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ABSTRACT

The Paleo-Tethys ocean opened in Silurian time, and its subduction under the Turan plate started in the
Late Devonian. By Late Triassic time (225 Ma), no Paleo-Tethys crust remained on the surface of the Ira-
nian plate. Subsequently, however, obduction of the Turan plate over the Iranian plate emplaced allo-
chthonous sheets in what is now northeastern Iran. The sheets contain meta-ophiolites, which have
been dated at 281.4 and 277.4 Ma by the “°Ar->°Ar method. These remnant Paleo-Tethys meta-ophiolites
and associated metaflysch sequences were intruded by the Dehnow diorite and Kuhsangi granodiorite.
Zircon U-Pb dating indicates that the age of the Kuhsangi granodiorite is 217 + 4 Ma and that of the Deh-
now diorite is 215 * 4 Ma (Late Triassic, Norian). The granodiorite and diorite have magnetic susceptibil-
ities of between 5 x 107> and 20 x 107> (SI units) and therefore are classified as belonging to the ilmenite
series of reduced-type granitoids. Chemically, the Dehnow diorite and Kuhsangi granodiorite are moder-
ately peraluminous S-type plutons with (La/Yb)y = 7-22 and no, or only small, negative Eu anomalies (Eu/
Eux = 0.55-1.1). Their initial 87Sr/36Sr ratios range from 0.707949 to 0.708589, and their initial eyq values
range from —6.63 to —5.90 when recalculated to an age of 216 Ma. These values could be considered to
represent continental crust-derived magmas, and metagreywacke to metapelite with initial eng values of

—15.01 may have been involved in their genesis, but these were not the sole parent material.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The study area is within the Binaloud Mountains, south and
west of Mashhad city in northeastern Iran, between Longitude
59°23'55"E to 59°33'41”E and Latitude 36°16'19”N to 36°22'55"N
(Fig. 1). The Binaloud Mountains include meta-ophiolites and
metaflysch sequences interpreted as remnants of the Paleo-Tethys
ocean. These rocks are intruded by diorite and granodiorite
plutons.

Previous geologic studies in the Binaloud region include mineral
reconnaissance on the granite and diorite plutons, meta-ophiolites,
and metasedimentary rocks (Jarchovski et al., 1973). The earliest
petrographic study of the Mashhad granites was carried out by
Alberti and Moazez (1974). Majidi (1983) did a Ph.D. thesis on
the meta-ophiolite and the metamorphic and granitic rocks, and
Mirnejad (1991) wrote a M.Sc. thesis on the petrography and major
element contents of the intrusive rocks. Alavi (1979, 1991, 1992)
studied the structural characteristics of the area in detail
Valizadeh and Karimpour (1995) performed a petrographic and
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major element study of the granitoids. Iranmanesh and Sethna
(1998) investigated the Mashhad granites. Abbasi (1998) did his
M.Sc. project on both regional and contact metamorphic rocks.
Ghazi et al. (2001) studied the geochemistry and determined the
age of the Mashhad meta-ophiolite.

The Dehnow-Kuhsangi study area is the only exposure of Paleo-
Tethys granitoid rocks in Iran. Our research in the area during more
than 10 years has shown that the K-Ar ages of 256-245 Ma deter-
mined for the Dehnow-Kuhsangi granitoids by Majidi (1983) are
older than their stratigraphic age, as indicated by crosscutting rela-
tionships. Our work also shows that the interpretation made by
Iranmanesh and Sethna (1998) that the Dehnow and Kuhsangi dio-
rite and granodiorite are I-type granites belonging to the magnetite
series is incorrect. Here we present the results of new radiogenic
isotope analysis and more accurate zircon U-Pb dating. We then
discuss the paleotectonic and petrogenetic implications of these
new data for the Paleo-Tethys Dehnow-Kuhsangi granitoids.

2. Geological setting

The Binaloud region in northeastern Iran, south of Mashhad,
contains Paleo-Tethys remnants, including the Dehnow diorite
and Kuhsangi granodiorite. To the west, such remnants extend into
the Alborz Mountains and then to Azerbaijan, Armenia, Turkey, and
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Fig. 1. Geological location of Kuhsangi granodiorite and Dehnow diorite.

other parts of Europe. To the east, they extend to the Hindu-Kush
Mountains north of Afghanistan and India.

The Dehnow diorite and Kuhsangi granodiorite were formed
during the collision of the Iranian and Turan plates. These grani-
toids intruded the meta-ophiolite and metaflysch Paleo-Tethys
remnants. They are the only exposure of the Paleo-Tethys granitoid
rocks in Iran.

During the Paleozoic, the Iranian and Arabian plates formed a
coherent unit and were separated from the Turan plate by the Pa-
leo-Tethys. The research of Stampfli (1996, 2000, 2002); Stampfli
and Pillevuit (1993), and Stampfli et al. (1991) in the Alborz Moun-
tains and elsewhere has yielded very good evidence that the Paleo-
Tethys ocean opened in Silurian time. In the late Paleozoic or Early
Triassic, the Iranian plate drifted away from Arabia as the Neo-
Tethys ocean opened, and the Iranian microcontinent collided with
the Turan plate. In Iran, Turkey, and Greece, the Paleo-Tethys clo-
sure occurred during the Late Triassic (between 231 and
225 Ma). By the end of the Late Triassic, the closure of the Paleo-
Tethys was complete in the area that would become Iran (Stampfli,
1996, 2002; Stampfli and Pillevuit, 1993; Stampfli et al., 1991; Dav-
oudzadeh and Schmidt, 1984).

The obduction of the Paleo-Tethys meta-ophiolite and meta-
flysch and their emplacement over the Iranian microcontinental
margin must have been Pre-Late Triassic (Stampfli, 1996, 2002;
Stampfli and Pillevuit, 1993; Stampfli et al., 1991; Davoudzadeh
and Schmidt, 1984; Alavi, 1992). Alavi (1992) and Stocklin (1974)
also concluded that the initiation of the collisional processes be-
tween the Iranian microcontinent and the Turan plate had been
started prior to the end of Triassic.

2.1. Meta-ophiolites

These can be divided into two complexes: (1) Nourabad and (2)
Chehar-cheshmeh. The Nourabad complex (Virani is the older
name) is exposed about 25 km west of Mashhad around the village
of Nourabad (Fig. 1). The Chehar-cheshmeh meta-ophiolite com-

plex is exposed between Vakilabad and Khlaj (Fig. 1). Hornblende
gabbro (ophiolite) was dated by the “°Ar-*°Ar method at
281.4Ma and 277.4 Ma, with corresponding isochron ages of
287.6 and 281.7 Ma, suggesting Late Pennsylvanian - Early Perm-
ian ages, similar to other ages for Paleo-Tethys oceanic crust (Ghazi
et al,, 2001).

According to detailed studies by Alavi (1979, 1991, 1992),
“meta-ophiolites” constitute allochthonous sheets which are dis-
placed onto the surrounding flysch deposits by a low angle, precol-
lisional ductile thrust system that is associated with mylonites and
a mesoscopic sheared-off fault-drag fold. Mylonites are a few cen-
timeters to a meter wide.

2.2. Metaflysch

The metasedimentary rocks comprise slate, quartzite, marble,
minor phyllite, and carbonate conglomerate and olistostromes.
Alavi (1979) considered the metasedimentary rocks to represent
deepwater flysch deposits. On the basis of Abbasi’s (1998) research,
the first stage of regional metamorphism was low pressure and
medium temperature (staurolite zone within amphibolite facies).

The remnant Paleo-Tethys meta-ophiolite and associated meta-
flysch were intruded by the Dehnow diorite and Kuhsangi
granodiorite.

2.3. Younger low-grade metasedimentary rocks

To the southwest of a major thrust fault (Fig. 1), there is a thick
sequence of low-grade metamorphosed shale and with basal con-
glomerate. The conglomerate contains pebbles of ophiolite, meta-
flysch, diorite, and granodiorite. The basal conglomerate is highly
sheared and silicified. Within the thrust zone there is a highly
brecciated dolomite (Fig. 1). The shale contains plant fossils of
Early Jurassic age. This second regional metamorphism must have
occurred sometime after the emplacement of diorite and
granodiorite.
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Table 1
Major, trace and REE elements analysis of Dehnow-Vakilabd-Kuhsangi intrusive rocks.
Sample 59°24'38" 59°24'32" 59°26'51" 59°25'25" 59°25'27" 59°33'26" 59°27'05"
location 36°21'42" 36°21'44" 36°20'28" 36°19'31” 36°19'32" 36°14'42" 36°19'50”
Sample no. 1 2 3 4 5 6 7
Rock type Diorite Diorite Granodiorite Granodiorite Granodiorite Granodiorite Granodiorite
Si02 59.32 55.12 64.41 64.83 63.70 63.97 65.24
TiO, 0.62 0.92 0.47 0.48 0.51 0.51 0.57
Al,03 17.59 19.02 16.51 15.96 16.85 17.16 15.39
Fe,03 1.59 144 1.40 1.18 1.20 1.40 1.85
FeO 4.77 7.15 3.86 3.96 3.96 3.69 4.41
MnO 0.14 0.2 0.13 0.12 0.13 0.12 0.11
MgO 2.60 2.7 1.68 1.85 1.71 1.32 1.89
Cao 5.69 7.25 425 3.78 418 4.77 3.84
Na,O 2.48 1.9 2.74 2.84 3.03 275 2.41
K;0 2.62 2.07 2.80 2.92 2.56 2.81 3.05
P,0s5 0.20 0.23 0.16 0.14 0.18 0.20 0.19
H,0™ 1.34 1.9 1.2 1.68 1.14 1.18 1.26
Total 99.12 99.8 99.93 99.93 99.59 99.99 100.21
Rb 96 76 100 103.5 99 105 1104
Sr 514 537 433 371 448 418 396
Ba 576 470 557 492 517 550 561
Nb 215 30.5 215 221 241 23.7 259
Zr 154 177 145 137 170 187 155
Ga 23 23.6 18 16 19 16 22
Rb/Sr 0.18 0.14 0.23 0.28 0.22 0.25 0.27
Rb/Ba 0.16 0.16 0.18 0.21 0.19 0.19 0.196
Fe,03/FeO 0.33 0.2 0.29 0.27 0.28 0.29 0.41
La 28.06 37.2 30.17 20.81 37 55.5 37.94
Ce 58.9 78.2 62.58 44.62 79 114.9 85.97
Pr 6.22 8.31 6.57 4.69 8.11 11.91 8.51
Nd 22.31 29.6 21.88 17.37 30.7 40.6 30.55
Sm 4.83 5.12 3.8 3.81 5.26 5.58 6.05
Eu 1.37 1.27 0.89 1.23 1.3 1.39 1.55
Gd 3.85 3.86 3.33 291 4.37 3.28 4.24
Dy 3.66 2.61 3.52 2.79 3.72 1.41 2.93
Er 2.27 1.22 2.05 1.57 1.97 0.59 1.47
Y 18.7 224 21.2 143 15.4 141 154
Yb 1.77 117 23 1.35 1.95 0.58 1.23
(La/Yb)n 19.69 21.32 10.02 10.39 12.86 21.32 20.8
Eu/Eusx 0.97 0.87 0.76 1.13 0.83 0.87 0.94
59°24'32" 36°21'44” 59°24'05” 36°21'50” 59°27'45" 36°19'45” 59°25'11” 36°19'46”
8 9 10 11
Diorite Diorite Granodiorite Granodiorite
Si0, 58.16 55.1 64.74 63.49
TiO, 0.76 0.96 0.48 0.51
Al,05 18.14 18.65 16.42 16.84
Fe,03 1.86 1.95 1.16 1.71
FeO 5.58 6.70 3.95 3.78
MnO 0.16 0.16 0.13 0.13
MgO 2.32 3.01 1.79 1.88
Cao 6.13 6.99 428 4.01
Na,O 2.71 2.46 3.0 2.72
K;0 2.76 2.02 2.69 2.64
P,0s5 0.22 0.32 0.18 0.20
H,0™) 1.4 1.7 1.2 1.35
Total 100.3 99.84 100.14 99.59
Rb 102 75 100 97
Sr 540 533 460 450
Ba 594 466 551 487
Nb 28.8 31.9 231 24
Zr 205 178 156 156
Ga 19 24 21 18
Rb/Sr 0.18 0.14 0.21 0.2
Rb/Ba 0.17 0.16 0.18 0.19
Fe,03/FeO 0.33 0.33 0.29 0.29
2.4. Jurassic sedimentary rocks pebbles and cobbles of metaflysch, Dehnow diorite, and

Kuhsangi granodiorite. There are thin coal-bearing horizons

A narrow, northwest-trending tectonic basin contains within the shale. Abundant plant fossils indicate that the

interlayered sandstone, shale, and siltstone with a basal age of this sequence is Lias-Dogger (Khatonie Molayossefi,
conglomerate (Fig. 1). The basal conglomerate contains 2000).
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3. Analytical techniques
3.1. Bulk-rock chemistry

Fieldwork was carried out in the plutonic metamorphic belt for
more than 10 years. Detailed field observations and petrographic
study of more than 100 samples signified that the mineralogical
compositions of both the granodiorite and diorite are very uniform.
Previous major and trace element analysis also indicated that there
is very little chemical variation within either the Dehnow or Kuhs-
angi intrusions. Therefore we selected only 11 samples, which we
consider representative, for new analysis.

Major elements were analyzed by wavelength-dispersive X-ray
fluorescence (XRF) spectrometry using fused discs and the Philips
PW 1410 XRF spectrometer at Ferdowsi University, Mashhad, Iran.
Pressed-powder pellets were used for Zr, Nb, Sn, Sr, Ba, Sc, Y, and Ga
measurements by XRF. FeO and Fe,03; contents were determined
with precision of £1% by titration with standardized potassium per-
manganate solution at Ferdowsi University of Mashhad, Iran.

The REE compositions of the samples were determined by
inductively coupled plasma-mass spectrometry (ICP-MS) at Acme
Analytical Laboratories, Vancouver, British Columbia, Canada.

3.2. Zircon U-Pb dating

Two rock samples, were analyzed for Sr and Nd isotopes, were
chosen for zircon U-Pb age dating. About 70 zircons were isolated
from each rock by using standard mineral separation techniques.
The zircons were mounted along with a zircon standard and a cou-
ple of chips of NBS 610 Trace Element Glass in epoxy and polished
down to 20 pum thickness. Zircon age dating was done at the
Arizona LaserChron Center following the method of Gehrels and
Valencia (2006). Cathode-luminescence (CL) images of the samples
were acquired because such images (1) provide a powerful tool for
placing the laser pits in homogeneous parts of the crystals and (2)
can yield data on the origin (e.g., igneous, metamorphic, hydro-
thermal) of the zircon grains.

Laser ablation generally uses a beam diameter of either 35 or
25 um; however, a beam diameter of 15 or 10 um is used when fi-
ner spatial resolution was needed. With a 35- or 25-um beam, the
laser is set at a repetition rate of 8 Hz and energy of 100 mJ, which
excavates at a rate of ~1 pum/s. This procedure generates a signal of
~100,000 cps per ppm for U in zircon. For smaller beam sizes, the
ablation rate is reduced to ~0.5 pm/s by reducing the laser energy
(60 mJ) and repetition rate (4 Hz). In both cases the ablated mate-
rial is removed from the ablation chamber in He carrier gas. The
carrier gas (and sample) are then mixed with Ar gas before enter-
ing the plasma of the ICP-MS.

Isotopic analysis is performed with a multicollector inductively
coupled plasma-mass spectrometry (MC-ICP-MS: GVI Isoprobe)
that is equipped with an S-option interface. The instrument is
equipped with a collision cell that is operated with an argon flow
rate of 0.2 mL/min to create a uniform energy distribution, and
the accelerating voltage is ~6 kV. Collectors include nine Faraday
detectors and four low-side channeltron multipliers, all of which
are movable, as well as an axial Daly photomultiplier.

3.3. Sr and Nd isotopes

Sr and Nd isotopic analyses were performed on a six-collector
Finnigan MAT 261 thermal-ionization mass spectrometer at the
University of Colorado, Boulder, Colorado, United States. 87Sr/86Sr
ratios were determined by using four-collector static mode mea-
surements. Thirty measurements of SRM-987 during the study per-
iod yielded a mean 87Sr/%6Sr = 0.71032 * 2 (error is the 26 mean).

Measured 37Sr/®6Sr ratios were corrected to SRM-987 = 0.71028.
Measured '*3*Nd/'#*Nd was normalized to '®Nd/'#*Nd =0.7219.
Analyses were made as dynamic mode, three-collector measure-
ments. Thirty-three measurements of the La Jolla Nd standard dur-
ing the study period yielded a mean '*3Nd/'**Nd =0.511838 + 8
(error is the 2¢ mean).

4. Petrography
4.1. Dehnow diorite

The Dehnow diorite crops out in the northwestern part of the
plutonic belt. Its composition ranges from hornblende biotite dio-
rite to granodiorite (Fig. 1). The diorite contains 35-50% plagio-
clase, 10-14% K-feldspar, 9-14% quartz, 15-11% biotite, 2%
hornblende and less than 2% accessory phases. Plagioclase has
minor weak zoning. Quartz is anhedral and found as interstitial
grains. Accessory minerals are apatite, zircon, and ilmenite. Xeno-
liths within the hornblende biotite diorite mainly represent the
country rocks such as slates, meta-peridotite, and meta-gabbro.

Large xenocrystic almandine garnets are found within the dio-
rite near the northern contact where the country rocks are Fe-rich
metapelite. The garnets, up to 2 cm in diameter, are not homoge-
neous. They contain inclusions of biotite, quartz, and plagioclase.
Originally the xenocrysts were pieces of slate that were metamor-
phosed to garnet, biotite, quartz, and plagioclase.

Field observation shows that the diorite-granodiorite intruded
the already-metamorphosed flysch after the first regional meta-
morphism (late Paleozoic). The diorite has a medium-grained hyp-
idiomorphic texture. It commonly displays a weakly to moderately
developed foliation. This foliation does not follow the intrusive
contact and instead has a strike similar to that of the regional slaty
cleavage. This fabric therefore appears to be a result of the second
regional metamorphism, which occurred in the Jurassic.

4.2. Kuhsangi granodiorite

The granodiorite crops out in the area of Vakilabad and Kuhsan-
gi (Fig. 1). The granodiorite contains 30-40% plagioclase, 13-18%
K-feldspar, 15-27% quartz, and 7-10% biotite. Some plagioclase
shows normal zoning. Quartz is anhedral and found as interstitial
grains. Biotite is also anhedral. Common accessory minerals in-
clude apatite, zircon, and ilmenite. The granodiorite has medium-
to fine-grained hypidiomorphic texture. The biotite shows very
good foliation, which follows the slaty cleavage of the second re-
gional metamorphism.

Field observation shows that the granodiorite intruded after the
first regional metamorphism (late Paleozoic) and before the second
regional metamorphism (Late Triassic-Early Jurassic).

5. Analytical results
5.1. Whole-rock geochemistry

Representative whole-rock major and trace element analyses
for 11 diorite and granodiorite samples are listed in Table 1. A plot
of SiO,/(K;0 + Nay0) (Cox et al.,, 1979) shows that the Dehnow
intrusive rocks plot in the field of diorite and the Kuhsangi (for-
merly Vakilabad) intrusive rocks plot in the field of granodiorite
(Fig. 2). A plot of K50 vs. SiO, (after Rickwood, 1989) shows that
both intrusive rock types plot in the field of high-K sub-alkaline
magmas (Fig. 3). The K,0/Na,O0 ratio is between 0.89 and 1.05.

A discrimination plot of Zr + Ce +Y + Nb vs. (Na,0 + K,0)/CaO
(after Whalen et al., 1987) shows that the diorite and granodiorite
plot within the field for I- and S-type granitoids (Fig. 4).
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Villaseca et al. (1998) divided peraluminous granites into four
groups (Fig. 5): (1) Highly peraluminous granitoids (H-P), which
are the typical S-type granites. They have the highest A= (Al/
(K+ Na +2Ca). They are characterized by having Al-rich minerals
such as muscovite, garnet (almandine-pyrope series), cordierite,
and sillimanite. They usually contain abundant restitic enclaves.
(2) Moderately peraluminous granitoids (M-P). These are biotite
bearing. Accessory phases are cordierite and garnet (almandine-
spessartine series). (3) Low peraluminous granitoids (L-P). These
rocks could be evolved from I-type or the low-ASI-type granitoids.
They may contain amphibole. Enclaves are mainly mafic granular
types. (4) Highly felsic peraluminous granitoids (F-P).

The Dehnow diorite and Kuhsangi granodiorite plot in the field
of moderately peraluminous granitoids (M-P). Because they plot
above the I-S line, they are therefore S-type granitoids (Fig. 5).

5.2. Trace and rare earth elements (REEs)

The low field strength element (LFSE) (Rb, Ba, and Sr) content of
the diorite and granodiorite are in general high (Table 1). The dio-
rite has the lowest Rb ~ 75-102 ppm (Table 1). The Rb/Sr is be-
tween 0.14 and 0.18 in the diorite and, 0.20 and 0.27 in the
granodiorite (Table 1). The Ba content of both intrusive rocks is be-
tween 460 to 590 ppm (Table 1).

REE analyses (normalized with respect to chondrites (Boynton,
1984)) of selected samples from the diorite and granodiorite are
shown in Table 1. In general, the diorite and granodiorite exhibit
similar chondrite-normalized REE patterns (Fig. 6), which are char-
acterized by moderate light rare earth element (LREE) enrichment
and medium heavy REE (HREE) enrichment. The diorite and grano-
diorite have total rare earth contents of 100-180 ppm and Lay/
Yby = 6.33-11.38. The ratios of Eu/Eux vary from 0.74 to 1.1 (Taylor
and McLennan, 1985). Therefore, these rocks have small negative
or no Eu anomalies (Eu/Eux < 1.0).

Chondrite-normalized spidergrams (Thompson, 1982) of repre-
sentative samples of the diorite and granodiorite are plotted in
Fig. 7. Well-defined negative anomalies are observed for P, Ti, Sr,
and Nb. Fractionation or presence of some minerals in the restites
explain the negative anomalies, for example, apatite (P) and ilmen-
ite and/or titanite (Ti). The LFSE elements Ba and Rb show positive
anomalies; Rb shows the highest positive anomaly (Fig. 7). The
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high field strength elements (HFSEs) Zr and Ce show small positive
anomalies (Fig. 7).

6. Magnetic susceptibility

Granitic rocks were classified into the magnetite series and the
ilmenite series by Ishihara (1977). Ishihara recognized that in Ja-
pan there is a distinct spatial distribution of granitic rocks that con-
tain magnetite coexisting with ilmenite and those that contain
ilmenite as the only Fe-Ti oxide. He recognized that the magnetite
series granitoids are relatively oxidized, whereas the ilmenite ser-
ies granitoids are relatively reduced. Granites showing a magnetic
susceptibility value of >3.0 x 10~ (SI units) are classified as
belonging to the magnetite series (Ishihara, 1981). The magnetic
susceptibility and the Fe,03/FeO (bulk chemistry of rocks) ratio
of granodiorite and diorites are reported in Table 2. These data,
when plotted against each other, indicate that the granodiorite
and diorite belong to the ilmenite series (Fig. 8a).

On the basis of mineralogy, Iranmanesh and Sethna (1998) clas-
sified the Dehnow diorite and Kuhsangi granodiorite as I-type
granites belonging to the magnetite series. Both of these classifica-
tions are incorrect. Magnetic susceptibility, mineralogical compo-
sition, and the ferric to ferrous ratio (<0.35) of the Dehnow
diorite and Kuhsangi granodiorite require that they belong to the

Table 2

389

Magnetic susceptibility of Dehnow-Vakilabd-Kuhsangi intrusive rocks (Diorite-

granodiorite).

Sample X Y Magnetic Fe,03/FeO
no. susceptibility 107> SI  (wt.%)
1 59°24/38" 36°21'42" 9 0.33
2 59°24'32" 36°21'44" 16 0.2
3 59°26'51" 36°20'28" 17 0.29
4 59°25'25" 36°19'31” 23 0.27
5 59°25'27" 36°19'32” 19 0.22
6 59°33"26" 36°14'42" 13 0.25
7 59°27'05" 36°19'50” 5 0.41
8 59°24'19” 36°21'46" 6 0.33
9 59°24'05” 36°21'50” 9 0.33
10 59°27'45" 36°19'45” 9 0.29

11 59°25'11” 36°19'46” 13 0.2
12 59°24'31” 36°21'32" 15 0.31
13 59°33'28" 36°16'41” 8 0.29
14 59°25'15" 36°19'45" 9 0.42
15 59°33'30” 36°16'41” 19 0.29
a 10 -
§ ]
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Fig. 8. (a) A plot of magnetic susceptibility vs. Fe,03/FeO shows that the Dehnow
and Kuhsangi intrusive rocks belong to the ilmenite series. (b) Plot of (Rb/Sr)/(FeO/
F,05) indicate that diorite and granodiorite have Low Rb/Sr and Fe,03/FeO ratios.

ilmenite series. Their mineralogical-chemical composition (Figs. 5
and 8b) and initial 87Sr/®6Sr and '**Nd/'#*Nd ratios (0.707949-
0.708589 and 0.512059-0.512019, respectively) also indicate that
they are S-type granitoids.

The classification of the magnetite series and ilmenite series
granitoids plus their Rb/Sr ratios are very powerful tools in mineral
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Table 3
Results of U-Pb-Th laser-ablation multicollector ICP mass spectrometry analysis of zircon from Dehnow diorite and Kuhsangi granodiorite.
Analysis U (ppm) 206pp204ppy U/Th 206pp207pp + (%) 207pp 235y + (%) AR + (%) Age (Ma) + (Ma)
Granodiorite Kuhsangi (sample no. 6)
1 151 952 14 14.8919 14.5 0.3291 14.6 0.0355 1.1 2252 2.5
2 249 6102 23 19.9499 3.5 0.2342 42 0.0339 2.4 214.8 5.1
3 502 5806 3.0 19.5585 2.7 0.2393 2.8 0.0340 0.8 215.2 1.7
4 883 3738 3.9 18.0135 5.4 0.2617 5.5 0.0342 0.8 216.7 1.7
5 206 3700 2.3 18.6108 7.6 0.2527 8.8 0.0341 43 216.3 9.2
6 335 9464 1.7 20.5926 4.2 0.2256 4.3 0.0337 1.0 213.6 2.0
7 366 12,286 2.1 20.2815 3.0 0.2302 5.2 0.0339 43 214.7 9.0
8 303 9948 2.2 20.0799 1.7 0.2399 2.4 0.0349 1.7 2214 3.6
9 216 6332 1.6 19.2525 2.9 0.2434 33 0.0340 1.6 2155 33
10 303 2590 2.1 19.3393 2.2 0.2443 4.3 0.0343 3.6 217.2 7.8
11 409 3956 2.5 18.4774 5.6 0.2530 7.6 0.0339 5.2 215.0 10.9
12 300 9178 1.8 19.2202 2.8 0.2446 3.7 0.0341 23 216.1 5.0
13 369 10,064 1.8 20.2104 3.2 0.2281 3.5 0.0334 15 212.0 3.2
14 372 5662 2.0 19.7046 3.0 0.2247 3.6 0.0321 2.1 203.8 43
15 233 6184 2.7 20.1721 2.4 0.2408 3.5 0.0352 2.6 223.2 5.6
16 479 15,704 2.5 20.1365 2.0 0.2386 3.6 0.0348 3.1 220.8 6.6
17 548 4514 33 18.8040 1.7 0.2558 2.0 0.0349 1.1 2211 23
18 257 2778 2.8 18.4766 5.9 0.2646 6.0 0.0355 1.2 224.6 2.7
Diorite (Dehnow) (sample no. 2)
1 448 17,148 2.4 20.0809 3.9 0.2259 4.2 0.0329 1.6 208.7 33
2 580 8590 3.7 19.2134 2.8 0.2410 33 0.0336 1.6 213.0 3.4
3 428 3682 4.0 19.1118 8.4 0.2438 8.4 0.0338 1.2 2143 2.5
4 553 19,160 3.8 19.8499 1.6 0.2343 2.4 0.0337 1.8 2139 3.8
5 548 32,376 44 20.3273 3.5 0.2307 45 0.0340 2.8 215.6 5.9
6 801 16,410 3.6 19.4604 3.2 0.2397 3.5 0.0338 15 2145 3.1
7 588 14,906 2.8 19.8105 3.6 0.2357 3.7 0.0339 0.9 214.7 1.9
8 604 18,492 4.1 19.8692 3.0 0.2349 43 0.0339 3.1 214.6 6.6
9 313 9218 53 19.7691 3.7 0.2373 4.0 0.0340 14 215.7 3.1
10 579 21,458 3.7 19.8940 2.8 0.2344 3.2 0.0338 1.6 2144 33
11 416 11,596 5.8 19.9132 1.9 0.2290 2.4 0.0331 14 209.7 29
12 226 11,626 3.5 19.7561 3.4 0.2396 3.8 0.0343 1.7 217.6 3.7
13 266 9052 2.9 19.8609 3.7 0.2372 3.8 0.0342 1.0 216.6 2.1
14 421 7734 5.8 19.3885 6.7 0.2373 7.0 0.0334 23 211.6 4.7
15 428 13,892 2.6 19.5856 3.1 0.2346 3.8 0.0333 2.1 211.3 4.4
16 665 16,080 3.6 19.7714 14 0.2327 15 0.0334 0.5 211.6 1.0
17 253 6048 3.4 19.5864 29 0.2443 3.2 0.0347 1.2 220.0 2.7
18 696 34,236 3.4 19.7746 28 0.2360 3.8 0.0338 2.5 214.6 53
19 356 10,920 2.7 19.7648 2.9 0.2362 33 0.0339 1.5 214.6 3.2
20 298 2706 4.4 18.9095 9.4 0.2450 9.9 0.0336 33 213.0 7.0
21 488 17,136 3.9 19.5757 13 0.2348 1.8 0.0333 1.2 2114 2.5

exploration. Intrusive rocks associated with Cu-Au porphyries are
relatively oxidizing, and they have low Rb/Sr ratios (Fig. 8b). Por-
phyry Sn deposits are associated with reduced intrusive rocks with
very high Rb/Sr ratio (Fig. 8b). Because the plot of Fe,03/FeO vs. Rb/
Sr ratios (Fig. 8b) shows that the Dehnow diorite and Kuhsangi
granodiorite plot in the reduced (ilmenite series) field and have
low Rb/Sr ratios, these rocks do not have any potential for Cu-Au,
Sn, or Mo mineralization.

6.1. U-Th-Pb zircon age dating

The ophiolite that is a remnant of e Paleo-Tethys ocean was da-
ted by Ghazi et al. (2001) using two methods: (1) “°Ar->°Ar, which
gave ages of 281.4 and 277.4 Ma, and (2) K-Ar, which gave ages of
273 and 265 Ma. Both methods thus suggested Late Pennsylvanian
- Early Permian ages.

In Iran, Turkey, and Greece, the Paleo-Tethys closure did not
take place before the beginning of the Late Triassic (231 Ma). By
the end of the Late Triassic (about 225 Ma), the Paleo-Tethys ocean
certainly had closed in the area that is now Iran (Stampfli, 1996,
2002; Stampfli and Pillevuit, 1993; Stampfli et al., 1991; Davoud-
zadeh and Schmidt, 1984).

In an earlier study, Majidi (1983) dated the Dehnow diorite and
Kuhsangi granodiorite by using the K-Ar method, which yielded
ages of 256-245 Ma. Because these plutonic rocks were intruded
during the closure of the Paleo-Tethys, their age must be younger

than 225 Ma. Therefore the K-Ar age reported by Majidi is
incorrect.

Two rock samples, which were analyzed for Sr and Nd isotopes,
were chosen for U-Pb-Th dating of zircon. The U-Th-Pb dating
was done at the Department of Geosciences, University of Arizona,
Tucson, Arizona, United States.

The results of the U-Th-Pb zircon analysis of the two samples
(No. 6—Kuhsangi granodiorite and No. 2—Dehnow diorite) are pre-
sented in Table 3.

The results of the calculation of the isotopic age of the Kuhsangi
granodiorite are presented as concordia and TuffZirc graphics (Figs.
9a and b). On the basis of 18 analyzed points, the mean age
(weighted mean) is 217 £ 4 Ma (errors shown are 2¢).

The results of the calculation of isotopic age of the Dehnow dio-
rite are presented as concordia and TuffZirc graphics (Figs. 10a and
b). On the basis of 21 analyzed points, the mean age (weighted
mean) is 215 £ 4 Ma (errors shown are 20).

Therefore, the U-Th-Pb zircon age dating indicates that the
Dehnow diorite and Kuhsangi granodiorite formed in Late Triassic
(Norian) time.

6.2. Sr and Nd isotopes
Sr and Nd isotope data for representative samples are given

in Table 4. Their initial 8’Sr/%6Sr and '“*Nd/'#*Nd ratios range
from 0.707949 to 0.708589 and from 0.512059 to 0.512019,
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Fig. 9. (a) Concordia plot of 2°7Pb/?*>U vs. 2°6Pb/?38U for calculating the age of
zircons (Kuhsangi granodiorite). (b) TuffZirc plot shows the age of zircons from the
Kuhsangi granodiorite.

respectively, when recalculated to an age of 217 Ma, consistent
with the new radiometric results (Table 4). Initial &vq isotope val-
ues for the Dehnow diorite and Kuhsangi granodiorite range from
—6.63 to —5.90. The initial enq value of the slate is —13.79 (Table 4).
The values for the plutonic rocks could be considered as represen-
tative of a continental crust-derived magma.

7. Discussion
7.1. Source of magma

Magnetic susceptibilities of the diorite and granodiorite are
between 5 x 107> and 20 x 107> (SI units); therefore these rocks
belong to the ilmenite series of reduced-type granitoids. They are
also moderately peraluminous. The initial 37Sr/®6Sr, eng, and
143Nd/144Nd values of MORB basalts and of diorite, granodiorite,
and slate from the study area are plotted in Fig. 11. The initial
&ng isotope values for the Dehnow diorite and Kuhsangi granodio-
rite range from —6.63 to —5.90, compared to MORB for which the
value is between +7 and +13. The initial 87Sr/36Sr isotope values for
the Dehnow diorite and Kuhsangi granodiorite range from
0.707949 to 0.708589, whereas the value for MORB is less than
0.704. Initial '**Nd/'**Nd isotope ratios for the Dehnow diorite
and Kuhsangi granodiorite range from 0.512059 to 0.512019; those
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Fig. 10. (a) Concordia plot of 2°7Pb/?*°U vs. 2°°Pb/?38U for calculating the age of
zircons (Dehnow diorite). (b) TuffZirc plot shows the age of zircons from the
Dehnow diorite.

for MORB are between 0.5130 and 0.5135. The isotope values thus
indicate that both the diorite and the granodiorite did not originate
in the mantle.

Following the collision of the Iranian and Turan plates, crustal
shortening and thickening occurred. In continental collision zones,
thickening of continental crust allows melting of metapelites,
metagreywackes, and meta-igneous rocks under hydrated condi-
tions. Such melting can produce silicic to intermediate-composi-
tion magmas of different series (i.e., Miller, 1985; Petford and
Atherton, 1996). However, the initial 87Sr/®6Sr isotope values of
the Dehnow diorite and Kuhsangi granodiorite (0.708589) is differ-
ent from the value shown by the slate (0.719306). This difference
indicates that although the source of magma was in continental
crust, the source was not solely the slate-related rock types.

The discrimination diagram that plots Rb/Sr vs. Rb/Ba ratios
(Fig. 12) (Sylvester, 1998) shows that the Dehnow diorite and
Kuhsangi granodiorite samples plot next to melt derived from
metagreywacke. Dehydration-melting behavior of biotite in
metapelitic rocks has been investigated by many workers, includ-
ing Thompson (1982), Le Breton and Thompson (1988), Vielzeuf
and Holloway (1988), Peterson and Newton (1989), Holtz and
Johannes (1991), Patifio-Douce and Johnston (1991), Gardien
et al. (1995), Patifio-Douce and Harris (1998), Annen et al.
(2006), and Jagoutz et al. (2007). The amount and composition of
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Table 4

Rb-Sr and Sm-Nd isotopic data of diorite (Dehnow) and granodiorite (Kuhsangi).
Sample Rb Sr 87Rb/%5sr  (87Sr/%6Sr) RO(Sr) Smppm Ndppm '¥Sm/'Nd  (Nd/'*Nd)  RO(Nd) eNd I

(ppm)  (ppm) m (20) m (20)

Diorite sample (6) 100.1 438 0.6609 0.70997 (1) 0.70794 3.8 14.2 0.1614 0.512286 (12) 0.512059 -5.90
Granodiorite sample (2)  95.2 382 0.7198 0.71081 (1) 0.70859 5.75 325 0.1070 0.512171 (09) 0.512019 —6.63
Si-1(Slate) 149 74.8 5.7365 0.73701 (1) 0.71252 8.20 44.4 0.1116 0.511748 (07) 0.511590 —15.01

m = measured. Errors are reported as 2 (95% confidence limit).

RO(Sr) is the initial ratio of 3’Sr/%6Sr for each sample, calculated using 8’Rb/®6Sr and (87Sr/®®Sr)m and an age of 214.4 Ma (diorite) and 216.7 Ma (granodiorite) (age based on

zircon).

RO(Nd) is the initial ratio of '#*Nd/'**Nd for each sample, calculated using '4’Sm/'#Nd and ('**Nd/"*Nd)m and an age of 214.4 Ma (diorite) and 216.7 Ma (granodiorite) (age

based on zircon).
eNdl, initial eNd value.
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Fig. 12. Discrimination diagram of Rb/Sr vs. Rb/Ba (Sylvester, 1998). The Dehnow
diorite and Kuhsangi granodiorite ratios plot near metagreywacke.

melts produced are dependent on various factors: composition of
the source rocks, temperature, water content, pressure, and oxygen
fugacity. In general, as the melts produced at low melting fractions

are indistinguishable (mainly peraluminous) irrespective of the
nature of the protolith, only the amount of melt will be different.
Even metaluminous meta-igneous rocks—such as reported by Con-
rad et al. (1988), Beard et al. (1993), Beard and Lofgren (1991), Pat-
ifio-Douce and Beard (1995), and Springer and Seck (1997)—are
able to produce peraluminous felsic melts at low melting fractions
and in water-deficient conditions. As the melting increases, pri-
mary components of the source rocks are progressively incorpo-
rated into the melt. The Ti and Mg contents of biotite directly
control the reaction temperature interval in biotite. As these ele-
ments increase in biotite, the reaction temperature interval will
expand.

The Dehnow diorite and Kuhsangi granodiorite have low SiO,,
high AlL,O3 (>15 wt.%), and low Lay/Yby = 6.33-21.32. Diorite or
granodiorite with Lay/Yby = 6.33-21.32 must have originated from
a depth and sources in which garnet was not present. The geophys-
ical measurement carried out by Kunin (1987) indicated that the
thickness of the continental crust in Binaloud area is between 48
and 50 km. The Dehnow diorite and Kuhsangi granodiorite there-
fore originated from a depth of less than 50 km.

8. Conclusions

The Paleo-Tethys ophiolite and metaflysch remnants were
intruded by Dehnow biotite diorite and Kuhsangi granodiorite.
These rocks contain up to 12% biotite, and they are moderately
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peraluminous S-type granitoids. Their magnetic susceptibilities are
between 5 x 107> and 20 x 107> (SI units); therefore they are clas-
sified as belonging to the reduced-type ilmenite series. The age of
the Kuhsangi granodiorite based on zircon U-Pb age dating is
217 £+ 4 Ma, and that of the Dehnow diorite is 215 + 5 Ma (Late Tri-
assic, Norian). The ranges of their initial 87Sr/®6Sr and '**Nd/'#4Nd
ratios are 0.707949-0.708589 and 0.512059-0.512019, respec-
tively, when recalculated to an age of 217 Ma, consistent with
the new radiometric results. The initial eng isotope values for the
Dehnow diorite and Kuhsangi granodiorite range from —6.63 to
—5.90. The initial eyg isotope value for slate is —15.01. The values
of the igneous rocks could be considered as representative of a con-
tinental crust-derived magma. Based on the geophysical measure-
ment carried out by Kunin (1987), the thickness of the continental
crust in the Binaloud area is between 48 and 50 km. Therefore, the
Dehnow diorite and Kuhsangi granodiorite originated from a depth
of less than 50 km. Melt derived from metagreywacke to metape-
litic rocks is considered to have been the source of these granitoids.
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