/6 1/64 66/9 81/2 74/9 76 167/2 180/4 198/1
Sn 1 2 2 2 2 2 2 1 1 2
Sr 274/2 269/8 301/2 262/2 255/5 268/8 223/6 75/4 62/7 51/3
Ta 0/3 0/5 0/4 0/6 0/5 0/4 0/4 0/1 0/4 0/5
Th 9/5 4/6 75 3/4 3/5 3/7 8/1 10/7 16/7 15/5
U 1/4 /7 /5 07 /1 0/7 1/6 2/1 22 0/7
v 35 35 43 18 28 16 44 8 8 8
w 12 0/5 0/5 05 0/5 0/5 0/5 0/5 0/5 0/5
Zr 139 133/7 129/9 300/5 110/6 291/6 211/3 68/7 27/9 13/9
Y 19/2 18 19/3 18/2 22/3 18/4 26 8/2 5/8 7/8

La 6/2 5/8 917 8/7 4 8/3 13/6 3/8 4/5 4/2
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Ce 12/7 12/3 18/9 14/7 10/1 15/3 28/5 7/1 10/8 9/5
Pr 2/09 1/7 2/14 1/52 1/37 1/54 2/15 1/09 0/95 0/84
Nd 18/5 75 9/6 5/3 6/4 5/4 12/3 1/8 4/3 3/9
Sm 2/73 1/86 2/19 1/15 1/85 1/1 2/73 1/29 0/77 1/04
Eu 0/58 0/62 0/65 0/62 0/54 0/57 0/67 0/17 0/15 0/13
Gd 2/16 1/91 2/14 1/19 2/23 1/13 2/68 0/28 0/59 1/08
Tb 0/29 0/32 0/39 0/19 0/36 0/2 0/47 0/05 0/11 0/22
Dy 1/76 2/05 2/16 1/22 2/11 1/4 2/71 1/52 0/7 0/5
Ho 0/31 0/35 0/49 0/3 0/46 0/29 0/6 0/08 0/15 0/24
Er 0/85 1/05 1/4 0/9 1/31 0/96 1/8 0/27 0/51 0/64
Tm 0/14 0/18 0/2 0/16 0/19 0/15 0/29 0/06 0/07 0/1
Yb 2/18 3/13 2/38 2/15 3/3 3/18 2/7 1/52 1/86 1/83
Lu 0/16 0/19 0/21 0/22 0/2 0/23 0/27 0/1 0/12 0/09
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Fig. 7: A: The position of the studied area samples on the Total Alkali-Silica (TAS) diagram (Middlemost, 1985).
B: The K, O vs. SiO, weight percentage diagram (Peccerillo and Taylor, 1986). C: The A/NK vs. A/ICNK
diagram (Shand, 1947), with the red line distinguishing between I-type and S-type granitoids (Chappell and White,

1992).



Vo O|)Lio.m5)éol)~|

V-TY Slrao AFF ) o bl (0055l 0,80 ¢yue) il sloirrgs

Ti 3P Nb Ba ,olc ;o kil i s lxal s K Th
g 0dg L)’“")S)B dJCL».A ua.>Lw sd..».]5‘ 4.»...»; A Camd
LS ol JoSid jo latug olse 35,9 caums olis
ol 5l (b Coy0040,5) bSw (pl Huized .ol
b S ole sCS U P K oasle Sew gy S5
G5 yae 45 0B oo lis Sob é La, Ce asle S
aJlao Sy94 6‘.‘0@ o.b)Lm LELQULLA 6‘44..»94 wy]
odd S8 sy S 4 axg5 b (Almeida, 2007) ool o
Ol JSas 45T S Gl e 0098l (S CuaBse g
@ dly 3595 2 5l o (Lo o) e So 50 0095
Joges 0 el oud heSis b clo,B slaasls
Sun and ) adgl 4l 4 o oad gy SeSie
(G5 g) Cu,uiS 4 Cawd 9 (McDonough, 1989
aslais w‘;w 9 w‘; 3).'9.43 6L®o~)y LS‘)’ (\%/\f
ol o5 Lase 5l les Ce g La Th Rb K o
Jbeg! (Almeida, 2007) el slo,8 atwg 3 loSow
ole S )0 S 09aS s & Vx>l EU e
Uila 5l Sk Sty Ba e Jlegl clel ol
Sl g o] puile b b 52,85 Jobo 0 DS,
ol Lo K 5 ey ogd Jsb yo bl oL
Sl 4 4>y L .(Mshiu and Maboko, 2012)
allae 5)50 adlate lo Cusl S 5 Coil Sz
L3, 5o b b Jlegil amgs )0 il e wgd ol
Sz el e Gl g e s wnl B L
ol sl sl Guile BL oad saslie lo  Jleg]
—euil 3 LS ek aiiie Lise 0gd b o sole
lo o909 5 4 Comsd (Sl S g g <l Sg5g0)la
TIM TP St Zr Ti polie a5 Cond (6 piin (Sod 45
losT (latmgs Lo wye 45 aims oo (4Las Yb o Nb Ba
(FEA S sibie S g5 sbelS oS s

(Tchameni et al, 2007)

oL S olie ol 4 PRV LR b v axg b
oslS 5 Coynsgls ooy Gl 22 pole
@ SeSae by (ol Som 5 il Se5s0)
Slrie (FeSie Jloged elul b s 5 liome &)50
Sun and McDonough, ) adsl aiiss a4 Cad oads
03¢5 (gl (Boynton, 1989) =y ,uuS 4y Cus o (1989
S b ole Cow 4 S S ol yolie Coo
S Cuy90515 Jfoged 5 alpls Spdin oS (Ko
SraS Sab g g LREE jo ol Sob o adhis
e Jb o (AN JSE) 0sd o0 00y HREE o
o il g 5o Sl Sgjige (S 0l polis 5
b Cu,999 5 4 Cuwd REE 51 6508 Slgl sllo
#b yele Sl o S (B A USD) wiiis
S by (S 5 Cuil S5 (S
Al sols s el b g aulijen 3,85 4 |, MREE
odd gy FeSie Lloged o (Hoskin et al, 2000)
5 (Sun and McDonough, 1989) aJsl aiied 4 cod
slosg gl (Boynton, 1989) u,asS 4 s
Soad g ol e 0y90 adhaie Gy yg04l,S
BU siie 55loniel (0925 325 g N 5 T e (5 el
Floyd ) el o )8 Jled aisl> slo S5 5l lis a5 col
Rb ,olie Sob gé puzen (and Winchester, 1975
Ghle & alaly Slaassl e gleasydls
30 ND 2 (5,lals (Wilson, 1989) ol iilys,3
Jkd slhail> g uilye,d 4 anwly sble ol
G 0> sy 5 il Jmel o Ce s Th &y o
09“(50 dl}u‘ OJJ‘)BJQ P Y0 M usb L: 9 6,&]
Zr olie o lbSiw cuie g,)lal (Pearce, 1996)



Ve o es g 80l lewdgﬁljéuwywysw;} (SS9

(=
o
O°E
T EA Granodioritc @
+ Syenogranite [l
2 8l o Monzogranite 4
E = F =
= E =
g 2
£ 2
o
w ol ~_ =
w - u N34 L = e o |
ff o 4 H-\._,,»—4»-‘J.f
[5) -~ \, ~
g & o PR
£ e
T - g ;
)] [0} E
< B Pr Pm ‘ Eu . o . m Ly ~|La Pr Pm Eu i) Ho m Lu
Ce Nd Sm Gd Dy Er Yb =] Ce Nd Sm Gd dy Er Yo
8 =}
SE SE
- E - F
84 o 84 |
0w «E  TE
- g |
2 e [
c 2
£ o B
O «E g ~E
3 f c F
g g
[=9
3 :
£ »w TE
Ba Th Nb La Sr P r Ti Y Yb -
- 1 ; 1 1 1 : 1 1 . 1 . 1 : 1 - 1 o
© Rb K Ta Ce Nd Sm H Tb Tm
o
8+ g

—rTF

100

+ T
100
it

T

Tt

T
T

T

Sample/ Chondrites

Sample/ Primitive Mantle
0
1

T

T T

-
o T T Y T T T T

Boynton, ) o ,aiS 4 ous Jlowgy (REE) S 10U ol SauSis jloges ;0 daalllass jge dilate o 5300505 slodiges A A S
CoyaiS 4 oads gy (REE) (S ol jolic SouSie loges ;0 dalllas )90 dilate osl Soim 5 coil Sg5ig0 (sladiges :B (1989
Sun and ) D adgl aisS 4 oads gy SN Hloged j0 dslllas 8,90 ddlaie Zu 504 ,5 sledaiges :C (Boynton, 1989)
Sun and ) aJdsl aiigS 4y ool v (FgeSie Hloges ;0 anlllaesge ailaie Codl S g g Cudl S g5i50 (saiges (McDonough, 1989
F «(Boynton, 1989) =y ,uiS 4 ouds \lrige (F5:50e Hloges 10 axllas 850 dilaie Zu ;50405 (sledises :E «(McDonough, 1989

(Boynton, 1989) <o iS4 Comd 0ads Hlowigy 9500 Jloged jo dslllas 8,50 ddlaie Coil Faiw g Coil 93550 sladiges
Fig. 8: A: Granodiorite samples from the study area plotted on the chondrite-normalized rare earth element (REE)
spider diagram (Boynton, 1989). B: Monzogranite and syenogranite samples from the study area plotted on the
chondrite-normalized REE spider diagram (Boynton, 1989). C: Granodiorite samples from the study area plotted
on the primitive mantle-normalized spider diagram (Sun and McDonough, 1989). D: Monzogranite and
syenogranite samples from the study area plotted on the primitive mantle-normalized spider diagram (Sun and
McDonough, 1989). E: Granodiorite samples from the study area plotted on the chondrite-normalized spider

diagram (Boynton, 1989). F: Monzogranite and syenogranite samples from the study area plotted on the chondrite-
normalized spider diagram (Boynton, 1989).
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CORRECTED RATIOS

CORRECTED AGES (Ma)

Analysis *"Pb/®pb Mppy LeppEy Xopp/ 2 Th ZEUFTh “'ppf%pp 2 PpAFU 2%pp iy 2EpEU (ppm) THU
1o 1c 1o 1c 1c 1c 1o 1c 1c
9105-01 0/0461 0/0034 0/0526 0/0047 0/0083 0/0002 0/0027 0/0002 1/98 0/01 20138 52 5 53 1 54 3 120 0/505
9105-02  0/0501 0/0028 0/0589 0/0047 0/0085 0/0002 0/0029 0/0001 1/65 0/01 199 122 58 4 55 1 58 2 169 0/606
9105-03  0/0469 0/0013 0/0576 0/0026 0/0089 0/0002 0/0030 0/0001 1/19  0/01 4252 57 2 57 1 61 1 372 0/840
9105-04 0/0477 0/0010 0/0584 0/0022 0/0089 0/0002 0/0030 0/0001 3/48 0/01 8 43 58 2 57 1 61 2 523 0/287
9105-05  0/0431 0/0045 0/0494 0/0064 0/0083 0/0002 0/0028 0/0001 1/51 0/01 2120 176 49 6 53 1 57 2 116 0/662
9105-06 0/0538 0/004% 0/0613 0/0070 0/0083 0/0002 0/0025 0/0001 1/34 0/01 363 189 60 7 53 1 50 2 102 0/648
9105-07 0/0663 0/0044 0/0745 0/0068 0/0082 0/0002 0/0025 0/0001 1/93  0/01 815129 73 6 52 1 50 3 113 0/518
9105-08  0/0540 0/0049 0/0642 0/0074 0/0086 0/0002 0/0028 0/0002 1/97 0/01 370 150 63 7 55 2 57 3 101 0/508
9105-09 0/0511 0/0036 0/0596 0/0056 0/0085 0/0002 0/0028 0/0001 1/99 0/01 245148 59 5 54 1 57 2 137 0/503
9105-10 0/0488 0/0029 0/0579 0/0047 0/0086 0/0002 0/0028 0/0001 1/24 0/01 137 119 57 4 55 1 57 2 172 0/806
9I05-11  0/0462 0/0054 0/0532 0/0075 0/0084 0/0002 0/0027 0/0001 1/55 0/01 10219 53 7 54 2 55 3 94 0/645
9I05-12  0/0510 0/0046 0/0619 0/0069 0/0088 0/0002 0/0028 0/0001 1/38 0/01 239182 61 7 57 1 56 1 132 0718
9105-13  0/0511 0/0030 0/0597 0/0049 0/0085 0/0002 0/0028 0/0001 1/18 0/01 245124 59 5 54 1 56 2 163 0/847
9I05-14  0/0384 0/0032 0/0451 0/0048 0/0085 0/0002 0/0026 0/0001 1/46 0/01 383224 45 5 55 1 53 2 160 0/685
9105-15  0/0495 0/0028 0/0572 0/0044 0/0084 0/0002 0/0026 0/0001 1/63 0/01 173 116 56 4 54 1 53 2 183 0/613
9105-16  0/0487 0/0044 0/0577 0/0064 0/0086 0/0002 0/0027 0/0001 2/04 0/01 134178 57 6 55 1 55 2 116 0/490
9105-17 0/0516 0/0035 0/0602 0/0055 0/0085 0/0002 0/0029 0/0001 1/84 0/01 270 143 59 5 54 1 59 2 140 0/543
9105-18  0/0485 0/0014 0/0539 0/0025 0/0081 0/0002 0/0025 0/0001  0/9 0/01 124 60 53 2 52 1 50 1 400 1/111
9105-19  0/0604 0/0029 0/0707 0/0049 0/0085 0/0002 0/0028 0/0001 1/46 0/01 617 95 69 5 54 1 56 2 169 0/685
9105-20 0/0488 0/0033 0/0569 0/0051 0/0085 0/0002 0/0026 0/0001 1/82 0/01 130 136 56 5 54 1 52 2 155 0/549
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207PB/235U

IR-Z-S-0S (granite)-09

Moan = 54.3420.71 [1.3%] 95% conf
WAd by data-pt errs only, 0 of 20 ref
MSWD = 2.1, probability = 0.003

U-Pb ogigp! @ledbl 5HIR-Z-S diged nSKilo o Gioled B 0,558 Jloges A Y S
Fig. 13: A: Concordia diagram. B: Mean age representation of sample IR-Z-S based on U-Pb isotopic data.

a5 Sl BU Lo ()l (090 50 g ND g Tl ate
Sl 53ge )0 el )8 Jlad aril> sla Sy 5l Lad
s Nb o P .Ti Ba Sr ite Jhogil bo sl Sgiw o
o885 Lase 51 oles Ce g La Th Rb K cuie Jlog]
Sjloges 5 cwl Gl wng )l K oy
SIS 5 ST SIS coale shls Wosgs o oloandiss
5 sl ety il s sitlie Y ety ST
S &) ool SS9 b g) oslllce gl
9 A (oo GlaShy 4 arg b s
b il anslio g Sl (sadsisl 5 sloosgs olors i)
05,5 o K u;l lousgil 5 glgl lolais|
sasedl s WS e JE S 5 | sledl s
oS plaie o loges wlwl p  asdlas 0)g0 didlais

=

woypoplS 5l JSate Jhew o85S slaosss
5° 39790 SMSLaLil o Sl St 5 Eoil S 9550
b Sl sla o5 5l (8 Yol S9,5e g5 5l 55 0095
925 o Gl e Sddens g Shoms PSS <SS
Sl sleoss FeSie lalages j3 il o
Sabit Saw 5Ll ol alllaos o dilaio
Olad 093 5l S ol polie 4 Cod (5
S 55k o Sy 5l Cuogas (nl &5 wies
yolie )3, Co 0S5 ady) adsS a4 Cond oad g
Ce yolie Sob oo Jols Jlaww sl Zojp34l 5
Syl s Y EU Zr P LU yolie 4 o Rb 4Th



Yy / O|)L§,o.m5)éol)~|

V-TY Slrao AFF ) o bl (0055l 0,80 ¢yue) il sloirrgs

9 bl Al Al a5l ey 1 g sl 00,57 alad
el o0ls &) 0,8 a il G‘”?L’j‘ 0 S Ko § 5>

S Sl
Sl S5 SEL lojle g 5l dllie cpl (Bais g

Alos )G il o

References

Almeida, M.E., Macambira, M.J.B. and Oliveira,
E.C., 2007. Geochemistry and zircon
geochronology of the I-Type high K calc-
alkaline and S-Type granitoid rocks from
Southeastern  Roraima, Brazil:  Orosirian
collisional magmatism evidence (1.97-1.96 Ga)
in central portion of Guyana shield” Precambrian
Res., v. 155, p. 69-97.

Barbarin, B., 1999. A review of the relationships
between granitoid types, their origins and their
geodynamic environments, Lithos, v. 46, p. 605-
626.

Batchelor, R.A. and Bowden, P., 1985. Petrogenetic
interpretation of granitoid rock series using
multicationic para, Chemical Geology, v. 48, p.
43-55.

Bonin, B., 2007. A-type granites and related rocks:
Evolution of a concept, problems and prospects,
Lithos, v. 97, p. 1-29.

Bouchez, J.L., Hutton, D.H.W. and Stephens, W.E.,
1997. Granite: from segregation of melt to
emplacement fabrics, Kluver, 358 p.

Boynton, W.V., 1984. Cosmochemistry of the rare
earth elements: meteorite studies. In: Henderson
P. (Ed.), Rare Earth Element Geochemistry,
Elsevier Sci Publ. Co., Amsterdam.

Bullen, T.D. and Clynne, M.A., 1990. Trace element
and isotopic constraints on magmatic evolution
at Lassen Volcanic Center, Californ.

Camp, V.E. and Griffis, R.J., 1982. Character,
genesis and tectonic setting of igneous rocks in
the Sistan suture zone, eastern Iran. Lithos, v. 15,
p. 221-239.

Castillo, P. R., 2006. An overview of adakite
petrogenesis. Chinese Science Bulletin, v. 51, p.
257-268.

Chappell, B.W., 1999. Aluminium saturation in I-
and S-type granites and the characterization of
fractional haplogranites, Lithos, v. 46, p. 535-
551.

Chappell, B. W. and White, AJ.R., 2001. Two
contrasting granite types, 25 vyears later,
Australian Journal of Earth Sciences, v. 48, p.
489-499.

Chappell, B.W. and White, AJ.R., 1992. | and S-
type granites in the Lachlan Fold Belt,

Syn-COLG slauasgslS g9 5l SwisiSs slolame
(e ,99951,5) VAG 5 (o cusl Sgicws 9 2ol So390)
e mie o 511 g5 slansyinl 5 Lace anil oo
ﬁ.w‘oﬁ&&a&gbw)m&}‘s&j
GaSgl S sleodg agh (pl 5l Jeol> mlis
I owgldl o, S Siw sloiw asgemo Jloww ablais

Transactions of the Royal, Society of Edinburgh:
Earth Sciences, v. 83, p.1-26.

Cherniak, D.J. and Watson, E.B., 2000. Pb diffusion
in zircon, Chemical Geology, v. 172, p. 5-24.
Chiu, H.Y., Chung, S.L., Wu, F.Y., Liu, D., Liang,
Y.H., Lin, 1.J., lizuka, Y., Xie, LW., Wang, Y.
and Chu, M.F., 2009. Zircon U-Pb and Hf
isotopic constraints from eastern ranshimalayan
batholiths on the precollisional magmatic and
tectonic  evolution in  southern  Tibet,

Tectonophysics, v. 477, p. 3-19.

Clark, W.B., 1992. Gold districts of California.
California Division of Mines and Geology
Bulletin, 193 p.

Condie, K.C., 1989. Geochemical changes in basalts
and andesites across the Archean-Proterozoic
boundary: Identification and significance. Lithos
23: 1-18.diffusion  modeling based on
petrography: Case study of the Okueyama
granitic body, Kyushu, Japan. Lithos, v. 106, p.
237 260.

Eftekharnejad, J., 1991. Geological Map of Birjand,
No. K8, 1:250000 scales, Geological Survey of
Iran. for interpretation of complex crustal
histories. Chem. Geol., v. 110, p. 1-13.

Floyd, P.A. and Winchester, J.A., 1975. Magma
type and tectonic setting discriminiation using
immobile element, Earth Planetary Sience, v.
27, p. 211-218.

Grove, T.L. and Donnelly-Nolan, J.M., 1986. The
evolution of youngsilicic lavas at Medicine Lake
volcano, California: implications for the origin
of compositional gaps in calc-alkaline series
lavas, Contrib Mineral Petrol, v. 92, p. 281-302.

Hanchar, J.M. and Miller, C.F., 1993. Zircon
zonation patterns as revealed
cathodoluminescence and backscattered
electron images: implications.

Harris, N.B.W. and Inger, S., 1992. Trace element
modelling of pelite-derived granites,
Contributions to Mineralogy and Petrology, V.
110, p. 46-56.

Harris, N.B.W., Pearce, J.A. and Tindle, A.G., 1986.
Geochemical characteristics of collision zone
magmatism. In; Collision tectonics. (Eds.
Coward, M. P. and Reis, A. C.) Special
Publication, v. 19, p. 67-81. Geological Society
of London.



AL PN

e dibaie (udgil S (slaodgs (i (r 9 (condsl oSS 9

Hole, M.J., Saunders, A.D., Marriner, G.F. and
Tarney, J., 1984. Subduction of pelagic
sediments: implication for the origin of
Ceanomalous basalts from Alexander lIslands,
Journal of Geological Society of London, v. 141,
453-472.

Hoskin, P.W.O., Kinny, P.D., Wyborn, D. and
Chappell, B.W., 2000. Identifying accessory
mineral saturation during differentiation in
granitoid magmas: an integrated approach,
Journal of Petrology, v. 41, p. 1365-1396.

Hoskin, P.W.O. and Schaltegger, U., 2003. The
composition of zircon and igneous and
metamorphic  petrogenesis.  Reviews in
Mineralogy and Geochemistry, v. 53, p. 27-62.

Ishihara, S., 1997. The magnetite-series and
ilmenite-series granitic rock, Mining Geology, v.
27, p. 293-305.

Karsli, O., Uysal, 1., Ketenci, M., Dokuz, A., Aydin,
F., Kandemir, R. and Wijbrans, J., 2012.
Adakite-like granitoid porphyries in Eastern
Pontides, NE Turkey: potential parental melts
and geodynamic implications, Lithos, v. 127, p.
354-372.

Maniar, P.D. and Picooli, P.M., 1989. Tectonic
discrimination of granitoids, Geo. Soc. of Am.
Bull., v. 101, p. 635-643.

Middlemost, E.A.K., 1985. Magmas and magmatic
roks, an introduction to igneous petrology,
Longman Grop U. K., p. 73-86.

Middlemost, E.A.K., 1994. Naming materials in the
magma/igneous rock system, Earth Science
Reviews, v. 37, p. 215-224.

Movahhed Aval, M., 1974. Report on Exploration of
Copper-Lead-Zinc Deposits of Chehel-Kureh
and Na-sagh-e-Pourchangy Kuh-e-Lunka Area,
GSlI report, 80 p.

Mshiu, E. and Maboko, M.AH., 2012
Geochemistry and petrogenesis of the late
Archaean high-K granites in the southern
Musoma-Mara Greenstone Belt: Their influence
in evolution of Archaean Tanzania Craton, J.
African Earth Sci., v. 66, p. 1-12.

Nabavi, M.H., 1976. An introduction to geology of
Iran, Geological Survey of Iran, Tehran.

Navai, |., 1974. Geological Map of Sahlabad, No.
K7954, 1:100000 scales, Geological Survey of
Iran.

Nédélec, A. and Bouchez, J.L., 2015. Petrology,
Structure, Geological Setting, and Metallogeny,
Oxford University Press.

Nezafati, N., 2006. Au-Sn-W-Cu-Mineralization in
the Astaneh-Sarband Area, West entral Iran
including a comparison of the ores with ancient
bronze artifacts from Western Asia. PhD,
Eberhard-Karls-Universitat Tlbingen, 116 p.

Pang, K.N., Chung, S.L., Zarrinkoub, M.H.,
Mohammadi, S.S., Yang, H.M., Chu, C.H., Lee,
H.Y., Lo, C.H., 2012. Age, geochemical
characteristics and petrogenesis of Late

Cenozoic intraplate alkali basalts in the Lut—
Sistan region, eastern Iran. Chemical Geology, v.
306-307, p. 40-53.

Pang, K.N., Chung, S.L., Zarrinkoub, M.H., Khatib,
M.M., Mohammadi, S.S., Chiu, H.Y., Chu, C.H,,
Lee, HY. and Lo, C.H., 2013. Eocene—
Oligocene post-collisional magmatism in the
Lut-Sistan region, eastern Iran: Magma genesis
and tectonic implications, Lithos, v. 180-181, p.
234-251.

Passchier, CW. and Trouw, R.AJ., 2005.
Microtectonics, Second edition. Springer-
Verlag, Berlin.

Patino Douce, A.E., 1999. What do experiments tell
us about the relative contributions of crust and
mantle to the origins of granitic magmas In:
Castro, A. Fernandez C. and Vigneresse, J. L.
(Eds.): Understanding granites: intergrating new
and classical techniques. Geological Society of
London, Special Publication, v. 168, p. 55-75.

Pearce, J.A., 1996. Sources and settings of granitic
rocks. Episodes, v. 19, p. 120-125.

Peccerillo, A. and Taylor, S.R., 1976. Geochemistry
of Eocene calc-alkaline volcanic rocks from the
Kastamonu area, Northern Turkey.
Contributions to Mineralogy and Petrology, v.
58, p. 63-81.

Roman-Berdiel, T., Aranguren, A., Cuevas, J. and
Tubia, J.M., 1998. Compressional granite-
emplacement model: Structural and magnetic
study of the Trives Massif (NW Spain), Lithos,
v. 44, p. 37-52.

Rubatto, D., 2002. Zircon trace element
geochemistry: partitioning with garnet and the
link between U-Pb ages and metamorphism,
Chemical Geology, v. 184, p. 123-138.

Sadeghian, M., Bouchez, J.L., Nedelec, A., Siqueir,
R. and Valizadeh, M.V., 2005. The granite
pluton of Zahedan (SE Iran): a petrological and
magnetic fabric study of a syntectonic sill
emplaced in atranstensional setting, J. of Asian
Earth Sciences, v. 25, p. 301-327.

Sawkins, F.J., 1989. Metal Deposits in Relation to
Plate Tectonics, Springer, 325 p.

Shand, S.J., 1947. Eruptive rocks. D. Van Nostrand
Company, New York.

Stocklin, J., 1968. Structural history and tectonics of
Iran; a review, American Association.

Streckeisen, A.L. and Le Maitre, R.W., 1979.
chemical approximation to the modal QAPF
classification of the igneous rocks, Neues
Jahrbuch fur Mineralogie, Abhandlungen, v. 136,
p. 169-206.

Streckeisen, A., 1976. To each plutonic rock its
proper name, Earth-Science Reviews, v. 12, p. 1-
33.

Sun, S.S. and McDonough, W.F., 1989. Chemical
and isotopic systematic of oceanic basalts:
implications for mantel composition and process.
In: Magmatic in ocean basins. (Eds. Saunders, A.



Yy |/ O|)L§,o.m5)éol)~|

V-TY Slrao AFF ) o bl (0055l 0,80 ¢yue) il sloirrgs

D. and Norry, M. J.) v. 42, p. 313-345.
Geological Society Publication, London.

Sylvester, P.J., 1989. Post-collisional alkaline
granites, Journal of Geology, v. 97, p. 261-280.

Takahashi, M., Aramaki, S. and Ishihara, S., 1980.
Magnetite series/ llmenite series vs. | type/ S
type granitoids, Mining geology special issue, V.
8, p. 13-28.

Tchameni, R., Pouclet, A., Penaye, J., Ganwa, A.A
and Toteu, S.F., 2007. Petrography and
geochemistry of Ngaoundere Pan-African
granitoids in Central North Cameroon:
Implications for their sources and geological
setting” J. Afr. Earth sci., v. 44, p. 511-529.

Thompson, R.N., 1982. Magmatism of the British
Tertiary volcanic province, Scottish Journal of
Geology, v. 18, p. 49-107.

Tirrul, R., Bell, L.R., Griffis, R.J. and Camp, V.E.,
1983. The Sistan suture zone of eastern Iran,
G.S.A. Bulletin, v. 84, p. 134-140.

Turkian, A., 2009. Study of granitoidic magmatism
in south of Qorveh. PhD thesis, University of
Isfahan, Isfahan, Iran.

Walker, R.T., Gans, P., Allen, M., Jackson, J.,
Khatib, M.M., Marsh, N., Saunders, A. and
Zarrinkoub, M.H., 2009. Late Cenozoic
volcanism and rates of active faulting in eastern
Iran, Geophys. J. Int., v. 177, p. 783-805.

Whalen, J.B., Currie, K.L. and Chappell, B.W., 1987.

A-type granites: geochemical characteristics,
discrimination and  petrogenesis, Contrib
Mineral Petrol, v. 95, p. 407-419.

Whitney, D.L. and Evans, B.W.  2010.
Abbreviations for name of rock-forming
minerals, American Mineralogist, v. 95, p. 185-
187.

Williams, 1.S., 2001. Response of detrital zircon and
monazite, and their U-Pb isotopic systems, to
regional metamorphism and host-rock partial
melting, Cooma Complex, southeastern
Australia, Australian Journal of Earth Sciences,
v. 48, p. 557-580.

Wilson, M., 1989. Igneous petrogenesis a global
tectonic approach, Unwin Hyman Ltd., London,
466 p.

Winter, D.J., 2014. An Introduction to Igneous and
Metamorphic Petrology, Prentice hall.

Yuguchi, T. and Nishiyama, T., 2008. The
mechanism of myrme-kite formation deduced
from steady-diffusion modeling based on
petrography: Case study of the Okueyama
granitic body, Kyushu, Japan. Lithos, v. 106, p.
237-260.

Zarrinkoub, M.H., Chung, S.L., Chiu, H.Y.,
Mohammadi, S.S., Khatib, M.M. and Lin, I.J,,
2010. Zircon U-Pb age and geochemical
constraints from the northern Sistan suture zone
on the Neotethyan magmatic and tectonic
evolution in eastern Iran, tectonic crossroads:
evolving of Eurasia- AfricaArabia, Ankara,
Turkey.

Zarrinkoub, M.H., Mohammadi, S.S., Chung, S.L.
and Khatib, M.M., 2014. Petrography,
geochemistry and dating for the Takht-e baz
graniteid north-western of Birjand, east of Iran,
Petrology, v. 5(18), p. 63-76.

Zarrinkoub, M.H., Pang, K.N., Chung, S.L., Khatib,
M.M., Mohammadi, S.S., Chiu, H.Y. and Lee,
H.Y., 2012. Zircon U-Pb age and geochemical
constraints on the origin of the Birjand ophiolite,
Sistan suture zone, eastern Iran, Lithos, v. 154, p.
392-405.

Zarrinkoub, M.H., Chung, S.L., Mohammadi, S.S.
and Khatib, M.M., 2011. Zircon Uranium- Lead
Dating for Bibi Maryam Granitoid, NE of
Nehbandan, East of Iran., Journal of Economic
Geology, v .3(1), p. 15-27.

Zarrinkoub, M.H., Chung, S.L., Mohammadi, S.S.,
Mahdi Khatib, M.M., Fotoohi-Rad, G.R.,
Gholami, E. and Abbaslu, F., 2012. Petrogenis
and isotopic age dating (uranium-lead) on zircon
in granitoid body of metamorphic complex in
Zul, southwest of Qaen, East of Iran, Iranian
Journal of geology, v. 5(20), p. 73-86.

Zhang, J.Y., Ma, C.Q., She, Z.B., Zhang, X.G. and
Zhou, H.S., 2007. The early Paleozoic Tiefosi
syn-collisional granite in the northern Dabie
orogen: geochronological and geochemical
constraints, Earth Sciences, v. 50(6), p. 847-856.



