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Introduction

At the northeastern end of the Sabzevar ophiolitic zone and the southern
edge of the Binalud zone and south of Quchan, a 200 km long young
magmatic arc consisting mostly of calc-alkaline to adakitic volcanic-
intrusive rocks are exposed which extended to Esfarayen. In the present
study, the Shotorsang hypabyssal granitoids in the northeast of Sabzevar and
the Binalud structural zone are investigated. No dating data and
comprehensive geochemical study of these units have been published, and
the origin of hypabyssal units is unclear. Accordingly, new petrographic and
geochemical data and U-Pb zircon ages of intermediate-acidic intrusives of
Shotorsang in the northeast of Iran are reported.

Geology

The hypabyssal Shotorsang granitoids, as a part of the magmatic arc in
the north of the Sabzevar ophiolitic belt, are located 82 km northeast of
Sabzevar and in the Binalud structural zone. Based on the field studies and
1:5000 geological map, the rock units of the Shotorsang area include early
Cretaceous limestone, Eocene sedimentary and volcanic rocks, the Miocene
hypabyssal stocks and dykes, and new Plio-Quaternary deposits. Intrusive
units including dikes and hypabyssal stocks composed of dacite,
granodiorite, and quartz monzonite. The dikes with acidic composition
crosscut the Eocene sedimentary and volcanic succession.
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Materials and Methods

During the field investigations in the Shotorsang
area, 80 samples were taken from most of the
geological units, and 40 thin sections were studied
by a polarizing microscope for petrographic studies.
Six representative and least altered samples from the
Shotorsang hypabyssal granitoids were analyzed for
major oxides and trace elements using XRF and
ICP-MS in the Acme Laboratories (Canada). Two
samples from dacite dike and granodiorite stock
(samples Ab8 and Ab59) were selected for dating
studies according to the suitable size and abundance
of zircon crystals.

U-Pb dating was conducted by laser ablation-
multiple collector-inductively coupled plasma-mass
spectrometry (LA-MC-ICP-MS) in the Laboratory
of Isotope Geology at the Institute of Mineral
Resources, Chinese Academy of Geological
Sciences, Beijing, China.

Petrography

Based on petrographic studies, the Shotorsang
hypabyssal units can be divided into three groups
including granodiorite and quartz monzonite stocks
as well as dacite dikes. The granodiorite is
composed mainly of quartz, plagioclase, orthoclase,
hornblende, and biotite with accessory zircon,
sphene, and apatite. This unit dominantly displays a
porphyritic to glomeroporphyric texture.

Dacite dikes have mineralogical and textural
similarities with those of the granite stocks.
Mineralogically, these units include quartz,
plagioclase, orthoclase, biotite, and hornblende with
a felsitic porphyry texture.

Magmatic fluids released during the intrusion of
quartz monzonite bodies are the main factor for
skarnization in the area.

Geochemistry

On the total alkali-silica diagram (Middlemost,
1985), the intrusive bodies and dikes are plotted in
the fields of quartz monzonite, granodiorite, and
granite, which is consistent with their petrographic
observations. On the SiO, wversus KO
discrimination diagram (Peccerillo and Taylor,
1976), the Shotorsang hypabyssal granitoids fall
mainly in the medium- to high-K calc-alkaline
domains. On chondrite and primitive mantle-

normalized diagrams, the investigated samples
display enrichment in LILE and LREE and depletion
in HFSE and HREE.

On Rb versus Nb+Y tectonomagmatic
discrimination diagram (Pearce et al., 1984), the
Shotorsang hypabyssal granitoids are plotted in the
field of volcanic arc granites.

U-Pb dating

The two samples from the dacitic dike and
granodioritic stock vyielded zircon U-Pb ages of
22.52+0.38 and 22.56£0.35 Ma, respectively. The
Th/U ratio for zircons from the dacitic dike and
granodioritic stock is more than 0.1, which is
different from metamorphic zircons and compatible
with magmatic zircons.

Discussion

The remarkable geochemical criteria of
hypabyssal Shotorsang granitoids are Sr (382.5-607
ppm), high Sr/Y ratios (26.4-62.5), Lan/Ybn (9.5-
17.1). The low values of Y (9.7-16.3) and HREE are
similar to those of adakites. The low values of Yb
and Y, and high ratios of Sr/Y, as well as La/Yb,
could be attributed to the presence of residual garnet
and hornblende or as fractionated minerals.

The LILE (large-ion lithophile elements)
enrichment and HFSE (high-field strength elements)
depletion are typical features of calc-alkaline
magmas related to subduction zones, which
originated from partial melting of a subducted
oceanic slab or a supra-subduction mantle wedge.

The lack of Eu anomaly in adakites, as well as the
Shotorsang hypabyssal granitoids with abundant
plagioclases, is related to magma fO,. Under oxidizing
conditions, Eu occurs dominantly as Eu®, leaving
lesser Eu?* to be incorporated into plagioclase.

There are evident changes in Sr-Nd isotopic
ratios of the magmatic rocks of the northern
Sabzevar ophiolitic belt, and it seems that the
(87Sr/88Sr); ratios increase, however, the eNd; values
decrease from the old to the young rocks, which
likely indicates the effect of the crustal materials on
the source magma.

It can be inferred that the Cretaceous-Paleocene
magmatism is subduction-related, and from Eocene
onwards, the igneous rocks of this zone, including
the Miocene Shotorsang adakites with an age of 22.5
million years, have a post-collisional nature.
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Conclusions

The Shotorsang hypabyssal granitoids, as a part
of the magmatic arc of the northern Sabzevar
ophiolitic belt, formed as dike and stock with
dominantly porphyritic textures and intruded the
Cretaceous-Eocene volcano-sedimentary succession.
The two samples from the dacitic dike and
granodioritic stock yielded zircon U-Pb ages of
22.52+0.38 Ma and 22.56+0.35 Ma, respectively,
indicating the importance of Miocene time in iron

mineralization in this zone. The geochemical
features of the Shotorsang hypabyssal granitoids
correspond to the field of post-collisional volcanic
arc rocks (VAG) and possess similarities with those
of the adakitic rocks, originating from the
subducting slab.

These rocks probably have an eclogite or
amphibolite garnet origin resulting from the
metamorphism of the Sabzevar Neotethyan oceanic
lithosphere, which was subducted under the Alborz
zone.
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Table 1. Whole rock major oxides (wt%) and trace and rare earth element (ppm) analyses of the Shotorsang

hypabyssal granitoids.

Sample no. Abl17 Ab35 Ab59 Ab24 Ab8 Ab42
SiO, 58.98 59.26 66.4 66.8 68.25 69.7
TiO, 0.59 0.56 0.4 0.24 0.25 0.19
Al;O3 14.1 13.35 16.2 16.4 15.77 14.2
FeOT 4.36 5.4 4 3.45 2.79 2.85
MnO 0.17 0.12 0.1 0.04 0.06 0.05
MgO 2.45 2.8 2.2 0.6 1.36 0.65
CaO 8.23 8.54 55 1.82 1.57 2.7
Na,O 5.16 5.63 3.7 5.67 6.64 5.1
K,0 2.85 2.01 14 1.87 0.97 1.25
P,0s 0.21 0.19 0.14 0.09 0.12 0.08
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Table 1. Continued.

Sample no. Abl7 Ab35 Ab59 Ab24 Ab8 Ab42
Total 98.7 99.06 101.34 99.38 99.88 99.07
Ba 224 241 235.5 585 417 591
Rb 45.9 39.4 31.7 70.3 47.2 68.1
Sr 418 431 446.8 390.3 607 382.5
Zr 109 115 112 126 91 118
Nb 5.9 6.3 7.4 121 7 10.3
Co 11.8 12.2 10.7 7.1 7.2 6.9
La 19.2 20.3 18.8 26.7 25.2 27.4
Ce 315 33.8 24.6 43.1 40 44.6
Pr 3.97 4.01 2.7 3.95 4.2 4.3
Nd 16 16.2 12.9 14.9 13.1 14.7
Sm 3.48 3.56 2.14 2.54 2.37 2.45
Eu 0.96 0.98 0.68 0.73 0.62 0.7
Gd 2.81 2.79 1.92 2.47 2 2.33
Tb 0.42 0.41 0.25 0.31 0.32 0.34
Dy 2.18 2.21 1.65 1.8 1.63 1.79
Ho 0.41 0.44 0.33 0.39 0.34 0.38
Er 1.38 1.48 1.14 1.18 1.1 1.16
™m 0.21 0.22 0.15 0.19 0.14 0.17
Yb 1.35 14 1.07 1.1 1.01 1.08
Lu 0.26 0.29 0.17 0.21 0.14 0.2
Y 15.5 16.3 12.5 115 9.7 11.4
Cs 1.04 1.12 0.76 1.16 0.95 0.9
Ta 0.4 0.6 0.5 1.2 0.5 1.1
Hf 2.6 2.8 2.8 3.2 2.5 3.1
Th 4.1 4.2 4.2 7.4 6.5 8.6
U 1.2 1.6 1.2 3.1 1.6 3.2
\Y 114 118 74.2 49 59 47
Sr/Y 26.9 26.4 35.7 33.9 62.5 33.5
(La/Yb)n 9.59 9.78 12.55 16.36 16.18 17.10
K;0/Na,O 0.55 0.35 0.37 0.32 0.14 0.24
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Figure 4. Cathodoluminescence images of zircons from samples Ab8 and Ab59 for U-Pb geochronology.
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Table 2. The U-Pb isotopic ratios and calculated ages for the zircons in two dacitic (Ab8) and
granodioritic (Ab59) samples in Shotorsang area.

Sample No.: Ab8

Spot  27PbP%Pb  1s 2Pb/PU  1s  2%PbPPU  Is  20PbPTh  1s  PbP7/Pb’® 1s Pb2/U® 1s PO2/UP® 1s PD?/Th?? 1s

SH-8-04 0.04928 0.00463 0.02227 0.00198 0.00328 0.0001 0.00098 0.00005 160.9 205.86 21.1 0.66 224 1.96 19.8  0.98

SH-8-05 0.04622 0.00778 0.02218 0.00361 0.00348 0.00015 0.00119 0.00012 9 361.75 224 096 223 3.59 241 237

SH-8-06 0.04621 0.00768 0.0236 0.00377 0.0037 0.00017 0.0011 0.00014 8.4 357.7 238 1.1 237 374 22.3 2.8

SH-8-18 0.04638 0.00499 0.02382 0.00244 0.00373 0.00013 0.00132 0.0001 17.4  239.97 24 0.82 239 242 266 1.92

SH-8-19 0.05069 0.00643 0.02475 0.00299 0.00354 0.00014 0.00111 0.0001 226.6 268.71 228 0.88 248 2097 22.5 2
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Table 2. Continued.
Sample No.: Ab59

Spot  207Pp/2%ph 15 207pp/2BY  1s  206pp/2BY  1s  98pp/22Th  1s  Pb27/Pb2% 1s Pb25/UB 15 PhP7/UZE 15 Ph28/Th?2 1s
SH-59-01 0.04841 0.02459 0.01884 0.00911 0.00282 0.00044 0.00115 0.00038 119.4 894.71 18.2 2.86 19 9.08 233 7.8
SH-59-03 0.04686 0.02294 0.02344 0.01114 0.00363 0.00043 0.00126 0.00036 41.7 880.58 23.4 275 23.5 11.05 254  7.24
SH-59-04 0.04817 0.02394 0.0244 0.01197 0.00368 0.0003 0.00121 0.00038 107.8  881.48 23.7 1.92 245 11.86 245  7.68
SH-59-05 0.04668 0.01738 0.02233 0.00817 0.00347 0.00024 0.00119 0.00022 32.8  710.85 22.3 155 22.4 811 241 453
SH-59-06 0.04664 0.01933 0.02284 0.00933 0.00355 0.00026 0.0011 0.00024 30.9 77476 22.9 1.65 22.9 926 222 481
SH-59-07 0.04667 0.00884 0.02267 0.00415 0.00352 0.00017 0.00122 0.00015 32.5  400.15 22.7 111 22.8 412 246  3.09
SH-59-08 0.04718 0.00879 0.02255 0.00405 0.00347 0.00017 0.00095 0.00016 57.9  392.9 223 111 22.6 402 193 3.24
SH-59-09 0.04915 0.02496 0.02165 0.01038 0.0032 0.00054 0.001 0.00042 155 889.43 20.6 3.46 21.7 10.32 20.2 855
SH-59-10 0.04642 0.00717 0.02328 0.00348 0.00364 0.00015 0.00104 0.00012 19.5 334.14 23.4 0.93 23.4 345 211 244
SH-59-11 0.04677 0.02666 0.02191 0.01234 0.0034 0.0003 0.00089 0.00039 37.1 98857 21.9 1.92 22 12.27 18 7.93
SH-59-12 0.04778 0.00835 0.02362 0.00385 0.00359 0.00023 0.00105 0.00016 87.4  369.73 23.1 149 23.7 381 212 3.25
SH-59-13 0.04656 0.0151 0.02313 0.00733 0.0036 0.00025 0.00142 0.00023 26.6  635.67 23.2 1.62 23.2 7.27 287 468
SH-59-14 0.04631 0.00938 0.02312 0.00455 0.00362 0.00018 0.00119 0.00011 13.8  426.01 23.3 115 23.2 451 241 217
SH-59-15 0.04754 0.01031 0.02254 0.00476 0.00344 0.00017 0.00109 0.00013 75.5  448.07 22.1 111 22.6 473 22 2.59
SH-59-17 0.04834 0.01118 0.02279 0.00508 0.00342 0.00021 0.001 0.00012 116.1  470.02 22 1.38  22.9 5.04 203  2.46
SH-59-18 0.04719 0.01371 0.02147 0.00609 0.0033 0.00021 0.00111 0.00016 58.6  577.14 21.2 135 21.6 6.05 224 3.14
SH-59-19 0.04851 0.02311 0.02372 0.01109 0.00355 0.00033 0.00106 0.0004 1242  850.81 22.8 2.1 23.8 11 213 8.12
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Figure 5. Photomicrographs of the dominantly porphyritic texture and the mineralogy of the Shotorsang
hypabyssal granitoids. A) granodioritic stock; B) dacitic dike; C) quartz monzonite stock (Garnet and chlorite
crystals, as well as granoblastic texture, are shown in Microphotograph D).
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Figure 6. The composition of Shotorsang
intrusive bodies and dikes on the SiO, versus
Na,0+K;0 diagram (Middlemost, 1985).
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Figure 7. Composition of Shotorsang hypabyssal granitoids in: A) SiO; versus KO diagram (Peccerillo and
Taylor, 1976); B) A/ICNK versus A/NK diagram (Maniar and Piccoli, 1989) (Symbols as in Figure 6).
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Figure 8. Trace and rare earth elements patterns of the Shotorsang hypabyssal granitoids in: A) Primitive
mantle (Sun and McDonough, 1989)-normalized diagram; B) Chondrite (Boynton, 1984) —normalized diagram

(Symbols as in Figure 6).
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Figure 9. The tectonomagmatic setting of the Shotorsang hypabyssal granitoids in: A) Y+Nb versus Rb
diagram (Pearce et al., 1984); B) Y versus Nb diagram (Pearce et al., 1984) (SYN-COLG: Syn Collision
Granite; WPG: Within Plate Granite; ORG: Oceanic Ridge Granite; VAG: Volcanic Arc Granite) (Symbols as

in Figure 6).
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Figure 12. Composition of the Paleogene and Neogene adakitic rocks from southern Quchan
magmatic arc on the eNdi-(®’Sr/®Sr); diagram. The data for the oceanic lithosphere-derived adakites
is from Defant et al. (1992) and Sajona et al. (2000). The data for adakitic rocks derived from the
thickened continental crust is adopted from Muir et al. (1995). The data for the Chakaneh adakitic
domes and post-ophiolite adakitic intrusives are from Gardidehet al. (2018) and Jamshidiet al.
(2018), respectively. The isotopic data for the Sabzevar ophiolite are from Shafaii Moghadam et al.
(2015).
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