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Introduction

The Precambrian-Early Cambrian magmatism in Iran includes
magmatic rocks in the central, northwestern (e.g. Tekab-Zanjan
zone), and northeastern parts of the Iranian plate. Although in the
previous literature, the petrogenesis and tectonic setting of these
rocks were attributed to the rifting and extensional tectonic regime
but recent studies emphasized that they formed in a convergent
subduction-related tectonic setting. In this study geology,
geochemistry, petrogenesis, and dating of Doran and Shah Bolaghi
(Moghanlu) intrusions as the best examples of the Precambrian-Early
Cambrian magmatism in the NW Iran have been investigated.

Geology

In NW lIran, there are intrusive and related volcanic rocks that
have been outcropped in a special stratigraphic position. The
intrusive rocks cut the Precambrian Kahar Formation rocks and are
overlaid by the Bayandor Formation rocks. Stratigraphically, the
equivalent volcanic rocks (Gara Dash rhyolitic series rocks) lie
between over Kahar and lower Soltanieh Formation rocks. In the area,
Doran-type intrusions including Doran, Moghanlu, Incheh, Sarveh Jahan,
Mahneshan, Aghkand, and Alam Kandi, have been intruded as batholith
(e.g. Shah Bolaghi) and as stocks (e.g. Doran and Sarveh Jahan) and
mainly they affected by dynamo thermal metamorphism. The studied
Doran and Moghanlu intrusions included different felsic pulses of the
oldest mica granite, hololeucocratic porphyritic granite, and the youngest
potassium feldspar-bearing pink granite associated with basic rocks.

< Corresponding Author
To cite this article: Badrzadeh, Z. and Aghazadeh, M. (2022) Petrogenesis and dating of Doran and Shah Bolaghi intrusions: Implications for
post-collisional sodic and high-silica granitic magmatism. Petrological Journal, 13(3), 131-160.

2322-2182/ © 2022 The Author(s). Publisher: University of Isfahan
This is an open access article under the CC-BY-NC 4.0 License (https://creativecommons.org/licenses/by-nc/4.0) B NG


https://ijp.ui.ac.ir/
mailto:zahrabadrzadeh@pnu.ac.ir
https://creativecommons.org/licenses/by-nc/4.0
mailto:zahrabadrzadeh@pnu.ac.ir
mailto:zahrabadrzadeh@pnu.ac.ir
https://dorl.net/dor/20.1001.1.22285210.1401.13.3.3.5
https://dx.doi.org/10.22108/ijp.2022.132527.1268

132

Petrological Journal, 13" Year, No. 51, Autumn 2022

Petrography

The studied plutons including different pulses
display various mineralogy. The Hololeucocratic
mica granites show granular to porphyry textures
including quartz, alkali feldspar, and plagioclase
associated with biotite and rare muscovite. Some
albite crystals are magmatic and chessboard albites
formed during Na-metasomatism. Hololeucocratic
porphyry granite show various porphyry and
granular as well as cataclastic textures. Secondary
chessboard and myrmekitic albite developed along
with primary albite and antiperthite feldspars. Rare
primary muscovite can be found. Pink granite
includes quartz and alkali feldspar and plagioclase
minerals with porphyry to granular textures and
some hypersolvus potassium feldspar megacrysts
developed. Rare muscovite and biotite crystals have
been developed. In all granitic  rocks,
recrystallization and secondary minerals have been
developed due to metamorphism, tectonic and
metasomatism processes.

Geochemistry

All granitic rocks show high silica content (79-
82 wt.%) and in the R1-R2 diagram located in alkali
granite to syenogranite fields and metaluminous to
weak peraluminous. Basic rocks have 49-50 wt%
SiO, content and are olivine gabbro. The TiO,,
Fe,O;, MgO, CaO, and P,0s contents of studied
granitic rocks are very low and porphyry granite and
mica granites show very low K,O and high Na,O
contents but mica granites show K,0/Na,O~1. In the
spider diagrams, the porphyry granite samples show
enrichment in the Zr, Th, Nb, Ta, U, and HREE
(heavy rare earth elements) and trough in the LREE
(light rare earth elements), and large ion lithophile
elements (LILE: Cs, Rb, Ba, K), P, Ti, E, however,
the mica granites are characterized by LILE (Cs, Rb,
Ba), Sr, K, P, Ti, Eu, HREE, LREE, Zr, Th, and U
enrichment, and the pink granites show a diverse
pattern with enrichment in LILE and LREE and
depletion in Sr, P, Nb, Ta, and Ti. All granitic
samples show very clear troughs in Eu and Eu/Eu*.

U-Pb Dating

Zircon crystals from Doran porphyry granite and
the Shah Bolaghi pink granite have been dated by
the U-Pb method. The porphyry granite apparent
26pp/238 ages range from 515 to 1192 Ma. In the

relative frequency histogram, the porphyry granite
ages show two peaks in 550 and 1050 Ma, which
older ages can be related to inherited crystals and or
captured crystals during ascending of the magma.
Pink granite apparent 2®Pb/?®U ages range from
478 to 657 Ma. The porphyry granite zircon crystals'
younger ages yield a weight mean of 565 + 28 Ma,
95% conf. n=14, MSWD=0.54 and the pink granite
ages yield a weight mean 538 + 12 Ma, 95% conf.
n=23, MSWD=1.02. Dating results are compatible
with field observation that the pink granite cut
porphyry granite.

Discussion

The studied granitic intrusions are
inhomogeneous and different mica granite, granite
porphyry, and pink granite associated with basic
rocks could be distinguished. The investigated
granitic rocks are marked by A/CNK<1l.1 and
Zr+Nb+Ce+Y <300 as well as 104*Ga/Al<2.6 that
are different from S- and A-type granites and very
high silica content and lower La, Y, Nb, Zr, Ga, Zn,
Ce contents which led us to be considered as
fractionated I-type granites. Different petrogenetic
models have been proposed for fractionated I-type
granites generation, including:

(1) Partial melting of the crust which the melt
composition may have been modified by
fractional crystallization;

(2) fractional crystallization of hornblende and
clinopyroxene from initial intermediate to mafic
melts;

(3) involvement of a fluid residual or hydrothermal
phase during late magmatic stages.

Moreover, the source rocks for these felsic
granites are also debated, including aluminous
sedimentary rocks, tonalitic rocks, underplated
mantle-derived materials, or mixtures of crustal and
mantle-derived materials in different crustal levels.
The granitic rocks under study could not be
originated from the fractional crystallization of
mafic rocks because they do not show high volume
in the area. They show different trends in the Harker
diagrams and could not be fractionated from each
other and geochemical features (e.g. TiO,/MgO
ratio) show that they originated from different
protoliths in the crust. Porphyry- and Mica —granites
show high Na,O content and can be considered
albite granite. According to textural relationship and
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zircon crystals morphology, high Na,O content in
the studied albite-rich porphyry and mica granites
belonged to the magmatic stage. Geochemical
features imply that sodic granites originated from
the partial melting of old crust and/or mixing of
melts from the old crust and lower crust with some
contributions  of  mantle-originated  magmas.
According to Patifio Douce (1999), mica granites
can be derived from the partial melting of
metamorphosed felsitic pelitic rocks. High Rb/Sr

and K,0/Na,O ratios in the pink granite and low
P,Os, Sr, and Eu contents are consistent with
derivation via partial melting of lower crust with
tonalitic to granodioritic composition. Basic rocks
originated from the metasomatized mantle that has
been affected by subduction agents. According to
Pearce (1996), the granitic and the basic rocks
belong to a syn- to post-orogenic tectonic setting
and basic rocks belong to a post-collisional tectonic
setting.
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Figure 2. Field photographs of the studied Doran and Shahbolaghi intrusions. A) The perspective of Doran
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(northward view); C) A view of porphyritic granite which includes the mica granite and is younger than it; D)
Pink granite cutting the porphyritic granite; E) Mafic enclaves in Doran massive; F) A hand specimen of
porphyritic granite and silica veinlets inside the Shahbolaghi intrusion.
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Figure 3. Photomicrographs of the Doran and Shahbolaghi granites. A) Granular texture and quartz and albite
minerals (mica-granite sample); B) Biotite minerals (mica granite); C) Muscovite in quartz mineral (mica
granite); D) Cataclastic texture and albite (chessboard) and quartz (porphyritic granite); E) Myrmekitic texture
(Porphyritic granite); F) Perthitic potassium feldspar associated with plagioclase (Pink granite); G) Perthitic

feldspar associated with plagioclase and quartz (Pink granite); H) Biotite and muscovite minerals (Pink
granite); 1) Plagioclase and amphibole minerals in basic rocks (Figure B is in PPL, others are in XPL).
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Table 1. Geochemical data of Doran and Shahbolaghi intrusive rocks in Zanjan area (oxides in wt.%; elements
in ppm).

Element Porphyry granite l Mica granite

SiO; 81.1 81.6 81.4 79.9 78.8 78.8 79.7 79.5
TiO, 0.08 0.08 0.07 0.10 0.10 0.06 0.08 0.07
Al,O4 11.7 11.7 11.3 12.5 12.6 12.2 12.4 12.1
Fe,O3 0.05 0.05 0.01 0.07 0.01 0.22 0.01 0.16
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.03 0.04 0.01 0.05 0.01 0.26 0.01 0.23
CaO 0.26 0.30 0.24 0.33 0.29 0.19 0.19 0.25
Na,O 6.67 6.71 6.59 7.07 7.69 8.03 7.56 7.13
K,O 0.07 0.08 0.05 0.09 0.07 0.07 0.06 0.29
P,Os 0.01 0.01 0.00 0.02 0.00 0.00 0.00 0.00
LOI 0.25 0.27 0.19 0.44 0.22 0.37 0.13 0.24
Total 100.3 100.8 99.7 100.5 99.6 100.2 100.0 99.9
Sc 11.15 4.92 14.08 14.13 6.65 5.03
\% 1.86 1.18 1.92 3.99 3.86 3.49
Cr 2.42 2.21 2.29 2.60 1.96 3.68
Co 0.07 0.08 0.10 0.19 0.10 0.22
Ni 1.16 1.30 1.30 0.61 0.38 0.55
Cu 0.64 1.17 0.86 1.33 1.11 0.93
Zn 3.51 4.37 3.28 14.49 13.23 11.45
Ga 16.72 14.78 17.80 15.19 13.78 16.14
Rb 0.80 0.73 1.07 1.30 0.89 21.71
Sr 37.22 33.73 38.08 32.80 22.43 23.62
Y 34.60 14.07 83.22 30.25 33.19 55.86
Zr 93.0 102.0 114.4 123.3 103.4 72.5
Nb 17.78 24.56 21.58 21.90 23.59 10.95
Cs 0.06 0.07 0.08 0.10 0.06 0.84
Ba 4.9 6.2 7.7 8.0 5.8 13.3
La 0.66 1.65 10.81 13.22 20.65 25.10
Ce 1.17 3.31 23.18 29.05 43.91 58.16
Pr 0.14 0.41 2.73 3.62 5.43 7.42
Nd 0.58 1.63 10.40 13.21 18.43 28.09
Sm 0.49 0.68 3.02 2.85 3.21 6.84
Eu 0.08 0.08 0.27 0.22 0.25 0.20
Gd 1.53 1.07 4.83 2.83 3.10 7.05
Tb 0.53 0.33 1.33 0.62 0.69 1.49
Dy 4.65 2.67 11.18 4.48 4.98 9.36
Ho 1.12 0.63 2.73 1.10 1.21 2.06
Er 3.79 2.09 9.05 341 3.81 5.94
m 0.59 0.33 1.36 0.55 0.61 0.89
Yb 4.01 2.27 9.01 3.77 4.02 5.72
Lu 0.62 0.34 1.34 0.62 0.65 0.90
Ta 1.66 2.84 2.06 1.94 2.38 1.28
Th 8.15 20.00 20.14 21.72 21.62 17.87
] 1.84 3.82 3.32 2.86 3.62 3.70
Hf 5.05 5.88 5.68 6.39 5.97 3.49
Sum REE 20.0 17.5 91.2 79.5 110.9 159.2
Eu/Eu* 0.29 0.28 0.21 0.23 0.24 0.09
(La/Yb)n 0.11 0.49 0.80 2.35 3.44 2.94
A/CNK 1.01 1.00 1.00 1.01 0.95 0.90 0.96 0.97
Mo# 0.56 0.64 0.67 0.60 0.65 0.71 0.67 0.73

Na,O+K,0 6.7 6.8 6.6 7.2 7.8 8.1 7.6 7.4
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Table 1. Continued.

Element Mica granite | Pink granite Basic rocks
SiO; 81.3 79.9 79.9 78.4 78.1 78.3 49.1 49.9
TiO, 0.09 0.09 0.11 0.14 0.08 0.12 1.33 1.37
Al,O4 11.2 12.1 12.1 13.3 12.3 12.4 15.7 15.7
Fe,O3 0.35 0.47 0.12 0.41 0.85 0.52 10.56 10.71
MnO 0.00 0.00 0.00 0.01 0.00 0.00 0.17 0.16
MgO 0.36 0.41 1.06 0.21 0.15 0.16 7.17 6.84
CaO 0.30 0.33 0.25 0.43 0.30 0.34 8.91 8.40
Na,O 6.18 6.68 6.27 6.50 3.93 4.16 3.09 3.52
K;0 0.16 0.11 0.26 0.90 4.49 4.15 1.29 1.07
P,Os 0.01 0.01 0.02 0.03 0.01 0.02 0.20 0.22
LOI 0.42 0.50 0.90 0.71 0.65 0.58 2.74 2.35
Total 100.3 100.6 101.0 101.0 100.8 100.8 100.2 100.2
Sc 11.33 9.85 2.66 10.34 12.53 7.84 37.86 39.52
\% 1.87 2.73 3.56 5.73 2.02 4.64 249.17 252.62
Cr 1.12 5.82 4.08 4.94 1.91 2.40 226.18 251.84
Co 0.32 2.15 0.19 0.24 0.18 0.58 41.70 37.37
Ni 1.12 3.66 1.64 3.15 1.16 1.40 79.23 64.47
Cu 0.73 0.98 1.05 1.68 0.58 0.60 42.20 31.30
Zn 10.60 8.44 5.07 5.62 12.99 10.99 91.54 87.08
Ga 19.42 21.19 10.51 22.52 21.64 18.89 19.33 19.79
Rb 5.21 2.92 6.76 33.41 173.65 77.72 54.61 41.84
Sr 33.71 37.54 17.21 42.26 35.03 53.98 213.70 215.47
Y 24.09 60.81 37.55 59.04 75.72 42.40 26.23 27.95
Zr 34.8 112.1 118.0 140.3 92.4 139.1 127.0 134.7
Nb 16.16 16.18 7.50 13.99 19.43 10.54 4.12 4.42
Cs 0.26 0.16 0.15 0.28 1.01 0.43 0.84 0.69
Ba 115 9.0 10.7 131.9 283.4 619.7 254.8 128.1
La 26.78 24.39 28.35 47.00 32.93 36.86 8.43 9.39
Ce 63.45 56.77 64.49 95.44 77.45 77.23 20.60 22.71
Pr 7.92 7.08 7.60 11.39 9.62 8.98 2.85 3.14
Nd 31.92 28.94 29.32 43.69 38.21 34.85 13.75 14.84
Sm 8.55 8.34 6.67 10.07 10.61 7.64 3.84 4.13
Eu 0.53 0.55 0.27 0.70 0.35 0.75 1.64 1.59
Gd 6.97 8.44 6.18 9.80 10.84 7.48 4.14 4.40
Thb 1.10 1.63 1.02 1.72 2.08 1.26 0.76 0.80
Dy 5.80 10.59 6.32 10.50 13.32 7.63 4.76 5.10
Ho 1.01 2.16 1.28 2.05 2.66 1.51 0.97 1.04
Er 2.88 6.66 3.95 6.01 8.01 4.49 2.94 3.10
Tm 0.40 0.94 0.57 0.83 1.14 0.61 0.41 0.43
Yb 2.57 6.17 3.80 5.52 7.67 3.97 2.71 2.83
Lu 0.37 0.92 0.56 0.79 1.11 0.58 0.40 0.43
Ta 1.45 1.46 0.70 1.24 1.91 0.75 0.27 0.29
Th 16.36 16.03 24.29 18.85 17.53 17.23 1.11 1.35
U 3.31 4.08 2.20 1.57 4.02 1.90 0.33 0.43
Hf 1.79 5.51 4.41 5.54 4.74 5.03 3.31 3.49
Sum REE 160.3 163.6 160.4 245.5 216.0 193.8 68.2 73.9
Eu/Eu* 0.21 0.20 0.13 0.22 0.10 0.30 1.27 1.15
(La/Yb)n 6.96 2.64 4.99 5.70 2.87 6.20 2.08 2.22
A/CNK 1.03 1.03 1.10 1.07 1.03 1.04 0.69 0.71
Mg# 0.67 0.64 0.95 0.50 0.26 0.38 0.58 0.56
Na,0+K,0 6.3 6.8 6.5 7.4 8.4 8.3 4.4 4.6
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Figure 4. A) R;-R, diagram (De la Roche et al., 1980) for the classification of rock samples from Doran and
Shahbolaghi; B) Al,03/Na,0+K,0 (A/NK) versus Al,03/CaO+Na,0+K,0 (A/CNK) diagram (Maniar and Piccoli,
1989) for determination of alumina saturation in Doran and Shahbolaghi intrusive rocks.
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Figure 5. Harker variation diagrams of major (in wt.%) and trace (in ppm) elements versus SiO, (in wt.%)
(Basic rocks are not shown. Symbols are as in Fig. 4).
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Figure 6. Composition of the investigated intrusive rocks in Doran and Shahbolaghi areas. A, B) Chondrite-
normalized REE diagrams (Chondrite values are from Nakamura (1974)); C, D) Primitive mantle-normalized
trace element spider diagrams (primitive mantle values are from Sun and McDonough (1989)).
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Figure 12. Concordia diagrams and relative frequency histograms of U-Pb ages for the porphyritic and pink

granite from the Doran and Shahbolaghi areas.
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Table 2. Age data of late Precambrian-Cambrian intrusive rocks of Takab-Zanjan area.

lithology Dating method Age(Ma) Intrusion (situation) Reference

Sarv-e Jahan Zircon, U-Pb 544+24 Ma deformed granite Hassanzadeh et al. (2008)
Sarv-e Jahan Zircon, U-Pb 599+42 Ma leucrogranite Hassanzadeh et al. (2008)
Sarv-e Jahan Rb-Sr 645 Ma - Crawford (1977)

Doran Biotite, Rb-Sr 175+5 Ma - Crawford (1977)

Doran Zircon, U-Ph 2.8£0.1 Ma leucrogranite Hassanzadeh et al. (2008)
Doran(Chevarzagh) Zircon, U-Pb 567+19 Ma deformed granite Hassanzadeh et al. (2008)
Moghanlu Zircon, U-Pb 567+19 Ma orthogneiss granite Hassanzadeh et al. (2008)
Mahneshan(Sheikhchupan) Zircon, U-Pb 557.2+3 Ma orthogneiss granite Hassanzadeh et al. (2008)
Moghanlu Zircon, U-Pb 576+13 Ma biotite granite Honarmand et al. (2020)
Moghanlu Zircon, U-Pb 563+6.5 Ma gneiss Honarmand et al. (2020)
Moghanlu Zircon, U-Ph 559+6 Ma leucogranite Honarmand et al. (2020)
Doran Zircon, U-Pb 565+28 Ma porphyritic granite This Study

Moghanlu Zircon, U-Pb 538+12 Ma pink granite This Study
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Figure 12. Composition of Doran and Shahbolaghi intrusive rocks in: A) SiO, versus Rb/Zr (after Harris et al.,
1986); B) (Zr+Nb+Ce+Y) versus (Na,0+K,0)/CaO diagram (after Pearce et al., 1984); C) Ga/Al*10000 versus

Zr (after Whalen et al., 1987) (domains of

and A granite after Wu et al., 2017); D)

100*(MgO+FeO+Ti0,)/SiO, versus (Al,03+Ca0)/(FeO+Na,0+K,0) for classification of granites (after

Sylvester, 1987) (Symbols are as in Fig.4).
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Figure 9. A) La versus La/Sm diagram to determine the involvement of fractionation and partial melting
processes in the formation of Doran and Shahbolaghi granites; B) Rb versus Rb/Ba diagram to determine the
involvement of fractional crystallization (FC), simple mixing, contamination and assimilation and fractional

crystallization (AFC) in the formation and transformation of intrusives; C, D) Sr versus Ba/Sr and Ba to
determine the various phases effect on the fractional crystallization process (symbols are like as Fig. 4).
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Figure 10. The origin of Doran and Shahbalaghi granites in the diagrams proposed by Wang et al. (2015)
(CAGS: Calc-alkaline granites; MAGS: metaluminous alkali-rich granites; FBRS: rhyolites associated with
continental flood basalts provinces (Patifio Douce, 1999; Dall'Agnol and de Oliveira, 2007); Dashed lines:
reaction curves for the low-pressure hybridization of calc-alkaline granites with high-Al olivine tholeiites;
Solid lines: hybridization of high-Al olivine tholeiite with metagraywacke at low pressure (LP, <5 kbar) or at
high pressure (HP, 12—15 kbar). All symbols are as in Fig. 4).
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Figure 12. A) discrimination tectonic setting diagram related to basic enclaves (Pearce and Norry, 1979); B)
discrimination tectonic setting diagram of Doran and Shahbalaghi granites (Pearce, 1996) (MORB: mid-ocean
ridge basalt; WPB: within plate basalt; VAB: volcanic arc basalt; WPG: within plate granites; VAG: volcanic
arc granites; ORG: oceanic ridge granites; syn-COLG: syn-collisional granites).
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