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1- Introduction

Zircon (ZrSiO4) due to resistance to chemical and physical weathering, high closure temperature and highly
compatible U and Th is an important mineral in petrology, geochemistry and geochronology studies
(Watson et al., 1997). In addition, anomalies of Ce and Eu and Ti content of zircon can reflect the oxidation
state of the parental magma (Trail et al., 2011, 2012), and crystallization temperature (Watson et al., 2006;
Hofmann et al., 2014).

The Dar Gaz district located in the middle part of the Kahnouj ophiolite complex in the Makran zone.
It mainly consist of mafic cumulates, feldspathic wehrlite, plagiogranite intrusions, dikes and aplitic
granitic dikes. Plagiogranitic rocks are found close to the boundary between the coarse-grained gabbro and
hornblende-gabbro units and the sheeted dike complex. Dikes of plagiogranites and aplitic granites from
the Kahnouj ophiolitic complex are considered to be the latest products of an ophiolitic magma. Our
previous works (Ghasemi Siani et al., 2021a, b) focused on their origin, petrogenesis and tectenomagmatic
settings. In this research. | focused on zircon/rock partition coefficients of REEs in the acidic rocks of the
Dar Gaz district to present Ce4+/Ce3+ ratios, Ti-in-zircon temperature calculation and trace element
concentrations of zircon crystals in order to determination of oxygen fugacities and temperatures.

2- Material and methods

Zircon separated from three rock samples including plagiogranite dike (1090-20 and 1090-21 samples),
intrusions (quartz diorite to diorite) (1090-17 and 1090-22 samples) and granitic dikes (1090-18 and 1090-
19 samples) were analyzed for trace element geochemistry at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences, Wuhan, China. The detailed operating
conditions for the laser ablation system, ICP-MS instrument. A pulsed 193 nm Ar-F excimer laser at a
repetition rate of 10 Hz was used for ablation. The energy density of laser ablation used in this study was
14 J cm-2. The diameter of the analyzed spot was set at 32 um. An Agilent 7500a ICP-MS was used to
measure the ion-signal intensity of the zircons. Each analysis comprised a background acquisition of ca.
20-30 s (gas blank) followed by 50 s of data acquisition from the sample. Each analysis incorporated a
background acquisition of approximately 20-30 s (gas blank) and a sample acquisition of 50 s. The Agilent
Chemstation was utilized for the acquisition of each individual analysis. Off-line selection and integration
of background and analytical signals, and time-drift correction and quantitative calibration for trace element
analysis were performed by ICPMSDataCal (Liu et al. 2008).
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3- Results and discussions

Using the estimations of melt composition and the measured trace element concentrations in zircon, values
of Dce”"®V* can be calculated. Estimates for Dees: ™" and Dces+?"""* can be made after the method
of Ballard et al. (2002). In this approach, partition coefficients for the trivalent REEs and the quadrivalent
series Hf, Th, and U are used to constrain Dces+“™ "™ and Dicess?"™""°% 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).

Equation (1) INDi=InDo-41 ENA/RT (ri/3+r/6) (ri- ro)?

Plotting InDi against the term (ri/3 +ro/6)(ri—ro)* therefore yields a linear relation for an isovalent series
of cations. With knowledge of the ionic radii of Ce*" and Ce*, partition coefficients for these species can
be determined by interpolation. Since Ce will be a mixture of Ce** and Ce**, the value of D¢e? ™% will
lie between these two partition coefficient end-members, and through combination of Equations (1) and (2)
can be used to determine the fO» during crystallization.

Equation (2)

IN[X™" Goas/ X™" cezi]= 1/4 In fO, + 13136 (£591)/T — 2.064 (£0.011) NBO/T —8.878(+0.112).xH;0
~8.955 (+0.091)

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

Equation (3) 10g(Tizrcon) = (5.711 + 0.072) — 4800 = 86/T —logaSiO + logaTiO;

where Tizircon i the concentration of Ti in zircon in ppm, T is temperature degrees K, and ai is the ratio
of the concentration of component i in the melt over the concentration of component i in the rock at
saturation. Corrected temperatures for Ti-in-zircon crystallization are determined using the Ti-in-zircon
equation recalibrated by Ferry and Watson (2007). Due to lack of rutile in samples, it may suggest arioz <1,
while observations in ario2 of crustal rocks (especially those with Ti-rich phases such as ilmenite and titanite
is typically >0.5 (Hayden and Watson 2007), we suggest an intermediate atio, = 0.7 is presumed for non-
rutile samples. This value is equivalent to the artio, = 0.8 measured by Jons et al. (2009) using an average
TiO2 concentration in oceanic plagiogranite, resulting in an increase in the calculated temperature from 30
°C at 700 °C to 46 °C at 900 °C relative to the atio2 = 1. Quartz is commonly observed in plagiogranite
samples, and therefore, silica activity is set equal to 1, thus requires no correction. Corrected Ti-in-zircon
temperature also requires a pressure correction. For calibration of the thermometer, Watson et al. (2006)
and Ferry and Watson (2007) show that ocean crust zircons form at pressures well below 10 kbar pressure,
and Gerlach et al. (1981) demonstrated that the partial melting process under a low vapor pressure (water
vapor pressure of <5 kb). Considering the geological and geochemical characteristics of studied rocks, we
used these parameters (arioz = 0.7, asioz = 1.0, pressure = 2 kbar) for temperature correction. The range of
corrected temperatures for magmatic ocean crust zircon is 754-955 °C, 707-981 °C, and 773-1046 °C for
plagiogranite dikes, plagiogranite intrusions and granitic dikes, respectively.

Partition coefficient diagrams indicate that whole-rock composition generally reflects the composition
of the magma from which it crystallized, and the trace element contents in zircon grains are assumed to
follow the prediction based on the partition coefficient data. There are a sharp increase from LREES toward
HREEs. Y shows large values similar to the HREE, particularly Ho, which has a strong chemical similarity
with Y. The HREEs are strongly concentrated by the zircons, which is reflected in their high partition
coefficients. Zircon crystallization temperature, oxygen fugacity and Ce*"/Ce* ratios decrease from
plagiogranite intrusions toward plagiogranitic dikes indicate that plagiogranite intrusions formed by
hydrous partial melting of gabbro cumulates, and following plagiogranite dikes formed by more
fractionation of a felsic melt produced by partial melting. Finally granitic dikes probably formed by
fractionation of a felsic melt produced by partial melting of sedimentary material (see Ghasemi Siani et al.,
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2021a, b). Oxygen fugacity and temperature calculated for the studied samples indicate linear arrays in
fO.—T space, parallel to the FMQ buffer (Carmichael, 1991).

4- Conclusion

The similarity of zircon/rock coefficient partition data obtained for all rocks and with the parental rocks
indicates that the trace element content of zircon grains from acidic rocks is controlled mainly by the
composition of the melts from which they are crystallized. By using the zircon/rock partition coefficients,
it is possible to estimate the oxygen fugacity, Ce**/Ce*" ratios and temperatures. Plagiogranites and granite
dikes in the Dar Gaz district formed in the oxidized condition with temperatures range from 707 to 1046
°C by partial melting following fractionation (more fractionation in the plagiogranite dike rather than
plagiogranite intrusion) of hydrous gabbros and sediment materials, respectively.
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Fig. 3. (a) REEs zircon/rock partition coefficients (D(zircon/rock) versus their ionic radiuses, and (b) In D(zircon/rock)
versus lattice-strain parameter for REE®* in the plagiogranite dike (1090-17 sample).
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Fig. 4. (a) REEs zircon/rock partition coefficients (D(zircon/rock) versus their ionic radiuses, and (b) In D(zircon/rock)
versus lattice-strain parameter for REE®* in the plagiogranite dike (1090-22 sample).
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Fig. 5. (a) REEs zircon/rock partition coefficients (D(zircon/rock) versus their ionic radiuses, and (b) In D(zircon/rock)
versus lattice-strain parameter for REE®* in the plagiogranite intrusion (1090-20 sample).
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Fig. 6. (a) REEs zircon/rock partition coefficients (D(zircon/rock) versus their ionic radiuses, and (b) In D(zircon/rock)
versus lattice-strain parameter for REE®* in the plagiogranite intrusion (1090-21 sample).
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Fig. 7. (a) REEs zircon/rock partition coefficients (D(zircon/rock) versus their ionic radiuses, and (b) In D(zircon/rock)
versus lattice-strain parameter for REE®* in the granite dike (1090-18 sample).
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Fig. 8. (a) REEs zircon/rock partition coefficients (D(zircon/rock) versus their ionic radiuses, and (b) In D(zircon/rock)
versus lattice-strain parameter for REE®* in the granite dike (1090-19 sample).
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Table. 1. Geometric mean (G) and variation coefficient (CVV=standard deviation/mean) for trace element
contents (in ppm) and their ratios in the studied zircon crystals from the Dar Gaz granitoid samples.

sample 1090-17 1090-22 1090-20 1090-21 1090-18 1090-19
(n=20) (n=18) (n=20) (n=15) (n=19) (n=21)
Plagiogranite dike Plagiogranite intrusion Granite dike
G CcVv G CcVv G CcVv G CcVv G CcVv G CcVv
P

(ppm) 2022.73 | 0.14 | 1838.85 | 0.18 | 1001.51 | 0.33 840.33 | 0.30 | 2099.80 | 1.37 | 2154.77 | 0.26
Ti 19.38 0.28 20.88 0.26 17.12 0.55 17.47 0.36 20.63 1.38 25.58 0.58
Y 7677.76 | 0.35 | 10180.40 | 0.37 | 2505.41 | 0.73 | 2399.25 | 0.80 | 8289.98 | 1.22 | 8724.29 | 0.38
Nb 6.51 0.40 6.75 0.46 2.53 1.02 1.87 0.37 7.06 121 5.93 0.57
La 0.02 1.36 0.04 0.95 0.05 2.03 0.03 144 0.06 2.30 0.03 1.01
Ce 27.59 0.33 32.43 0.29 13.91 0.88 11.03 0.34 29.93 1.28 24.73 0.60
Pr 0.29 0.73 0.45 0.61 0.06 1.37 0.08 1.43 0.43 2.16 0.35 0.65
Nd 6.15 0.63 9.93 0.57 1.32 1.29 1.30 1.40 7.97 1.26 8.03 0.59
Sm 18.17 0.52 25.94 0.50 3.98 1.26 3.56 1.22 20.14 1.17 22.47 0.54
Eu 3.89 0.55 5.66 0.46 157 0.79 1.53 1.03 4.45 1.27 5.06 0.64
Gd 133.05 | 0.47 191.34 | 0.44 31.70 1.19 30.10 1.16 14552 | 1.23 165.31 0.50
Th 54.10 0.42 75.46 0.42 12.93 1.07 12.71 1.07 58.02 1.22 64.62 0.46

Dy 70770 | 040 | 973.01 | 040 | 18271 | 0.95

17891 | 0.97 | 75865 | 122 | 82836 | 0.43

Ho 29841 | 0.38 | 396.83 | 0.39 82.35 0.83

79.71 0.86 | 316.41 | 1.23 | 34034 | 0.40

Er 1320.46 | 0.35 | 1723.24 | 0.37 | 42251 | 0.70

40456 | 0.75 | 1421.53 | 1.22 | 1483.39 | 0.38

m 29297 1032 | 37230 | 0.35| 105.87 | 0.57

98.50 0.66 | 31631 | 123 | 321.76 | 0.35

Yb 2587.09 | 0.30 | 3228.62 | 0.33 | 1169.01 | 0.48

1074.71 | 0.55 | 2790.02 | 1.25 | 2812.44 | 0.33

Lu 496.16 | 0.28 | 60794 | 0.32 | 263.73 | 0.43

23598 | 047 | 537.07 |1.27| 53561 | 0.32

Hf 26814.02 | 0.09 | 26362.27 | 0.05 | 29277.48 | 0.07

28052.67 | 0.13 | 26677.43 | 1.20 | 25713.55 | 0.12

Ta 3.12 0.42 3.16 0.37 1.35 0.50 1.02 0.33 3.46 1.33 2.83 0.53
Th 129.96 | 0.35| 17753 | 0.43 | 138.08 | 0.93 | 106.07 | 093 | 15721 | 1.42 | 134.04 | 0.58

) 25845 | 0.29 | 30742 | 030 | 270.76 | 0.75 | 20691 | 0.79 | 29436 | 146 | 23551 | 0.50
Eu* 0.24 0.15 0.25 0.08 0.43 0.28 0.45 0.28 0.25 1.41 0.25 0.25

Ce* 72.52 0.79 56.46 0.80 74.43 1.23

64.75 0.37 36.82 1.23 50.72 0.73

Th/U 0.50 0.19 0.58 0.19 0.51 0.40

0.51 0.28 0.53 1.20 0.57 0.20
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Table. 2. The results of the whole-rock chemical analyses for the Dar Gaz granitoid samples. 1090-17 and 1090-22 are
from plagiogranite dikes, 1090-20 and 1090-21 are from plagiogranite intrusions and 1090-18 and 1090-19 are from

granite dikes.

Samples 1090-17 | 1090-22 | 1090-20 | 1090-21 | 1090-18 | 1090-19
Si02wt.% 69.23 69.68 59.74 60.71 75.59 76.26
Al20s 0.26 0.43 0.48 0.48 0.13 0.06
TiO, 15.05 13.02 17.28 15.80 11.50 13.16
FeOT 410 470 391 6.20 0.50 0.80
MnO 0.01 0.03 0.09 0.01 0.07 0.01
MgO 0.55 1.36 3.60 3.90 0.22 0.23
Ca0 3.76 3.76 8.18 6.61 1.70 0.64
Naz0 7.11 5.83 450 4.20 3.47 3.80
K20 0.21 0.25 0.20 0.25 5.60 3.82
P2Ps 0.01 0.01 0.07 0.12 0.02 0.10
La (ppm) 7.50 5.20 10.10 9.2 13.20 13.30
Ce 15.10 25.00 18.95 16.25 13.20 10.50
Pr 0.70 1.45 1.34 1.14 1.48 1.42
Nd 8.00 11.20 9.25 10.34 13.20 8.40
Sm 1.80 2.00 2.20 1.89 3.10 3.20
Eu 0.88 0.89 0.85 0.95 0.80 1.10
Gd 3.10 2.30 2.68 2.89 4.30 2.90
b 0.60 0.58 0.55 0.50 0.71 0.63
Dy 2.90 3.60 3.35 3.48 5.70 4.16
Ho 0.70 0.75 0.75 0.72 1.00 0.80
Er 1.90 1.76 1.84 1.63 2.90 1.58
m 0.25 0.22 0.28 0.27 031 0.19
Yb 1.67 1.35 1.62 1.48 1.93 1.14
Lu 0.27 0.21 0.27 0.25 0.24 0.14
Hf 3.50 1.80 2.2 1.65 1.10 2.20
Th 2.20 2.20 1.85 2.62 2.30 1.60
U 1.50 0.90 2.01 1.94 2.34 2.15
Zr 50.20 71.50 55.50 53.15 62.20 84.12
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Table. 3. The averages of zircon/rock partition coefficients for REEs in zircon grains from the Dar Gaz granitoid samples.

1090-17 and 1090-22 are from plagiogranite dikes, 1090-20 and 1090-21 are from plagiogranite intrusions and 1090-18
and 1090-19 are from granite dikes.

Samples 1090-17 1090-22 1090-20 1090-21 1090-18 1090-19
La 0.002 0.005 0.003 0.002 0.004 0.002
Ce 1.827 1.297 0.734 0.678 2.268 2.355
Pr 0.409 0.312 0.044 0.044 0.294 0.249
Nd 0.769 0.887 0.143 0.126 0.603 0.956
Sm 10.092 12.968 1.810 1.881 6.498 7.021
Eu 4.422 6.357 1.851 1.614 5.558 4.598
Gd 42.918 83.189 11.829 10.416 33.841 57.005
Tb 90.165 130.099 23.518 25411 81.718 102.568
Dy 244.034 270.280 52.420 51.412 131.280 193.737
Ho 426.298 529.112 109.806 110.709 316.410 425.428
Er 694.981 979.115 229.626 248.194 490.183 938.854
Tm 1171.870 | 1692.267 378.122 364.832 1020.350 | 1693.475
Yb 1549.155 | 2391.567 721.609 726.157 1445.608 | 2467.054
Lu 1837.614 | 2894.959 976.769 943.923 2237.796 | 3825.805
Hf 7661.147 | 14645.708 | 13307.945 | 17001.620 | 24252.207 | 11687.977
Zr 9880.478 | 6937.063 | 8936.937 | 9332.079 | 7974.277 | 5896.339
Y] 287.165 341.574 134.708 106.653 125.793 109.537
Th 59.073 80.693 74.639 40.485 68.353 83.773

S35l 5 sladiges oS n5 slaysh 58 00 drlne aalSsh glsil 5 COM/OET glacis dos iSilie 5 Aoy inaS polie -F Jsu
1090-19 34 1090-18 5 il Sau5ll sleosss (51, 1090-21 5 1090-20 sl Sou5lls slacSls (51, 1090-22 5 1090-17 sladiges .55,

A ol S sl Sols (sl
Table. 4. Minimum, maximum and average of calculated Ti-in zircon temperature, Ce**/Ce®* ratios and oxygen fugacity

types in zircon grains from Dar Gaz granitoids samples. 1090-17 and 1090-22 are from plagiogranite dikes, 1090-20 and
1090-21 are from plagiogranite intrusions and 1090-18 and 1090-19 are from granite dikes.

Samples | 1090-17 | 1090-22 | 109020 | 1090-21 | 1090-18 | 1090-19
75411 | 81728 | 70700 | 78805 | 77334 | 78566
T(C)-Ti 91453 | 95536 | 98134 | 92405 | 104623 | 1033.80
86366 | 87958 | 85723 | 85831 | 88389 | 907.26
5.71 5.60 22.60 8.80 6.46 6.75
Ce*/Ce¥* | 13910 | 5587 20805 | 22981 | 14905 | 211.68
3257 18.72 91.99 11329 | 6052 61.41
6.70 6.60 23.56 9.79 7.45 7.75
(Ce/Ce¥)D | 139.76 | 56.80 20893 | 23063 | 14982 | 21212
33.49 19.70 92.94 11422 | 6143 62.27
oo 1475 | 17.05 | -1436 | -12.00 | -1315 | -11.61
[T‘(’g)_Tzi] -7.99 -7.96 -2.88 -1.84 -3.25 -4.31
1115 | -12.49 6.97 6.67 7.96 751
2.14 312 2.16 20.06 20.85 0.34
[TA(E';’_'%] 6.23 481 10.20 10.92 8.37 8.58
1.87 0.30 6.36 6.37 472 4.77
263 364 1.57 2053 131 20.10
[.f(g;\_'Toi] 5.67 4.30 9.70 10.43 7.90 8.04
1.37 20.20 5.85 5.87 423 4.29
Y 763 8.66 351 552 26,30 5.07
ST 0.62 0.72 4.69 5.42 2.01 3.00
364 520 0.84 0.86 0.77 20.70
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Fig. 9. (a) Histograms showing Ti-in-zircon temperatures, (b) Histograms of the magma oxidation states.
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