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EXTENDED ABSTRACT

Introduction

Zircon is the most commonly analyzed accessory
mineral and is routinely employed in U-Th-Pb
geochronology, (U-Th)/He and fission track
thermochronology, radiogenic (Hf) and stable (O)
isotopic studies, crystallization thermometry, and
trace element geochemistry (Belousova et al., 2002).
A critical presumption in zircon chemistry studies is
that data obtained from zircon is a proxy for the
parent igneous rock. This is evidently true for most
types of analyses, however, relating trace element
and rare earth element (REE) concentrations in
zircon compared to bulk rock or melt concentrations
has been verified for causing some difficulties. The
incentive to establish more accurate estimates of
parental bulk rock concentrations using in-situ zircon
measurements is significant as it would link zircon to
a large body of whole rock geochemical literature
with numerous possible applications including
studies of magma source, crustal thickness, mineral
exploration, crustal evolution, metamorphism, and
petrogenesis (Chapman et al., 2016 and references
therein). In this research, we determined the contents
of REEs, Y, Nb, Ta, Hf, U, and Th in the zircon
grains of eight granitoid samples from the Sangan
mining district, NE Iran, to calculate zircon/rock
partitioning coefficients of REEs applicable to
magma source studies and mineral exploration.

Material and methods

Zircon from Sarkhar and Bermani granitoids were
analyzed at the State Key Laboratory of Geological
Processes and Mineral Resources, China University
of Geosciences, Wuhan, using laser ablation system,
ICP-MS instrument (Agilent 7700a ICP-MS). Also,
samples from Sarnowsar granitoids were analyzed at
the Nanjing Hongchuang Geological Exploration
Technology Service Co. Ltd., China. Zircons were
analyzed for trace elements using a laser energy
density of 3.6 J/cm2, a spot size of 30 um, and a
repetition rate of 5 Hz.

The estimations of melt composition and the
measured trace element concentrations in zircon,
values of Dce2""ck was calculated. Estimates for
DCe3+zircon/rock and DCe4+zircon/rock were implemented
after Ballard et al. (2002) method. Partition
coefficients of the trivalent REEs and the

quadrivalent series Hf, Th, and U are used to
constrain DCe3+zircon/rock and DCe4+zircon/rock,
respectively. Blundy and Wood (1994) showed that
the mineral melt partition coefficient for a cation i
can be related to the lattice strain energy created by
substituting a cation, whose ionic radius (r;) differs
from the optimal value for that site (ro) (Equation 1).
InDi=InDo-4x ENA/RT (ri/3+ro/6) (I'i- ro)2
(1)

Plotting InD; against the (ri/3 +ro/6)(ri—ro)? yields a
linear relation for an isovalent series of cations. With
knowing the ionic radii of Ce®* and Ce*, partition
coefficients of these species can be determined by
interpolation. Since Ce will be a mixture of Ce** and
Ce**, the value of DceZ"o"ock will lie between these
two-partition coefficient end-members, and by
combining Equations (1) and (2) oxygen fugacity fO;
of crystallization can be estimated.

IN[X™! ceqe/ XM ce3i]= 1/4 In O, + 13136 (x591)/T
— 2.064 (£0.011) NBO/T —8.878(+0.112).xH>0
-8.955 (+0.091)
(2)

Temperatures were calculated using the Ti content of
zircon, by using the Equation (3) (Ferry and Watson,
2007):

10g(Tizircon) = (5.711 £ 0.072) — 4800 + 86/T —logasio2
+ logaTiO- (3)
where Tizircon IS the concentration of Ti in zircon in
ppm, T is temperature degrees in Kelvin, and a; (asioz
and ario2) is the ratio of component i concentration in
the melt over the concentration of componenti in the
rock at saturation.

Results and discussion

Concentrations of trace elements in the zircon grains
are given in the Supplementary Table and are
summarized in Table 1, where the geometric mean
(G), the variation coefficient CV (which corresponds
to the ratio of standard deviation by the arithmetic
mean), and the number of determinations (n) are
listed. Heavy rare earth elements (HREEs) show a
relative enrichment. (Lu)n in the Sarnowsar
granitoids range from 1522.40 to 8869.00 (DA
sample), 1477.00 to 6442.00 (TP sample) and
1655.37 to 53.00 7523 (CSK sample). These values
for Sarkhar and Bermani granitoids are in the range
of 835.43 to 4077.95 (BR-01 sample), 1233.46 to
4337.80 (SK-01 sample), 1984.37 to 5681.81 (SK-1-
1 sample), 2281.71 to 4955.97 (SK-1-2 sample) and
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2268.68 to 6422.57 (SK-2-2 sample). Furthermore,
the LREEs show lower concentrations, resulting in
an (La/Yb)n that is generally less than 0.1. A
negative Eu anomaly and a positive Ce anomaly are
observed in studied granitoids. Contents and patterns
of REEs in the studied granite samples are similar to
those reported by other authors with higher HREES
contents than LREEs (e.g., Hoskin and Schaltegger,
2003).

Zircon Ti concentrations used to constrain its
crystallization temperatures, and T is calculated by
the revised Ti-in-zircon thermometry of Ferry and
Watson (2007) (Supplementary Table). Calculated
Ti-in-zircon temperatures for Sarnowsar intrusions
(736° to 915 °C) are higher than those of Sarkhar
(646° to 819 °C) and Bermani granitoids (653° to 861
°C). The AFMQ values (calculated by equation of
Trail et al., 2011; Trail et al., 2012) for Sarnowsar
range from -0.06 to 17.01. For Sarkhar and Bermani
intrusions, the AFMQ values are in the range -4.43
to 4 and -8.53 to 0.07, respectively. These data
indicating different magmatic conditions for
productive (Sarnowsar) and barren (Sarkhar and
Bermani) granitoids.

Conclusion

Defining the magma source and fertility of acidic to
intermediate  magmatism within the Cenozoic
volcano-plutonic magmatic belts of Iran has
immense scientific and mineral exploration
significance. By using the zircon/whole rock
partition coefficient in the Sangan mining area
(Sarnowsar, Sarkhar and Bermani granitoids), we
discuss the magma source and fertility of
magmatism. The magmatism of Sangan mining
district area is alkaline and classified as I-type
granitoids, which have a direct genetic association
with iron skarn mineralization in the area. The
current results show that Sarnowsar granitoid was
formed at a higher temperature (736° to 915 °C),
lower negative Eu anomaly (with geometric mean
0.35 to 0.4), higher values of Ce*/Ce®* (25.56 to
718.62) ratios compared to Sarkhar and Bermani
granitoids. Also, the Sarnowsar granitoid has lower
Hf values (700 to 1199 ppm) and higher Zr/Hf (65 to
87) values, which shows that it formed in an earlier
magmatic stage compared to Sarkhar and Bermani
granitoids. The results of this research can be used
for identifying productive Cenozoic intrusions in
Iran that are related to porphyry and skarn
mineralization systems.
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and Evans (2010) (Afs: Alkali feldspar, Bt: Biotite, Hbl: Hornblende, PI: Plagioclase).
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Table 1. Minimum, maximum and average of calculated Ti-in zircon temperature, Ce**/Ce®"* ratios and oxygen fugacity
in zircon grains from Sangan mining district granitoids.

Sarnowsar granitoids Sarkhar-Bermani granitoids

Sample  value DA TP CSK  BR-01  Sk-01  SK-1-1 SK-1-2  SK-2-2

Min. 742.25 744.47 736.98 653.96 627.79 646.00 672.78 646.63

T(C)-Ti Max. 898.44 886.89 1225.02  861.91 905.05 773.25 819.79 804.22

Ave. 838.24 806.16 833.21 723.32 731.51 695.77 734.83 700.48

Min. 41.82 59.32 25.56 2.45 0.35 4.26 10.62 2.09

Ce**/Ce%* Max. 501.67 651.98 718.62 66.79 75.09 95.52 217.22 64.77

Ave. 184.42 294.00 299.50 26.82 21.97 49.66 76.64 32.02

Min. 20.80 42.41 17.96 2.94 1.14 5.39 8.06 2.87

(Ce/Ce*)D Max. 595.93 773.51 446.53 49.32 64.09 61.72 51.01 55.70

Ave. 197.00 280.57 176.20 15.89 13.65 30.37 26.44 32.45

Min. 1525  -1259  -1410  -2597  -2783  -2323  -2049  -26.40
logfO Max -1.62 1.48 9.30 1485  -1081  -1621  -1679  -10.22
[Tl . . . . . . . . .
Ave. 556 -5.49 -6.44 2031  -21.04  -1928  -1826  -19.32
Min. -0.40 281 -0.06 852  -1091  -553 -4.43 9.77
AFMQ
ooy Mex 12.74 14.16 17.01 0.07 1.42 1.06 0.17 4.00
Ave. 8.16 8.73 7.21 -4.07 511 -2.26 -2.04 -2.68
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Table 2. Geometric mean (G) and variation coefficient (CV=standard deviation/ arithmetic mean) of trace element
contents (in ppm) and ratios in zircon grains from Sangan mining district granitoids

Sarnowsar granitoids Bermaqi
Granitoid

Sa;';'_o'e DA CsK TP BR-01
Elements G Ccv G Ccv G Ccv G cv
P (ppm) 680.00 1.18 559.98 0,51 527.61 1.03 300.20 1.97
Ti 14.71 0.37 10.77 0.43 12.25 1.86 5.55 4.97
Y 1157.39 0.53 1249.20 0.38 1367.06 0.37 851.12 0.36
Nb 3.51 1.34 5.88 0.51 5.78 0.77 3.32 0.74
La 0.01 4.90 0.16 1.63 0.01 2.72 0.27 3.50
Ce 59.69 0.66 51.74 0.33 63.85 0.38 11.58 2.18
Pr 0.23 3.65 0.26 1.35 0.29 1.81 0.25 3.20
Nd 3.72 211 3.07 0.85 4.04 1.06 2.78 2.78
Sm 6.22 0.46 4.83 0.46 6.18 0.44 3.50 111
Eu 1.80 0.41 1.30 0.49 1.57 0.55 0.18 1.19
Gd 30.08 0.41 26.16 0.46 30.59 0.40 16.63 0.46
Tb 9.72 0.46 9.28 0.43 10.44 0.38 5.90 0.42
Dy 113.68 0.49 115.70 0.42 127.41 0.38 72.72 0.40
Ho 43.05 0.52 45.48 0.39 49,52 0.37 27.41 0.37
Er 188.80 0.53 207.74 0.36 223.91 0.37 126.33 0.36
Tm 41.64 0.55 46.82 0.34 49.63 0.36 25.86 0.34
Yb 379.90 0.54 432.87 0.32  457.80 0.36 254.79 0.32
Lu 75.50 0.52 84.75 0.31 88.62 0.35 46.52 0.30
Hf 8283.09 0.11 9312.64 0.11  9111.87 0.11 9336.49 0.12
Ta 141 0.85 2.29 0.44 2.20 0.62 1.27 0.58
Th 190.35 1.05 284.26 057  303.26 0.59 167.53 0.93
u 129.37 1.06 264.63 0.63  246.35 0.67 334.38 0.69
Eu* 0.40 0.22 0.35 0.24 0.35 0.24 0.07 0.98
Ce* 181.88 1.01 61.56 1.20 97.37 1.07 9.91 1.16
Th/U 1.47 0.17 1.07 0.25 1.23 0.27 0.50 0.26

Eu* = (EU)cn/[(Sm)cn X (C‘)(’j)cn]o'5
Ce* = (Ce)cn/[(La)cn X (Pr)cn]0'5
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Table 2 (Continued). Geometric mean (G) and variation coefficient (CVV=standard deviation/ arithmetic mean) of trace
element contents (in ppm) and ratios in zircon grains from Sangan mining district granitoids

Sarkhar granitoids

Sample

no. SK-01 SK-1-1 SK-1-2 SK-2-2
Elements G CcVv G Ccv G cv G cv
P (ppm) 385.64 1.55 337.19 0.55 36779 059 35231  0.39
Ti 4.85 0.78 3.26 0.52 3.25 1.18 3.64 1.13
Y 952.02 0.39 1161.73 0.54 1342.63  0.33 1355.18 0.70
Nb 3.52 0.51 531 0.36 5.09 0.41 6.02 0.47
La 0.70 3.19 0.80 2.27 0.78 2.35 0.80 2.02
Ce 15.87 2.33 15.18 0.69 15.93 0.54 14.03 0.39
Pr 0.54 2.98 0.18 2.03 0.21 1.92 0.34 1.57
Nd 4.98 2.71 244 141 2.14 1.50 1.88 1.31
Sm 5.08 1.38 4.36 0.65 4.73 0.47 5.65 1.01
Eu 0.24 1.04 0.16 0.90 0.18 0.84 0.15 1.09
Gd 20.17 0.69 21.50 0.66 24.31 0.51 24.52 1.14
Thb 6.92 0.56 7.91 0.61 9.61 0.37 9.49 0.89
Dy 82.56 0.48 98.94 0.56 115.85 0.38 117.06 0.85
Ho 30.94 0.42 40.32 0.51 46.53 0.35 47.49 0.76
Er 140.99 0.36 182.19 0.48 214.64 0.35 213.04 0.66
Tm 28.93 0.32 38.78 0.43 44.96 0.33 45.35 0.57
Yb 285.62 0.29 361.25 0.41 414.33 0.30 414.89 0.50
Lu 52.03 0.27 71.62 0.38 83.37 0.29 82.41 0.44
Hf 9076.28 0.14 12635.52 0.09 1319554 0.08 11983.66 0.24
Ta 1.31 0.58 2.75 0.39 2.83 0.34 2.99 0.49
Th 180.54 0.49 291.91 0.39 352.24 0.34 402.38 0.64
U 343.03 0.53 596.98 0.24 708.84 0.25 776.38 0.24
Eu* 0.07 0.72 0.05 0.41 0.09 0.88 0.05 0.90
Ce* 6.21 1.39 8.14 1.34 3.58 1.03 13.94 1.07
Th/U 0.53 0.27 0.49 0.23 0.50 0.19 0.52 0.42
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Table 3. Whole-rock REEs and some trace elmenets chemistry of Sangan mining district granitoids

Sarnowsar granitoids

Sarkhar-Bermani granitoids

Samples DA TP CSK BR-01 Sk-01 SK-1-1 SK-1-2 SK-2-2

La (ppm) 36.00 89.20 28.00 15.00 10.10 37.70 82.50 60.40
Ce 100.00 110.00 35.00 220.00 210.00 79.00 154.00 112.00
Pr 18.20 17.20 9.50 19.20 19.20 9.34 15.90 11.30
Nd 37.30 58.90 21.29 64.20 63.00 32.60 52.60 39.60
Sm 6.60 9.70 7.00 8.00 7.90 5.12 9.40 7.60
Eu 2.10 2.10 2.20 1.20 1.32 0.48 0.75 1.02
Gd 6.10 7.60 4.60 7.55 7.00 4.35 8.11 7.04
Tb 0.90 1.10 1.40 1.20 1.10 0.59 1.30 1.10
Dy 3.20 7.02 7.40 5.52 5.62 3.60 6.80 6.60
Ho 0.80 1.30 1.50 1.32 1.34 0.71 1.41 1.40
Er 2.40 4.00 5.20 3.32 3.45 241 4.50 4.30
Tm 0.30 0.65 0.90 0.52 0.48 0.33 0.60 0.56
Yb 2.20 4.30 4.40 3.60 3.55 2.36 4.00 3.90
Lu 0.30 0.60 0.50 0.52 0.55 0.40 0.66 0.60
Hf 7.00 10.00 13.00 8.00 10.00 28.00 32.00 7.00
Zr 235.00 342.00 342.00 385.00 331.00 350.00 310.00 395.00
Y 21.00 22.00 20.00 18.00 20.00 21.00 19.00 18.00
Ta 11.00 10.00 9.00 12.00 12.00 11.00 10.00 12.00
Nb 2.30 1.80 2.20 1.80 1.60 2.30 1.90 2.40
U 4.00 4.80 5.20 5.00 6.20 7.10 6.80 4.60
Th 19.00 38.00 40.00 35.00 41.00 43.00 44.00 45.00
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Table 4. The geometric mean of zircon/rock partition coefficients of REEs in zircon grains from Sangan mining district
granitoids
Sarnowsar granitoids Sarkhar-Bermani granitoids
Samples DA TP CSK BR-01 Sk-01 SK-1-1 SK-1-2 SK-2-2
La 0.0008 0.0018 0.0030 0.0179 0.0698 0.0198 0.0326 0.0049
Ce 0.6251 0.4703 1.8243 0.0527 0.0756 0.1921 0.1034 0.1253
Pr 0.0138 0.0151 0.0303 0.0132 0.0282 0.0197 0.0146 0.0172
Nd 0.1038 0.0521 0.1896 0.0433 0.0790 0.0749 0.0407 0.0475
Sm 0.9711 0.4974 0.8833 0.4375 0.6429 0.8517 0.5031 0.7432
Eu 0.8634 0.6191 0.7152 0.1504 0.1810 0.3302 0.3757 0.2110
Gd 5.0504 3.4425 6.6492 2.2025 2.8814 4.9435 2.9974 3.4828
Th 11.0360 8.4324 7.4549 4.9192 6.2907 13.3991 7.3910 8.6268
Dy 36.2283 16.4808 17.2172 13.1742 14.6895 27.4830 17.0367 17.7370
Ho 54.8131 34.9817 33.0115 20.7631 23.0877 56.7950 33.0023 33.9243
Er 80.1364 51.9349 43.0594 38.0510 40.8670 75.5995 47.6981 49.5448
Tm 141.2373 72.0350 55.1392 49.7324 60.2693 117.5263 74.9396 80.9735
Yb 175.4144  100.6678  104.0444 70.7757 80.4567 153.0729  103.5815 106.3812
Lu 254.6848  141.2540  177.2391 89.4707 94.6029 179.0531  126.3135  137.3466
Hf 1199.2930 931.2644  700.9133 1167.0614 907.6278  451.2687 412.3607 1711.9520
Zr 2770.4280 19154852 1866.2002 1288.3117 1498.4894 1417.1429 1600.0000 1255.6962
Nb 0.3184 0.5184 0.4962 0.2926 0.2816 0.5742 0.6201 0.7054
Ta 0.6301 0.2289 0.2445 0.1057 0.1096 0.2498 0.2829 0.2489
Y 56.2420 56.7817 68.3532 47.2846 47.6012 55.3203 70.6647 75.2880
Th 10.6801 7.4806 7.5816 4.7865 4.4035 6.7887 8.0055 8.9418
U 34.1975 55.1304 47.3742 66.8755 55.3274 84.0822 104.2416  168.7789
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versus lattice-strain parameter of REE®* in the Bermani granitoid (BR-01 sample)
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