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Fig. 1. Structural map of Iran (Berberian, 1981a; Jackson and McKenzie, 1984; Lindenberg et al., 1984; Haghipour and
Aghanabati, 1989; Alavi, 1991) and location of Bisheh area.
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Fig. 2. Geological map of Bisheh area.
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Fig. 3. Simplified subsurface geological map of skarn formation in Bisheh area.
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Fig. 4. Endoskarn formation in pyroxene-bearing dioritic rocks of Bisheh area.
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Fig. 5. Photomicrograph of A: Pyroxene diorites porphyry and B: Hornblende pyroxene diorites porphyry of Bisheh
area. Abbreviations are from Whitney and Evans (2010): PI: plagioclase, CPx: clinopyroxene, Hbl: hornblende.
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Table 1. Major (Wt.%) and trace (ppm) element analysis of pyroxene-bearing dioritic rocks of Bisheh area.

NBI135 NB139 NBI117 NB100 NB147 NB175 NB152
X 59°06' 417 59°06' 49" 59° 05' 50" 59°06' 28" 59°06' 40" 59°07' 01" 59°06' 44"
Y 31°43" 59" 31°44' 10" 31°43' 17" 31°42' 19" 31°43' 45" 31°44' 04" 31°43' 34"
SiOx(Wt%) 56.98 58.86 58.88 58.33 59.17 57.75 58.93
TiO, 0.78 0.76 0.76 0.82 0.79 0.74 0.84
AlLOs 14.71 15.31 14.19 14.47 15.45 14.37 14.19
FeO 8.82 7.6 8.32 6.87 6.99 6.66 7.15
MnO 0.12 0.14 0.12 0.13 0.12 0.12 0.11
MgO 4.03 2.86 3.34 3.72 4.58 2.51 44
CaO 6.47 6.99 6.81 6.87 4.65 6.45 5.98
Na,O 2.53 297 2.49 2.18 2.38 2.7 2.14
K,O 3.05 3.07 3.01 3.05 3.51 3.18 3.09
P,0s 0.22 0.2 0.2 0.2 0.2 0.2 0.2
LOI 1.3 1.4 2.8 3.15 1.94 1.88 2.77
Total 99.01 100.16 100.92 99.79 99.78 96.56 99.8
Mg 0.45 0.40 0.41 0.49 0.54 0.40 0.52
A/CNK 0.76 0.73 0.72 0.74 0.95 0.73 0.80
A/NK 1.98 1.78 1.94 2.11 2.02 1.83 2.08
Ba(ppm) 520 698 547 645 505
Rb 93.3 93.1 116.4 113.1 90.7
Sr 430.3 524.1 526.1 553.5 485.9
Zr 156.5 155.8 154.4 156.9 156.9
Nb 12.7 12.3 13.2 12.5 12.6
Y 20.7 19.3 18.3 18 18.4
Cs 33 6.7 52 2.1 5.5
Ta 0.9 0.9 0.8 0.8 0.8
Hf 4 4 4 4 4.5
Th 9.7 9.1 9.1 9.7 8.9
U 2.5 2.5 2.4 2.5 2.3
Co 17.9 17.7 20.1 194 17.8
La 26.2 25.2 24.4 25.4 24.7
Ce 53.9 48.8 48.2 48.7 48.7
Pr 6.13 5.78 5.78 5.79 5.79
Nd 25.7 21.1 21 229 21
Sm 4.59 43 4.48 443 4.35
Eu 1.12 1.14 1.11 1.11 1.05
Gd 425 4.03 3.85 4 3.92
Tb 0.65 0.62 0.62 0.62 0.63
Dy 3.78 3.38 3.45 3.56 3.51
Ho 0.73 0.74 0.7 0.75 0.7
Er 2.09 2.15 2.11 2.06 2.1
Tm 0.32 0.28 0.31 0.28 0.3
Yb 2.06 2.19 2.02 2.09 1.93
Lu 0.32 0.32 0.29 0.31 0.32
(La/Yb)x 8.57 7.75 8.13 8.1 8.63
(Tb/Yb)n 1.39 1.24 1.35 1.3 1.43

Euw/Eu* 0.78 0.84 0.82 0.81 0.78
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Table 1 (continued). Major (Wt.%) and trace (ppm) element analysis of pyroxene-bearing dioritic rocks of Bisheh area.

NBI116 NB144 NB3 NBI118 NB134 NB109
X 59° 05" 52~ 59°06' 347 59° 05 377 59° 05" 53~ 59°06'41” 59° 06' 50”
Y 31°43'13' 31°43'32” 31°42' 38" 31°43 31" 31°43'59” 31°42' 077
Si0,(Wt%) 58.68 59.91 58.79 59.55 58.91 58.15
TiO, 0.78 0.74 0.74 0.77 0.79 0.82
Al 04 14.81 15.27 14.95 14.54 15.18 15.48
FeO 6.71 6.84 6.43 6.34 7.15 7.01
MnO 0.11 0.11 0.11 0.12 0.11 0.13
MgO 3.71 3.88 4.64 3.39 345 4.43
CaO 6.12 5.54 6.19 6.69 6.15 5.13
Na,O 2.22 2.49 2.12 2.28 2.3 2.79
K,O 3.03 2.97 2.78 2.75 2.78 3.41
P,05 0.17 0.19 0.2 0.2 0.21 0.2
LOI 3.45 1.85 2.85 3.17 243 2.31
Total 99.79 99.79 99.8 99.8 99.46 99.86
Mg* 0.49 0.50 0.56 0.49 0.40 0.53
A/CNK 0.82 0.88 0.84 0.77 0.80 0.88
A/NK 2.15 2.10 2.32 2.17 2.17 1.88
Ba(ppm) 543 500 519 546 499 682
Rb 95.3 102.4 96.3 92.5 87.4 124.8
Sr 479.7 563.9 495.5 500.9 488.3 655.1
Zr 151.8 168.3 165.4 162.4 158.9 151.9
Nb 12.1 13.2 12 12.7 12.4 12
Y 18.4 19.7 19.7 20 19.3 18.7
Cs 6.3 34 53 3.8 1.8 33
Ta 0.9 0.8 0.8 0.8 0.9 0.8
Hf 4.1 4 43 4.2 3.9 3.9
Th 8.6 9.3 9.8 9.5 9.2 9.1
U 2.2 2.3 2.5 2.3 2.3 2.3
Co 18.2 18.3 17.1 16.8 19 18.7
La 24.4 26.8 25.6 25.6 259 24.1
Ce 473 52.9 51.6 50.3 50.1 47.9
Pr 5.65 6.19 5.95 5.9 5.93 5.64
Nd 20.8 24.6 22.4 22.4 222 213
Sm 4.26 4.78 4.34 4.48 4.47 4.22
Eu 1.05 1.24 1.13 1.08 1.15 1.1
Gd 3.77 4.1 4.03 4 4.08 3.88
Tb 0.63 0.66 0.64 0.64 0.76 0.61
Dy 3.67 3.93 3.43 3.51 3.47 3.46
Ho 0.67 0.79 0.74 0.76 0.74 0.71
Er 2.06 2.33 2.06 2.18 2.12 2.05
Tm 0.3 0.31 0.31 0.3 0.3 0.28
Yb 2.11 2.11 2.12 2.03 2.04 2.06
Lu 0.32 0.32 0.31 0.3 0.32 0.3
(La/Yb)n 7.79 8.52 8.14 8.5 8.56 7.88
(Tb/Yb)y 1.31 1.37 1.33 1.39 1.64 1.3
Eu/Eu* 0.80 0.86 0.83 0.77 0.83 0.82
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Fig. 9. Hf-Rb-Ta diagram (Harris et al., 1986) that shows volcanic arc related to subduction zone for Bisheh area
samples.
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Fig. 10. A: Th/YDb versus Ta/Yb diagram (Pearce, 1983), B: Rb/Zr versus Nb (Brown et al., 1984) for discrimination of
different tectonic environments and location of Bisheh area samples.
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Fig. 11. A: Rb/Sr versus Ba/Rb (Furman and Graham, 1999) [50] shows presence of phlogopite in mantle for Bisheh
area samples (SCLM-subcontinental lithospheric mantle), B: (La/Yb)y versus 6Eu (Zhang et al., 2014) and location of

Bisheh area samples. 6 Eu=Eu \/1/2(Smy+Gdy).
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Fig. 12. Cathodoluminescence (CL) images of zircons from the Bisheh pyroxene diorite porphyry which have been
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Fig. 13. U-Pb Concordia diagrams for 20 zircon grains of Bisheh area pyroxene diorite porphyry.
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Table 2. Results of dating for 14 points from Bisheh area pyroxene diorite porphyry.
U-Th-Pb ratios

207 206
n0§12\11I§).11el 7 U 23511’? +ls 3 SII)? *Is
IR13-01 1.12 0.04349 0.00156 0.00677 0.00015
IR13-03 0.57 0.04304 0.00211 0.00676 0.00013
IR13-04 0.50 0.04639 0.00178 0.00691 0.00015
IR13-05 0.36 0.04420 0.00134 0.00682 0.00015
IR13-06 0.82 0.04292 0.00293 0.00675 0.00014
IR13-08 0.88 0.06404 0.00500 0.00719 0.00023
IR13-10 0.60 0.04883 0.00298 0.00708 0.00014
IR13-11 1.27 0.04824 0.00147 0.00699 0.00015
IR13-12 0.15 0.04853 0.00108 0.00658 0.00013
IR13-13 0.73 0.05280 0.00470 0.00709 0.00016
IR13-14 1.43 0.05608 0.00638 0.00687 0.00017
IR13-15 0.50 0.04550 0.00364 0.00667 0.00014
IR13-16 0.72 0.04279 0.00240 0.00672 0.00014
IR13-18 1.08 0.04447 0.00248 0.00700 0.00014
U-Th-Pb ratios Age(Ma)
207 208 206
nf;r.r];p.lle 17 206?:2 £ls 232?}31 £ls 23823 +ls
IR13-01 0.04657 0.00087 0.00219 0.00005 43.5 1
IR13-03 0.04619 0.00161 0.00216 0.00006 43.4 0.9
IR13-04 0.04869 0.00103 0.00224 0.00006 44.4 1
IR13-05 0.04704 0.00067 0.00216 0.00006 43.8 1
IR13-06 0.04613 0.00251 0.00217 0.00008 43.4 0.9
IR13-08 0.06458 0.00331 0.00231 0.00010 46 1
IR13-10 0.05003 0.00233 0.00223 0.00005 45.5 0.9
IR13-11 0.05004 0.00073 0.00227 0.00005 44.9 1
IR13-12 0.05349 0.00052 0.00296 0.00007 423 0.8
IR13-13 0.05398 0.00390 0.00222 0.00004 46 1
IR13-14 0.05919 0.00565 0.00213 0.00004 44 1
IR13-15 0.04950 0.00320 0.00211 0.00006 42.8 0.9
IR13-16 0.04618 0.00194 0.00215 0.00006 43.2 0.9
IR13-18 0.04609 0.00193 0.00227 0.00006 45 0.9
Ao dilale (658,00 Ca 990 S gy diges (5l RD-ST Cgignl slaosls ¥ Jous
Table 3. Rb-Sr isotopic data for Px-diorite porphyry of Bisheh area.
Sample Rb (ppm) Sr (ppm) SRb/*°Sr ¥Sr/%Sr  m (20) RO(Sr)
N.B.117 84 407 0.59646 0.70644 0.70606

m = measured. Errors are reported as 26 (95% confidence limit).
RO(Sr) is the initial ratio of *’St/**Sr for each sample, calculated using 8"Rb/*Sr and (¥’Sr/%°Sr)m and an age of 44.07 Ma (px-diorite
porphyry) (age based on zircon).

iy dlale (6508551 Cuygd (S 9y Wiged sl SMENA gigial sloosls L Jgur
Table 4. Sm—Nd isotopic data for Px-diorite porphyry of Bisheh area.

Nd
Sample Sm (ppm) (ppm) 7S m/“Nd "Nd/'"*Ndm (26)  RO(Nd) eNd I
N.B.117 4.86 24.1 0.12200414 0.51246 0512424 -3.05

RO(Nd) is the initial ratio of "“Nd/™*Nd for each sample, calculated using "*’Sm/"**Nd and (**Nd/"**Nd)m and 44.07 Ma (px-diorite
porphyry) (age based on zircon).ENdI, initial ENd value.
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Introduction

The study area is located 196 km south of Birjand
in eastern border of the Lut block (Berberian and
King, 1981) in eastern Iran between 59°05'35"
and 59°09'12" E longitude and 31°42'29" and
31°44'13" N latitude. The magmatic activity in the
Lut block began in the middle Jurassic such as
Kalateh Ahani, Shah Kuh and Surkh Kuh
granitoids that are among the oldest rocks exposed
within the Lut block (Esmaeily et al., 2005;
Tarkian et al., 1983; Moradi Noghondar et al.,
2011-2012). Eastern Iran, and particularly the Lut
block, has great potential for different types of
mineralization as skarnification in Bisheh area
which has been studied in this paper. The goal of
this study is to highlight the geochronology,
geochemistry of major and trace elements, Rb-Sr,
Sm-Nd isotopes for skarnified pyroxene-bearing
diorites.

Materials and methods

Major element compositions of thirteen samples
were determined by wavelength-dispersive X-ray
fluorescence (XRF) spectrometry, using fused
discs and the Phillips PW 1410 XRF spectrometer
at Ferdowsi University, Mashhad, Iran. These
samples were analysed for trace elements using
inductively coupled plasma-mass spectrometry
(ICP-MS) in the Acme Analytical Laboratories,
Vancouver, British Columbia, Canada.

Zircon grains were separated from pyroxene
diorite porphyrys using heavy liquid and magnetic
techniques at the Institute of Earth Sciences,
Academia Sinica, Taipei, Taiwan. Zircon U-Pb
dating was performed by laser ablation-

*Corresponding author’s email: nakhaei2002@yahoo.com

inductively-coupled plasma-mass spectrometry
(LA-ICP-MS), using an Agilent 7500 s machine
and a New Wave UP213 laser ablation system,
equipped at the Dr Shen-Su Sun memorial
laboratory in the Department of Geosciences,
National Taiwan University, Taiwan.

Strontium 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. ®'Sr/*®Sr ratios were determined
using four-collector static mode measurements.
Several measurements of SRM-987 during the
study period yielded a mean of ®’Sr/%°Sr = 0.71032
+ 2 (error is the 26 mean). Measured *'Sr/*°Sr
ratios were corrected to SRM-987 = 0.71028.
Measured '*Nd/*“Nd was normalized to
YSNd/M*Nd = 0.7219. Analyses were conducted as
dynamic mode, three-collector measurements.
Several measurements of the La Jolla Nd standard
during the study period yielded a mean of
“3Nd/*Nd = 0.511838 + 8 (error is the 26 mean).

Results

In the Bisheh area that is located east of Lut
block, pyroxene-bearing dioritic rocks are high-K
calk-alkaline and meta-aluminous. Primitive
mantle-normalized trace element spider diagrams
display strong enrichment in LILE, such as Rb,
Ba, and Cs, and depletion in some HFSE, e.g.,
Nb, P, Ti, Y and Yb. Chondrite-normalized REE
diagrams show (La/Yb)y ratios ranging from 7.75
to 8.63 and small negative Eu anomalies. These
features along with high Th/Yb and Ta/Yb ratios
show that magmatism is related to continental
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margin subduction. Obvious depletion of Nb and
Ti, relatively high values of Mg”, initial ®’Sr/*°Sr
(0.70606) and **Nd/**“Nd (0.512424) ratios as
well as eng (-3.05) suggest that the magma
originated from an enriched mantle with crustal
contamination. High values of Rb, Th and K and
low amount of P and Ti support the magma
contamination in upper crust during magma
evolution. Zircon U-Pb age dating for a
porphyritic pyroxene diorite sample yield an age
of 44.07+0.69 Ma indicating middle Eocene
(Lutetian).

Discussion

The isotopic value for the Bisheh dioritic
porphyry can be considered as indicative of
lithospheric mantle melting. The trace element
characteristics of these rocks can be used to
characterize their mantle source. The MORB
normalized trace element pattern (Pearce, 1983)
of all samples shows a negative anomaly for Nb,
Ti and Ta. The negative anomaly of these
elements can be explained by the presence of a
residual TNT phase (Ti-Nb-Ta, e.g., rutile,
ilmenite and perovskite) during the melting of the
source (Reagan and Gill, 1989). This pattern
followed that of calc-alkaline magmas derived
from a sub-arc mantle, with scarce or no garnet in
the source. Furthermore, Bisheh subvolcanic
bodies were enriched in Rb, Ba and Th, indicating
that they had experienced interaction with the
continental crust (Kuscu et al., 2002). The
chondrite-normalized rare earth element pattern of
the studied rocks shows a high ratio of light rare
earth elements (LREE) to heavy rare earth
elements (HREE). All the samples have been
plotted in the VAG field.

The dioritic rocks from the Bisheh have relatively
high Mg® (0.4-0.56), which is consistent with
derivation from mantle melts contaminated by
continental crust (Rapp and Watson, 1995). The
initial  ®’Sr/**Sr of Bisheh pyroxene diorite
porphyry was 0.70606 and the (***Nd/**‘Nd);
isotope compositions and eyg Value of these rocks
was 0.512424 and -3.05, respectively. These
values show that the magma originated from an
enriched mantle with crustal contamination.
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