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A B S T R A C T

This study investigates the temporal relationships between mineralization and magmatism in the Khatoon-Abad
porphyry Mo-Cu deposit (Urumieh-Dokhtar Magmatic Arc, NW Iran). Integrated zircon U-Pb and molybdenite
Re-Os dating document a prolonged stationary magmatism, spanning ~ 45 Myr (from ~ 66 to ~ 21 Ma;
Paleocene-Early Miocene). Three main Oligocene ore-bearing granitic intrusions and an early Miocene barren
dyke swarm are documented, with the main mineralization formed at ~ 27 Ma, as attested by the molybdenite
Re-Os age of 26.75 ± 0.14 Ma and the zircon U-Pb age 26.93 ± 0.30 Ma from the host granodiorite porphyry.
Despite having similar geochemical fingerprints, including an adakitic signature and having REE patterns similar
to productive magmas, the subsequent Oligocene granite bodies (~26.0–25.7 Ma) yielded lower Mo-Cu en-
richments and the early Miocene rhyodacite dykes (~21 Ma) are barren. This evidence demonstrates that the
efficiency of mineralization has been reduced by changes in the physiochemical conditions of magmatic-
hydrothermal systems over time. We suggest that a perturbed geothermal gradient during later Oligocene
granite (at ~ 26 Ma) caused slow cooling/degassing of the melts, and hence determined an inefficient miner-
alization environment. We also infer that during the latest granite porphyry pulse (~25.7 Ma), the structurally-
controlled emplacement at shallower levels resulted in rapid melt cooling along with more meteoric water
mixing, eventually minor potassic but vast phyllic alterations, and hence, causing a dispersed mineralization
rather than a focused fluid flow. Therefore, the later Oligocene and early Miocene magmatic pulses degraded the
early mineralization. The results of this study emphasize that a consistent magma supply into the chamber
followed by a rapid magma-fluid flux to the mineralization site are needed for efficient mineralization in
collisional settings. Otherwise, multiple mineralization pathways and sites would result in low-grade ore bodies.

1. Introduction

Porphyry Cu ± Mo ± Au deposits commonly form as multi-intrusion
complexes, where one or more pulses of productive magmas coexist with
less productive or barren ones (Tosdal, 2001; Sillitoe, 2010; Barra et al.,
2013; Rabiee et al., 2019; Yang and Zhang, 2021). In this regard, mul-
tiple magma batches may enhance or degrade the early-stage ore bodies
(e.g., Sillitoe, 2010; Vry et al., 2010; Xue et al., 2016; Chen et al., 2021).
Indeed, changes in the magma emplacement depths, chemistry, and the
varying rheological conditions during magma emplacement may

influence fluid chemistry, volumes and flow pathways, and, conse-
quently, the metals transport/deposition capacity through the struc-
turally controlled cupola zones (e.g., Shinohara and Hedenquist, 1997;
Cox et al., 2001; Tosdal, 2001; Corbett, 2002; Ulrich and Heinrich, 2002;
Sillitoe, 2010; Wilkinson, 2013; Richards, 2021). Moreover, regional
tectonics may also perturb the early magmatic-hydrothermal system,
causing volcanic eruption, outgassing, and, consequently, incomplete
mineralization (Oyarzun et al., 2001; Asadi et al., 2014). Therefore, to
decrypt the mineralization history of a porphyry system, it is essential to
frame each magma batch in a temporal sequence of events (Chiaradia
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et al., 2013; Courtney-Davies et al., 2020; Large et al., 2020).
Recent explorations within the Mianeh-Hashtroud metallogenic zone

of the Cenozoic Urumieh-Dokhtar magmatic arc (UDMA; Alavi (1994);
Fig. 1a) have led to the discovery of the only known porphyry Mo system
of Iran (the Siah-Kamar Mo deposit; Nabatian et al., 2017; Rabiee et al.,
2019; 2023; Simmonds et al., 2019). A few more geochemically

anomalous zones (of Cu − Mo ± W) have been reported within the
Mianeh-Hashtroud metallogenic zone (NICICO, 2009b; Rabiee et al.,
2019); among them, the Khatoon-Abad porphyry Cu-Mo deposit (here-
after referred to as KHD) is the most prominent one (Fig. 1b). Pre-
liminary explorations led to drilling some boreholes on the main
alteration and geochemically anomalous zones, allowing to define the

Fig. 1. (a) Index map of Iran showing location of the UDMA and the Khatoon-Abad porphyry Mo-Cu deposit (KHD). (b) Simplified geological map of Mianeh-
Hashtroud region (modified after Amidi et al., 1987; NICICO, 2009c; NICICO, 2009b; NICICO, 2009a; Rabiee et al., 2020). (c) Geological-alteration map of the
KHD, displaying the distribution of the main alteration types (modified from Rabiee et al., 2020) and sample locations. (d) Conceptual geological cross section
showing the distribution of alteration zones in the KHD as obtained from outcrop and borehole core logging information. In addition, the in-depth distribution of the
Mo and Cu concentrations is also shown. Abbreviations: Ab, Albite; Bt, Biotite, Cal, Calcite; Cb, Carbonates; Chl, Chlorite; Ep, Epidote; Kln, Kaolinite; Ilt, Illite; Kfs, K-
feldspar; Mag, Magnetite; Py, Pyrite; Qz, Quartz; Ser, Sericite.
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in-depth distribution of the ore bodies and the associated magmatism.
This contribution aims at characterizing the geochronology and

mineralization potential of the KHD in the framework of the Cenozoic
collisional setting of the UDMA. We provide new field data, integrated
with petrographic investigation, whole-rock geochemical data of the
outcropping and borehole magmatic rocks samples, and the in-depth Mo
and Cu elemental distribution. The geochronological framework of
mineralization is constrained through zircon U-Pb dating of the main
magmatic rock types together with molybdenite Re-Os dating of the
main ore body. The KHD provides a case study where the episodic in-
cremental magma emplacement during Oligocene-Early Miocene
reduced the mineralization capability at the mineralization site, with the
effect of degrading the economic potential of the early Mo ore body over
time. Inferences on the controlling factors leading to ore enhancement/
degradation of the mineralization systems are discussed in the frame-
work of the regional collisional setting.

2. Geological background

The UDMA is a major Cenozoic NW-SE trending magmatic zone
located in the hinterland of the Alpine Arabia-Eurasia convergence zone
(Fig. 1a). It hosts some of the outstanding giant Cu-Mo-Au porphyry
systems in Iran (e.g., Shahabpour and Kramers, 1987; Shafiei et al.,
2008; Taghipour et al., 2008; Asadi et al., 2014, 2018; Aghazadeh et al.,
2015). The porphyry/epithermal mineralization within the UDMA
began in Eocene (e.g., Moritz et al., 2006; Siani et al., 2015; Ahmadian
et al., 2016; Karimpour et al., 2017), and continued in Oligocene, dur-
ing ~ 33–26 Ma (e.g., Reagan, Hassanzadeh, 1993; Haftcheshmeh,
Bondar-e Hanza, Aghazadeh et al., 2015). Mineralization enhanced
during the early Miocene in Arasbaran (e.g., Sungun, ~ 23–19 Ma,
Hassanpour et al., 2014) and the middle Miocene in the southern UDMA
(e.g., SarCheshmeh; Shahabpour and Kramers, 1987), a time lapse
correlating well with the major collisional phases along the Zagros

convergence zone (Shafiei et al., 2009; Asadi et al., 2014, 2018; Rabiee
et al., 2022). Indeed, the styles and distribution of the Cenozoic por-
phyry mineralization vary significantly along the UDMA due to the
changing magma chemistry, being primarily focused along the major
inherited crustal/lithosphere anisotropies and controlled by the dy-
namics of continental collision and associated mantle processes (e.g.,
Hou et al., 2009; Asadi et al., 2014; Rabiee et al., 2022; Babazadeh et al.,
2024a; Babazadeh et al., 2024b).

Within this context, the Mianeh-Hashtroud magmatic zone of the
UDMA documents a long-lived magmatic activity, spanning Eocene-
Miocene times (from ~ 45 to ~ 21 Ma; Rabiee et al., 2020). The re-
gion hosts the only porphyry Mo deposit in Iran, the Siah-Kamar por-
phyry Mo deposit (Nabatian et al., 2017; Rabiee et al., 2019; 2023;
Simmonds et al., 2019). This Mo ore is associated with the Oligocene age
Bashmagh-Ghazikandi IOCG (Iron Oxide Cu-Au) deposit (Sohrabi and
Rezaei Aghdam, 2016) that occurs in the western part of the Mianeh-
Hashtroud magmatic zone (Fig. 1b). In the Siah-Kamar Mo deposit,
the early stage high-temperature and disseminated Mo mineralization
formed at ~ 33–32 Ma (U-Pb zircon and Rb-Sr multimineral geochro-
nology) associated with a micro quartz monzodiorite porphyry, over-
printed by a carbonatization stage during the high-grade ore formation
at ~ 29–28 Ma (Rabiee et al., 2023) following injection of rhyodacite
porphyry dykes. The Bashmagh-Ghazikandi IOCG deposit constitutes
the peripheral zone of a granular granitic stock emplaced at 28.4 ± 0.9
Ma (U-Pb zircon age; Rabiee et al., 2020; Fig. 1b) in the Eocene country
rocks.

The KHD is a porphyry Cu-Mo system that occurs within the central
part of the Mianeh-Hashtroud magmatic zone. The regional stratigraphy
is characterized by vast outcrops of mainly intermediate to acidic
Eocene volcano-plutonic rocks, forming the country rocks of the KHD
(Amidi et al., 1987; Fig. 1 b). A suite of Oligocene-Miocene stocks and
dykes, encompassing compositions, spanning from diorite, monzonite to
granite, and rhyodacite to rhyolite, with a general porphyritic texture

Table 1
Petrographic description of the studied samples from the KHD area, with location and ages.

Sample(1) Coordinates Age
(Ma ±

2σ)(2)

Rock Type
(TAS)(4)

Texture Mineralogy
Easting Northing

​ Volcanic country rocks (Eocene)
KH202 47.3428

(Depth:
37.4267
202 m)

− Trachy-andesite Porphyritic-hypohyaline
(aphanitic matrix)

Phenocrysts: Pl; Matrix: Pl, glass, Py, glass (mostly altered to Kfs,
Bt, Cal, Ser, Chl), Opaques; Accessory Minerals: Ap, Zrn

KH256 47.3428
(Depth:

37.4267
256 m)

44 ± 1 Andesitic tuff (?) Secondary minerals strongly altered to Kfs, Bt, Cal (Qz-Kfs and Cal veins), Opaques;
Accessory Minerals:, Ap, Zrn.

MN37 47.3427 37.4280 36.98 ±

0.82
Basaltic trachy-
andesite

Porphyritic-hypohyaline
(Porphyritic − aphanitic matrix)

Phenocrysts: Pl; Matrix: Pl, Cpx, Amp, glass (mostly altered to
Epi, Cal, Ser, Chl)

Accessory Minerals: Mag, Ap, Zrn
​ Hypabyssal/Subvolcanic rocks(4) (Oligocene)
KH338 47.3428

(Depth:
37.4267
338 m)

26.93 ±

0.30
Granodiorite Porphyritic-holocrystalline Kfs, Pl, Bt, Qz (mostly fractured)

Accessory Minerals: Chl, Py, Ap, Zrn.

KH374 47.3428
(Depth:

37.4267
372 m)

26.01 ±

0.26
Granite Equigranular − holocrystalline Kfs, Pl, Bt, Qz

Accessory Minerals: Py, Cb, TiO2 polymorphs, Ap, Zrn.

KH172 47.3428
(Depth:

37.4267
172 m)

25.74 ±

0.34
Granite Porphyritic-holocrystalline Kfs, Pl, Bt, Qz (mostly fractured)

Accessory Minerals: Py, Ap, Zrn.
​ Hypabyssal/Subvolcanic rocks (Miocene)
MN05 47.3506 37.4299 22.60 ±

0.41(3)
Rhyolite Porphyritic-hypohyaline Phenocrysts: Kfs, Qz, Pl; Matrix: Qz, Kfs, glass

Accessory Minerals: Ap, Zrn
MN07 47.3447 37.4288 21.53 ±

0.35
Rhyodacite Porphyritic-hypohyaline Phenocrysts: Pl; Matrix: Pl, Qz, Opaques, glass

Accessory Minerals: Ap, Zrn

(1) Sample with prefix “KH” are from the borehole and the following number stand for the depth (2) U-Pb zircon ages (this study); (3) after Rabiee et al. (2019); (4)For
the intrusive rocks the nomenclature is after Middlemost (1994). Abbreviations: Ab, Albite; Amp, Amphibole; Ap, Apatite Bt, Biotite, Cpx, Clinopyroxene; Cal, Calcite;
Cb, Carbonates; Chl, Chlorite; Ep, Epidote; Kln, Kaolinite; Ilt, Illite; Kfs, K-feldspar; Mag, Magnetite; Pl, Plagioclase; Py, Pyrite; Qz, Quartz; Ser, Sericite; Zrn, Zircon.
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(Amidi et al., 1987; Khodabandeh et al., 1999; Rabiee et al., 2020), are
intruded within the Eocene country rocks (Amidi et al., 1987; Khoda-
bandeh et al., 1999). The early Miocene volcanic rocks mainly consist of
andesitic lava beds, cropping out in the southern sector of the region,
whereas late Miocene tuff and ash layers with interlayered andesitic lava
beds are observed in the northern part of the study area (Fig. 1b). The
late Miocene continental (Upper Red Fm.) and Pliocene-Quaternary
sedimentary deposits unconformably cover the magmatic products
(Amidi et al., 1978; Ballato et al., 2017; Ghorbani, 2021). Some of the
Oligocene stocks are associated with remarkable alteration zones,

hosting significant Cu-Mo (± W) geochemical anomalies (Rabiee et al.,
2019).

3. Materials and methods

The geological characterisation of the KHD was achieved through
and integrated research approach, which combines fieldwork with
petrographic, geochemical and geochronological investigations.

Fieldwork was based on the 1:250,000 scale geological maps (Amidi
et al., 1987; Khodabandeh et al., 1999), integrated with data provided

Table 2
Whole–rock chemical composition of the magmatic rock samples from the KHD (*).

Rocks Eocene country rocks Oligocene subvolcanics Miocene dyke

Samples KH256 KH202 MN37 KH338-1 KH338-2 KH372-5 KH372-6 KH172 MN05 MN07

Major oxides (wt.%) ​ ​ ​ ​ ​ ​ ​ ​ ​
SiO2 53.63 51.64 54.27 66.32 64.89 66.25 66.00 65.33 77.97 67.11
TiO2 0.76 0.83 0.84 0.47 0.58 0.35 0.41 0.46 0.11 0.71
Al2O3 14.12 16.52 18.83 15.77 15.92 15.12 13.68 14.67 10.57 16.99
Fe2O3(t) 8.69 8.15 6.28 3.56 3.96 3.04 3.79 4.14 0.75 3.22
MnO 0.20 0.16 0.12 0.10 0.09 0.08 0.10 0.09 0.01 0.00
MgO 4.86 2.14 2.12 1.28 1.66 1.13 1.36 1.88 0.12 0.48
CaO 3.96 3.29 5.59 3.02 2.60 2.70 2.43 2.51 0.14 0.30
Na2O 0.86 6.42 3.27 5.02 4.67 4.20 3.87 1.56 3.40 2.56
K2O 3.96 3.33 5.16 2.66 2.07 4.14 4.35 5.43 3.44 4.68
P2O5 0.28 0.36 0.64 0.19 0.30 0.14 0.16 0.21 0.01 0.13
LOI 8.40 7.15 1.98 1.49 2.55 2.74 3.78 3.71 0.66 4.18
Total 99.72 99.99 99.10 99.88 99.29 99.89 99.93 99.99 97.18 100.36
Mg# 0.58 0.39 0.46 0.47 0.51 0.48 0.47 0.53 0.29 0.27
A/CNK 1.09 0.82 0.89 0.95 1.09 0.93 0.88 1.10 1.73 1.13
Large-ion lithophile element (LILE) ​ ​ ​ ​ ​ ​ ​ ​
Cs 22.5 2.7 4.8 6.8 7.5 4.9 2.4 9.1 1.2 3.8
Rb 244 158 136 120 137 156 156 204 102 170
Ba 625 365 1018 527 410 587 597 708 150 890
Sr 372 619 759 487 525 470 377 231 49 403
Pb 83 228 136 185 64 2543 609 30 102 170
High field-strength elements (HFSE) ​ ​ ​ ​ ​ ​ ​ ​
Th 6.47 6.47 9.70 8.41 12.5 16.6 11.6 14.1 35.3 10.9
U 1.1 1.4 3.2 2.6 2.6 6.3 9.3 10.7 5.9 3.6
Zr 11 23 136 16 16 12 7 19 71 276
Hf – – 3.97 – – – – 1.30 3.54 5.80
Ta 0.54 0.48 0.62 0.47 1.01 0.87 0.94 1.30 2.26 0.99
Y 18.0 16.0 22.6 9.3 11.2 9.6 12.4 9.3 8.6 27.4
Nb 6.0 6.9 9.2 12.0 23.2 12.3 15.8 15.4 28.4 23.5
Rare earth elements (REE) ​ ​ ​ ​ ​ ​ ​ ​ ​
La 26.0 22.0 37.8 37.0 37.0 29.0 33.0 33.0 32.4 39.6
Ce 50.0 45.0 71.1 61.0 66.0 50.0 57.0 57.0 49.5 76.8
Pr 6.57 5.94 8.28 6.07 6.86 5.12 5.09 6.25 4.23 8.89
Nd 29.2 25.6 31.6 21.2 25.0 18.4 17.9 22.7 11.6 33.4
Sm 6.28 4.61 5.92 2.73 3.39 3.01 3.42 3.80 1.75 6.53
Eu 1.56 1.22 1.56 0.93 0.94 1.16 0.90 1.25 0.16 1.26
Gd 4.50 3.80 5.39 3.18 3.61 2.63 1.93 3.56 1.33 5.36
Tb 0.60 0.60 0.75 0.39 0.44 0.41 0.26 0.40 0.20 0.73
Dy 3.94 4.05 4.45 2.30 2.55 2.39 1.84 2.70 1.28 4.50
Er 1.70 1.93 2.42 0.82 0.96 0.83 0.95 1.20 1.00 2.93
Tm 0.18 0.22 0.37 0.05 0.14 0.10 0.13 0.20 0.20 0.46
Yb 1.60 1.40 2.33 0.40 0.50 0.60 0.90 0.82 1.49 3.00
Lu 0.19 0.13 0.40 0.12 0.13 0.14 0.14 0.20 0.24 0.50
Sr/Y 20.7 38.7 33.5 52.4 46.9 49.0 30.4 24.8 5.7 14.7
(La/Yb)N 11.7 11.3 11.7 66.4 53.1 34.7 26.3 118.4 15.6 9.45
(Dy/Yb)N 1.58 1.85 1.23 3.68 3.27 2.55 1.31 8.65 0.55 0.96
Eu/Eu* 0.90 0.89 0.85 0.96 0.82 1.26 1.07 1.03 0.32 0.64
Other elements ​ ​ ​ ​ ​ ​ ​ ​ ​
Sc 18.2 19.3 11.9 4.7 6.3 4.6 5.7 6.8 0.9 10.7
Cr 34 25 24 22 18 19 27 20 201 26
Ni 47 9 16 16 9 12 13 11 103 13
Co 28 15.6 11.7 6.8 8.2 9.4 5.8 9.9 3.2 0.7
V 219 118 139 74 83 59 70 84 10.8 57.4
W 7.3 21 – 2.4 28 120 34 14 4.3 244
Zn 96 94 178 35 57 45 145 34 60 21
Cu 660 835 39 304 98 325 383 252 40 54

(*): LOI, mass loss on ignition; “ – “, Not measured; A/CNK – molar [Al2O3/(CaO + Na2O + K2O)]; Mg#, (MgO / 40.31) / ((MgO / 40.31) + (Fe2O3tot-(Fe2O3tot × 0.20))
× 0.8998 / 71.85); Eu/Eu*, EuN/[SmN × GdN]1/2 (Taylor and McLennan, 1985) where the subscript ‘N’ denotes CI chondrite-normalised values after Sun and
McDonough (1989); Samples with prefix “MN” are from Rabiee et al. (2020).
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by Rabiee et al. (2019; Fig. 1 b). The lithology and alteration maps were
prepared at the 1:5,000 scale, combining fieldwork with the available
borehole stratigraphy (borehole KH02, drilled to a depth of 439 m;
Fig. 1c-d), aiming at identifying the main magmatic bodies and associ-
ated alteration and mineralization zones/events (Fig. 1c). The classifi-
cation of the magmatic rock types follows IUGS rules (Le Maitre et al.,

2005), and their petrographic description is provided in Table 1.
Ten samples were analysed for whole-rock chemistry via X-ray

fluorescence (XRF) and inductively coupled plasma mass spectrometry
(ICP-MS) methods to characterise their geochemical fingerprints. The
whole–rock chemical composition of ten magmatic rock samples from
KHD are presented in Table 2.

Fig. 2. Hand specimen and microscopic view (crossed polars) of the Eocene country rocks (a-d) and Oligocene-early Miocene subvolcanic rocks (e-l). (a) Porphyritic
basaltic trachyandesite with patches and veinlets of Ep at the hand sample and (b) microscopic scale (sample MN37). (c) Qz + Kfs and Cal veining in andesitic tuff at
the hand sample and microscopic scale KH256 (d), showing early Qz + Kfs and late Cal veins and disseminated Bt + Ser + Chl + Py. (e) Hand sample KH338 and (f)
microscopic view of the early granodiorite porphyry, respectively, showing Chl replacement on Bt. (g-h) macroscopic and microscopic view of granite body (sample
KH374), respectively, showing a granular texture and disseminated Py + Ser + Cal. (i-j) macroscopic and microscopic view of granite porphyry body (sample
KH172), respectively, showing early Qz + Kfs veins and disseminated Ser selvage. (k-l) macroscopic and microscopic views of an early Miocene rhyodacite porphyry
dyke (sample MN07), respectively, showing Qz phenocrysts in a matrix consisting of Qz + Kfs + Ser. Note the fracturing and narrow Qz veinlets in the microscopic
image. Note: For mineral abbreviations see Table 1.
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Six igneous rocks were selected for zircon U-Pb geochronology
through the laser ablation inductively coupled plasma mass spectrom-
etry (LA − ICP-MS), including two Eocene country rocks (MN37, KH256)
and four subvolcanic rocks (MN07, KH-172, KH-338, KH-374). One
molybdenite sample from the main ore zone (KH256) was selected for
Re-Os dating. The analytical protocols are described in Supplementary
Materials 1, representative CL-SEM imaging of the dated zircons is
provided in Supplementary Materials 2, and results of the quality control
of the LA-ICP-MS measurements for zircon standards are provided in
Supplementary Materials 3. In the following, mineral abbreviations are
after Whitney and Evans (2010).

4. Results

4.1. Geology and rock types

The Eocene country rocks of the KHD consist of porphyritic andesitic
lava beds (sample MN37) and pyroclastic layers (samples KH202 and
KH256; Table 1; Fig. 2a-d). These volcanic rocks are intruded by NE-

elongated granite porphyry stocks, characterised by feldspar and
quartz phenocrysts and stockwork veining (sample KH172; Table 1 and
Fig. 2i-j). A set of NE-striking barren rhyolite and rhyodacite dykes
(samples MN05 and MN07; Table 1 and Fig. 2k-l) cut the granite por-
phyries and the altered volcanic host rocks, showing a fractured
morphology and quartz micro veinlets (Fig. 1c-d). Additional granitoid
porphyries are also found in the borehole (below 265 m; sample KH338,
shallower, and sample KH374, deeper; Fig. 2e-h). Sample KH338 is a
micro-porphyritic granodiorite, rich in plagioclase and biotite. Plagio-
clase grains are usually subhedral, partially resorbed and rimmed by
secondary K-feldspar. The grains show an unusual fracturing with red-
dish to brownish biotite grains that are overprinted by secondary chlo-
rite. Disseminated pyrite is present in about 3–5 % vol, usually
associated with K-feldspar and quartz (Table 1 and Fig. 2e-f). Sample
KH374 is a granular granite and contains 3–5 % vol of secondary pyrite
associated with minor Mo mineralization. The sample shows evidence of
propylitic alteration typified by chlorite + TiO2 polymorphs over-
printing magmatic biotite, and late sericite + carbonate overprinting
plagioclase grains, (Table 1 and Fig. 2g-h). Microgranular biotite-rich
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Fig. 3. (a) The total alkali–silica (TAS) chemical classification diagram (Le Maitre et al., 2005) for the Eocene-Miocene igneous rocks collected from the KHD (large
symbols), and the Mianeh-Hashtroud magmatic zone (smaller symbols; data from Rabiee et al., 2020). (b) The same samples are plotted on the Th vs Co classification
diagram for altered rocks (Hastie et al., 2007). (c) CI Chondrite-normalized (La/Yb)N vs YbN discrimination diagram for adakites and calc-alkaline arc rocks (Martin,
1987) and Sr/Y vs Y diagram of Drummond and Defant (1990). (d) Chondrite-normalized (after Palme and O’Neill (2014) REE patterns for the KHD samples
compared to those of the Mianeh-Hashtroud (data from Rabiee et al., 2020) with the pattern of productive adakitic magmas along the UDMA presented by Rabiee
et al. (2022) is shown as a grey polygon.
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enclaves are present which contain early mineralised veins truncated
from the enclave rims, and disseminated aggregates of pyrite, calcite,
and TiO2 polymorphs.

4.2. Whole rock chemical composition

In the total alkali vs silica (TAS) diagram (Le Maitre et al., 2005), the
Eocene country rock samples show an andesitic to trachyandesitic
composition, whereas the granitoid porphyries plot in the dacite field,
and the dykes show a rhyolitic composition (Fig. 3a). In the classifica-
tion diagrams based on immobile trace elements for hydrothermally
altered rocks (Hastie et al., 2007), all samples show a high-K and
shoshonitic signature, spanning from basaltic-andesite (country rocks)
to dacite-rhyolite-trachyte (granitoid porphyries and dykes) composi-
tions (Fig. 3b).

The chondrite-normalized Rare Earth Elements (REE) patterns show
a pronounced enrichment in light REE (LREE) with distinct fractionation
of middle (MREE) and heavy REE (HREE). Whereas the Eocene country
rocks and the dyke samples show concave upward or flat MREE and
HREE patterns, the granitoid bodies samples show a pronounced

depletion in HREE (Fig. 3d). Significantly, in the (La/Yb)N vs YbN
(Martin, 1987) and Sr/Y vs Y (Defant and Drummond, 1990) diagrams,
the Eocene country rocks and the dykes fall within the field of volcanic
arc magmatism whereas the granitoid bodies show an adakitic signature
(Fig. 3c). The Sr/Y, (La/Yb)N, (Dy/Yb)N, and Eu/Eu* (Eu/Eu*=EuN/
(SmN × GdN)0.5 values, where the subscript ‘N’ denotes chondrite-
normalised values after Sun and McDonough (1989), range 20.7 –
38.7, 11.3 – 11.7, 1.2 – 1.8, and 0.85 – 0.90 for the Eocene country rocks
and 24.8 – 52.4, 26.3 – 118.4, 1.3 – 8.6, and 0.82 – 1.26 for the granitoid
bodies, respectively. These values for the dykes range 5.7 – 14.7, 9.4 –
15.6, 0.5 – 0.9, and 0.32 – 0.64, respectively (Table 2).

4.3. Alteration and veining

Alteration intensity increases toward the outcrops of the granitoid
stocks as well as along the main gorge crossing these magmatic bodies,
subparallel to a major NW-SE striking fault zone (Fig. 1c, 4a). Phyllic
alteration, with a whitish/yellowish appearance (Fig. 4b) forms the
alteration core (~600 × 800 m wide area; Fig. 1c), both in veins and
disseminated (see Sillitoe, 2010; Fig. 4a-e). A widespread propylitic

Fig. 4. (a) General field view of the KHD. The outcrops of the granitoid porphyry body are shown with dashed black line patterns whereas the green dashed lines
show transitions from the different alteration zones. (b) Close-up of the phyllic alteration with stockwork veining. (c) Closer view of the same stockwork veining in
panel “b”. (d) Microscopic view of a type-D vein consisting of Qz + Py with a distinct sericitic halo (crossed polars). (e) Unoxidized type-D stockwork veins from
unaltered levels of the borehole occurred in a porphyritic andesite. (f) Early Qz + Kfs vein with minor Mol mineralization in a matrix with disseminated Qz + Bt +
Kfs + Py + Ser alteration assemblage in the Oligocene granite porphyry (sample KH172). (g) Two rock slabs with Cal veins showing rims consisting of Kfs + Qz + Mol
mineralization in a strongly altered (with abundant Py) Eocene volcanic country rock. For mineral abbreviations see Table 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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alteration zone envelops the phyllic alteration (Fig. 2a, b, 4a), whose
intensity rapidly decreases toward the marginal zones. While type-D
quartz + pyrite veins (~0.5–3 mm wide) with a sericitic halo (up to 1
cm wide) are common within the phyllic alteration zone hosted in the
volcanic country rocks (Fig. 4 a-e), less common quartz ± K-feldspar
veins (< 5 mm wide) are present within the granitoid porphyry stock
associated with minor molybdenite along the vein (Fig. 2i, j, 4f). Argillic
and silicic alterations are locally observed within the altered zone,
driven by structurally controlled fluid flow (Fig. 1c). The potassic
alteration is mainly observed in the deep levels of the borehole (below
110 m depth) mainly developed in the Eocene country rocks (Fig. 2c-d),
whereas it weakly occurs within the adjacent granitoid porphyries.
However, potassic alteration is strongly overprinted by phyllic alter-
ation in the peripheral volcanic rocks with both disseminated and
veining style (Fig. 1d, 2c-f), while it occurs mainly as overgrowth on
primary (igneous) minerals and sparse quartz + K-feldspar veining
(Fig. 2i, j and 4f). A late stage carbonatization, primarily assisted by
veining, overprints the early alterations (Fig. 2c, d, h, 4 g). Carbonati-
zation is very strong within the volcanic country rocks but within the
porphyry stocks it occurs as disseminated infilling textures and micro-
veinlets (Fig. 2h).

4.4. Ore mineralization

The Cu and Mo mineralization occurs mainly in the deep levels
(170–268 m), with average values of 0.09 wt% and 154 ppm, respec-
tively (Fig. 1d; Table S1), while in the shallower levels (0–170 m) shows
some enrichment, with average values of 0.04 wt% and 45 ppm,
respectively. However, the Mo concentration continues to the depth of
416 m as scattered zones with higher grades (up to 854 ppm). From 268
to 374 m depth, the average Mo concentration is 91 ppm, whereas Cu is
less than 0.02 wt%.

The mineralization sequence inferred from the microscopic studies is
presented in Fig. 5. Pyrite is the most common sulphide mineral, being
observed in all rock and alteration types (3–10 vol%), mainly as
disseminated (Fig. 2c-f) but also as vein filling (Fig. 2c-f and 6a-m). Two
styles of molybdenite mineralization are distinguished from the shallow
to the deep levels of the borehole, associated with (i) quartz + K-feldspar
veins in the granite porphyry (Fig. 4f), and (ii) quartz + K-feldspar +

TiO2 polymorphs at the rims of the carbonate veins that occur within the

potassic-phyllic alteration zone in the volcanic country rocks (Fig. 4g,
6a-d). Furthermore, molybdenite formed in two stages as (i) early stage
(Mol-I) with chalcopyrite (Ccp-I) mineralization, occurring mostly as
disseminated, and (ii) in veins (Mol-II), associated with quartz + K-
feldspar veining, and along the rims and cracks of some individual py-
rites in association with chalcopyrite (Ccp-II) and followed/overprinted
by sphalerite + galena + TiO2 polymorphs (Fig. 6a, d-g). Galeno-
bismutite inclusions in pyrite within the potassic alteration zone
(Fig. 6e, l) and late barite as discontinuous fracture fillings within the
carbonate vein arrays (Fig. 6h-j) are also seldom observed.

4.5. Zircon u-pb geochronology

The zircon U-Pb geochronology was performed on six zircon sepa-
rates, including two samples from the Eocene volcanic country rocks
(MN37 and KH256), three samples from the granitoid rocks (KH172,
KH338, and KH374), and one sample from the late dykes (MN07). The
full results are reported in Table 3 and the calculated ages for all samples
are presented in Fig. 7. The Th/U values consistently exceed 0.3, sug-
gesting an igneous origin (Rubatto, 2002; Kirkland et al., 2015).

Samples KH256 (tuff) and MN37 (andesite) from the country rocks
provided Concordia and intercept ages of 44.0 ± 1.0 and 36.98 ± 0.82
Ma, respectively (Fig. 7a, b). The sample KH256 also shows an intercept
age at 59.2 ± 1.4 Ma (with individual 238U/206 Pb ages from ~ 66 to ~
49 Ma) for the zircon antecrysts (Miller et al., 2007). The inherited
zircons generally show resorbed rims with heterogeneous internal tex-
tures (Supplementary Materials 2), compatible with renewed melting
and corrosion (Corfu et al., 2003). The inherited zircons provide clusters
of 238U/206 Pb ages at ~ 1754–1219, ~762–429, ~250–170, and ~
91–88 Ma, respectively (Table 3). The granitoid porphyry (KH338
granodiorite, and the KH374 and KH172 granite) samples show Con-
cordia ages of 26.93 ± 0.30, 26.01 ± 0.26, and 25.74 ± 0.34 Ma,
respectively (Fig. 7c-e). The rhyolite dyke sample (MN07) shows an
intercept age at 21.53 ± 0.35 Ma.

4.6. Molybdenite Re-Os geochronology

A molybdenite sample was collected for Re-Os chronology from the
main Cu-Mo mineralised zone within the potassic alteration zone (depth
interval 170–268 m), where the highest Mo grades (154 ppm) are
observed (Table 4). This sample contains 110.8 ppm Re and 31.0 ppb
187Os and yielded a Re-Os age of 26.75 ± 0.14 Ma (uncertainty includes
analytical + tracer + decay constant; Table 4).

5. Discussion

5.1. Geochronological framework

The zircon U-Pb geochronology of the KHD shows that magmatism
has been active since at least Paleocene (zircon antecrysts) to early
Miocene (Fig. 8a), documenting a case of prolonged and stationary
magmatism (~ 45 Myr: ~66–21 Ma time lapse). Occurrence of Paleo-
cene intrusive stocks to the west of the study area (Takab zone; Badr
et al., 2013; Azizi et al., 2019) suggests that the Paleocene magmatism in
the KHD likely emplaced at deeper crustal levels than those sampled by
the borehole.

The U-Pb zircon age of the granodiorite porphyry body dated at
26.93 ± 0.30 Ma (sample KH38), combined with the nearly coincident
Re-Os molybdenite age of 26.75 ± 0.14 Ma for its peripheral highest-
grade Mo-Cu mineralization, indicates that this was the productive
magma, associated with formation of the early-stage mineralized
potassic core and its peripheral propylitic alteration zone (Fig. 8a-b).

5.2. Fertility and productivity of the different magma pulses

Here, we discuss the “fertility” and “productivity” of each magmatic

Fig. 5. The mineral assemblages associated with each alteration stage in the
Khatoon-Abad prospect.
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pulse within the context of the ore-bearing potential of the magma and
the corresponding characteristics (size and ore grade) of the resulting
mineralized ore bodies.

Prolonged stationary magmatism has been proposed as a key factor
controlling the formation of porphyry deposits (Richards, 2000; Moritz
et al., 2016; Rezeau et al., 2016; Rabiee et al., 2022), leading to gen-
eration of more water/metal/sulphur enriched magmas through
continuous crystallization and fractionation processes (Loucks, 2014;
Chiaradia and Caricchi, 2017; Richards et al., 2018; Lee and Tang,
2020). Indeed, the REE patterns of the Oligocene magmas overlap with

those of productive “adakitic” magmas along the UDMA (Rabiee et al.,
2022). Significantly, unlike the Arasbaran metallogenic belt (Rabiee
et al., 2022) of NW-Iran (Fig. 1a), the Early Miocene magmatism in the
KHD does not show an adakite-like fingerprint and their REE patterns
clearly indicate their unproductive signature (e.g., lower LaN/YbN
values; Fig. 3c-d).

As discussed in the previous section, the main ore mineralisation is
related to the emplacement of the early granodiorite porphyry body at
~ 27 Ma (sample KH38). The two younger Oligocene granitic bodies
(dated at ~ 26.0 Ma and ~ 25.7 Ma, respectively) were emplaced ~ 1

Fig. 6. Rock slabs (a, h, k; Samples KH202, KH256, KH374) showing the rock texture, veining and mineralization. (b) Backscattered electron (BSE) image from a Qz
+ Kfs + Mol mineralization in the rim of a Cal vein from panel “a” associated with Mol-I and Ccp-I. (c) close view of the rock slab along the complex Qz + Kfs + Cal
vein rim, (d) microscopic image (crossed polars) from the rim of the same vein from panel “a”. (e-g) BSE images from Py grains in the vein and associated
mineralization Mol-II and Ccp-II mineralization as inclusions, infilling cracks and Py rims. (i-j) BSE images from the Cal veins, some of which with minor Py and Brt,
occurred in the potassic alteration with disseminated Ccp-I mineralization. (m-l) BSE images showing from a Py grains and vein associated with TiO2 polymorphs,
Ccp-II, Gb, Gn, Sp. Abbreviations: Py, Pyrite; Ccp, Chalcopyrite; Mol, Molybdenite; Sp, Sphalerite; Gn, Galena; Gb, Galnobismutite.
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Table 3
LA-ICP-MS U-(Th)-Pb zircon results for the magmatic samples in the KHD.

Sample name Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 208Pb/232Th ρ (206Pb/238U vs. 207Pb/235U) 206Pb/238U age (Ma) 207Pb/235U age (Ma) 208Pb/232Th age (Ma)

KH256; Andesitic tuff; 44 ± 1 Ma (antecrysts: 59.2 ± 1.4 Ma)
KH256-1 2.28 ± 0.23 0.062 ± 0.012 0.059 ± 0.011 0.00753 ± 0.00086 – 0.45 48.3 ± 5.5 60 ± 12 –
KH256-1b 2.87 ± 0.24 0.047 ± 0.021 0.105 ± 0.022 0.00716 ± 0.00069 0.00544 ± 0.00074 0.26 46.0 ± 4.4 42 ± 20 110 ± 15
KH256-1c 2.20 ± 0.16 0.047 ± 0.016 0.064 ± 0.013 0.00742 ± 0.00061 0.00347 ± 0.00054 − 0.07 47.6 ± 3.9 37 ± 12 70 ± 11
KH256-2 0.836 ± 0.071 0.0550 ± 0.0081 0.068 ± 0.011 0.0093 ± 0.0010 – 0.56 59.5 ± 6.7 66 ± 11 –
KH256-3 1.28 ± 0.11 0.058 ± 0.012 0.079 ± 0.016 0.00958 ± 0.00090 – 0.45 61.4 ± 5.7 76 ± 15 –
KH256-4 1.79 ± 0.11 0.0418 ± 0.0095 0.0370 ± 0.0081 0.00659 ± 0.00056 – 0.24 42.3 ± 3.6 36.4± 7.9 –
KH256-4b 0.908± 0.071 0.0469± 0.0067 0.0436± 0.0046 0.00697± 0.00048 0.00204± 0.00014 − 0.05 44.7± 3.1 38.4± 4.6 41.1± 2.8
KH256-4c 0.919± 0.064 0.0470± 0.0078 0.0567± 0.0094 0.00722± 0.00048 0.00239± 0.00018 0.01 46.4± 3.0 44.4± 9.0 48.2± 3.7
KH256-6 0.873± 0.059 0.097± 0.046 0.095± 0.040 0.0093± 0.0013 – − 0.14 59.8± 8.4 84± 36 –
KH256-7 1.56± 0.14 0.057± 0.018 0.065± 0.019 0.0096± 0.0011 – 0.09 61.8± 7.1 62± 18 –
KH256-8 1.93± 0.13 0.046± 0.020 0.057± 0.024 0.00913± 0.00093 – 0.23 58.5± 5.9 53± 22 –
KH256-9 2.38± 0.15 0.0536± 0.0094 0.065± 0.011 0.00921± 0.00079 – 0.29 59.0± 5.0 63± 11 –
KH256-10a 1.49± 0.15 0.048± 0.024 0.040± 0.019 0.00684± 0.00078 – − 0.14 43.9± 5.0 39± 18 –
KH256-10B 2.23± 0.23 0.059± 0.013 0.135± 0.029 0.0182± 0.0025 – 0.31 116± 16 127± 26 –
KH256-10b 1.24± 0.10 0.047± 0.016 0.054± 0.016 0.00735± 0.00059 0.00315± 0.00039 0.00 47.2± 3.8 42± 16 63.6± 7.9
KH256-10c 1.033± 0.076 0.047± 0.017 0.055± 0.014 0.00687± 0.00049 0.00203± 0.00022 − 0.10 44.1± 3.2 47± 13 40.9± 4.5
KH256-11 1.238± 0.072 0.046± 0.016 0.061± 0.020 0.00935± 0.00079 – 0.24 59.9± 5.0 58± 18 –
KH256-12 2.39± 0.22 0.059± 0.022 0.067± 0.021 0.00896± 0.00087 – 0.28 57.4± 5.6 67± 21 –
KH256-13 1.53± 0.10 0.043± 0.020 0.059± 0.027 0.0099± 0.0012 – 0.22 63.3± 7.6 54± 25 –
KH256-14 1.137± 0.077 0.060± 0.016 0.071± 0.018 0.00942± 0.00077 – 0.30 60.4± 4.9 68± 17 –
KH256-15 2.07± 0.17 0.043± 0.024 0.062± 0.034 0.0100± 0.0014 – 0.00 64.3± 8.8 62± 33 –
KH256-16 1.133± 0.085 0.129± 0.052 0.153± 0.067 0.0104± 0.0017 – − 0.16 66± 11 130± 53 –
KH256-17 2.05± 0.12 0.069± 0.070 0.024± 0.034 0.0069± 0.0012 – 0.09 44.2± 7.5 24± 36 –
KH256-18 0.751± 0.040 0.048± 0.052 0.21± 0.14 0.0102± 0.0017 – 0.17 65± 11 108± 87 –
KH256-19 1.169± 0.070 0.047± 0.019 0.052± 0.023 0.00869± 0.00087 – 0.20 55.8± 5.6 54± 24 –
KH256-20c 3.21± 0.25 0.066± 0.071 0.038± 0.054 0.0092± 0.0013 – 0.22 58.7± 8.4 23± 50 –
KH256-21 2.10± 0.16 0.036± 0.033 0.080± 0.051 0.0105± 0.0015 – 0.09 67.5± 9.3 66± 43 –
KH256-22c 2.68± 0.18 0.090± 0.074 0.11± 0.10 0.0098± 0.0015 – 0.42 62.7± 9.4 200± 170 –
KH256-23 1.53± 0.11 0.044± 0.016 0.052± 0.016 0.00899± 0.00086 – − 0.17 57.7± 5.5 50± 15 –
KH256-24 1.159± 0.067 0.049± 0.027 0.045± 0.022 0.00580± 0.00063 – − 0.05 37.3± 4.0 42± 21 –
KH256-24b 0.723± 0.057 0.134± 0.033 0.116± 0.028 0.00613± 0.00057 0.00297± 0.00041 0.12 39.4± 3.6 23± 28 60.0± 8.2
KH256-29 0.775± 0.084 0.047± 0.012 0.043± 0.011 0.00675± 0.00052 0.00237± 0.00018 − 0.04 43.3± 3.3 43± 10 47.8± 3.7

MN37; Basaltic trachy-andesite; 36.98± 0.82 Ma
MN37-01 0.60 0.0592± 0.0138 0.0489± 0.0117 0.006± 0.0003 0.0023± 0.0003 0.23 38.54± 2.1 48.52± 11.63 46.41± 11.85
MN37-02 0.80 0.062± 0.0196 0.0706± 0.0229 0.0083± 0.0006 0.0025± 0.0004 0.22 53± 3.81 69.24± 22.48 50.44± 15.8
MN37-03 0.77 0.0599± 0.0125 0.0615± 0.0132 0.0074± 0.0004 0.0026± 0.0003 0.23 46.11± 2.31 30.77± 6.63 52.46± 11.85
MN37-04 0.66 0.0519± 0.0083 0.0417± 0.0068 0.0058± 0.0002 0.0021± 0.0002 0.23 36.33± 1.36 21.42± 3.52 42.38± 7.9
MN37-05 1.02 0.048± 0.0057 0.0375± 0.0046 0.0057± 0.0002 0.002± 0.0001 0.24 36.42± 1.05 37.34± 4.55 40.36± 3.95
MN37-06 1.40 0.1177± 0.0146 0.1036± 0.0135 0.0064± 0.0003 0.0038± 0.0002 0.32 34.2± 1.44 − 19.51± − 2.55 76.62± 7.89
MN37-07 1.49 0.0724± 0.0119 0.0636± 0.0108 0.0064± 0.0003 0.0023± 0.0001 0.26 39.68± 1.75 40.81± 6.94 46.41± 3.95
MN37-08 0.99 0.0554± 0.0108 0.0524± 0.0105 0.0069± 0.0003 0.0022± 0.0002 0.23 42.59± 1.94 26.25± 5.27 44.4± 7.9
MN37-09 0.88 0.0528± 0.0063 0.2841± 0.0348 0.0391± 0.0012 0.0134± 0.0007 0.24 233.21± 6.95 29.39± 3.6 268.91± 27.35
MN37-11 1.29 0.0477± 0.0094 0.0343± 0.0069 0.0052± 0.0002 0.0018± 0.0001 0.22 33.54± 1.48 34.22± 6.9 36.33± 3.95
MN37-12 0.83 0.0755± 0.0045 1.3391± 0.0839 0.1286± 0.0026 0.0423± 0.0013 0.33 762.27± 15.63 696.21± 43.63 836.97± 49.38
MN37-13 0.82 0.0495± 0.0069 0.0603± 0.0086 0.0088± 0.0003 0.0029± 0.0002 0.23 56.15± 1.85 51.11± 7.31 58.5± 7.9
MN37-14 0.65 0.0921± 0.0044 0.5322± 0.0271 0.0419± 0.0008 0.0221± 0.0005 0.37 250.24± 4.72 236.81± 12.08 441.6± 19.37
MN37-15 0.54 0.0571± 0.0035 0.5473± 0.0352 0.0695± 0.0014 0.0238± 0.0008 0.30 428.82± 8.34 388.34± 24.98 475.18± 30.94
MN37-16 0.30 0.0499± 0.003 0.0951± 0.0061 0.0138± 0.0003 0.0049± 0.0002 0.29 88.02± 1.65 84.78± 5.41 98.75± 7.88
MN37-17 0.44 0.0609± 0.0036 0.9264± 0.0579 0.1104± 0.002 0.0354± 0.0015 0.29 672.49± 12.1 638.48± 39.91 702.78± 57.36
MN37-18 0.60 0.0954± 0.0026 3.6199± 0.1117 0.2752± 0.0037 0.0887± 0.0022 0.44 1567.08± 21.17 1553.85± 47.93 1716.86± 80.01
MN37-19 0.57 0.1153± 0.0031 4.9784± 0.1497 0.3131± 0.0043 0.0979± 0.0026 0.46 1754.28± 24.13 1809.78± 54.42 1886.85± 93.77
MN37-20 0.15 0.0777± 0.0029 2.2298± 0.0885 0.2082± 0.0031 0.0744± 0.0035 0.37 1219.21± 17.88 1190.42± 47.26 1449.74± 128.99

(continued on next page)
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Table 3 (continued )

Sample name Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 208Pb/232Th ρ (206Pb/238U vs. 207Pb/235U) 206Pb/238U age (Ma) 207Pb/235U age (Ma) 208Pb/232Th age (Ma)

MN37-21 0.52 0.0354± 0.0184 0.0409± 0.0215 0.0084± 0.0007 0.0061± 0.0009 0.16 53.66± 4.57 40.65± 21.39 122.86± 35.42
MN37-23 0.82 0.1431± 0.0165 0.1124± 0.0138 0.0057± 0.0002 0.0037± 0.0002 0.34 34.51± 1.45 72.8± 8.95 74.61± 7.89
MN37-24 0.78 0.1224± 0.0141 0.1433± 0.0175 0.0085± 0.0003 0.0062± 0.0003 0.32 50.98± 2.01 77.72± 9.47 124.87± 11.81
MN37-25 0.83 0.0478± 0.011 0.0505± 0.0119 0.0077± 0.0004 0.0026± 0.0002 0.21 49.18± 2.42 50.02± 11.75 52.46± 7.9
MN37-26 1.63 0.0895± 0.0157 0.0763± 0.014 0.0062± 0.0003 0.0024± 0.0002 0.28 33.13± 1.7 − 44.5± − 8.14 48.43± 7.9
MN37-27 0.15 0.0495± 0.004 0.1823± 0.0153 0.0267± 0.0006 0.0094± 0.0008 0.28 169.8± 3.94 166.45± 13.92 189.01± 31.38
MN37-28 0.96 0.0643± 0.0033 1.0022± 0.0549 0.113± 0.0022 0.0409± 0.0012 0.36 689.4± 13.64 699.38± 38.3 809.81± 45.65
MN37-29 0.40 0.0538± 0.0053 0.2691± 0.0276 0.0363± 0.001 0.0142± 0.0009 0.26 229.56± 6.2 242± 24.83 284.85± 35.14
MN37-30 0.68 0.049± 0.0035 0.2259± 0.0167 0.0334± 0.0007 0.0115± 0.0004 0.29 212.08± 4.59 206.8± 15.26 231± 15.66
MN37-31 0.98 0.0441± 0.0162 0.0368± 0.0138 0.0061± 0.0004 0.002± 0.0003 0.19 38.93± 2.7 36.68± 13.74 40.36± 11.85
MN37-32 0.45 0.2918± 0.0203 0.8699± 0.068 0.0216± 0.0008 0.0342± 0.0015 0.46 91.42± 3.27 23.88± 1.87 679.36± 57.43

KH338; Granodiorite porphyry; 26.93± 0.30 Ma
KH338-1 1.418± 0.066 0.0454± 0.0087 0.0225± 0.0045 0.00411± 0.00023 0.00136± 0.00013 − 0.11 26.4± 1.5 22.4± 4.5 27.6± 2.7
KH338-2 1.953± 0.090 0.039± 0.014 0.0208± 0.0073 0.00453± 0.00028 0.00152± 0.00032 0.16 29.1± 1.8 20.5± 7.3 30.6± 6.5
KH338-3 0.792± 0.038 0.0436± 0.0079 0.0204± 0.0035 0.00421± 0.00023 0.001398± 0.000082 − 0.07 27.1± 1.5 20.4± 3.5 28.2± 1.7
KH338-4 0.895± 0.037 0.0484± 0.0095 0.0230± 0.0044 0.00427± 0.00027 0.00141± 0.00011 0.15 27.5± 1.8 23.0± 4.3 28.5± 2.2
KH338-5 1.959± 0.088 0.054± 0.013 0.0282± 0.0075 0.00404± 0.00037 0.00135± 0.00019 0.32 26.0± 2.4 27.8± 7.3 27.4± 3.8
KH338-6 0.434± 0.018 0.0400± 0.0036 0.0204± 0.0018 0.00427± 0.00019 0.001364± 0.000064 0.31 27.5± 1.2 20.4± 1.8 27.6± 1.3
KH338-7 0.904± 0.058 0.061± 0.033 0.028± 0.014 0.00388± 0.00071 0.00146± 0.00026 0.02 24.9± 4.6 27± 14 29.4± 5.2
KH338-8 1.19± 0.12 0.045± 0.013 0.0223± 0.0065 0.00455± 0.00028 0.00151± 0.00017 0.03 29.3± 1.8 22.2± 6.4 30.5± 3.3
KH338-9 1.304± 0.071 0.041± 0.012 0.0250± 0.0091 0.00463± 0.00031 0.00153± 0.00018 0.36 29.8± 2.0 24.5± 8.7 30.9± 3.7
KH338-10 1.64± 0.12 0.043± 0.012 0.0208± 0.0062 0.00439± 0.00032 0.00137± 0.00026 0.12 28.2± 2.1 20.7± 6.2 27.7± 5.2
KH338-11 1.902± 0.081 0.047± 0.014 0.0221± 0.0071 0.00410± 0.00023 0.00115± 0.00019 − 0.36 26.3± 1.5 21.8± 7.0 23.2± 3.8
KH338-12 2.36± 0.21 0.0451± 0.0081 0.0215± 0.0035 0.00431± 0.00018 0.00141± 0.00017 0.16 27.7± 1.2 21.6± 3.5 28.4± 3.5
KH338-13 1.91± 0.15 0.061± 0.018 0.037± 0.011 0.00417± 0.00041 – 0.36 26.8± 2.6 36± 11 –
KH338-14 0.844± 0.070 0.069± 0.010 0.0409± 0.0076 0.00411± 0.00040 – 0.53 26.4± 2.6 40.5± 7.4 –
KH338-15 1.89± 0.16 0.053± 0.010 0.0327± 0.0068 0.00478± 0.00044 – 0.40 30.7± 2.8 32.5± 6.7 –
KH338-16 2.12± 0.14 0.049± 0.013 0.0265± 0.0072 0.00425± 0.00038 – 0.08 27.3± 2.4 26.3± 7.1 –
KH338-17 1.47± 0.14 0.066± 0.011 0.0372± 0.0063 0.00433± 0.00030 – 0.11 27.9± 1.9 36.8± 6.1 –
KH338-18 3.21± 0.17 0.0587± 0.0093 0.0369± 0.0059 0.00455± 0.00030 – 0.11 29.3± 1.9 36.6± 5.7 –
KH338-19 1.68± 0.14 0.065± 0.014 0.0393± 0.0081 0.00447± 0.00047 – 0.04 28.8± 3.0 38.7± 7.9 –
KH338-20 3.24± 0.27 0.0597± 0.0095 0.0359± 0.0059 0.00463± 0.00041 – 0.11 29.8± 2.6 35.6± 5.7 –
KH338-21 1.250± 0.089 0.052± 0.017 0.0297± 0.0098 0.00412± 0.00038 – 0.20 26.5± 2.4 29.0± 9.6 –
KH338-22 1.52± 0.12 0.048± 0.012 0.0262± 0.0063 0.00459± 0.00035 – − 0.02 29.5± 2.2 27.4± 6.8 –
KH338-23a 2.11± 0.27 0.046± 0.022 0.026± 0.011 0.00498± 0.00071 – 0.10 32.0± 4.5 26± 10 –
KH338-23b 1.36± 0.13 0.0464± 0.0077 0.0270± 0.0048 0.00432± 0.00036 – 0.35 27.8± 2.3 27.0± 4.7 –
KH338-24 2.62± 0.18 0.046± 0.016 0.0288± 0.0090 0.00452± 0.00040 – 0.28 29.0± 2.6 28.2± 8.9 –

KH374; Granite; 26.01± 0.26 Ma
KH374-1 2.007± 0.094 0.074± 0.013 0.0395± 0.0068 0.00432± 0.00018 0.00203± 0.00018 0.05 27.8± 1.1 39.1± 6.6 40.9± 3.7
KH374-2 1.440± 0.075 0.0465± 0.0088 0.0228± 0.0040 0.00400± 0.00019 0.00126± 0.00012 − 0.29 25.8± 1.2 22.8± 4.0 25.4± 2.4
KH374-3 2.04± 0.11 0.083± 0.018 0.045± 0.010 0.00421± 0.00027 0.00251± 0.00024 − 0.07 27.1± 1.8 44± 10 50.6± 4.8
KH374-4 1.729± 0.059 0.056± 0.011 0.0288± 0.0057 0.00413± 0.00020 0.00135± 0.00013 − 0.01 26.6± 1.3 28.7± 5.6 27.3± 2.7
KH374-5 1.519± 0.090 0.052± 0.011 0.0292± 0.0064 0.00422± 0.00023 0.00126± 0.00020 0.06 27.1± 1.5 29.1± 6.3 25.5± 3.9
KH374-6c 1.841± 0.094 0.043± 0.011 0.0254± 0.0068 0.00449± 0.00024 0.00151± 0.00019 0.08 28.8± 1.6 25.2± 6.7 30.6± 3.8
KH374-8 1.257± 0.068 0.0434± 0.0084 0.0473± 0.0094 0.00887± 0.00038 0.00278± 0.00022 0.11 56.9± 2.4 46.5± 9.1 56.2± 4.5
KH374-9 1.988± 0.061 0.0503± 0.0076 0.0249± 0.0042 0.00381± 0.00023 0.00125± 0.00014 0.10 24.5± 1.5 24.9± 4.2 25.2± 2.8
KH374-10 1.048± 0.029 0.0463± 0.0075 0.0229± 0.0037 0.00412± 0.00014 0.001243± 0.000082 − 0.01 26.48± 0.92 22.9± 3.7 25.1± 1.7
KH374-11c 0.538± 0.014 0.0496± 0.0072 0.0250± 0.0035 0.00415± 0.00015 0.001360± 0.000069 − 0.06 26.69± 0.96 25.0± 3.4 27.5± 1.4
KH374-12 1.744± 0.058 0.0452± 0.0091 0.0219± 0.0042 0.00422± 0.00023 0.00125± 0.00018 0.08 27.1± 1.5 21.9± 4.1 25.3± 3.5
KH374-13 1.559± 0.074 0.0447± 0.0077 0.0256± 0.0043 0.00430± 0.00023 0.00133± 0.00010 − 0.03 27.7± 1.5 25.5± 4.2 26.8± 2.1
KH374-14 1.300± 0.042 0.0492± 0.0087 0.0277± 0.0047 0.00419± 0.00016 0.00122± 0.00012 − 0.08 26.9± 1.0 27.7± 4.7 24.7± 2.4
KH374-15 1.571± 0.039 0.0408± 0.0085 0.0210± 0.0042 0.00397± 0.00014 0.00133± 0.00014 0.01 25.52± 0.92 21.0± 4.2 26.9± 2.8
KH374-16A 1.330± 0.081 0.047± 0.011 0.0285± 0.0064 0.00443± 0.00033 0.00131± 0.00013 − 0.06 28.5± 2.1 28.4± 6.3 26.5± 2.6

(continued on next page)
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Table 3 (continued )

Sample name Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 208Pb/232Th ρ (206Pb/238U vs. 207Pb/235U) 206Pb/238U age (Ma) 207Pb/235U age (Ma) 208Pb/232Th age (Ma)

KH374-16B 1.381± 0.073 0.045± 0.012 0.0261± 0.0076 0.00414± 0.00018 0.00118± 0.00017 0.30 26.6± 1.1 26.0± 7.5 23.8± 3.4
KH374-17 1.535± 0.037 0.0425± 0.0088 0.0234± 0.0049 0.00409± 0.00016 0.00121± 0.00012 − 0.08 26.3± 1.0 23.4± 4.9 24.5± 2.4
KH374-18 2.24± 0.13 0.229± 0.060 0.199± 0.081 0.0060± 0.0011 0.0088± 0.0035 0.04 38.7± 7.2 168± 59 177± 70
KH374-19 1.866± 0.090 0.048± 0.010 0.0276± 0.0059 0.00414± 0.00017 0.00144± 0.00017 0.31 26.6± 1.1 27.5± 5.8 29.1± 3.5
KH374-20 1.466± 0.068 0.0476± 0.0072 0.0264± 0.0038 0.00402± 0.00018 0.00134± 0.00011 − 0.24 25.9± 1.2 26.4± 3.8 27.1± 2.3
KH374-21 1.600± 0.070 0.076± 0.017 0.0400± 0.0086 0.00414± 0.00023 0.00164± 0.00017 0.33 26.6± 1.5 39.4± 8.3 33.0± 3.4
KH374-22 1.208± 0.072 0.0387± 0.0087 0.0218± 0.0050 0.00393± 0.00017 0.00123± 0.00011 − 0.15 25.3± 1.1 21.7± 4.9 24.8± 2.3
KH374-23c 0.519± 0.016 0.0479± 0.0049 0.0278± 0.0027 0.00424± 0.00011 0.001419± 0.000061 − 0.14 27.24± 0.71 27.8± 2.7 28.7± 1.2
KH374-24 0.948± 0.073 0.056± 0.016 0.0304± 0.0085 0.00411± 0.00027 0.00128± 0.00016 − 0.34 26.4± 1.8 30.0± 8.3 25.9± 3.1

KH172; Granite porphyry; 25.74± 0.34 Ma
KH172-1 0.882± 0.045 0.061± 0.012 0.0309± 0.0064 0.00398± 0.00031 0.00129± 0.00013 0.01 25.6± 2.0 30.6± 6.2 26.0± 2.5
KH172-2 1.529± 0.082 0.060± 0.011 0.0337± 0.0066 0.00437± 0.00034 0.00117± 0.00015 0.23 28.1± 2.2 34.6± 6.9 23.7± 3.1
KH172-3 1.397± 0.069 0.0471± 0.0089 0.0227± 0.0042 0.00401± 0.00028 0.00130± 0.00012 0.10 25.8± 1.8 22.6± 4.2 26.2± 2.4
KH172-4c 1.535± 0.087 0.0449± 0.0093 0.0229± 0.0051 0.00433± 0.00032 0.00142± 0.00012 0.11 27.9± 2.0 22.8± 5.0 28.8± 2.5
KH172-5c 1.795± 0.091 0.054± 0.024 0.022± 0.011 0.00451± 0.00044 0.00120± 0.00030 0.22 29.0± 2.9 22± 11 24.3± 6.1
KH172-6c 1.33± 0.11 0.039± 0.010 0.0216± 0.0058 0.00413± 0.00023 0.00138± 0.00016 0.03 26.6± 1.5 21.4± 5.7 27.9± 3.2
KH172-7c 1.192± 0.068 0.055± 0.043 0.019± 0.015 0.00403± 0.00056 0.00129± 0.00032 0.00 25.9± 3.6 18± 14 26.0± 6.4
KH172-8 2.41± 0.12 0.053± 0.016 0.0266± 0.0077 0.00434± 0.00030 0.00143± 0.00025 0.12 27.9± 1.9 26.3± 7.5 28.8± 5.0
KH172-9 1.362± 0.093 0.0582± 0.0088 0.0317± 0.0052 0.00434± 0.00029 0.00147± 0.00012 0.09 27.9± 1.9 31.4± 5.1 29.6± 2.4
KH172-10 1.747± 0.096 0.0472± 0.0095 0.0249± 0.0050 0.00397± 0.00028 0.00135± 0.00014 0.16 25.5± 1.8 24.7± 4.9 27.3± 2.9
KH172-11 1.335± 0.074 0.0463± 0.0070 0.0230± 0.0037 0.00416± 0.00026 0.001196± 0.000091 0.10 26.8± 1.7 23.0± 3.7 24.2± 1.8
KH172-12 1.857± 0.096 0.0557± 0.0073 0.0265± 0.0036 0.00376± 0.00023 0.00122± 0.00011 0.23 24.2± 1.5 26.5± 3.5 24.6± 2.2
KH172-13 0.935± 0.032 0.0587± 0.0099 0.0309± 0.0047 0.00407± 0.00020 0.001362± 0.000090 − 0.20 26.2± 1.3 30.7± 4.6 27.5± 1.8
KH172-14 1.326± 0.056 0.063± 0.012 0.0314± 0.0062 0.00387± 0.00028 0.00130± 0.00014 − 0.05 24.9± 1.8 31.1± 6.1 26.3± 2.9
KH172-15c 0.789± 0.024 0.047± 0.024 0.025± 0.011 0.00397± 0.00037 0.00116± 0.00016 − 0.26 25.5± 2.4 24± 11 23.5± 3.1
KH172-16 0.559± 0.019 0.0528± 0.0062 0.0283± 0.0034 0.00386± 0.00013 0.001269± 0.000054 0.16 24.83± 0.81 28.3± 3.3 25.6± 1.1
KH172-17 1.722± 0.064 0.058± 0.014 0.0335± 0.0087 0.00393± 0.00025 0.00142± 0.00020 0.10 25.3± 1.6 32.9± 8.4 28.6± 4.0
KH172-18-in 2.744± 0.098 0.117± 0.058 0.045± 0.022 0.00415± 0.00047 0.00311± 0.00082 0.17 26.7± 3.0 42± 21 63± 17
KH172-19 1.369± 0.046 0.0464± 0.0080 0.0259± 0.0046 0.00406± 0.00021 0.00144± 0.00013 0.27 26.1± 1.3 25.8± 4.5 29.1± 2.7
KH172-20 0.990± 0.044 0.0431± 0.0090 0.0230± 0.0047 0.00398± 0.00019 0.00140± 0.00011 0.02 25.6± 1.2 23.0± 4.6 28.4± 2.3
KH172-21c 2.36± 0.10 0.044± 0.015 0.030± 0.010 0.00398± 0.00035 0.00123± 0.00029 0.19 25.6± 2.2 29± 10 24.9± 5.9
KH172-22 1.087± 0.033 0.0392± 0.0078 0.0225± 0.0045 0.00406± 0.00015 0.001331± 0.000093 0.21 26.10± 0.97 22.4± 4.4 26.9± 1.9
KH172-23 1.255± 0.035 0.046± 0.011 0.0237± 0.0052 0.00402± 0.00021 0.00130± 0.00015 − 0.12 25.8± 1.4 23.5± 5.1 26.2± 3.1
KH172-24 1.267± 0.037 0.0420± 0.0092 0.0223± 0.0046 0.00407± 0.00020 0.00122± 0.00011 0.17 26.2± 1.3 22.2± 4.5 24.6± 2.3

MN07; Dacite porphyry; 21.53± 0.35 Ma
MN07-1 0.504± 0.037 0.165± 0.036 0.085± 0.023 0.00396± 0.00024 0.00191± 0.00027 0.66 25.5± 1.5 80± 19 38.6± 5.4
MN07-2 0.273± 0.011 0.784± 0.062 5.49± 0.79 0.0486± 0.0024 0.0278± 0.0014 0.21 306± 15 1860± 120 553± 28
MN07-3 0.829± 0.024 0.063± 0.011 0.0303± 0.0055 0.00340± 0.00016 0.001061± 0.000080 0.27 21.9± 1.0 30.1± 5.4 21.4± 1.6
MN07-4 1.001± 0.051 0.0611± 0.0096 0.0275± 0.0046 0.00342± 0.00019 0.00120± 0.00010 0.37 22.0± 1.2 27.5± 4.5 24.3± 2.1
MN07-5 1.109± 0.063 0.0408± 0.0086 0.0190± 0.0039 0.00348± 0.00015 0.001087± 0.000099 0.03 22.41± 0.99 19.0± 3.9 22.0± 2.0
MN07-6 0.841± 0.039 0.0467± 0.0094 0.0226± 0.0041 0.00366± 0.00023 0.001093± 0.000072 0.05 23.5± 1.5 22.6± 4.1 22.1± 1.5
MN07-7 1.197± 0.043 0.063± 0.012 0.0284± 0.0056 0.00330± 0.00017 0.00121± 0.00011 0.11 21.2± 1.1 28.2± 5.6 24.4± 2.1
MN07-8 1.626± 0.086 0.0468± 0.0026 0.0499± 0.0029 0.00728± 0.00024 0.00248± 0.00011 0.01 46.8± 1.5 49.4± 2.8 50.1± 2.1
MN07-9 1.002± 0.045 0.0520± 0.0087 0.0238± 0.0041 0.00331± 0.00013 0.001031± 0.000063 0.09 21.27± 0.84 23.8± 4.1 21.1± 1.4
MN07-10 1.24± 0.19 0.0725± 0.0088 0.0663± 0.0085 0.00643± 0.00022 0.00241± 0.00023 0.14 41.3± 1.4 64.9± 8.0 48.6± 4.6
MN07-11 0.990± 0.058 0.051± 0.011 0.0222± 0.0047 0.00341± 0.00014 0.001160± 0.000082 − 0.14 21.94± 0.93 22.1± 4.6 23.4± 1.7
MN07-12 1.142± 0.037 0.100± 0.016 0.0485± 0.0076 0.00360± 0.00018 0.00181± 0.00021 − 0.01 23.2± 1.2 47.8± 7.4 36.5± 4.1
MN07-13 0.990± 0.050 0.154± 0.033 0.084± 0.019 0.00386± 0.00026 0.00222± 0.00026 0.10 24.8± 1.7 80± 18 44.8± 5.2
MN07-14 1.172± 0.064 0.080± 0.011 0.0354± 0.0046 0.00327± 0.00015 0.00137± 0.00017 0.34 21.02± 0.99 35.2± 4.5 27.6± 3.5
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Myr after the productive granodiorite porphyry body (Fig. 8c-d) and
were less productive including blocks which are almost barren. There-
fore, despite all the three Oligocene magma pulses in KHD show char-
acteristics of productive magmas, such as adakitic signature and a
similar REE pattern (Fig. 3c-d), the two younger magma batches are
characterized by only minor Mo enrichments (91 and 45 ppm, respec-
tively) and almost no Cu mineralization. However, the adakitic signa-
ture is more pronounced in the early granodiorite porphyry body than in
the late granitic ones (Fig. 3c and Table 2). Such signature is docu-
mented by significantly higher (La/Yb)N and (Dy/Yb)N values and

slightly higher Sr/Y values than those obtained from the Eocene and
early Miocene magmas. Whereas the (La/Yb)N and (Dy/Yb)N values the
attest that amphibole (± garnet) fractionation played the dominant role
in magma differentiation (Klein et al., 1997; Davidson et al., 2007), the
relatively low to moderate Sr/Y values, along with insignificant change
in the Eu/Eu* values between Eocene and Oligocene magmas (Table 2),
provide clear evidence that plagioclase was also a fractionating phase
during the magma evolution (Taylor and McLennan, 1985; Defant and
Drummond, 1990).

As dominant amphibole fractionation may occur in the lower crustal

Fig. 7. Plots showing results of the LA-ICPMS zircon U-Pb age dating; Concordia ages (a, c-e) and intercept ages (b and f, which show evidence of Pb-loss). See also
Table 3 for the corresponding analytical results.
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magma reservoirs in arc settings (e.g., Ducea and Saleeby, 1996; Sisson
et al., 1996; Davidson et al., 2007; Larocque and Canil, 2010; Dessimoz
et al., 2012; Rossetti et al., 2014), it was suggested that the water con-
tent of the magma was less than ~ 4 wt% to prevent plagioclase crys-
tallization and generate a pronounced adakitic signature (Yoder, 1965;
Gaetani et al., 1993; Sisson and Grove, 1993; Urann et al., 2022). A
lower water content might indicate a relatively lower oxygen fugacity of
the melt compared to those typically associated with porphyry Cu-Mo
systems (e.g., Hamilton et al., 1964; Feig et al., 2010), hence,
reducing the Cu enrichment in the porphyry system (e.g., Richards,
2011; Sun et al., 2014). Noteworthy, the (La/Yb)N and (Dy/Yb)N values

are lower in granite (~26 Ma; sample KH374), but significantly increase
in the latest granodiorite porphyry (~25.7 Ma; sample KH172), sug-
gesting a higher mineralization potential. However, the lower Sr/Y
values in both these pulses of less mineralized magmas attests for an
increased plagioclase fractionation.

We propose that these fractionation processes are not primarily due
to changes in the magma feeding zone (likely at the lower crustal root);
instead, they are more likely linked to physiochemical changes in the
transcrustal magma system during crystallization and fluid exsolution
within the mid-upper crustal magma chamber, ultimately influencing
the magmatic-hydrothermal system(s) (Sillitoe, 2010; Richards, 2021).

Table 4
Synopsis of the Re-Os data for molybdenite.

Sample (KH256) wt (g) Re (ppm) ± 187Re (ppm) ± 187Os (ppb) ± Age (Ma) ± (1) ± (2) ± (3)

RO1188-3_256.2.62 0.020 110.81 0.41 69.64 0.26 31.00 0.10 26.75 0.02 0.11 0.14

(1) Uncertainty including only spectrometry uncertainty.
(2) Uncertainty including all sources of analytical uncertainty.
(3) Uncertainty including all sources of analytical uncertainty plus decay constant.

Fig. 8. (a) Distribution of all zircon U-Pb ages from KHD, including Eocene volcanic country rocks and Oligocene-early Miocene subvolcanic samples. The inherited
zircons (pre-Cenozoic ages) are excluded from each zircon sample population. The ages are shown with 2σ uncertainty and the ones with dashed lines represent
zircon antecrysts (Miller et al., 2007). (b-e) Conceptual models showing the sequential magma emplacement and the development of the hydrothermal system in
KHD. From ~ 26 Ma, the new magmas were less productive to barren and consequently reduced the economic potential of the early-stage mineralization.
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In this regard appearance of a granular texture in the granite (sample
KH374), after ~ 1 Myr from the emplacement of the early granodiorite
porphyry, requires a lower cooling rate (passive fluid exsolution with no
second boiling occurrence; Burnham, 1979; Candela, 1989) that likely
was induced by a perturbed geothermal gradient during continuous
magma emplacement at depth. In such conditions, fracturing is pre-
vented and the mineralization more likely occurred only locally along
the margins and roof of the stock, forming patchy mineralized zones and
structurally controlled distal types, similar to the intrusion-related style
(e.g., Lang and Baker, 2001; Rabiee, 2007). Indeed, a ~ 1 Myr time lapse
is uncommon for a porphyry system which typically forms within
100,000 years or less (e.g., Shinohara and Hedenquist, 1997; Weis et al.,
2012; Chiaradia et al., 2013; Chelle-Michou et al., 2017). It indicates
that the Oligocene KHD mineralisation system did not experience a
cumulative and rapid fluid exsolution compared to the lifespan of the
magma underplating at depth (Richards, 2021). Example of the super-
giant Chuquicamata porphyry Cu deposit resulted from a prolonged
hydrothermal mineralization interval (>2.5 Myr), however, it is asso-
ciated with two distinct, relatively rapid magma emplacement episodes
separated by 0.5 Myr (Virmond et al., 2024). Furthermore, a magma
accumulation and fluid exsolution period of ~ 1 Myr is inadequate to
establish a sufficient flux of volatile- and metal-rich magma for subse-
quent granitic pulses (e.g., Chiaradia et al., 2009; Rabiee et al., 2022). In
fact, despite a moderate to weak chlorite + pyrite alteration in this
granite stock, only limited zones (few meters intervals) of low Mo and/
or Cu enrichments are observed which most likely are related to the
foundered fragments of the early mineralized granodiorite porphyry
(Fig. 2g-h and 6 k). This inference is also supported by the observed
telescopic mineralization of coexisting high- and low-temperature
mineral assemblages (e.g., Mol + Ccp + TiO2 vs Gb + Sp + Ba;
Fig. 4g, 6a-l). The further emplacement of the latest Oligocene granite
porphyry (sample KH172) was likely structurally controlled at shallower
depths, causing rapid melt cooling, crystallization, and degassing, and
hence, local fluid over-pressurization and stockwork veining. However,
invasion of meteoric fluids, likely facilitated by continuous brittle frac-
turing. Consequently, formation of the early Kfs + Qz + Mol veins were
minor whereas the type-D veins (phyllic alteration) became dominant.
The reported vast geochemically anomalous zones associated with
phyllic and silicic alterations (NICICO, 2010) can be thus explained by
such brittle dominated environment that might have facilitated disper-
sion of the mineralizing fluids, enhanced by tendency of Mo to form
complexes with OH migrating to peripheral zones (Xiaoyun, 1989;
Ulrich and Mavrogenes, 2008). In this regard, the carbonatization
documented in Khatoon-Abad has been also reported in the nearby
Bashmaq IOCG-type (Sohrabi and Rezaei Aghdam, 2016) and Siah-
Kamar Mo (Rabiee et al., 2023) porphyry deposits, was likely related
to meteoric fluid infiltration and mixing with CO2-bearing magmatic
fluids facilitated by the progressive embrittlement of the caprocks
sealing the hydrothermal system (Rabiee et al., 2019).

A major transition from productive to nonproductive magmas is
documented with onset of the early Miocene magmatism (Fig. 3c),
which caused a further degradation of the mineralising system at the
KHD. Consequently, subsequent less-productive intrusions, along with
the prevailing brittle condition and the invasion of the meteoric fluids
diluted and dispersed the early segregated magmatic ones (e.g., Bouzari
and Clark, 2006; Shinohara, 2008; Weis et al., 2012; Audétat and Li,
2017), and, ultimately, re-mobilized and devaluated the early-stage
mineralization (e.g., Shinohara and Hedenquist, 1997).

5.3. Inferences for ore mineralization in collisional settings

The KHD is located between the neighbouring Siah-Kamar porphyry
Mo (Nabatian et al., 2017; Rabiee et al., 2019) and the IOCG-type
Bashmagh-Ghazikandi deposits (Sohrabi and Rezaei Aghdam, 2016)
within the Mianeh-Hashtroud magmatic zone of the UDMA. The three
deposits share a common genesis related to Oligocene felsic intrusions

with slightly variable emplacing times (Fig. 1 b). Although with different
mineralisation characteristics, such productive magmas formed during
the early stages of collisional thickening along the Arabia-Eurasia
convergence zone, initiated around the late Eocene to early Oligocene
in Armenia and NW-Iran (Agard et al., 2005; Ballato et al., 2011; Moritz
et al., 2016; Rezeau et al., 2017; Rabiee et al., 2022). Significantly, the
study area correspond to a region where orogen-parallel and orogen-
transverse faults have interacted during the space–time evolution of
the collisional tectonics along the UDMA (Fig. 1a; Barrier et al., 2018;
2021; Rabiee et al., 2020; 2022). By resolving the mineralisation type
and characteristics of the Mianeh-Hashtroud magmatic zone we can thus
infer how regional tectonics may impact on magmatism and associated
mineralisation in collisional settings. In particular, when results of this
study are integrated at regional scale, it is evident that the porphyry
systems of similar Oligocene age along the UDMA are relatively small
and low-grade (Rabiee et al., 2022). This evidence suggests that optimal
conditions for porphyry mineralization were likely attenuated due to
episodic tectonic disruptions, likely induced by polyphase fault reac-
tivation during crustal shortening. Considering the duration of magma
cooling, crystallization, mineralization and fluid exsolution events
(Hedenquist and Lowenstern, 1994; Chelle-Michou et al., 2017), we
suggest that short-term tectonic perturbations during continuous con-
tinental collision may affect (i) the physio-chemical conditions at the
deposition site, and (ii) conditions of magma generation and transcrustal
magma evolution and emplacement.

6. Conclusions

The most important findings arising from this study can be summa-
rized as follows:

• The KHD formed within a long-lived and stationary zone of Tertiary
magmatism, lasting at least 45 Myr, from ~ 66 to ~ 21 Ma. This
prolonged and stationary magmatism funded the required in-
gredients to form productive magmas in Oligocene time (~27–25
Ma);

• The KHD mineralization began at ~ 27 Ma, followed and overprinted
by less productive Oligocene and barren early Miocene magmatic
pulses, spanning in age ~ 26–21 Ma;

• The late magma pulses degraded the economic potential of the early-
generated ore body;

• Short-term tectonic changes in collisional settings can induce
changes in the magma crystallization and fluid exsolution patterns
(passive vs efficient), leading to different mineralization types/en-
richments and fluid distribution (focused vs dispersed) during the
transcrustal magma emplacement and deposition site.
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