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Fig. 1. Geological map of south of Mashhad and location of Khalaj monzogranite (modifided after geological map

(scale: 1:100000) of Mashhad after Taheri and Ghaemi (1994)
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Fig. 2. A: A view of Khalaj monzogranite and the Astan-e-Qods mine, B: A close view of minning of minzogranite in
the Astan-e-Qods mine, C: A wide view of light-colored monzogranite and the dark-colored schists in the south of
Mashhad city, D: Photomicrograph (in XPL) of granular texture in monzogranite and its general mineralogy (quartz,
microcline, plagioclase and biotite), and E: Photomicrograph (in XPL) of biotites containing lots of zircon inclusions
with pleochroic halo. Abbreviations after Whitney and Evans (2010) (Bt: biotite, Qz: quartz, Ab: albite, Mic:
microcline).
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Table 1. ICP-MS and XRF analytical data of Khalaj monzogranite (south of Mashhad) (Calculation of ferric and ferro
oxides is based on method of Le Maitre (1976) for plutonic rocks).

Method ICP-MS XRF XRF XRF XRF XRF XRF XRF XRF Average gg:gggﬂ
Sampleno. K41 K42 BD1 CK KA TR G2l G22 G23
(in Wt.%) -
SiO2 - 70.14 7215 72.84 72.60 73.06 73.34 7347 7265 725 1.1
TiO2 - 017 016 015 020 017 009 0.14 0.8 0.2 0.0
Al0s - 1459 1453 14.64 1441 1457 1429 1466 1432 145 0.1
Fe:0q* - 1.76 110 121 157 135 098 121 1.26 1.3 0.3
FeO - 076 047 052 068 058 042 052 054 0.6 0.1
Fe:0s - 093 058 064 0.8 071 052 064 0.66 0.7 0.1
MnO - 0.04 004 007 005 004 010 008 0.10 0.1 0.0
MgO - 034 026 024 030 024 012 031 0.29 0.3 0.1
Ca0 - 107 1.08 100 121 104 115 098 131 1.1 0.1
Na.0 - 2.84 329 345 343 338 327 351 317 3.3 0.2
K20 - 471 503 501 510 510 479 521  4.99 5.0 0.2
P2Os - 023 014 014 014 014 016 013 0.6 0.2 0.0
LOI - - 09 106 0.89 091 103 121 0.87 1.0 0.1
Total - 95.90 98.74 99.81 99.90 100.00 99.32 100.91 99.30  99.2 15
(in ppm)
Vv 5 38 6 4 5 6 4 3 8 8.8 11.1
Cr 30 11 48 45 40 45 88 59 89 51 25
Co 1 - - - - - - - - 1.0 -
Ni 20 15 2 2 3 2 4 8 6 7 6
Cu 10 21 - - - - - - - 16 8
Zn 50 48 - - - - - - - 49 1
Ga 20 302 - - - - - - - 161 199
Ge 1.70 - - - - - - - - 1.7 -
As 5.00 - - - - - - - - 5.0 -
Rb 179 184 283 301 259 266 305 296 325 266 52
Sr 155 154 186 197 193 207 200 244 189 192 27
Y 10 46 8 10 10 9 18 20 18 17 12
zZr 51 68 76 89 91 84 - - - 77 15
Nb 15 16 26 26 26 27 - - - 23 6
Mo 2.00 - - - - - - - - 2.0 -
Ag 0.50 - - - - - - - - 0.5 -
In 0.10 - - - - - - - - 0.1 -
sSn 9.00 - - - - - - - - 9.0 -
Sb 0.20 - - - - - - - - 0.2 -
Cs 10.00 - - - - - - - - 10.0 -
Ba 392 - 415 388 450 542 300 591 410 436 92
La 16.10 - 27.87 29.33 31.40 3240 - - - 27.4 6.6
Ce 31.80 - 5288 6212 6023 6632 - - - 55 14
Pr 3.45 - 516 657 598 6.23 - - - 5.5 1.2
Nd 12.60 - 1762 19.87 18.76 19.06 - - - 17.6 2.9
Sm 2.92 - 357 433 397 421 - - - 3.8 0.6
Eu 0.68 - 065 081 069 076 - - - 0.7 0.1
Gd 2.74 - 274 297 291 282 - - - 2.8 0.1
Tb 0.45 - 039 040 039 042 - - - 0.4 0.0
Dy 2.25 - 178 182 194 201 - - - 2.0 0.2

Ho 0.34 - 027 031 029 031 - - - 0.3 0.0
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Table 1 (Continued). ICP-MS and XRF analytical data of Khalaj monzogranite (south of Mashhad) (Calculation of
ferric and ferro oxides is based on method of Le Maitre (1976) for plutonic rocks).
Table 1. Continued.

Method  ICP-MS XRF XRF XRF XRF XRF XRF XRF XRF Average gtei']gf}[,ﬂ
Sample no. K-4-1 K-4-2 BD-1 CK KA TR G2-1 G222 G23

(in ppm)
Er 0.81 - 064 069 072 079 - - - 07 0.1
m 0.10 - 008 009 009 0.09 - - - 0.1 0.0
Yb 0.59 - 047 051 053 059 - - - 05 0.1
Lu 0.09 - 006 006 005 007 - - - 0.1 0.0
Hf 1.6 - - - - - - - - 1.6 -
Ta 1.3 - 20 20 20 20 - - - 1.9 03
w 1 - - - - - - - - 1.0 -
Tl 1.09 - - - - - - - - 1.1 -
Pb 49 40 - - - - - - - 45 6.4
Bi 0.20 - - - - - - - - 0.2 -
Th 7 12 12 15 16 13 - - - 13 3
U 2 11 4 5 3 6 - - - 5 3

@;q\f,;yy&w%s;@m\;s\jCIPWJ'z,,Ad_ucgtf}guj'auwwﬁ;uﬁ,uu@\;,ysﬁsuw.2 Jove

1 Jpue 55 (Ui o 5)
Table 2. Element ratios and calculated values of normative minerals based on whole rock composition of monzogranite
of Khalaj monzogranite (south of Mashhad) in table 1 by using CIPW method

Method  ICP-MS XRF XRF XRF XRF XRF XRF XRF XRF Average gg:‘gﬁgﬂ
Sample no. K-4-1 K-4-2 BD-1 CK KA TR G2-1 G222 G223
AICNK ; 124 113 113 108 112 113 111 110 11 0.0
AINK ; 149 134 132 129 131 135 128 135 1.3 0.1
Eu/Eu* 0.73 ; 063 069 062 067 - - - 0.7 0.0
(La/Yb)n 185 ; 403 391 402 37.3 ; ; ; 35.1 9.3
(La/Lu)en 18.57 ; - - i - ; ; ; 18.6 )
CIPW
calculation
Q ; 334 315 315 305 317 338 309 323 320 12
c ; 34 20 21 14 19 20 18 17 2.0 0.6
or ; 278 297 296 301 301 283 308 295 295 1.0
Ab ; 241 278 292 290 286 277 297  26.8 i -
An ; 39 44 41 51 42 A7 4.0 55 45 0.6
Di ; 00 00 00 00 00 00 0.0 0.0 0 0
Hy ; 09 07 06 08 06 03 0.8 0.7 0.7 -
ol ; 00 00 00 00 00 00 0.0 0.0 0 0
Mt ; 04 00 00 00 00 01 0.0 0.0 0 0
I ; 03 01 02 02 01 02 0.2 0.2 0 0
Hm ; 1.2 15 15 15 15 14 15 15 1 0
Ru ; 00 01 01 01 01 00 0.1 0.1 0.1 -
Ap : 05 03 03 03 03 04 0.3 0.4 0.4 :
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Fig. 3. Composition of Khalaj monzogranite (south of Mashhad) on: A: Binary diagram of alklais versus SiO, (Cox et
al., 1979), B: Igneous rocks spectrum (Hughes, 1973), and C: Normative diagram of Q’ANOR (Streckeisen and Le
Maitre, 1979) (agr: alkali feldspar granite, sgr: syenogranite, mzgr: monzogranite, gd: granodiorite, ton: tonalite, g-mz:
guartz monzonite, g-mzd: quartz monzodiorite, mzd: monzodiorite, and gab: gabbro)
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Fig. 6. Composition of Khalaj monzogranite (south of Mashhad) on: A: A-B diagram (Villasecaet al., 1998) (f-P: felsic
peralumious granitoids, h-P: high peralumious granitoids, m-P: medium peralumious granitoids, I-P: low peralumious
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Almeida et al. (2007), respectively), and E: SiO; versus P,Os diagram (Chappell and White, 1992)
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Fig. 7. Composition of Khalaj monzogranite (south of Mashhad) on: A: (Na:O+K:0)/(FeO+MgO+TiOz) versus
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granitoids (Batchelor and Bowden, 1985), and D: Nb versus Y (Pearce et al., 1984)
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Table 3. Saturation temperature of zircon and apatite based on vontents of major elements and Zr in Khalaj

monzogranite by using GCDKit 4.1 software (M: cationic ratios of 100(Na+K+2Ca)/(Al.Si); Zr: Zr content; Zrsy:
saturation of Zr for the suggested temperature; Tz Saturation temperature of zirconfor peraluminious rocks).

Sample No. M Zr (ppm) Zrst (ppm) Tzr (°C)
K-4 1.17 68 85.8 732
BD-1 1.28 76 94.7 732
CK 1.28 89 94.7 745
KA 1.35 91 100.4 742

TR 1.29 84 95.5 740
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Introduction

Granitoids are the main rock units in the
continental crust. Study of granitoids reveals
significant information on tectonic mantle and
upper crust. Many researchers have investigated
petrogenesis and origin of granitoids (e.g.,
Chappell and White, 2001; Barbarin, 1999; Frost
et al., 2001). For example, Chappell and White
(1992), Pitcher (1993) and Chappell et al., (1998)
have divided granites into two major groups of:
(1) I-type granites (high-temperature or
Cordellerian granitoids, including low-K granitoid
to high-Ca tonalite, without inherited zircons)
formed by partial melting of mafic rocks at >1000
°C in mantle or subduction zones of continental
margins, and (2) S-type (low-temperature or
Caledonian granitoids with inherited zircons)
granites formed by partial melting of felsic crust
at ~700-800 °C. Northeast of Iran is a key location
for studying the Cimmerian Orogeny, which is
related to the Late Triassic collision between it
and Eurasia, and the closure of the Paleo-Tethys
(Samadi et al.,, 2014). Mesozoic Mashhad
granitoids have cropped out along with the Paleo-
Tethys suture zone. Distinct granitoid suites, i.e.,
monzogranite, granodiorite, tonalite, and diorite
occur in Mount Khalaj located in the south of
Mashhad. It comprises of monzogranite and
granodiorite. However, monzogranite is the most
abundant. To study the plutonic events during the
Turan and Central Iran collision, the origin and
tectonic setting of monzogranite of Mount Khalaj
are investigated in this study based on whole rock
geochemical data.

Materials and methods
This research study is based on field studies and

petrography. Fresh thin sections samples were
selected for geochemical analysis. Whole rock
composition was measured on pressed powder
tablets by X-ray fluorescence (XRF) using a
Philips PW 1480 wavelength  dispersive
spectrometer with a Rh-anode X-ray tube and a 3
MeV electron beam Van de Graaff Accelerator, at
the center for Geological Survey of Iran. The trace
element data of a sample was measured at the
Activation  Laboratories, Ontario, Canada
(ActLabs). Samples were digested by lithium
metaborate/tetraborate fusion and analyzed with a
Perkin Elmer Sciex ELAN 6000, 6100 or 9000
ICP/MS. GCDkit 4.1 and CorelDraw software
packages were used for plotting diagrams and
calculation of saturation temperatures.

Results

The Khalaj granitoid is mineralogically composed
of quartz, potassic feldspar, plagioclase, mica, and
accessory minerals of zircon and apatite.
Geochemically, it is an unaltered acidic intrusion
with ~72-73 wt% SiO,. It is a granitoid
(monzogranite) based on various classification
diagrams (e.g., Cox et al., 1979; etc.). It shows the
peraluminous nature (A/CNK~ 1.08-1.24) with
negative Eu anomaly of ~0.62-0.73 (Eu/Eu*<1),
low HREE and high LREE and LILE contents.

Discussion

Geochemically, the low HREE and high LREE
and LILE content in the Mount Khalaj
monzogranite indicate a more differentiated melt
for it. Monzogranite samples from the Khalaj-
Khajeh Morad regions are similar to ferroan
alkali-calcic,  felsic ~ peraluminous  S-type
granitoids based on discrimination diagrams by
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various researchers (e.g., Chappell and White,
2001; Villaseca et al., 1998). In fact, the Mount
Khalaj monzogranite is a collisional granite
(based on diagrams by: Batchelor and Bowden,
1985; Sahin et al., 2004), produced by anatexis
and partial melting of felsic upper crust pelitic
sediments (based on diagrams by: Almeida et al.,
2007; Patifio Douce, 1999). It is classified as a
low-temperature S-type granite formed at 730-800
°C (based on the diagram of Rapp and Watson,
1995), with Tz of ~732-745 °C (by using GCDKit
software). Therefore, S-type syn- to post-
collisional Mount Khalaj monzogranite is a
consequence of partial melting (anatexis) of
hydrous sedimentary rocks of upper crust after
Paleo-Tethys subduction under Turan plate and
continental collision and compressional tectonism.
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