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The Qeynarjah-Angouran district is located at the intersection of the Urumieh-
Dokhtar and the Sanandaj-Sirjan structural zones in NW Iran. In this area,
intrusive suites of Middle Triassic-Upper Jurassic age are exposed, including
the Gharavol-Khane quartz diorite, the Kuh-e Belghais granite porphyry, and
the Qeynarjeh granodiorites. Whole-rock geochemical data and crystal
chemistry of apatite were analyzed to obtain the geochemical-metallogenic
evolutions of magma and compare fertility using trace element interpolation.
These intrusive suites with zircon saturation temperature (Tz) less than 900
°C and meta-aluminous to slightly peraluminous nature (A/CNK = 0.5-1.2)
belong to the calc-alkaline series, which is evidence of I-type granitoids
(Na2O/K>0 = 0.8-2.0) in subduction zones (enrichment of LILE compared to
HFSE along with P, Nb and Ti anomalies). XREE concentration,
LREE/HREE ratio, and LILE content (including Rb, Ba, Th, U, K and Pb
elements) in the Qeynarjeh granodiorites are determined to be twice as much
as other intrusive suites, which are placed at a depth of 20 to 30 km of crust
(Sr/Y=10-20), Rb/Sr ratio of whole-rock less than 0.4 and FeO content about
4 wt.% indicate characteristics of ore-bearing skarns. EPMA results show
apatite crystals from Gharavol-Khane quartz diorite with high fluorine
concentration (F = 2.2-2.7 wt.%) have been formed directly from the parent
magma and Kuh-e Belghais granite porphyry apatites with high chlorine
variation (Cl = 0.52-0.65 wt.%) is a result of large fluid-rock interactions
between the granite porphyries and hydrothermal fluids. Overall, the
Qeynarjeh granodiorites and the Gharavol-Khane quartz diorites show the
most similarity with the petrogenesis-metallogenesis pattern of the iron skarn-
causative intrusions.
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EXTENDED ABSTRACT

Introduction and geological background

Chemical composition, origin, and magmatic—
metallogenic evolution of intrusive suites with granitoid
nature have a significant role in evaluating mineral
potential and separating fertile and barren intrusive rocks
in orogenic belts (Svetlitskaya and Nevolko, 2022).
Determining the physicochemical characteristics of
granitoids such as temperature, pressure, 0xygen
fugacity (logfO,), and volatile elements (e.g., water
content, chlorine, and sulfur oxide) is necessary to
investigate the relationship between the formation of
intrusive suites and mineralization (Richards and
Kerrich, 2007; Wang et al., 2014; Zhu et al., 2018; Zhang
et al., 2022). Determination of these characteristics is
important, especially for evaluating magmatic—
hydrothermal systems and the skarn-causative granitoid
deposits (e.g., porphyry and skarn deposits). The Takab-
Angouran belt in the northwest of Iran hosts numerous
mineral deposits from Neoproterozoic to Cenozoic,
some world-class deposits (e.g., Angouran zinc and
Zarshoran gold deposits) have been formed in this area.
The enormous magmatic-hydrothermal-geothermal
eruptions caused by the closing of the big Neotethys sea
and the occurrence of the Zagros Mountain belt have led
to the formation of a large volume of granitoid and
volcanic intrusive suites with the age range of Triassic-
Jurassic to Miocene in the Takab-Angouran. In this
research, the whole-rock geochemical data and
chemistry of apatite in Gharavol-Khane quartz diorite,
Kuh-e Belghais granite porphyry, and Qeynarjeh
granodiorite have been evaluated from the point of view
of iron skarn potential. The purpose of this research is to
achieve magmatic control factors and compare the
fertility indicators of granitoids using the trace element
ratio and geochemical diagrams in the intrusive suites.
Also, petrography and apatite crystal chemistry have
been used to obtain the petrogenesis-metallogenesis
pattern of granitoids. This evidence could be helpful in
advancing exploration programs and identifying
encouraging mineral areas in the Qeynarjeh-Angouran
area.

Material and methods

After studying geological maps and conducting detailed
sampling, field works, and sampling of different rock
units were conducted. Therefore, 80 rock samples were
taken from wvarious intrusive suites, and after
petrographic studies, 20 fresh samples were selected.

Petrographic studies were carried out using a ZEISS
reflected-transmitted polarizing microscope (Axioplan2
model). For chemical analysis, 10 samples of Gharavol-
Khane quartz diorite, 5 samples of Kuh-e Belghais
granite porphyry, and 5 samples of Qeynarjeh
granodiorite were selected and grounded in agate
pounder to 200 mesh size (about 75 micrometers).
Whole-rock geochemical data has been carried out in the
Geochemistry Laboratory of Istanbul University of
Technology, by X-ray fluorescence (WDXRF)
wavelength-based model S8 TIGER to detect the main
oxide elements (in terms of wt.%) and inductively
coupled plasma mass spectrometer (ICP-MS), ELAN
DRC-e model for identification of minor and rare earth
elements (in terms of ppm). Digestion of samples
(approximately 50 mg) has been done in two steps: 1) by
6 ml of HCI acid (37% concentration), 2 ml of HNOs
acid (65% concentration), and 1 ml of HF acid
(concentration 38-40 percent), and 2) the destruction of
the remaining refractor minerals by adding 6 ml of
B(OH); acid (concentration 5%). Destruction of the
samples was done in a Berghoff model microwave
Teflon pot at a temperature of 135 °C. The analysis
accuracy surpasses 2% for major elements and surpasses
5% for rare elements. To obtain the chemical
composition of apatite types in the study intrusive sulites,
about 30 points were tested by electron microprobe
analysis (EPMA) model JEOL JXA-8530F in the
laboratory of the German Geosciences Research Center
(GFZ). Spot analysis was performed with a 15kV
voltage, an electron beam current of 5 nA, a beam
diameter of 10 microns, and an irradiation time of 5to 10
seconds. The X-ray geometry jump angle of the device
is between 50 and 60 degrees, and the analysis error is
less than 10 grams per ton.

Results and discussion

The intrusive suites of the studied area include the
Gharavol-Khane quartz diorite intrusion with granular
and porphyroidic textures, the Kuh-e Belghais granite
porphyry with porphyry, granular and graphic textures,
and the Qeynarjeh granodiorite, has microgranular,
porphyroidic, and graphic textures. In terms of alumina
saturation index (ASI), the study intrusive suites belong
to the metaluminous to slightly peraluminous series and
I-type granite and have calc-alkaline to shoshonitic
affinity. An enrichment of LILE compared to HFSE was
observed in the study area, and this enrichment occurred
during melting due to the high ionic potential of LILE
and the decrease in solubility of HFSE in agueous fluids.
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A negative anomaly in Eu and a positive anomaly in Ce
were observed, which occurred due to low-oxygen
fugacity and increased Eu*/Eu*® and Ce*3/Ce™ ratios in
the silicate melt. Three types of apatite: Apl (with
elongate habit and homogeneous appearance in the
Gharavol-Khane quartz diorite), Ap2 (subhedral to
anhedral form in the Kuh-e Belghais granite porphyry),
and Ap3 (anhedral to subhedral form in the Qeynrajeh
granodiorite), were recognized in Qeynarjeh-Angouran
district. All apatites belong to the hydroxy-fluorine
apatite class and originated from magmatic origin. Apl
crystals were formed directly from the parent magma but
Ap2 and Ap3 crystals were formed during skarnization.
The intrusive suites of the studied area, have the
characteristic signatures of subduction zone magmas in

a volcanic arc setting. Qeynarjeh granodiorite is ore-
bearing, Kuh-e Belghais granite porphyry is non-
productive, and Gharavol-Khane quartz diorites are
barren to ore-bearing nature and they are all in the range
of mineralized differentiated intrusive in-depth. The
Qeynarjeh granodiorite is an ore-bearing granite and
shows evidence of a skarn-causative suite (non-

porphyry).
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Fig. 1. A: Simplified structural-geologic map of NW Iran, modified after Sahandi and Soheili (Sahandi and Soheili, 2014) and
location of the Qeinarjeh-Angouran district, and B: Geological map of the Qeinarjeh-Angouran district modified after Babakhani
and Ghalamghash (Babakhani and Ghalamghash, 2001) and location of studied intrusive suites
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Fig. 2. Location of the intrusive suites at Qeynarjeh-Angouran district on the satellite image
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Fig. 3. Field and petrographic images of the intrusive suites at Qeynarjeh-Angouran district. The Gharavol-Khane area includes A:
quartz diorite intrusive rock, B: hand specimen of plagioclase and hornblende minerals, C: granular texture with plagioclase and quartz
mineral assemblage. The Kuh-e Belghais area includes D: granite porphyry intrusive rock, E: hand specimen of quartz and K-feldspar
minerals, F: porphyry texture with quartz phenocryst. The Qeynarjeh area includes G: granodiorite intrusive rock, H: hand specimen
of plagioclase, hornblend, and quartz minerals, 1: microgranular texture with plagioclase and quartz mineral assemblage. Abbreviations
after Warr (1994) i(Qz: quartz, Pl: plagioclase, Px: pyroxene, Hb: hornblende, K-spar: K-feldspar, Amp: amphibole). Abbreviations
of photomicrographs: TL: transmitted light, XPL.: cross-polarized light.
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Table 1. Whole-rock geochemical data at intrusive suites of the Qeynarjeh-Angouran district

Location Gharavol-Khane
Rock type Quartz monzodiorite (n=5) Quartz diorite (n=5)
Sample no. Gh-1 Gh-2 Gh-3 Gh-4 Gh-5 Gh-8 Gh9 Gh-10 Gh-11 Gh-12
Major oxides (wt.%)
SiO; 55.37 52.35 53.99 52.77 5221 54.73 53.17 5369 56.92 57.72
TiO, 0.76 0.99 0.70 0.51 0.84 0.83 115 0.91 1.02 0.76
Al;O3 17.99 18.24 16.55 17.72 17.76 16.12 17.27 16.25 18.08 16.82
Fe:03 7.22 741 7.82 5.99 8.06 8.44 7.03 742 7.35 6.73
MnO 0.13 0.06 0.15 0.10 0.15 0.17 0.12 0.14 0.14 0.09
MgO 3.37 2.62 2.78 3.96 3.89 461 3.82 4.58 2.04 3.13
CaO 8.97 8.96 10.11 10.44 11.29 10.26 10.53 11.17 7.74 6.24
Na,O 3.05 2.75 311 3.33 2.22 251 3.32 294 354 3.63
K20 2.00 253 3.72 3.70 261 217 249 221 2.38 3.13
P20s 0.17 0.23 0.18 0.13 0.15 0.02 0.21 0.18 0.23 0.21
LOI 0.80 3.69 0.71 0.95 116 0.03 129 1.07 0.36 1.00
Total 99.83 99.83 99.82 99.60 10034  99.89 10040 10056 99.80  99.46
Mo# 28.65 23.32 23.42 36.26 29.34 31.97 31.86 3469 19.28 28.58
Trace elements and REE (ppm)
Ba 27400 37300 18800 139.00 12700 7200 39000 154.00 345.00 443.00
Cs 2.60 1.20 0.50 150 1.10 0.10 0.70 1.90 2.65 0.80
Ga 17.02 20.05 17.12 16.41 16.79 18.49 16.01 18.31  20.00 15.84
Nb 10.00 11.00 10.00 8.00 20.00 8.00 9.00 400 1600 18.00
Ta 1.20 1.67 182 1.00 1.30 2.82 2.70 2.60 3.60 3.00
Rb 69.01 67.40 42.58 19.62 34.05 5.09 40.37 3391 8318 71.28
Sr 203.00 266.00 390.00 333.00 290.00 339.00 365.00 313.00 271.00 247.00
Th 5.90 6.60 5.00 4.10 5.50 4.10 3.50 4.20 721 8.00
U 159 2.24 191 134 231 1.03 137 1.38 1.89 1.76
Zr 128.00 142,00 138.00 62.00 101.00 24.00 107.00 6400 176.00 175.00

Note: LOI= loss on ignition; EW/Eu*= Eun/(SmnxGdy)Y2; Ce/Ce*= Cen/(LanxPry)¥?; Mg# = [100*molar Mg/(Mg+Fe)]; Tz=

Zircon saturation temperature calculated from the whole-rock compositions (Miller and Wooden, 2004).
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Table 1 (Continued). Whole-rock geochemical data at intrusive suites of the Qeynarjeh-Angouran district

Location Gharavol-Khane

Rock type Quartz monzodiorite (n=5) Quartz diorite (n=5)

Sample no. Gh-1 Gh-2 Gh-3 Gh-4 Gh-5 Gh-8 Gh-9 Gh-10 Gh-11 Gh-12
Hf 2.34 3.76 3.70 3.10 3.87 4.72 4.20 334 334 4.40
\% 168.00 156.00 14500 130.00 187.00 229.00 236.00 259.00 14400 116.00
w 0.35 0.45 043 0.20 0.20 0.88 1.00 1.10 1.00 1.10
Y 22.10 27.20 17.60 14.70 25.30 8.60 2170  19.00 2956  21.80
Pb 1.00 2.00 1.00 2.00 2.00 2.00 3.00 1.00 1.00 1.00

Rare Earth Elements (REE) (ppm)

La 14.60 20.20 12.70 7.60 13.60 12.40 14.50 750 2188 1920
Ce 32.20 44.10 28.80 18.80 32.90 23.00 31.70 1960 4777  39.30
Pr 3.64 5.30 3.33 2.22 391 3.71 3.82 2.58 5.81 4.32
Nd 14.30 21.00 14.00 9.70 15.70 13.80 16.00 1144 2268  16.20
Sm 3.48 4.70 3.10 2.49 3.61 3.15 3.86 3.16 5.12 3.70
Eu 0.87 134 0.78 0.68 1.04 123 1.04 0.86 127 0.93
Gd 3.68 4.83 3.03 2.68 4.09 3.34 3.89 3.28 5.00 349
Th 0.60 0.76 0.49 0.45 0.64 0.44 0.63 0.57 0.86 0.63
Dy 3.46 4.33 2.87 2.55 3.80 2.39 3.73 3.29 494 3.70
Ho 0.76 0.92 0.57 0.50 0.84 0.52 0.75 0.65 1.07 0.74
Er 2.18 2.85 1.90 1.45 241 1.90 2.19 1.87 3.01 2.08
Tm 0.33 0.40 0.26 0.22 0.39 0.23 0.31 0.25 0.45 0.34
Yb 2.04 2.70 1.86 1.36 2.25 181 2.10 1.58 2.66 1.87
Lu 0.29 0.39 0.30 0.22 0.32 0.34 0.31 0.24 0.44 0.27
>REE 82.47 113.85 74.03 50.88 85.53 38.27 8473  56.86 12295 96.81

LREE/HREE 4.80 5.15 5.14 4.04 4.42 461 7.12 3.52 5.24 5.88

Lan/Yby 4.77 4.98 4.56 3.71 4.02 459 461 3.16 549 6.85
Eu/Eu* 0.70 0.81 0.73 0.76 0.78 1.09 0.77 0.77 0.72 0.74
Ce/Ce* 1.06 1.02 1.06 1.10 1.08 0.81 1.02 1.07 1.02 1.03

Tz (°C) 69390 699.70 65400 60390 643.90 561.00 64250 60020 72950 733.00

Note: LOI= loss on ignition; EuW/Eu*= Eun/(SmnxGdy)Y2; Ce/Ce*= Cen/(LanxPry)¥?; Mg# = [100*molar Mg/(Mg+Fe)]; Tz=
Zircon saturation temperature calculated from the whole-rock compositions (Miller and Wooden, 2004).
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Table 1 (Continued). Whole-rock geochemical data at intrusive suites of the Qeynarjeh-Angouran district

Location Kuh-e Belghais Qeynarjeh
Rock type Granite porphyry (n=5) Granodiorite (n=5)
Sample no. BI-17 BI-18 BI-19 BI-20 Bl-21 Qn-23 Qn24 OQn29 Qn30 On31
Major elements (wt.%)

SiO; 70.12 73.07 75.65 74.8 75.21 66.84 64.18 70.49 69.87 70.06
TiO; 0.60 0.90 0.70 0.70 0.60 0.38 0.45 0.16 0.24 0.18
Al,O3 14.73 13.21 12.77 11.34 13.1 15.47 17.15 13.31 14.74 1491
Fe;Os3 1.58 2.27 217 1.34 1.09 331 3.64 3.89 4.04 3.72
MnO 0.01 0.01 0.02 0.02 0.03 0.09 0.12 0.01 0.04 0.02
MgO 1.00 0.32 0.42 0.71 0.14 1.07 1.27 0.17 0.51 0.19
CaO 219 1.72 1.44 2.79 1.25 3.93 5.33 4.25 3.88 2.04
Na;O 413 3.86 3.18 4.28 4.25 3.62 3.76 291 3.26 454
K0 2.48 2.75 2.72 247 245 3.93 2.33 3.25 2.88 3.04

P20s 0.07 0.09 0.03 0.02 0.08 0.23 0.39 0.12 0.14 0.1
LOI 2.29 1.52 1.42 2.03 1.34 0.91 114 0.55 0.65 0.93
Total 99.2 99.72  100.52  100.5 99.54 99.78 99.76 99.11  100.25  99.69

Mg# 35.26 10.81 14.27 3131 9.95 21.76 23.09 3.62 9.79 421

Trace elements and REE (ppm)

Ba 38.00 39.00 42.00 52.00 19.00 52500 599.00 57800 847.00 866.00
Cs 0.29 0.25 0.43 0.24 0.22 0.24 0.50 0.31 0.27 0.71
Ga 18.10 14.63 13.48 15.61 12.14 16.03 16.19 14.73 15.43 14,51
Nb 14.00 17.00 19.00 15.00 11.00 23.00 14.00 16.00 14.00 16.00
Ta 1.10 1.76 1.65 1.70 1.78 2.60 5.50 3.63 2.10 2.67
Rb 12.89 18.28 18.37 15.25 13.89 57.15 61.01 114.67 90.62 97.03
Sr 23500 147,00 123.00 216.00 161.00 260.00 31500 274.00 278.00 292.00
Th 9.60 18.99 19.63 14.63 15.92 22.66 15.90 29.83 19.72 15.93
U 0.68 1.39 1.01 1.25 0.76 4.51 2.59 2.15 2.58 2.42
Zr 119.00 101.00 12500 102.00 122.00 182.00 163.00 146.00 258.00 225.00
Hf 6.10 7.65 6.65 6.75 6.56 8.30 7.40 5.20 6.10 7.10
\Y 37.00 6.00 4.00 20.00 400 28.00 36.00 10.00 28.00 17.00
w 23.21 12.12 15.32 15.21 16.23 5.60 343 4.20 7.60 3.56
Y 21.25 21.02 22.79 31.69 27.72 40.76 22.93 14.73 16.15 18.00
Pb 1.00 1.00 2.00 1.00 2.00 3.00 3.00 1.00 2.00 2.00

Note: LOI= loss on ignition; EW/Eu*= Eun/(SmnxGdn)Y2; Ce/Ce*= Cen/(LanxPry)¥?; Mg# = [100*molar Mg/(Mg+Fe)]; Tz=
Zircon saturation temperature calculated from the whole-rock compositions (Miller and Wooden, 2004).
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Table 1 (Continued). Whole-rock geochemical data at intrusive suites of the Qeynarjeh-Angouran district

Location Kuh-e Belghais Qeynarjeh
Rock type Granite porphyry (n=5) Granodiorite (n=5)
Sample no. BI-17 BI-18 BI-19 BI-20 Bl-21 Qn23 On24 Qn29 On30 Qn-31
Rare Earth Elements (REE) (ppm)
La 9.60 10.62 541 5.12 8.68 4128  32.06 2335  30.17 50.06
Ce 3525  56.25 21.99 2761  26.41 98.27 62.21  59.01 62.97 81.09
Pr 5.23 5.05 2.13 2.53 3.66 8.74 6.25 5.39 6.23 7.18
Nd 2340 2176 14.43 16.33 1274  32.05 22.47 1854 2158 22.64
Sm 4,94 6.50 241 1.55 2.75 5.47 4.22 3.69 3.57 4.48
Eu 0.38 0.25 0.10 0.14 0.15 0.90 0.88 0.78 0.97 0.76
Gd 453 6.72 3.08 1.74 1.56 5.35 4.04 3.18 2.97 3.09
Th 0.68 1.29 0.59 0.28 0.17 0.80 0.65 0.56 0.44 0.54
Dy 3.69 5.76 4.08 2.79 2.18 4.58 3.78 2.83 2.48 2.93
Ho 0.73 1.59 1.03 0.37 0.28 0.93 0.75 0.58 0.46 0.58
Er 2.15 4.46 2.94 1.10 0.75 3.17 2.34 2.07 1.72 1.83
Tm 0.28 0.63 0.46 0.15 0.10 041 0.36 0.27 0.26 0.29
Yb 1.74 2.92 2.54 1.07 1.05 3.10 2.13 1.65 1.79 2.08
Lu 0.24 0.53 0.49 0.16 0.10 0.49 0.34 0.30 0.30 0.26
>REE 9290 12439  61.73 61.01 60.65 20561 14254 12226 136.00 177.87
LREE/HREE 5.42 414 3.02 6.77 8.50 9.40 8.31 .98 10.89 13.34
Lan/Ybn 3.66 242 141 3.18 5.47 8.86 10.02 941 11.19 16.01
Eu/Eu* 0.23 0.11 011 0.25 0.21 0.48 0.61 0.65 0.85 0.58
Ce/Ce* 119 1.85 155 1.84 112 124 1.05 1.26 110 1.03
Tz(°C) 763.60 75080 78130 71900 77200 769.30 760.80 751.20 813.60 811.10

Note: LOI= loss on ignition; EuW/Eu*= Eun/(SmnxGdn)Y2; Ce/Ce*= Cen/(LanxPry)¥?; Mg# = [100*molar Mg/(Mg+Fe)]; Tz=
Zircon saturation temperature calculated from the whole-rock compositions (Miller and Wooden, 2004).
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Fig. 4. Geochemical diagrams of major elements at intrusive suites of the Qeynarjeh-Angouran district. A: Na,O+K;0 versus SiO
digram, modified from Bellieni (Bellieni et al., 1996), B: Aluminum saturation index diagram (Chappell and White, 2001), C: AFM
diagram with calc-alkali-tholeiitic boundary line (Irvine and Baragar, 1971), and D: MgO versus SiO- diagram by Meinert (Meinert,
1995). The composition of Fe skarns worldwide (from Meinert, 1995) are shown for comparison.
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Fig. 5. Primitive mantle-normalized trace element (normalizing data for all elements are from Sun and McDonough, 1989) and
Chondrite-normalized REE (normalizing data for all elements are from Boynton, 1984) spidergram at intrusive suites of the Qeynarjeh-
Angouran district. A: Gharavol-Khane quartzdiorite, B: Kuh-e Belgais granite porphyry, and C: Qeynarjeh granodiorite. The
composition of intrusive rocks with Fe skarns worldwide by Meinert (Meinert, 1995) are shown for comparison.
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Fig. 6. Photomicrographs and SEM images of apatites at intrusive suites of the Qeynarjeh-Angouran district. Apl crystals in
Gharavol-Khane quartz diorite including A: Apl crystals as inclusions within pyroxene, B: association of Apl with plagioclase
and pyroxene minerals, C: SEM image of Ap1 association with pyroxene crystal. Ap2 crystals in Kuh-e Belghais granite porphyry
including D: Ap2 crystals within K-feldspar, E: Ap2 crystals within K-feldspar and coexist by quartz and amphibole, F: SEM
image from Ap2 within K-feldspar. Ap3 crystals in Qeynarjeh granodiorite including G: Association of Ap3 crystals with epidote
and pyrite minerals, H: Ap3 crystals in K-feldspar+calcite context, and I: SEM image of Ap3 inclusions within K-feldspar.
Abbreviations after Warr (1994) (Ep: epidote, PI: plagioclase, Py: pyrite, Cal: calcite, Ap: apatite, Px: pyroxene, Qz: quartz, K-
spar: K-feldspar, Amp: amphibole, Spn: sphene). Abbreviations of photomicrographs: TL: transmitted light, XPL.: cross-polarized
light.
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Table 2. EPMA results from apatites composition at intrusive suites of the Qeynarjeh-Angouran district

Apatite-1 (Gharavol-Khane)

Point no. P1-1 P1-2 P1-3 P1-4 P1-5 P1-6 P1-7 P1-8 P1-9 P1-10
Major oxides (wt.%)
FeO 0.03 0.03 0.02 0.03 0.04 0.06 0.08 0.07 0.06 0.03
TiO; bdl bdl bdl bdl bdl 0.01 bdl bdl bdl bdl
Cr,03 0.02 bdl bdl bdl bdl bdl 0.02 0.01 bdl bdl
Na;O bdl bdl 0.01 bdl 0.05 0.06 0.05 bdl bdl 0.04
P20s 41.58 41.35 41.75 41.21 41.26 41.44 41.12 41.35 41.68 41.32
SiO; 0.11 0.14 0.17 0.16 0.15 0.17 0.14 0.17 0.17 0.16
MgO bdl 0.01 0.01 bdl bdl bdl bdl bdl bdl bdl
MnO 0.11 0.07 0.09 0.11 0.13 0.12 0.04 0.08 0.07 0.11
K20 bdl bdl bdl bdl bdl bdl 0.01 bdl bdl bdl
Ca0 55.61 54.68 54.68 55.57 55.70 55.53 55.69 56.03 55.76 55.97
F 2.31 2.37 2.69 2.46 2.17 2.26 2.65 2.15 2.64 2.23
Cl 0.20 0.26 0.32 0.34 0.23 0.24 0.20 0.13 0.15 0.24
S 0.03 0.03 0.07 0.04 0.04 0.05 0.06 0.04 0.05 0.06
Total 97.47 96.27 96.73 97.08 97.33 97.39 97.15 97.71 97.11 97.63

Number of cations on the basis of 130

Si 0.01 0.02 0.02 0.02

0.02 0.02 0.02 0.02 0.02 0.02
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Table 2 (Continued). EPMA results from apatites composition at intrusive suites of the Qeynarjeh-Angouran district

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.01 0.00
Mn 0.03 0.02 0.02 0.03 0.03 0.03 0.01 0.02 0.02 0.03
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 16.10 16.21 15.74 16.08 16.20 16.08 16.28 16.25 15.85 16.06
Na 0.00 0.00 0.00 0.00 0.02 0.03 0.02 0.00 0.00 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 1.34 1.42 1.37 1.28 1.32 1.36 1.31 1.29 1.32 1.35
Cl 0.06 0.08 0.10 0.11 0.07 0.07 0.06 0.04 0.04 0.08
S 0.02 0.02 0.04 0.02 0.02 0.03 0.10 0.02 0.03 0.04
OH 1.14 1.10 112 1.16 1.15 1.13 1.16 1.17 1.15 1.14
Apatite-2 (Kuh-e Belghais)
Point no. P2-1 P2-2 pP2-3 P2-4 P2-5 P2-6 p2-7 P2-8 P2-9 P2-10
Major oxides (wt.%)
FeO 0.01 0.02 0.04 0.01 0.02 0.02 0.05 0.03 0.05 0.03
TiO; bdl 0.01 bdl 0.02 bdl 0.02 bdl bdl bdl bdl
Cr,03 bdl bdl bdl bdl 0.01 bdl 0.02 bdl bdl bdl
Na.O 0.02 bdl bdl bdl 0.03 0.02 bdl bdl 0.01 bdl
P20s 41.74 41.36 41.38 41.62 41.45 41.22 41.62 41.68 41.05 41.03
SiO, 0.07 0.08 0.06 0.09 0.08 0.14 0.10 0.02 0.05 0.08
MgO bdl bdl bdl bdl bdl 0.02 bdl bdl bdl bdl
MnO 0.13 0.11 0.07 0.10 0.14 0.14 0.12 0.13 0.17 0.16
K20 bdl bdl bdl bdl bdl bdl bdl 0.01 bdl bdl
CaO 55.93 55.99 55.96 55.97 55.92 55.89 55.97 55.65 55.93 55.95
F 1.63 1.8 1.44 1.47 1.67 1.87 1.54 1.82 1.73 1.38
Cl 0.65 0.58 0.64 0.59 0.56 0.55 0.52 0.54 0.6 0.54
S 0.04 0.07 0.04 0.03 0.03 0.06 0.04 0.04 0.03 0.03
Total 97.90 97.57 97.51 97.81 97.65 97.47 97.88 97.51 97.26 97.25
Number of cations on the basis of 130
Si 0.01 0.01 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Mn 0.03 0.03 0.02 0.02 0.04 0.04 0.03 0.03 0.04 0.04
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 16.07 16.21 16.39 16.18 16.20 16.26 16.21 16.01 16.23 16.23
Na 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 1.01 1.10 0.91 0.91 1.03 1.14 0.95 1.12 1.07 0.87
Cl 0.21 0.19 0.21 0.19 0.18 0.18 0.17 0.17 0.19 0.18
S 0.02 0.04 0.03 0.02 0.02 0.04 0.02 0.02 0.02 0.02
OH 1.28 1.24 1.33 1.32 1.27 1.22 1.31 1.23 1.25 1.35
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Table 2 (Continued). EPMA results from apatites composition at intrusive suites of the Qeynarjeh-Angouran district

Apatite-3 (Qeynarjeh)

Point no. P3-1 P3-2 P3-3 P3-4 P3-5 P3-6 P3-7 P3-8 P3-9 P3-10
Major oxides (wt.%)
FeO 0.03 0.02 0.03 0.03 0.01 0.02 0.02 0.03 0.03 0.03
TiO; bdl bdl bdl bdl bdl 0.01 bdl 0.01 bdl bdl
Cr,05 bdl 0.01 bdl bdl 0.01 bdl 0.01 bdl 0.01 bdl
Na,O 0.01 bdl bdl 0.05 0.03 0.05 bdl 0.07 bdl bdl
P,0s 41.51 41.63 41.78 41.32 41.25 41.62 41.68 41.4 41.44 41.33
SiO; 0.18 0.18 0.17 0.05 0.19 0.29 0.40 0.07 0.30 0.17
MgO 0.03 0.02 bdl bdl bdl bdl 0.01 bdl bdl bdl
MnO 0.15 0.13 0.15 0.07 0.13 0.15 0.13 0.11 0.14 0.12
K0 bdl bdl bdl 0.01 bdl bdl bdl bdl bdl bdl
CaO 55.98 55.93 55.91 55.90 55.89 55.97 55.91 55.89 55.53 55.86
F 1.15 12 1.47 1.71 1.69 1.13 1.52 1.69 1.23 1.6
Cl 0.87 0.74 0.43 0.32 0.37 0.83 0.34 0.63 0.94 0.57
S 0.01 0.02 0.02 0.02 0.03 0.02 0.02 0.01 0.02 0.02
Total 97.89 97.92 98.04 97.43 97.51 98.11 98.16 97.58 97.85 97.51
Number of cations on the basis of 130
Si 0.02 0.02 0.02 0.00 0.02 0.04 0.05 0.01 0.04 0.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.04 0.03 0.04 0.02 0.03 0.04 0.03 0.03 0.04 0.03
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 16.09 16.07 15.92 16.16 16.23 16.02 16.05 16.05 16.08 16.21
Na 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.72 0.75 0.92 1.06 1.04 0.71 0.94 1.05 0.79 0.99
Cl 0.29 0.24 0.14 0.10 0.12 0.28 0.11 0.21 0.31 0.18
S 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01
OH 1.40 1.39 1.33 1.27 1.27 1.41 1.33 1.26 1.38 1.29

bdl: below the respective EPMA detection limit
*Calculated based on 12 oxygen atoms per formula unit

DOI: 10.22067/econg.2024.1107

C ool (§o,95Fgaliaml wlid )


https://doi.org/10.22067/econg.2024.1107

e Oy 50— 15 4 (63585 glos 53 CSUT 5 o 5 JS Ko anbiipt

OLen 5 gmws

&S S s sl (S byl sk S (Zhu et al., 2009
Glaolis 55 ST IVl s ol ol S 51 slads il &
SiOz slme IHI L 5035 by e T2 U e gfTlin 21 8
358 Srdli> e JT 1 6 e JThs ol 4 5L bl o 20
SiO2 L P20s liss abaly 5 (B-F JSK5) ) s 390 4l
g5 s sl § ks, 8 5La Ly, ol (Zhang et al., 2016)
Ao LalSm cs L6 s ges bl » (D-Y JSK5) cul
La e Sai b g s aie Sewes (Cocherie, 1986)La
LS S sy gnodaltin 3, g0 b (5358 sladlis 53
(E-Y JS8) ol idusd dul b 5l a6 s gl § (6,8 IS
TalYb i, ;3 ThHIYD S jole slacns obs3 Hlased b
ol 5 (6358 ez g LSl s OT 3«5 (Pearce, 2008)
3 g0 ailie S Gladigni 35 o0 (s T (2L Loy 5SS
s Jaome 6 3 2558 b ST opl b
U)ol 0,5 il Jlab (sla0leS oS 4 ez ol i b
(F-v

215867 iy 9 ST sl ous

S & Cas(POs)s(F,OH,Cl) (s 20 58 sl abasly b 5T
Belousova et al. 2002;) LS Lo 13 25 vie
bl g5 s REE (sl g 0L e < «(Bruand et al., 2014
Sha and Chappell, ) el U 3 Th Y 1 ot 5l oYL b
.(1999; Prowatke and Klemme, 2006; Xiao et al., 2021
oz 5 LSl gl 850 55 claadl o & ST gl b S5
S 513 Koy e S5 5 3 om0 T 2
Bruand et al., ) c—ul 5555 sl oy 53 Ao )5l L5 ol
<547 .(2016; Konecke et al., 2017; Li and Costa, 2020
035 (S 5CIF L) 5l 5 ol jI g5 JB olie gl ls Cpoman
ol gleSle— e Gladloln 03 5T () (51 g ol oS
Parat et al., 2011; Duan and Jiang, 2018; Sun et al.,)
(2019; Duan et al., 2021

S

S lgigiT ol 9 $39 0

SLalsgad 5 ol olis (a b Lo 3 4T
(6358 Sladlis Bl 0358 gr padmda alsl d 8 (g5l slomigy
s p st 5 eSS slalasa L 0, Sl —am 18 4l
LREE ,LILE jvug.c o sy 5o (0 5 F Lgl.a‘}i.ir) sl
°"\";’)\>“€‘ j.:_ﬁuﬁ B HREE_} HFSE gs""‘*‘ ju\_&u’_@; ‘}:L&A BE)
ey ol daly b Syl a3 8 5 cauS a
S 3Sie sLaylsgai b La Sl ol 48 035 s 5 (sladases
el S8 5 (6L 5 o b Ol 55T~ 23 4 b (65 55 (sladlis
S o3y a5l B6 oliesS s 5ok S h ol (0 JS8)
L oS 035 4 5 Ol gl o dlad 53 los 8 Gla iy b
Hajialioghli et al., ) ol ods i)l 8 01, S-S 1556

2011; Jamshidi Badr et al., 2013; Azizi et al., 2021;
(Tale Fazel et al., 2023

Brown et al., ) Nb i, ;s RO/Zr o i SUss Jlsses b
-V JS8) ok @l sle (gle 6 0LS” ol 55 ag 505 (1984
—CyE G e 5 LS 0 Ml oS LT 1A
Chiaradia, ) <l LEL 5 55 b 6,8 sl Gos wli susie
e Sl g n S K oo 3 SITY i (2015
SITY Cas 5055 513 503 3l ookl b .3 58 o3liiusl aiuw g Cuslbens
3 al=dyl 3 a5 «(Chiaradia, 2015) SiO; Julas ;s
5 oSG i 5 sl S e S Y Sl e Gas
JSKb S 1 a8 s 53 b oS (6805, 2 £ 05
0T oy sNBOIK20 & (5,8 550 L (B-V L) e 8
Collins et al., 1982;) KoO fulae 53 Na2O 455 5ls 50 5o
Ji S 518 5 Ad 5 slos s S «(Zhang et al., 2009
NazO/K20 Caes b a g05 4dS™ 413 505l ol ks ¢SS5
-V JSs) s 8 gl | g5 (glanks sl 8 03 5dome 53 Y B 0/A

C
Wu et al., 2003; Li et al., 2008; ) iy (sla_ias3 ¢ pomen

DOI: 10.22067/econg.2024.1107

C ool (Fo,95cFgaliaml wlid )


https://doi.org/10.22067/econg.2024.1107

e Oy S = 18 4l (63585 sladllis 55 LT b sac 5 IS 6K parh e Ol 5 5 5w

100 120
@ Gharavol-Khane (n=10)
E A Kuh-e Belghais (n=5)
L 100 Il Qeynarjeh (n=5)
10— . Mature 80| ey
; a‘“‘\ e continental arc Andes \
S F e = *\ (=45-60 km) |
2 r Normal S & 60
r <.._ continental arc AN | /
I AN - . 40+ JEPEET S T
E Island arc Seel _ Z c J ==
E [ ] L O oo >30km th_lc_k T
C ® .. =... =] 20+ ®e -~ = * ~~~~~~ -
° ¢ P2030kmthick m A T
r P R L y" Vi -
0.1 Lo HHHAA Lo 0 I <2°k“?thi°k I 1 1
1 10 100 50 60 70 80
Nb (ppm) SiO, (wt.%)
0.4
N & (D] N
5 3 o & [ \ <
= - \ 2
e | L =
m“’* ©
a—- = 0.3 \ oo
(S r ‘S
P =® . - V=
o) ..OA b f ® L -\\(2—‘
230 e 2 L e e S
o ® e 0.2 j . =
Y A-type granite =L ® \
2 . iy
F e L
0.1 \ A
1 AN A
S-type granite L = ‘\
L . < aA
0 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 0 1 1 1 1 1
(0] 5 10 15 20 50 60 70 80
K,O (wt.%) Sio, (wt.%)
100
. Continental -Av.crust
r = Oceanic arc | marginal
15— .(\Q, F E
L \’Q 7’ arc ]
((\e e 10 p._s,_H_Q__ m ‘
i P ECA Ty s =l
= E .
L ?// g Subduction L 4 o *OIB
10— s enrichment B )
5 - e = S
S B SlEca S
— 7 =] = @ Ereeeee ()
- s = E TH TS
o g <& 5%
r -, r E-MORB
5 [ 2
o, ‘@@ 0.1 e
. A.A _______________ E
A ‘“ Fractional crystallization E N-MORB
O lllllllllllllllllllllllll ) 0-01 1 lllllll 1 1 1111111 1 1 11111“
o 10 20 30 40 50 60 0.01 0.1 1 10
La (ppm) Ta/Yb

Brown et) Nb Jitae ;s RD/Zr 4655 5l gai :A .Ql)ﬁ e 8 b 65 58 cladllis H» &Lafuy}:i? —bod s OV el Sla s gl Y
Collins et al., 1982; Zhang et al., ) KO Jiae ;5 NaoO kg5 is5a5 :C «(Chiaradia, 2015) SiO; Jfulae ;5 SITY SLss s sas B o(@l., 1984
b5 Hlasel 5o iduossd Al p ol 5l B o(Zhang et al., 2016) P2Os i 53 SiO2 4653 535D S A ‘_;l.:a..\:.?}::ﬂ; S (2009

(5% 55 'SHO  JITesI8™:CA ¢ 2 5 :TH) (Pearce, 2008) Ta/Yb Jlas ;s TH/YD 655 i sai:F 5 (Coherie, 1986) La | ;5 La/Sm

Fig. 7. Geochemical-tectonomagmatic evolutions of intrusive suites in the Qeynarjeh-Angouran district. A: Binary diagram of Rb/Zr
versus Nb (Brown et al., 1984), B: Binary diagram of Sr/Y versus SiO; (Chiaradia, 2015), C: Binary diagram of Na,O versus
K20 (Collins etal., 1982; Zhang et al., 2009) to discriminated of |-, A-, and S-type granitoids, D: Binary diagram of SiO, versus P,Os
(Zhang et al., 2016), E: Partial melting process in the La/Sm versus La binary diagram (Coherie, 1986), and F: Binary diagram of
Th/Yb versus Ta/Yb (Pearce, 2008) (TH: Tholeiitic, CA: calc-alkaline, SHO: shoshonite)
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Fig. 9. Diagrams of geochemical evolutions and evaluation of metallogenic potential at intrusive suites of the Qeynarjeh-Angouran
district. A: Binary diagram of Rb versus Y+Nb (Pearce et al., 1984), B: Binary diagram of Nb versus Y (Pearce et al., 1984), C:
Binary plot of Al,O3/TiO, versus SiO, (Liu and Peng, 2003), D: Determination of productive to non-productive of intrusive suites
in binary plot of Y versus MnO (Baldwin and Pearce, 1982), E: Binary diagram of Rb/Sr versus FeO (Blevin and Chappell, 1992)
highlighting the relationships between the degree of fractionation and the porphyry-skarn productivity of the granitoids
(Svetlitskaya and Nevolko, 2022), and F: Whole-rock geochemical indicators of magma fertility by binary plot of Sr/Y versus
10000x(EW/EU*)/Y (Svetlitskaya and Nevolko, 2022)
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