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The Estand granitoid pluton is located in the southwest of Birjand, in the eastern edge of the Lut
block, it is located near the Neh Western fault, and branches of this fault have cut off this pluton and
the surrounding rocks. Its lithological composition includes: tonalite, granodiorite and granite
(monzogranite-syenogranite) and its minerals are quartz, plagioclase, microcline, orthoclase, biotite,
muscovite and garnet. The Estand granitoid is high-potassium calc-alkaline, peraluminus and S- type,
which is derived from a poorly clay metagreywacke source. The uniform and coordinated trend of the
samples in the rare earth elements and spider diagrams normalized to the primary mantle and
chondrite shows the genetic relationship and they are co-genetic with each other and the enrichment
in LREE, Th, U, K, La and Pb elements and the depletion in HREE, Nb, Ti, Sr and P reflect the role
of continental crust and crust-derived melt. The rocks of this pluton have formed in a post collisional
setting, in a normal continental collision arc, due to the melting process in the upper crust. The
geochemical evidence shows that this pluton is derived only from crustal component without
intervention of the mantle, by biotite dehydration. In addition, heat from shear zone and collision
areas could play a role in melting the sediments of its source. The pressure and temperature diagrams
show water pressure of <5 kbar and temperature of 750 to 800 °C for granitoid pluton and
temperature of 830 to 850 °C for its enclave.
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Figure 1. a) Location of the study area along with other granitoids of middle Jurassic age on the
geological map of Iran (Berberian& King, 1981), b) Simplified plate tectonic reconstructions (Aubouin et
al., 1986) of middle Jurassic granitoid intrusions in the Lut block.
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Figure 3. a) A view of Estand granitoid which is visible at the end of the image of sedimentary rocks
(view to the north), b) A view of the boundary between Estand granitoid and hornfels in the southeast of
the intrusion mass (view to the northeast), c) A view of the boundary between Estand granitoid and
hornfels in the southeast of the intrusion which can be seen at the end of the image of Shah Kuh granitoid
(view to the northwest), d) Mylonitization of tonalite mass, €) Onion skin erosion, f) Igneous enclave with
rounded margin, g) Large-scale igneous enclave, h) metapelite enclave in Estand granitoid.
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Figure 4. a) A view of the siliceous veins that intersect the regional metamorphic rocks. Estand granitoid
is seen in the middle of the image and hornfels at the bottom (view to the northeast), b) Alternation of
slate and phyllite in regional metamorphic rocks, c¢) The folded and laminate calcschist in the west of
Estand granitoid mass.
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Table 1. Results of chemical analysis of Estand granitoid mass samples by ICP-MS method
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Figure 5. a) An image of mica minerals-rich clots in biotite tonalities surrounded by quartz, plagioclase,
biotite and chlorite minerals, b) Garnet mineral with plagioclase and biotite in mylonitization tonalite
unit, ¢) Plagioclase coarse crystals and quartz in granodiorite unit, d) Quartz, plagioclase and microcline
coarse crystals with lattice macle, muscovite and myrmekite texture in quartz boundary with plagioclase
in monzogranite unit, e) Perthitic texture in alkaline feldspars of monzogranites, f) Orthoclase coarse
crystals with Carlsbad macle in Monzogranite unit, g) Muscovite, biotite, chlorite, plagioclase and quartz
minerals in syenogranite unit, h) Plagioclase coarse crystals with zoning along with biotite coarse crystals
in syenogranite unit, i) quartz and sericized plagioclase along with muscovite and chlorite in Estand
granitoid enclaves.
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Figure 6. a) Location of Estand granitoid samples in QAP diagram (Streckeisen, 1976) (IAG: Island Arc
Granitoids, CAG: Continental Arc Granitoids, OP: Ocean Plagiogranites, CCG: Continental Collision
Granitoids, POG: Post-Orogenic Granitoids, CEUG: Continental Epeiogenic Uplift Granitoids, RRG:
Rift-Related Granitoids), b) Location of Estand samples in the diagram (Middlemost, 1994), ¢) Samples
in the diagram (Gill, 2010) are located in the peraluminus position, d) The samples in the diagram
(Peccerillo& Taylor, 1976) are mostly in the range of high-potassium calc-alkaline.
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Figure 7. a) SiO2 versus (Na20+K20-Ca0) (Frost et al., 2001) diagram in which the studied samples are
located in the range of S-type granites, b) The (Fe+Mg) diagram in mol relative to Zr (ppm) (Clemens et
al., 2011) to separate I-type granitoids from S-type. The hollow circles are the range of I-type granitoids
and the gray squares are the range of S-type granitoids. The studied samples are located in the range of S-
type granites. Symbols as in Figure 6.
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1999a) and b) The CaO/(FeO+MgO) versus Al,0Os/(FeO+MgO) diagram (Altherr et al., 1999) are used
to determine the origin of the studied intrusion rocks. Symbols as in Figure 6.
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Figure 9. a) Chondrite-normalized rare earth elements diagram (Nakamura, 1974), b) Primitive mantle-
normalized spider diagram (Sun& Mc Donough, 1989), c¢) Chondrite-normalized spider diagram
(Thompson, 1982), d) the upper crust-normalized diagram (Taylor& McLennan, 1985).
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Figure 11. a-b) Nb versus Nb/U and Ce versus Ce/Pb diagrams (Sun& Mc Donough, 1989) to distinguish
between crustal and mantle origin (Range of Himalayan leucogranite from (Gou& Willson, 2012)), c)
(La/Sm)cn versus Nb/U (ppm) diagram (Hofman et al., 1986) to determine the origin of the studied
granitoid mass, d) La/Yb versus Th/Ta diagram (Whilson, 1989) to determine the origin of the studied
rocks (DM: Depleted Mantle, PM: Primitive Mantle, PSCL: Post-Archean subcontinent lithosphere, LC:
Lower continental crust, HIUM: High U/Pb mantle source, EM1 and EM2: Enriched Mantle source, UC:
Upper Continental crust). Symbols as in Figure 6.
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Figure 12 . a) La (ppm) versus La/Sm (ppm) diagram (Cheng et al., 2001), b) Zr versus Y diagram
(Abdolah et al., 2001), ¢) SiO, versus TiO, diagram (Koepke et al., 2007) and d) MgO versus FeO'
diagram (Zorpi et al., 1989) to determine the role of partial melting or fractional crystallization processes
in the formation of Estand granitoid magmas. Symbols as in Figure 6.
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Figure 13. Linear and positive trends in compatible-incompatible elements diagrams: a) Rb versus Sc and
b) Hf versus Sc indicates the role of the partial melting process in the formation of the studied rocks.
Symbols as in Figure 6.
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Figure 14. a) Rb/Sr versus Rb/Ba diagram (Sylvester, 1998) to determine the type of parent rock
contribute to the genesis of Estand granitoid magmas, b) Al,O; +FeO+MgO+TiO, (Wt.%) versus
Al,O4/FeO+MgO+TiO, diagram (Patifio Douce, 1999b) in order to determine the water vapor pressure
governing the magma of the studied intrusion mass, ¢ and d) (Na+K+2Ca)/(Al+Si) versus Zr (ppm) and
(Na+K+2Ca)/(Al*Si) versus Zr (ppm) diagrams (Watson and Harrison, 1983) in order to find out the
temperature of formation of Estand granitoid mass. Symbols as in Figure 6.
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Figure 15. a) 8Eu versus (La/Yb)y diagram (Lu et al., 2019) to determine the type of participant source
involved in the formation of Estand granitoid magma, b) Ba (ppm) versus Rb/Sr (ppm) diagram (Inger&
Harris, 1993) which shows the role of biotite dehydration in Estand granitoid magma (Bt: (VA) Biotite
dehydration melting, Ms: (VA) Muscovite dehydration melting, Ms: (VP) Muscovite melting reaction).
Symbols as in Figure 6.
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Introduction

The Estand granitoid pluton is located in the southwest of Birjand, in the eastern edge of the
Lut block, it is located near the Neh Western fault, and branches of this fault have cut off this
pluton and the surrounding rocks. According to (Westphal et al., 1986; Bagheri and Stamphi,
2008) Lut block probably during the Tertiary, compared to its current position, due to the India -
Afghanistan collision with Eurasia had a rotation of 30-90 degrees anti-clockwise. Thus, the
present eastern border of the Lut Block represents its southern border in Mesozoic era, which
was parallel to the active margin where the Neo-Tethys was beginning to be subducted during
the Mesozoic (Dercourt et al., 1986). Extensive magmatic activity in this block began in the
Jurassic and has reached its peak in Tertiary, including the Tertiary volcanic-intrusion rocks
(Eocene-Oligocene), which cover a width of 300 x 400 km (Pang et al., 2013).

Important granitoid intrusions, especially in the east of Lut block, have outcrops, among
them, can represent to Shah Kuh (Esmaeily et al., 2005), Dehsalam (Arjmandzadeh and Santos,
2014), Chahar Farsakh (Biabangard et al., 2016), Ghale-rig (Toulabi Nejad et al., 2016) and
Mahour (Miri Beidakhti et al., 2014). Considering the location of granitoid massifs with middle
Jurassic age such as Estand (Naderi Migan and Akrami, 2006), Najmabad (Moradi Naghandar
et al., 2011), Sorkh Kuh (Jung et al., 1983) and Shah Kuh (Esmaeily et al., 2005) in the east of
Lut block, and according to (Westphal et al., 1986; Bagheri and Stamphi, 2008, Mahmoudi et
al., 2010), during Jurassic period. These granitoid intrusions were formed under the Lut block
by subduction of Neo-Tethys and due to the India-Afghanistan collision with Eurasia during
tertiary period. They have experienced an anti-clockwise rotation and are in the current position.

The Estand Granitoid as one of the extruded granitoid masses in the west of the Neh-Western
fault, is located in the closest point to the border between Lut block and Sistan suture zone and
in the east of Lut block, and nearby granitoids include Shah Kuh (in the northwest), Chahar
Farsakh (in the northeast), Ghale-Rig (in the south), Malek Chah Rouii and Dehsalam (in the
southwest). This paper has studied granitoid masses from the perspectives of petrology,
geochemistry, tectonic environment, origin and temperature-barometry using rock chemistry.

Summary of petrography and geological settings
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The Estand granitoid mass has penetrated into the shale and sandstone assemblages of
Shemshak and turned them into metamorphic sandstones and hornfels. In the southern margin of
the Estand granitoid mass, the tonalite mass is protruding inside the sedimentary assemblages,
which is higher than the northern Estand granitoid mass.

In this intrusion mass, two types of igneous and metapelite enclaves are observed, which are
much more in the marginal parts of the pluton than in the central parts. Igneous enclaves have a
combination of biotite granodiorite with granular texture and are usually rounded, lenticular,
layered, and elongated in sizes from several centimeters to several meters. Metapelite enclaves
are composed of sedimentary rocks (shale and sandstones of Shemshak Formation) and have
been altered and are often found in sizes less than one centimeter to tens of centimeters in the
Estand granitoid mass and compared to igneous enclaves, they are much smaller in size and less
frequent.

The contact metamorphic rocks (hornfels and metamorphic sandstones) are exposed to the
east and south of the Estand granitoid and are easily distinguishable from the Estand granitoid
by their dark color and dense, fine-grained texture. The boundary between them is quite clear.
According to petrographic studies (based on the modal classification in the QAP diagram
(Streckeisen, 1976)), the lithological composition of the main units of the Estand granitoid
includes tonalite, granodiorite and granite (monzogranite and synogranite) and its minerals are
quartz, plagioclase, microcline, orthoclase, biotite, muscovite and garnet. Tonalities are seen in
two forms: biotite tonalite and mylonitization tonalite.

Material and methods

In order to study the lithological and geochemical studies on the rocks of the Estand
granitoid mass and its enclaves, after microscopic studies, 11 samples (9 samples of the mass
and 2 samples of its enclaves) were selected from the best and healthiest ones and sent to the
Institute of Geology and Geophysics, Chinese Academy of Sciences (IGG-CAS) for XRF and
ICP-MS analyzes. The rock chips were pulverized in an agate mill. The major elements
composition was measured on the fused glass disks using Phillips PW 1500 X-ray fluorescence
(XRF) spectrometer. The concentration of trace elements was analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) (VG-PQII) at the IGG-CAS. The sample powders were
decomposed in a mixture of distilled HF-HNO3 in Savillex Teflon beakers for 6 days at 120 °C.
Then, the solutions were dried and the remains dissolved in 50 ml 1 percent HNO; for ICP-MS
analysis (Lin et al., 2014). Indium was used as an internal standard for the correction of matrix
effects and instrumental drift.

Results and discussion

In geochemical classification diagram (Middlemost, 1994), these rocks are in the range of
granodiorite, monzogranite and synogranite. In the Na,O+K,0-Al,0;-CaO three-variable
diagram, which is used to separate peraluminous, metaluminous and peralkaline granites from
each other in terms of molar values (Gill, 2010), the Estand granitoid samples are in the range of
peraluminous granites, and in the magmatic series determination diagram using the potassium
index (Peccerillo and Taylor, 1976), the samples are in the range of high potassium calc-
alkaline.
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In order to identify the type of rocks that form the Estand granitoid mass, the SiO, versus
Na,O+K,0-CaO diagram (Frost et al., 2001) was used, which according to this diagram, all
Estand granitoid samples are in the range of S-type granites. Also, in the (Fe+Mg) versus Zr
(ppm) diagram (Clemens et al., 2011), all Estand granitoid samples are in the composite range
of S-type granitoids. In order to find out the constituent origin of this intrusion mass,
Al,O3;+FeO+MgO+TiO, versus Al,Os/(FeO+MgO+TiO,) (PatiioDouce, 1999a) and
CaO/(FeO+MgO) versus Al,Os/ (FeO+MgO) (Altherr et al., 1999) diagrams were used, that
regard to these diagrams, the rocks forming this granitoid mass were obtained by partial melting
of metagreywackes.

A very similar trend in diagrams showing the changes pattern in rare earth elements
(Nakamura, 1974), primitive mantle-normalized spider diagrams (Sun and McDonough, 1989)
and chondrite-normalized spider diagram (Thompson, 1982) can be representative of a genetic
relationship between them and a common origin (Chen et al., 2002). The changes pattern
diagrams of chondrite-normalized rare earth elements (Nakamura, 1974) indicate the
enrichment of these rocks by LREESs relative to HREESs. In the primitive mantle-normalized
spider diagrams (Sun and McDonough, 1989) and chondrite-normalized spider diagrams
(Thompson, 1982), Estand granitoid-forming rocks are enrichment with Rb, Th, U, K, La and
Pb and depletion of Nb, Sr, P, Ti and Zr.

In the Rb/30-Hf-Ta*3 diagram (Hariss et al., 1986), most of the studied samples are in the
range of post collisional granites. In the Zr versus Nby/Zry diagram (Thiéblemont and Tégyey,
1994), all samples are within the range of post-collisional granites too. Therefore, SiO, versus
log[CaO/(Na,0+K;0)] and Y versus Rb/Zr diagrams (Brown et al., 1984) were used to
determine the type of arc maturity, which show that the constituent units of this pluton are
formed in a normal arc-continental collision.

In order to distinguish crustal and mantle origin in the formation of Estand granitoid
magmas, the Nb versus Nb/U and Ce versus Ce/Pb (Sun and McDonough, 1989), (La/Sm)y
versus Nb/U (ppm) (Hofman et al., 1986) and the Th/Ta versus La/Yb (Wilson, 1989) diagrams
were used to show that the upper crust plays an effective role in the formation of this pluton. In
La (ppm) versus La/Sm (ppm) (Cheng et al., 2001), Zr versus Y (Abdolah et al., 2001), SiO,
versus TiO, (Koepke et al., 2007) and MgO versus FeO' (Zorpi et al., 1989) diagrams which are
used to determine the role of partial melting or fractional crystallization processes, all studied
samples are in the range of partial melting.

The diagram of (Patifio Douce, 1999b), which was used to determine the depth of formation
and pressure of the Estand granitoid mass, shows the formation of this pluton at a water vapor
pressure of > 5 kbar. Diagrams used to characterize the formation temperature of the studied
granitoid mass were (Na+K+2Ca)/(Al+Si) versus Zr (ppm) and (Na+K+2Ca)/(Al*Si) versus Zr
(ppm) (Watson and Harrison, 1983). The temperatures obtained from these diagrams are
calculated in the range of 750 to 800 °C for granitoid mass and 830 to 850 °C for its enclave.

The Rb/Sr versus Rb/Ba diagram (Sylvester, 1998) shows a plagioclase - rich and a clay -
poor source for Estand granitoid mass. The dEu versus (La/Yb)y diagram (Lu et al., 2019)
shows the role of the crust without involvement of the mantle in the formation of Estand
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granitoid magma. Also, the Ba (ppm) versus Rb/Sr (ppm) diagram (Inger and Harris, 1993)
shows that all Estand granitoid units are derived by biotite dehydration.

Conclusion

- Tonalite, granodiorite and granite (monzogranite and synogranite), which are composed of
guartz, plagioclase, microcline, orthoclase, biotite, muscovite and garnet minerals, are
different units of Estand granitoid mass.

- This pluton is calc-alkaline with high potassium, peraluminous and S type, which is reached
from a origin of clay-poor and plagioclase-rich metagreywacke.

- The trend of the samples in the primitive mantle and chondrite normalized spider and rare
earth elements diagrams indicate the genetic relationship of the samples with each other,
their common origin and the role and involvement of the crust in its development.

- The Estand granitoid is formed in a post-collisional tectonic setting.

- The origin determination diagrams, suggest the formation of an upper crust for the origin of
this granitoid mass and decline the role of the mantle in its development and formation.

- Dehydration of biotite and possibly heat from shear and impact zones could have been
involved in the melting of the source sediments.

- The Estand granitoid mass was obtained at a temperature of 750-800 °C and its enclaves
were obtained at a temperature of 830-850 °C and the water vapor pressure for the
granitoid mass and its enclaves was > 5 kbar.

Keywords: S type granitoid, post-collisional setting, Estand granitoid, Birjand, Lut Block.
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