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ARTICLE INFO Introduction
The Kushk Pb—Zn deposit in northeastern Bafqg, Central Iran, is
Received: 31 January 2026 associated with Neoproterozoic—Early Cambrian magmatism related to
Accepted: 03 June 2026 the Proto-Tethyan continental arc system. These magmatic processes,
accompanied by crustal extension and interaction between mantle-
Keywords derived magmas and continental crust, played an important role in
Zircon Morphology regional metallogeny. Therefore, investigating the origin and
Thermometry crystallization conditions of the host dacitic magma is crucial for
Source understanding magma evolution and ore-forming processes in the Bafq
Dacite district. In this study, whole-rock geochemistry together with zircon
Koushk Zn—Pb Deposit morphology and internal textures are used to evaluate the magma

source, tectonic setting, and magmatic evolution. Because zircon
preserves geochemical and crystallization features under different
geological conditions, it is widely applied in petrogenetic studies.

Regional Geology

The Koushk Zn—Pb deposit is situated within the upper part of the
Lower Cambrian volcano-sedimentary sequences, in the central part of
the Zarigan—Chahmir Basin (Figure 2). Two major stratigraphic
sequences have been recognized in the area (Figure 3): (1) a
mineralized sequence comprising the upper interval of the Lower

OF YEHO)] Cambrian volcano-sedimentary sequences at the base, and (2) an

L AAE "j;.,"'q‘: overlying volcano-sedimentary sequence that includes Lower Paleozoic

réﬁfﬂi‘p shales, argillaceous limestone, dolomitic units which host Fe-

r.ﬁ ar) mineralization, as well as the rhyolitic and tuffaceous rocks (Gibbs,

® - =aS 1976). Rhyolitic and dacitic domes are present in the southeastern part

d - of the deposit, adjacent to the mineralized sequence, as well as to the
10.22108/ijp.2026.148209.1380 north and northwest of the deposit.
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Materials and Methods

In this study, 65 samples were collected from the
dacitic units hosting the Koushk Zn-Pb deposit.
Petrographic and mineralogical investigations were
carried out on 47 thin sections using an optical
microscope at Shahid Beheshti University, Iran. To
evaluate whole-rock geochemistry, 27 samples of the
rhyolites and rhyodacites hosting the Koushk Zn—Pb
deposit were analyzed by XRF using a Philips PW 2404
instrument at Tarbiat Modares University, and a separate
suite of 9 samples was processed for trace elements by
ICP-MS using a Perkin Elmer NexION 300 instrument
at Zarazma Company Laboratory. Zircons were
separated using a Wilfley shaking table, a Frantz
magnetic separator, and heavy liquids, followed by
handpicking under a binocular microscope at the
Geological Survey of Iran. Zircon grains selected for CL
and BSE-SEM were mounted in epoxy resin and
polished to expose their internal structures. CL images
were obtained using a JEOL JXA 8900RL -electron
microprobe, and BSE-SEM images were acquired using
a Hitachi S3400N scanning electron microscope at
Nagoya University, Japan, and Aria Electron Optics Co.,
Ltd.

Discussion

Examination of the external and internal morphology
of zircon can aid in identifying the origin of magmatic
rocks, the degree of aluminum and alkali saturation
(Pupin, 1980), and the temperature of the melt (Pupin
and Turco, 1972). Temperature and Zr saturation are the
main factors governing the relative growth of different
prismatic zircon morphologies. Zircons crystallizing
from alkali, water-poor, and tholeiitic melts fall within
the (101) and (100) fields; those derived from
peraluminous melts plot within the (101) field; and in
the presence of high-water content in the melt, they
occur within the (101) and (110) domains. Based on the
above considerations, the examination of zircon crystals
associated with the Koushk dacites indicates that they
predominantly display prismatic faces (110) and (110)
>> (100), along with pyramidal faces (101) and (211) >>
(101). The development of prismatic forms (110) and
(100) reflects a high-temperature crystallization index,
whereas the dominance of the (101) pyramids suggests a
high alkalinity index an interpretation that is further
supported by the geochemical characteristics of the
samples. Moreover, the morphological analysis reveals
that some zircon crystals exhibit noticeable variations in
their length-to-width ratios, indicating differences in
growth dynamics during crystallization. This may be
attributed to crystallization rate (Bussy and Cadoppl,
1996) or the possible presence of two zircon generations
in these samples. However, based on the detrital zircon
dating from the Koushk area, (Mahmoudi, 2022;

Vickers-Rich et al., 2017), the presence of a single
zircon generation in these samples is confirmed.
Therefore, crystallization rate is likely the main factor
responsible for the increased length-to-width ratio
observed in these zircons.

Conclusion

These crystals predominantly fall within the P2, P5,
S5, and S25 fields, with fewer crystals plotting in the
ABS5, D, L5, P3, P4, R3, S10 and S20 domains. The
minimum zircon crystallization temperatures in the
studied dacites, based on zircon morphology and the
temperature (1.T) and alkalinity (I.A) indices, are 740°C
and 706.6°C, respectively. The temperature of the
rhyolitic melt, based on zircon saturation thermometry,
ranges from 703.49 to 830.74 °C (Watson and Harrison,
1983) and from 702.94 to 877.49 °C (Boehnke et al.,
2013). Whole-rock geochemical data yield a temperature
range of 700 to 780 °C.

The data show that rhyolitic magma was
supersaturated with respect to Zr from the earliest stages
of crystallization making zircon one of the first minerals
to form-a temperature interval of 700 to 780°C is
inferred for zircon crystallization in the rhyolitic magma.
The presence of zoning within zircon crystals likely
reflects a decrease in HREE and an enrichment in
LREE, U, Th, and Y in these zones. The presence of
narrow and closely spaced zoning in both elongated
needle-like zircons and shorter crystals indicates that the
magma remained supersaturated with respect to zircon
from the earliest to the latest stages of crystallization.
Internal structures of some zircon crystals reveal
rounded cores with zoning patterns distinct from their
rims, suggesting that these cores acted as non-reactive
mineral relics during partial melting. The zircons within
the dacites also exhibit evidence of partial resorption,
implying episodic intervals of zircon undersaturation in
the melt. Structural and compositional characteristics,
crystal growth conditions, zircon age and provenance
and metamictization processes, can all contribute to
reduced lattice order and, consequently, diminished or
absent cathodoluminescence (CL) in zircon crystals.
Based on geochemical studies, these rocks originate
from crust-derived melts, and their magmas correspond
to A-type granites, specifically the Az subtype within the
calc-alkaline series. According to tectonic discrimination
diagrams, the dacites are derived from volcanic arc
granites.
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Figure 2. Geological map of the Koushk Zn-Pb deposit and the location of dacite and rhyodacite domes in the
north and northwest, and the rhyolite in the southeast of the deposit (Rajabi et al., 2012).
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Table 1. Results of measurements of length, width, and width-to-length ratio parameters in zircons associated
with porphyry dacites hosting the Koushk Zn—Pb deposit.

Sample No. Azl Az2 Az3 Az4 Az5 Az6 Az7 Az8 Az9 Az10
Maximum grain length 207 243 184 223 177 126 143 176 201 165
(microns)

Maximum grain width ratios 75 95 78 95 87 64 43 91 92 53
(microns)

Width ratios/length 036 039 042 043 049 051 030 052 046 0.32
Sample No. Az11l Az12 Az13 Az14 Az15 Az16 Az16 Az18 Az19 Az20
Maximum grain length 192 165 418 327 274 371 276 368 273 218
(microns)

Maximum grain width ratios 81 8 161 143 97 163 74 135 102 81
(microns)

Width ratios/length 042 050 039 044 035 044 027 037 037 037
Sample No. Az21 Az22 Az23 Az24 Az25 Az26 Az27 Az28 Az29 Az30
Maximum grain length 198 227 247 286 131 198 255 221 234 341
(microns)

Maximum grain width ratios 85 115 103 78 35 100 108 78 93 157
(microns)

Width ratios/length 043 051 042 027 027 051 042 035 040 0.46
Sample No. Az31 Az32 Az33 Az34 Az35 Az36 Az37 Az38 Az39 Az40

Maximum grain length 168 278 114 191 327 254 285 377 183 176

(microns)

Maximum grain width ratios 71 102 57 79 73 9 113 139 81 75
(microns)

Width ratios/length 042 036 050 041 022 037 039 036 044 042
Sample No. Az41 Az42 Az43 Az44  Az45 Az46 Bz4A7  Az48  Az49  AzZ50
Maximum grain length 221 185 218 304 403 153 201 162 363 176
(microns)

Maximum grain width ratios 97 57 73 124 165 47 76 64 123 77
(microns)

Width ratios/length 043 03 033 040 041 030 037 039 033 044
Sample No. Az51 Az52 Az53 Az54 AzB5 Az56 Az57 Az58 Az59 Az60
Maximum grain length 181 128 349 285 215 174 215 290 203 224
(microns)

Maximum grain width ratios 74 49 170 121 77 49 68 127 114 131
(microns)

Width ratios/length 041 038 049 042 036 028 032 044 056 058
Sample No. Az61 Az62 Az63 Az64 Az65 Az66 Az67 Az68 Az69 Az70
Maximum grain length 124 205 133 275 205 139 153 151 211 168
(microns)

Maximum grain width ratios 80 151 95 186 145 98 98 107 125 95
(microns)

Width ratios/length 0.65 0.74 071 068 071 071 064 071 059 057
Sample No. Az71  Az72

Ma_1X|mum grain length 102 199

(microns)

Ma_lxnmum grain width ratios 63 73

(microns)

Width ratios/length 0.61 0.60
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Table 2. XRF data of major elements’ oxides (in wt%) and some minor elements (in ppm) in the rhyolites and
dacites hosting the Koushk Zn—Pb deposit.

Rock type Rhyolite Dacite

Sample No. RK18 RK20 [RK7 RK14 RK3 RK9 RK5 RKl1 RK12

Major element oxides (in wt.%)

SiOz 75.66 7241 6946 6868 6843 67.73 67.50 67.41 66.88
TiO2 020 020 033 021 030 035 033 005 031
Alz03 1205 1246 1480 12.92 1330 13.30 14.10 14.88 14.20
Fe20s 109 123 339 576 417 504 361 452 554
FeOt 098 110 305 518 375 453 325 407 4.99
MgO 040 059 276 151 228 332 364 280 1.97
MnO 002 002 15 003 012 013 012 010 0.2
CaO 038 279 324 287 379 354 381 250 2.81
NazO 021 022 114 211 214 115 214 221 215
K20 883 855 271 300 291 360 285 287 276
P20s 006 006 004 007 003 004 004 010 005
LOI 088 128 925 219 219 131 153 248 239
S 0.04 09 003 000 001 003 00l 000 0.03
Total 99.78 99.81 10026 99.36 99.66 99.50 99.67 99.92 99.19

Minor element (in ppm)

Ba 480 10880 1500 100 1300 600 180 100 800
Rb 100 100 20 50 90 30 50 10 60
Sr 200 230 500 100 20 200 300 150 300
Zn 30 40 90 40 60 200 10 800 70
Zr 150 100 80 200 120 130 100 100 90

Zircon saturation temperatures (°C) and ASI=molar (Al203/Na20+K20+Ca0)

ASI 1.13 0.84 1.38 1.08 0.98 1.08 1.04 1.31 1.22
M 0.74 1.32 0.97 1.16 1.35 1.25 1.29 0.95 1.06
T (°C):

830.74 752.42 758.38 824.51 765.17 779.45 754.18 778.58 761.73
Watson and Harrison (1983) (Zr:496000 ppm)

T (°C):
Watson (1979) (Zr: 497651.6 ppm)
T (°C):

830.42 752.15 758.10 824.20 764.89 779.16 753.91 778.29 761.45

753.48 771.86 713.25 833.06 795.66 792.83 769.09 733.18 733.86
Boehnke et al. (2013) (Zr: 497651.6 ppm)
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Table 2. Continued.

Rock type Dacite
Sample No. RK8 RK17 RK2 RK11 RK13 RK16 RK4 RK6 RK15
Major element oxides (in wt.%)
SiO2 66.46 66.29 66.20 66.03 65.94 65.93 6580 65.30 65.29
TiO2 024 046 036 032 023 047 030 025 045
Al203 13,50 14.32 13.70 1420 1456 1452 12.37 1345 1444
Fe:03 6.73 498 520 595 577 500 595 463 5.02
FeOt 6.05 4.48 4.68 5.36 5.19 4.50 5.35 4.16 452
MgO 325 240 425 226 360 224 372 467 266
MnO 0.12 0.12 0.15 0.13 0.03 0.10 0.12 0.11 0.13
CaO 463 338 205 265 317 372 460 4.06 3.37
Na20 1.12 2.01 217 1.15 211 2.05 1.14 2.12 1.94
K20 358 316 369 381 207 298 279 267 345
P20s 0.04 0.07 004 010 005 006 004 0.03 0.06
LOI 018 241 138 247 219 251 239 237 270
S 004 027 002 003 000 023 002 0.01 031
Total 99.83 9959 99.18 99.06 99.72 99.58 99.23 99.66 99.51
Minor element (in ppm)
Ba 300 210 700 120 650 300 1000 500 400
Rb 40 40 70 70 60 60 20 60 100
Sr 300 390 100 400 100 540 400 170 360
Zn 40 390 80 90 50 280 80 400 400
Zr 200 50 20 100 100 110 40 180 80
Zircon saturation temperatures (°C) and ASI=molar (Al203/Na20+K,0+CaO)
ASI 0.95 111 121 131 1.26 1.08 0.93 0.97 1.10
M 151 1.20 0.99 1.00 1.08 1.26 1.60 1.45 1.22
T (°C):

797.46 703.49 654.02 774.67 769.08 766.72 666.18 792.86 741.76
Watson and Harrison (1983) (Zr:496000 ppm)
T (°C):

797.16 703.25 653.80 774.39 768.80 766.44 665.95 792.57 741.49
Watson (1979) (Zr: 497651.6 ppm)
T (°C):

877.49 688.34 597.6 738.65 746.67 780.04 707.68 855.8 748.51

Boehnke et al. (2013) (Zr: 497651.6 ppm)
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Table 2. Continued.

Sample No. RK10 RK25 RK19 RK21 RK22 RK26 RK23 RK27 RK24
Rock type Dacite
Major element oxides (in wt.%)
SiO2 64.74 6456 64.19 63.58 62.63 6244 6239 6196 60.83
TiO2 028 045 048 049 044 047 049 052 0.58
Al203 1390 1424 1421 1498 1463 15.00 13.74 1444 1532
Fe203 6.27 545 553 535 519 583 565 611 6.47
FeOt 5.64 4.90 4.97 481 4.67 5.25 5.08 5.49 5.82
MgO 2.85 4.16 412 4.05 4.40 3.58 3.04 3.81 4.81
MnO 0.13 0.11 0.13 0.11 0.11 0.13 0.14 0.14 0.14
CaO 3.76 2.16 2.72 1.74 3.51 3.58 4.94 3.20 3.34
Na20 114 215 213 208 212 213 225 287 256
K20 368 352 330 370 323 295 313 281 230
P20s 038 014 018 018 017 024 015 016 0.18
LOI 232 267 262 337 314 333 369 358 315
S 002 003 005 004 014 004 005 002 0.04
Total 99.44 99.61 99.59 99.64 99.57 99.68 99.60 99.59 99.67
Minor element (in ppm)
Ba 400 1120 1090 1060 940 1050 1380 1210 850
Rb 30 60 70 90 60 80 60 60 60
Sr 200 430 270 130 350 260 280 260 330
Zn 50 120 90 80 80 90 150 130 90
Zr 100 70 100 60 80 80 60 110 130
Zircon saturation temperatures (°C) and ASI=molar (Al203s/Na20+K,0+CaO)
ASI 1.09 1.26 1.18 141 1.09 1.13 0.85 1.06 1.19
M 1.30 0.99 1.12 0.87 1.30 1.26 1.76 1.30 1.21
T (°C):

753.29 745.77 766.36 741.95 735.94 738.14 684.97 761.18 781.70
Watson and Harrison (1983) (Zr:496000 ppm)
T (°C):

753.02 745.50 766.08 741.68 735.68 737.88 684.74 760.90 781.41
Watson (1979) (Zr: 497651.6 ppm)
T (°C):

770.49 702.94 750.65 677.18 746.12 742.71 764.81 780.79 789.35

Boehnke et al. (2013) (Zr: 497651.6 ppm)
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Table 3. ICP-MS data of major and trace element contents of porphyry dacites in Koushk Zn-Pb deposit area.

Sample No. ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8 ES9

Major element oxides(wt.%0)

Ti 379.20 441.60 305.60 580.80 384.00 3608.00 3374.00 3411.00 3645.00
P 286.00 142.00 216.00 160.00 154.00 542.00 558.00 1449.00 631.00

Minor element (in ppm)

Ga 25.98 33.32 17.86 26.13 22.24 26.00 31.00 20.00 23.00
Rb 65.00 57.00 83.00 68.00 87.00 59.00 54.00 67.00 81.00
Sr 209.00 46.00 95.00 44.00 41.00 340.00 362.70 348.10 314.60
Y 14.00 20.00 12.00 23.00 17.00 24.10 25.70 31.20 25.70
Zr 133.00 138.00 107.00 153.00 129.00 75.00 70.00 65.00 72.00
Nb 1.90 1.37 1.01 2.56 1.35 11.20 10.00 9.80 9.70
Cs 0.94 0.91 0.64 0.61 0.84 1.40 0.90 1.20 2.20
Ba 1050.00 414.00 824.00 754.00 534.00 982.00 888.00 899.00 768.00
Ta 0.24 0.12 0.12 0.28 0.73 0.70 0.60 0.70 0.80
Pb 80.00 28.75 28.13 15.63 1820.63 13.00 5.00 4.00 3.00
Th 17.39 9.68 11.83 11.49 7.62 9.70 9.40 9.40 9.00
U 5.48 5.93 3.55 6.84 4.43 2.80 2.30 2.40 2.60
Hf 10.24 7.86 6.57 9.50 6.27 2.90 2.30 2.30 2.40

Rare earth elements

La 4.00 19.00 6.00 38.00 16.00 24.00 28.00 43.00 28.00
Ce 12.88 50.72 17.90 106.97 158.14 45.00 44.00 82.00 48.00
Pr 1.34 6.69 1.93 16.88 5.26 5.20 5.23 10.44 6.02
Nd 5.40 26.29 7.23 56.43 19.09 19.50 20.10 38.70 22.20
Sm 1.00 4.00 1.00 7.00 3.00 3.60 3.90 7.10 4.80
Eu 0.57 0.88 0.43 1.62 0.71 0.80 0.89 1.02 0.82
Gd 2.95 7.89 2.96 14.08 6.02 4.22 3.97 6.35 4.62
Tb 0.30 0.60 0.27 0.89 0.45 0.80 0.70 0.90 0.90
Dy 2.84 4.43 2.30 6.48 3.54 4.10 4.30 5.60 4.60
Ho 0.47 0.60 0.35 0.80 0.46 0.43 0.58 0.37 0.65
Er 2.32 2.58 1.63 3.46 2.01 3.00 3.20 4.00 3.10
Tm 0.69 0.76 0.51 1.01 0.60 0.50 0.50 0.50 0.50
Yb 2.00 3.00 2.00 3.00 3.00 2.60 2.38 2.68 2.63
Lu 0.75 0.74 0.54 0.97 0.60 0.40 0.40 0.40 0.40
Y 14.00 20.00 12.00 23.00 17.00 24.10 25.70 31.20 25.70
Eu/Eu* 1.02 0.48 0.76 0.50 0.51 0.63 0.69 0.46 0.53
(La/YDb), 1.35 4.27 2.02 8.54 3.60 6.22 7.93 10.82 7.18
(La/Sm), 2.52 2.99 3.77 341 3.35 4.19 4.52 3.81 3.67
(Cel/Yb), 1.67 4.37 2.31 9.22 13.64 4.48 4.78 791 4.72
(Ce/Sm), 3.11 3.06 4.32 3.69 12.72 3.02 2.72 2.79 2.41
(Eu/YDb), 0.82 0.83 0.61 1.54 0.67 0.87 1.06 1.08 0.89

(La/Lu), 0.55 2.68 1.14 4.07 2.78 6.23 7.27 11.16 7.27
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Figure 3. A) Macroscopic images of the hosted porphyry dacites Koushk Zn-Pb deposit, view toward the north; B
to E) hand specimen image of the porphyry dacites hosting the Koushk Zn-Pb deposit; F to O) Microscopic
images of the Koushk-hosted dacite rocks (XPL); F and G) Porphyritic texture; H) Perthitic texture; I)

Granophyric texture; J) Porphyritic and myrmekitic texture; K) Granular texture; L and M) Sieved texture; N and
O) Porphyritic and embayed textures. Abbreviations from Warr (2021).
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Figure 3. Continued.
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Figure 4. A to C) Photomicrographs (in XPL) of siliceous shards in porphyry dacites hosting the Koushk Zn—Pb
deposit, showing the abundance of zircon and apatite minerals associated with them; D to G) Photomicrographs
(in PPL) of porphyritic dacites with the occurrence of zircon minerals within embayed quartz structures; H and I)
Photomicrographs (in XPL) of dacites with granular texture containing zircon and apatite inclusions (PPL).
Abbreviations from Warr (2021).
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Figure 5. A to K) Photomicrographs (under binocular microscope) of zircons associated with dacites hosting the

Koushk Zn—Pb deposit.
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Figure 6. A to N) BSE-SEM images of selected zircon crystals from the dacitic samples hosting the Koushk

Zn-Pb deposit.
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Figure 7. A to F) BSE-SEM images of crushed zircon crystals from the dacitic samples hosting the Koushk Zn-Pb
deposit and the role of replacement processes in their structure.
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Figure 8. A to D) BSE-SEM images with EDX graphs of selected zircon crystals from the dacitic samples hosting
the Koushk Zn-Pb deposit. Abbreviations after Warr (2021).
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Figure 8. Continued.
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4 Metamict or Radiation damage
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Figure 9. A to E) BSE-SEM images of zircons in the dacitic samples hosting the Koushk Zn-Pb deposit.
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Figure 11. Classification of dacitic samples hosting the Koushk Zn Pb deposit in A) SiO2 versus Na.O+K-0O
diagram (Le Bas et al., 1986); B) SiO. versus K.O diagram (Peccerillo and Taylor, 1976); C) Al20s—Na.0O-K20
ternary plot; D) A/CNK versus A/NK diagram (Shand, 1943).
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Figure 12. The compositional pattern of porphyritic dacites hosting the Koushk Zn-Pb deposit in A) trace (multi-
element) elements spider diagram, normalized to primitive mantle composition (McDonough and Sun, 1995); B)
REE diagram normalized to chondrite composition (Boynton, 1984).
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Figure 15. Abundance of zircon crystal types in the studied samples based on the reference classification of Pupin
(1980), along with the calculated typological evolutionary trend (T.E.T) plotted on the reference classification
diagram of Pupin (1980). Zircon populations in the petrogenetic classification proposed by Pupin (1980). Stocks
(1), (2) and (3) comprise granites of crustal or mainly crustal origin (orogenic granites); stock (1) aluminous
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monzogranites and granodiorites. Stocks (4) and (5) granites of crust and mantle origin, hybrid granites (orogenic
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alkaline granites; stock (5) sub-alkaline series granites. Stocks (6) and (7) granites of mantle or mainly mantle

origin (anorogenic granites); stock (6) alkaline series granites;stock (7) tholeiitic series granites. Abbreviations:
Ch= magmatic charnockite area; Mu= limit of muscovite granites (T< 725-C).
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