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Abstract

The Nasim copper deposit is situated in Bardaskan area, northeast of Iran. The geological units
include basalt, andesite, trachyandesite, and sedimentary rocks. Conglomerate composed of
volcanic fragments and nummulitic limestone has been deposited as a result of subsequent volcanic
activity. The majority of trachyte to andesitic rocks that plot within the shoshonite series and
exhibit high LREE/HREE and Th/Yb ratios suggest an active continental margin. Elevated Th and
Nb values indicate a minor continental crustal assimilation event. Initial 3’Sr/**Sr and eNd (i) of
the volcanic rocks (t=40 Ma) are 0.7042 to 0.7046 and +4.96 to +5.10 in the Nasim copper deposit,
which confirms that it occurred during the continental margin subduction zone .The volcanic rocks
were formed in a non-marine environment, and mineralization occurred within the conglomerate
bands. The Nasim copper deposit has considered as Manto-type deposit, and chalcocite
mineralization occurred after the formation of the conglomerate. The absence of epidote associated
with chalcocite suggests low iron content and reducing conditions in the ore-forming fluid of the
Nasim deposit. Therefore, the source of mineralization is not magmatic, and further studies on the
origin of this deposit should be conducted.

Keywords: Manto type deposit, Sr-Nd isotope ratios, Copper mineralization, Eocene magmatism, northeast Iran.

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/



Accepted manuscript (author version)

1. Introduction

The term “Manto-type deposits” encompasses a broad spectrum of strata-bound deposits formed
in various regions worldwide (Boric et al., 2002; Wilson et al., 2003; Wilson and Zentilli, 2006;
Shen et al., 2020). Hydrothermal solutions originate from fractures and precipitate minerals within
suitable host rocks, such as conglomerate or pyroclastic formations. The Manto-type strata-bound
mineralization is typically confined to a specific horizon characterized by high porosity. In
essence, this mineralization exhibits epigenetic characteristics, with structural factors playing a
predominant role in its formation (Boric, 2002; Kojima et al., 2003; Pollard, 2006). In Iran, over
30 significant Manto-type copper deposits have been reported from Bardaskan (This study;
Ghelichkhani et al., 2021; Ramezani Abbakhsh et al., 2023), Sabzevar (Najmi et al., 2016; Entezari
Harsini et al., 2017; Khosaravi et al., 2020), Saveh-Jiroft (Karimpour et al. 2021), Alborz-
Azerbaijan (Hassanzadeh et al., 2002) and Sanandaj-Sirjan (Boveiri Konari et al., 2013) zones
(Fig. 1). The Nasim copper mine is the most significant Manto-type deposit type in the Bardaskan
region, situated in the northeastern part of Iran, approximately 50 kilometers northwest of
Bardaskan, Khorasan Razavi Province. The mine holds a reserve of approximately 13 million tons
and an average grade of copper of 0.6 wt.% (Parsi Con Kavan Company, internal report).

The primary objective of this research study is to present a comprehensive overview of geological,
alteration, geochemical, and mineralogical studies conducted in the region. This study serves as a
foundation for understanding the intricate relationship between paragenesis, alteration, and ore-
forming fluid chemistry. By elucidating these factors, it facilitates the exploration of analogous
deposits in other regions of Iran.
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Figure 1. Major geological subdivisions of Iran (Karimpour, 2023) and location of some of the most important Manto-
type deposits in Iran. The most important Manto-type deposits in Iran.

2. Geological Background

In this article, we divide the volcanic-plutonic complexes in northeastern Iran into three areas
based on different mineralization systems: 1- The Cretaceous volcanic-plutonic rocks North of the
Bardaskan area (Fig. 2); 2- The Eocene volcanic rocks northwest of the Bardaskan area (Fig. 2);
3- The Eocene Kashmar-Khaf magmatic belt (Fig. 2), which is located above the Doruneh fault

(Fig. 2).
2.1. North of the Bardaskan area (near Oryan)

Magmatism occurred during the Cretaceous period, and was related to the activity of submarine
volcanoes (Moghadam et al., 2014) (Fig. 2). These rocks are classified into lower and upper
sections based on their age and composition. The lower section is primarily composed of deep
marine sediments interspersed with volcanic rocks. The sedimentary rocks in this section include
chert, shale, and sandstone, while the volcanic rocks consist of pyroclastic rocks with diverse
compositions and rhyolitic, dacite, and andesite lavas. The upper section comprises a series of
sandstones interspersed with microconglomerate, globotruncana pelagic limestone, tuff,
sandstone, volcanic rocks, limestone, and marl (Moghadam et al., 2014).

The late Cretaceous volcanic-sedimentary sequence in the north of the Bardaskan area contains
manganese and massive copper sulfide deposits (Maghfouri et al., 2015) that include Nodeh copper
deposit (Nasrollahi et al., 2012), Astaj manganese deposit (Aghdam et al., 2018), Homai
manganese deposit (Nasiri et al., 2010), Chashme Sefid manganese deposit (Ghanbari et al., 2009),
and Zakiri manganese deposit (Taghizadeh et al., 2012).

2.2. Northwest of the Bardaskan area

In the northwestern region of Bardaskan, volcanic rocks that host copper Manto deposits comprise
basalt, andesite, and trachyandesite (Fig. 2). Sedimentary rocks include conglomerate, nummulitic
limestone, marl, and evaporite sediments. The Northwest Bardaskan area is bounded to the north
by gypsum ferrous red layers, Neogene conglomerate, and Quaternary sediments, while to the
south, it is restricted by volcano-pelagic and late Cretaceous ophiolites. In the upper portion of the
conglomerate, a nummulitic limestone unit is present. Based on the presence of nummulites, the
age of the limestone is estimated to be Eocene  (Schaub, 1981; Papazzoni, 1993; Papazzoni and
Sirotti, 1995). Age dating in the Zangalou area (north-east of Nasim deposit), using the U-Pb zircon
on andesite, gives an age between 41.2 and 38.4 Ma (Bartonian) (Ghelichkhani et al., 2023;
Abdolahadi et al., 2025).

Some of the most important Manto-type deposits in the northwest Bardaskan area are Cheshme
Marzieh (Soltani and Fardost, 2016), Rizab (Jonidi and Fardost, 2017), Dehne Siah, Kalabri (Jabari
et al.,, 2017), Sharif Abad (Ebrahimi et al., 2018), Taranom (Entezarab, 2018), Kimia (Amini
Zahan et al., 2019), Zangalou deposit (Ghelichkhani et al., 2023) and Nasim (Fig. 2).
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2.3. Kashmar-Khaf magmatic belt

The Kashmar- Khaf volcanic- plutonic belt is located in northeastern Iran with a length of 216.7
km and NW-SE trend (Karimpour, 2023) (Fig. 2). According to studies by Mazhari et al (2015),
Golmohammadi et al (2015), Karimpour et al (2017), and Hosseini et al (2018), the source
granitoid pluton is I-type which was developed in a subduction tectonic setting. The age of the
source pluton in this belt is Eocene, 39.1 = 0.6 to 38.3 £ 0.5 Ma (Golmohammadi et al., 2015),
based on zircon U-Pb, 40.7-41.7 Ma ages (Karimpour et al., 2017), and with a radiometric age of
39.8 Ma (Hosseini et al., 2018). Mineralization has occurred as skarn-type deposit, Iron oxide,
copper- and gold (I0OCG), and porphyry deposit in this belt (Karimpour et al., 2017) that includes
Sngan skarn deposit (Golmohammadi et al., 2015), Tannurjeh porphyry (Cu-Au) deposit (Hossieni
et al., 2018), IOCG deposits such as Kuh-e-Zar Au (Mazloumi Bajestani et al., 2008), Namegh
(Au) (Taghadosi and Shafaroudi, 2018), and Bahariyeh (Cu) (Najmi et al., 2023; Talebian
Borojenie et al., 2025).

There is no copper Manto-type deposit along the Kashmar-Khaf magmatic belt, the most
significant mineralization associated with granitoid rocks. However, the volcanic rocks in the
Northwest of the Bardaskan area exhibit a comparable age (Fig. 2).
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Figure 2. Location of the Kashmar-Khaf magmatic belt and Manto-type deposits in the northwest of Bardaskan
(modified from Karimpour, 2023).

3. Material and Methods
3.1. Petrography and Mineralography

Sampling and structural studies were conducted during fieldwork. A total of 140 thin sections and
52 polished sections were examined, and a geological map with a scale of 1:1000 was prepared.
Additionally, drilling logs from the 1500-meter section in 30 boreholes were analyzed.

3.2. Major and trace elements geochemistry
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Thirteen samples, devoid or exhibiting only minor alterations from volcanic units, were selected
for chemical analysis. The selected samples were analyzed in the East Amethyst Lab (Mashhad,
Iran) for major oxides by wavelength dispersive X-ray fluorescence (XRF) spectrometry using
fused disks and the Philips PW 1410 XRF spectrometer, A set of international and Iranian rock
standards including MRG-1, MG-4, JG-2, JR-1, SY-2, SY-3, JSL-1, MK-1, NIM-S, and NCS-307,
were used for calibration. After crushing and pulverizing the samples, they were fused using
lithium metaborate/tetraborate flux and digested using nitric acid. The resulting disks were placed
in the spectrometer, and an X-ray was directed at the sample under conditions close to a vacuum.
The elements were identified based on the wavelength and frequency of the X-rays emitted by the
atoms in the sample (Table 1).

Furthermore, these samples were forwarded to MSA-LABS (Vancouver, Canada) for analysis of
trace elements by inductively coupled plasma mass spectrometry (ICP-MS) (Table 1). Samples
were dried and prepared to meet the passing criteria of 85% - 75um for rock. Lithium borate fusion
is a commonly employed sample decomposition technique, particularly for samples that are
challenging to dissolve in acids, such as refractories and metal oxides. During this process,
weighed samples are heated in a high-temperature muffle furnace at 1000°C in the presence of
lithium borate flux. The resulting fused sample is subsequently cooled and dissolved in mineral
acids. The resulting solution is subsequently analyzed using Inductively Coupled Plasma-Mass
Spectroscopy. ICP-MS standards are assayed by validated ICP and wet chemical procedures to
obtain the certified value. The errors in the ICP-MS data, based on the manufacturer’s information
were less than 5% and as little as 3%. The equipment model used for I[CP-MS analysis is Agilent
7900 ICP-MS.

3.3. Sr-Nd isotope ratios

Sr and Nd isotopic ratios were measured for five samples by using a GVI IsoProbe thermal
ionization mass spectrometer (TIMS) at the University of Nagoya, Japan (Table 2). The mass
fractionations of the Sr and Nd isotope measurements were corrected according to the following
equations: (¥’Sr’ #Sr)=0.1194 and ('**Nd/"**Nd) = 0.7219, respectively. Azizi and Asahara (2013)
describe the quantitative and isotope analyses in detail. Mass fractionations during Sr and Nd
isotope measurements were corrected according to the ratios of (3°Sr/*¥Sr) = 0.1194 and
(! Nd/'**Nd) =0.7219, respectively. In this work, NIST-SRM987 and JNdi-1 (Tanaka et al., 2000)
were used as natural Sr and Nd isotope ratio standards, respectively. During this study, repeated
analyses of the NIST-SRM987 and INdi-1 standards gave mean values of (}’Sr/*®Sr) = 0.710256
+0.000006 (n = 5) and ("*Nd/***Nd) = 0.512110 £ 0.000002 (n = 2), respectively.

4. Results
4.1. Field relationship and petrography

The geological units in the area comprise basalt, andesite, trachyandesite, and sedimentary rocks,
exhibiting a northeast-to-southwest trend (Fig. 3). The volcanic rock sequence is estimated to have
a thickness of approximately 1 to 1.5 kilometers. Notably, within this sequence, no evidence of
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interlayered sedimentary rocks or pillow lava textures was observed within the basaltic formations.
Additionally, several dioritic dykes were identified in the area (Fig. 4 a, b).
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Figure 3. Geological-mineralization map of the Nasim copper deposit (modified from Ramezani Abbakhsh et al.,
2023).

Basalt:

Basaltic rocks are the oldest unit in the study area and are classified as olivine pyroxene basalt,
pyroxene basalt, andesite basalt, and pyroxene andesite basalt (Fig. 3). These rocks, with an
extension of about 0.5 to 2 km?, were found in the north, west, and northwestern parts of the study
area. The basaltic rocks exhibit porphyritic and amygdaloidal textures. They are composed
primarily of plagioclase phenocrysts (10-20%) and pyroxene phenocrysts (3-15%), with 3-5%
magnetite in the groundmass. The amygdales are filled with carbonate minerals. The pyroxene
grains are commonly augite and the plagioclase are andesine to labradorite (Fig. 5 a).

Andesite:

The outcropping of andesitic rocks is distributed throughout the southwestern, central, and
southeastern regions, extending approximately 2 to 5 km? (Figures 3 and 4a). This unit is classified
into two subunits: pyroxene andesite and hornblende pyroxene andesite. The texture of these rocks
is phaneritic, amygdaloidal, and porphyritic. The phenocrysts include 38-40% euhedral
plagioclase (andesine), 7-10% clinopyroxene (augite), and 5-7% hornblende. This rock contains 3
to 5% magnetite. The rocks have undergone propylitic alteration, resulting in the formation of
secondary minerals such as carbonate and chlorite. The amygdales are carbonate, zeolite, and
minor quartz (Fig. 5 b).

Trachyandesite:

Trachyandesite covers an area with an extension of approximately 3 km? in the northeast, and
about 2.5 km? in the southern parts, in contact with the mineralization zone (Fig. 3). It has a
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porphyritic, and trachytic texture with sanidine and magnetite minerals (3-5 %) in groundmass.
Plagioclase (oligoclase to andesine) is the main phenocryst (10-12%) (Fig. 5 c). This unit
underwent propylitic alteration, resulting in the filling of the cavities with carbonate, zeolite, and
quartz.

Pyroxene diorite porphyry:

Several dykes with diorite composition have cut the surrounding volcanics (Fig. 3 and 4 b). These
dykes show a porphyritic texture and contains 45-50% plagioclase (oligoclase) and 12-15%
pyroxene (augite) (Fig. 5 d). This unit was affected by propylitic alteration.

Diorite Dyke

Figure 4. Field Observation: (a) Contact between conglomerate and andesite. (b) Outcrop of the porphyritic diorite
dyke

Figure 5. Photomicrographs of (a) porphyritic texture in olivine pyroxene basalt. (b) andesite with clinopyroxene
(augite), plagioclase, and opaque in the groundmass. (c) trachytic texture in trachyandesite and amygdule which was
filled by chlorite. (d) Pyroxene diorite porphyry.

Abbreviations, (Pl = Plagioclase, Cpx = Clinopyroxene, Hbl= Hornblende, Ol= olivine, Chl = Chlorite, Opq =
Opaque) (Whitney and Evan, 2010).
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Conglomerate:

The conglomerate holds significant importance in the study of Cu-Manto mineralization within
the northwestern region of the Bardaskan area, as depicted in Figure 3. During the Eocene period,
rocks exposed in the region were eroded, carried by water, and deposited as conglomerates.
Therefore, this conglomerate contains important information about the characteristics of the rocks
in the region during the Eocene period.

This conglomerate, with approximately 25 m thickness, is formed after volcanic activity and
erosion processes (Fig. 4a). This unit contains fragments of more than 90 to 95% volcanic rocks
and 5 to 10% volcanic rocks (Fig. 6). In the same area, a few fragments of shale were also identified
(Fig. 6 a). The size of the fragment changes from 2 to 6 cm and includes andesite, pyroxene
andesite, trachyte, andesitic tuff, dacite, diorite, monzonite, monzodiorite, and diorite porphyry
(Fig 6 a, b, ¢). The size and quantity of the fragments diminish as they ascend (Fig. 6 a). The
conglomerate cement consists of fine-grained material from eroded volcanic rocks (Fig. 6 a, b, and
seven a, b) and magnetite that have originated from eroding volcanic rocks. The volcanic rocks
contain 2-3% magnetite. In the upper section of the conglomerate, limestone dominates the cement
composition, as evidenced by Figures 6 ¢c and 7 a.

Figure 6. Core sample photographs of conglomerates containing various volcanic and intrusive fragments at the
Nasim copper deposit. (a) A conglomerate with volcanic cement (A): Monzonite with propylitic alteration, (B):
Andesite with plagioclase in the groundmass, (C): Shale, (D): Volcanic cement.
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(b) Rounded conglomerate fragments with volcanic cement (B): Andesite with plagioclase in the
groundmass, (E): Diorite porphyry with propylitic alteration (epidote), (F): Pyroxene andesite with
amygdaloidal texture-filled with silica and carbonate, (G): Andesite with magnetite in the
groundmass (mostly magnetite). (c) Conglomerate with carbonate cement (F): Andesite with
magnetite in the groundmass (mostly magnetite), (E): Pyroxene andesite with bright and fine-
grained groundmass, (H): Carbonate cement (modified from Ramezani Abbakhsh et al., 2023).

Limestone:

The Paleocene-Eocene conglomerate is covered by creamy and gray limestone. The thickness of
limestone varies from 5 to 35 m in this area (Fig. 3). This unit is a packstone and wackestone (Fig.
6 c) that contains clastic fragments: 0.5-1% quartz (0.1-1 mm), 0.5-2% plagioclase (1-2 mm), 0.5-
3% andesite fragments (0.1- 0.8mm). Some small volcanic clasts are found in the lower part of the
limestone at gaining to conglomerate (Fig. 7 a, b). The limestone consists of nummulite fossils (8-
12%) (Fig. 7 c).

Figure 7. Photomicrographs of conglomerate in the Nasim area: (a) A conglomerate with andesite fragments and
carbonate cement. (b) A conglomerate with volcanic cement. (c) Limestone with nummulite fossil. Abbreviations;
(Cal= Calcite) (Whitney and Evan, 2010).

4.2. Mineralization and Alteration

The Cu mineralization in the Nasim deposit primarily occurred within conglomerates, fractures,
and faults (Fig. 3). Limited mineralization has also been observed in carbonate rocks with a
thickness of 5-35 m within the Nasim copper deposits. The porosity in the conglomerate and the
tectonic structure of the region played a significant role in the mineralization (Fig. 8). The
mineralization zone exhibits a thickness variation ranging from approximately 1 to 25 m, with an
average copper grade of 0.6 wt.%. The mineralized zone’s dip is approximately 45 degrees to the
southwest (Fig. 3) and is situated within the trachyandesite, with a thickness of approximately
1300 m and an age of 42-38 Ma (Fig. 8).
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Chalcocite is the main and primary sulfide mineral which occurs as disseminated, veinlet, and
open-space filling and malachite is the most abundant oxidized mineral that fills conglomerate
cavities just at the surface (Fig. 9 a, b, c).

Alteration at the Nasim deposit is divided into two stages:

(a) Stage I: The initial stage of the conglomerate’s formation predates the conglomerate’s
formation itself. These alterations include propylitic (epidote and chlorite), zeolite,
silicification, and carbonate (Fig. 6 a, b). Subvolcanic (monzonite and diorite, etc.) and
volcanic rocks were eroded, and their fragments were transported by water flow, resulting
in the formation of the conglomerate in this region. Consequently, these alterations
occurred after the formation of volcanic rocks and prior to the formation of the
conglomerate and mineralization.

(b) Stage 2: This stage was formed after the formation of a conglomerate during the
mineralization. This stage comprises only chlorite and calcite alteration (Fig. 9c).
Consequently, it was formed simultaneously with mineralization.

Chlorite occurs as veinlet, and open-space filling texture and increases toward the mineralization
zone, which shows its association with chalcocite (Fig. 9 c).
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Figure 8. An illustration of the location of mineralization in the conglomerate horizon at the Nasim
copper deposit (modified from Karimpour, 2023).
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Figure 9. Field, core, and microscopic photographs of mineralization zones in the Nasim deposit: (a) Malachite in the
conglomerate (b) Chalcocite veinlet in the core sample (c) Chalcocite veinlet (d) Chlorite in the conglomerate.

Abbreviations, (Cct= chalcocite, Chl=Chlorite, Mlc= Malachite) (Whitney and Evans, 2010).

5. Discussion

Manto-type mineralization, characterized by its presence in the northwestern Bardaskan region
(e.g., Nasim and Zangalu), is exclusively confined to the conglomerate situated above the volcanic
formations. Consequently, our focus in this section is the petrogenesis and tectonic setting of the
volcanic rocks, followed by an examination of the related ore-forming deposits

5.1. petrogenesis and magma sources
Whole rock chemistry

Si0O; contents of volcanic rocks vary from 50.51 to 58.10 wt.%, (Table 1). Most of the samples
have a low LOI. The TiO» contents are low (<1 wt%) and the AlO3 contents vary from 15.50 to
17 wt%. The CaO varieties are from 22.65 to 9.11 wt% and the K>O varies from 2.02 to 4.55 wt.%.
The samples show high Na;O (2.7 to 6.10 wt%) and K>O (2.02 to 4.55 wt%) contents. Rb
concentrations are less than 120 ppm in most of the samples, while Sr and Th concentrations range
from 334.4 to 748.2 ppm, and 2.63 to 4.99 ppm, respectively. Samples are predominantly plotted
in the trachy basalt, basaltic trachyandesite, and trachyandesite fields, as well as the sub-alkaline
field in the Na,O-K>O versus SiO, diagram (Le Bas et al., 1986) (Fig. 10). Most samples plot in
the Shoshonite series in the K>O versus SiO, diagram (Peccerillo and Taylor, 1976) (Fig. 11).

Table 1. Major (wt.%), trace, and rare earth element (ppm) composition of volcanic rocks in the study area.
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NA- NA- NA- NA- NA- NA- NA- NA-
SN o1 15 g2y NA24 T NAdl UV NAA3 NA-4 o7 Y Y
g‘l’;k | 2 1 2 | 1 | 1 | | 2 2
Si0: 5325 5051 53.91 5281 5731 5138 5448 5406 5810 5620 52.10 53.91
TiO: 087 071 085 081 09 076 08 081 070 082 082 085
ALOs 1580 1490 1646 1590 1638 17.01 1628 1650 1550 1571 1576 16.46
FeO. 393 52 357 478 268 525 36 564 458 288 388 357
Fe0s 59 786 536 7.7 402 788 514 847 687 432 583 536
MnO 0.1 017 021 017 012 014 011 011 013 006 013 021
MgO 344 911 508 728 265 48 413 330 320 316 572  5.08
CaO 438 610 487 0 0 570 o000 27 aaoo0 ana0a0 386 492 487
Na20 455 202 303 249 38 225 338 253 272 306 3.67 3.03
K:0 357 290 378 350 365 430 507 420 410 403 340 3.78
P20s 056 027 035 032 061 036 065 031 033 042 067 033
LOI 231 15 147 086 165 106 22 098 147 163 190 182
Total  100.64 100.65 100.54 100.63 100.36 100.59 100.66 100.69 100.62 100.52 100.61 100.59
\% 189 259 271 252 175 300 213 269 242 198 178 322
Cr 38 623 329 405 45 390 32289 390 56 126 24
Cs 326 221 27 57 2 2.9 35 31 28 125 441 29
Ba 3185 1543 447.6 2644 2987 3125  312.6 3458 4027 2287 231.5 800.7
Rb 1356 99 131 114 1029 119 188.1 115 117 1152 1534 110
Sr 442 4124 621 4375 6409 3344  451.8 399.9 3788  609.9 527.4 7482
Y 164 162 167 199 206 16.1 152 15 15.8 143 142 184
Zr 104 98 782 83 11 101 14 113 114 103 102 78
Nb 68 39 47 49 6 4.8 736 6.1 59 67 4
Ga 155 137 135 16 173 161 17 18 13.9 181 157 187
Sn <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Hf 25 16 12 24 31 13 27 16 15 27 24 23
Ta 05 05 03 04 04 01 05 03 03 04 06 02
w <1 <1 o<1 < <1 <l <1 <l <1 | <1 <
Th 493 39 33 328 468 378 533 51 495 433 499 263
U 123 12 14 15 1.6 1 153 12 25 361 165 09
La 178 13 153 16 177 136 175 134 158 164 158 12.7
Ce 351 32 29 271 357 321 353 29 312 332 313 27
Pr 433 32 39 43 459 37 446 41 39 428 391 325
Nd 171 17 174 18 193 172 182 166 17 173 165 15
Sm 341 31 31 35 38 3.1 36 32 33 34 315 3.67
Eu 099 076 079 095 104 071 099 075 072 097 09  1.29
Gd 345 279 234 324 357 224 322 212 221 3.8 3.3  3.66
Tb 048 047 04 057 059 038 048 035 042 045 041 053
Dy 285 295 261 347 364 252 284 241 273 259 246 3.46
Ho 057 065 052 071 074 052 056 056 059 054 054 0.7
Er 179 181 155 216 212 16 161 159 166  1.57 1.69 2.09
Tm 025 029 02 035 03 021 024 022 028 022 023 027
Yb 166 17 149 206 207 14 167 144 172 142 152 2
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Lu 023 025 023 033 0.34 0.21 025 0.23 0.24 023 023 03
Ratios
Ce/Yb 21.14 18.82 1946 13.15 1724 2292 21.13 20.13 18.13 23.38 20.59 135
EwEu* 088 0.79 0.9 0.86 0.86 0.82 0.89 0.88 0.82 090 0.88 1.08
gLa/Yb) 723 516 692 524 576  6.55 7.06 627 5.88 7.79  7.01 4.28
15 Ultrabasic i Basi¢ é Intermediate E Acid i._\a‘im i i
i p Phonolite =il ki,
Foidite E 'ln: phri et Rhyolite
i\
:55 ) : I"Ilullu*s -gm..‘, : _\_‘,\‘..l-\\-“‘“"-‘-m
i, : u\phrim; VI:nf:t;si}g_ _;;--';:‘;:_l“\-.\\\l“ photed
z Basanite diesper 2 Rhyolite
ruchy\ ,
5 um!l',
0 - T T T
40 50 60 70 80
Si0; (wt.%)

Figure 10. NayO - K»O versus SiO; diagram (Le Bas et al., 1986), samples from the Nasim area are trachy basalt,
basaltic trachy andesite, and trachy andesite and the Zangalou samples are trachyandesite (Ghelichkhani et al., 2023).
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Figure 11. K,O versus SiO; diagram (Peccerillo and Taylor, 1976), all samples from the Nasim area, similar to those
from the Zangalou area (Ghelichkhani et al., 2023), fall within the Shoshonite series field.

5.2. Tectonic settings
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The high Th/YDb ratios of volcanic rocks are plotted in the active continental margin field (Fig. 11).
Some higher Th and Nb values suggest possible continental crustal assimilation. These samples
are primarily characterized by the depletion of elements such as Nb and Ti while elements like K,
Rb, Th, and Sr are enriched (Fig. 12). These characteristics are similar to those observed in
subduction zone environments (Green, 1995).

These volcanics exhibit enrichment of Rare-Earth Elements (LREE) compared to Heavy-
Fractional Separation Elements (HFSE) in the chondrite normalized trace element spider diagram
(Boynton, 1984) (Fig. 13 a). The Eu/Eu* contents of the volcanic rocks in the Nasim area range
from 0.86 to 1.09 (Table 1), indicating a weakly negative Eu anomaly (Fig. 13 b). The volcanic
rocks exhibit strong enrichment in LILEs (Large Ion Lithophile Elements) such as Cs, Ba, Rb, and
K in the primitive mantle-normalized trace element spider diagram (Sun and McDonough, 1989)
(Fig. 13 a). Volcanic rocks were compared with samples from the Zangalu deposit in Figures 10-
13. Volcanic samples from the Nasim area include trachybasalt, basaltic trachyandesite, and
trachyandesite, while the Zangalu samples consist of trachyandesite (Fig. 10). All samples from
the Nasim area are similar to those from the Zangalou area, as both are plotted within the
shoshonite series field (Fig. 11). In Fig. 13, the Nasim samples and the Zangalou deposit are plotted
in the active margin field, above the mantle field. Similar trends can be observed between the
elements of the Nasim and Zangalou regions in both graphs (Ghelichkhani et al., 2023).

10,00
o

o @ Upper crust
&7 " Crustal

i 3 ¢ wcontaminati :
- - contamination ¢
& Y.

1.00 “ESubduction
- component

Th/Yb

0.10

@ Nasim Area
W Zangalou Area|
0.01 ey TR iy T T

0.1 1.0 10.0 100.0
Nb/Yb

Figure 12. Diagram of Nb/Yb versus Th/Yb (Pearce, 2008). All samples from the Nasim and Zangalou deposit
(Ghelichkhani et al., 2023) are plotted in the active margin field above the mantle field. The average values of N-
MORB, enriched (E-)MORB, and OIB are taken from Sun and McDonough (1989); the average of the lower and
upper crust is taken from Rudnick and Fountain (1995).
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Figure 13. The spiders of the multi-elements diagrams have been normalized to (a) the Primitive Mantle (sun and
McDonough, 1989) and (b) the Chondrite-normalized REE diagram (Boynton, 1984) for the volcanic rocks. Similar
trends can be observed between the elements of the Nasim and Zangalou regions in two graphs (Ghelichkhani et al.,

2023).
5.3. Ore genesis
Sr-Nd Isotope ratios

The £Nd; values and initial 3’Sr/*Sr ratios were calculated according to the crystallization age of
the volcanic rock units (t =40 Ma). Initial 87Sr/%Sr and eNd; of volcanic rocks vary within a limited
range of 0.7042 to 0.7046 and +4.96 to +5.10 (Table 2 a, b). The majority of samples plot within
the depleted mantle field in eNd() vs (¥’St/*®Sr); diagram and overlap with the IAB (island arc
basalt) field (Fig. 14).

Table 2-a. The Rb-Sr isotopic data of five whole-rock samples of volcanic rocks in the study area.

Sample Rb (ppm) Sr ("Rb/%S (¥Sr/ 36Sr) m (20) (¥7Sr/ 36Sr) ; TDM (Ga) U-Pb zircon
(ppm) r) age (Ma)

NA-1 135.6 442 0.9 0.704846 + 0.000008 0.704342 0.30 40

NA-15  46.0 412 0.3 0.704555 £+ 0.000006 0.704372 0.38 40
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NA-22 382 621 0.2 0.704793 + 0.000006 0.704692 1.37 40

NA-24 963 438 0.6 0.704872 + 0.000007 0.704511 #VALUE! 40

NA-32 102.9 641 0.5 0.704536 + 0.000007 0.704272 1.50 40
Table 2-b. The Sm-Nd isotopic data of five whole-rock samples of volcanic rocks in the study area.
Sample Sm (ppm) Nd (ppm) ('Sm/™N)  (BNd/"“Nd) m 26) (*Nd/"*Nd);i £Nd (i) TDM (Ga)
NA-1 341 17.1 0.1206 0.512879 + 0.000005 0.512847 5.09 0.30
NA-15 251 10.7 0.1419 0.512883 £0.000006 0.512846 5.06 0.38
NA-22 2.25 9.1 0.1496 0.512887 £ 0.000006 0.512848 5.10 1.37
NA-32 3.82 19.3 0.1197 0.512872 £ 0.000006  0.512841 4.96 1.50
Sample Sm (ppm) Nd(ppm) (*'Sm/'N)  (“Nd/'"**Nd)m (26) (“Nd/'**Nd); £Nd(i)) TDM (Ga)

(*’Sr/ ®Sr)i is the initial ratio of (}’Sr/ ¥Sr) for each sample, calculated using (*” Rb/**Sr) and an
age of 40 Ma for volcanic rocks (Ghelichkhani et al,. 2023). (***'Nd/'**Nd) i is the initial ratio of
(*Nd/'"*Nd) for each sample. calculated using (*’Sm/!'**Nd) and ('**Nd/"**Nd) m and an age of
40 Ma for volcanic rocks (Ghelichkhani et al., 2023).
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Figure 14. eNd (t = 40 Ma) versus 3’Sr/*Sr (i) diagram for Nasim volcanic rocks. The samples extended to a depleted

mantle field.
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Ore fluid chemistry

Chalcocite is the primary copper mineral in Manto-type copper systems in this area. Conversely,
chalcopyrite is the primary mineral in all porphyry copper deposits and massive sulfide deposits
globally. Notably, in the Manto-type deposit situated northwest of Bardaskan, chalcocite is not
paragenetic with chalcopyrite, pyrite, and magnetite. These minerals are found within
conglomerate clasts and exhibit no temporal, spatial, or genetic relationship with chalcocite.

The copper content of chalcocite (CuzS) is 79.8%, and it is iron-free, whereas the chalcopyrite
(CuFeS2) contains 34.5% copper and 30.5 % iron, and bornite (CusFeS4) contains a copper content
of 63.3% and 11.13% iron. Based on the mineral composition with high copper content and the
absence of iron, it can be deduced that the ore-forming fluid chemistry in these systems is
characterized by an exceptionally high copper content and a low iron content. Furthermore, the
absence of quartz (indicated by chalcocite mineralization) implies that the hydrothermal ore-
forming fluid exhibits a deficiency in silica. The chemistry of hydrothermal ore-forming fluid at
the time of formation of the Nasim deposit and other Manto copper deposits in the northwest of
the Bardaskan area can also be interpreted based on alteration. The absence of epidote
(CazFe**225A1075(Si04)3(OH)) in the syn mineralization (chalcocite (CuzS) indicates the low iron
content and reducing conditions of the ore-forming fluid in the Nasim deposit.

Several theories have been proposed regarding the origin of Manto-type deposits, with some
scientists proposing a volcanic origin (Tosdal and Munizaga, 2003; Wilson and Zentilli, 2006; Liu
etal., 2022; Wu et al., 2021).

(a) Igneous rocks that typically contain at least 5% primary magnetite, if they were the source
of mineralization, should have hydrothermal solutions rich in iron. However, in the study
area, there is no evidence of ferrous minerals such as chalcopyrite or pyrite.

(b) The volcanic rocks in the Nasim copper deposit have not undergone any alteration.

Therefore, based on the ore mineral paragenesis and the chemistry of the ore-forming solution,
volcanic rocks cannot be the source of Manto copper deposits in the study area.

Some authors have suggested that intrusive bodies are the source of these deposits (Palacios, 1986;
Oliveros et al. 2008).

(a) Conversely, if the source was deep and intrusive, the magmatic fluid would undoubtedly
be enriched in silica, iron, and aluminum (Karimpour et al., 2017).

(b) This stands in contrast to the ore-forming fluid chemistry and the mineral paragenesis
observed in the Nasim copper deposit. In this deposit, silica and iron-bearing minerals
such as chalcopyrite and pyrite are absent from chalcocite, suggesting a non-magmatic
origin.

However, the hydrothermal fluid that was transferred through large-scale faults and Cu-
mineralization was formed within the conglomerate, which possessed useful porosity. Further
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research is necessary to determine the origin of this type of deposit. Other factors, such as copper
isotope studies in chalcocite and helium elements, must also be considered.

Based on the studies conducted on the paragenesis and solution chemistry of Manto-type deposits
worldwide, these deposits can be categorized into two distinct types.

Type 1. Chalcocite: The ore-forming fluid from the first group has been specified to be silica- and
iron-free, and its origin is not magmatic. Chalcocite is the most significant primary mineral in these
Manto-type systems at Cheshme Gaz (Mahvashi and Malekzadeh Shafaroudi, 2016), Cheshme
Marzieh (Soltani and Fardost, 2016), Kalabri (Jabari et al., 2017), Rizab (Jonidi and Fardost,
2017), Taranom (Entezarab, 2018), Sharif Abad (Ebrahimi et al., 2018), Kimia (Amini Zahan et
al., 2019), Dehne Siah, Zangalou (Ghelichkhani et al., 2023), and Nasim Copper Mine.

Type 2.  Chalcopyrite-Pyrite-Chalcocite groups: In this type of ore, the ore-forming fluid
originates magmatically and is characterized by its high iron, silica, and aluminum content (Boric
et al., 2002; Wilson et al., 2003; Wilson and Zentilli, 2006; Shen et al., 2020)

The primary distinctions between copper Manto-type deposits in the Nasim and IOCG deposits lie
in the concentrations of silica, iron, copper, and the oxidizing and reducing conditions of ore
formation (Table 3). Copper deposits associated with iron oxides (IOCG) are silica and iron-rich
(chalcopyrite-epidote) and highly oxidized (specularite-epidote).

Table 3. Comparison of paragenesis and geochemical characteristics of the Nasim copper deposit and iron oxide
copper type deposit (Ramezani Abbakhsh et al., 2023).

Copper-Mnto Type (Ghelichkhani et al., I0CG Type (Karimpour et al.,
2023; Amini Zahan et al., 2020; Ebrahimi 2021; Najmi et al., 2023).

et al., 2018)
Paragenesis Chalcocite £Bornite Chalcopyrite + Bomnite,
specularity, magnetite, pyrite
Ore Cu Cu, Au, Ag. REE, U £ Pb-Zn
Alteration Minor chlorite & calcite (source limestone)  Epidote, chlorite, albite,
silicification + potassic
Geochemistry Si-Pour, Fe-Pour, reducing, Rich Cu Si-rich, Fe-rich, highly oxidized
Genesis Unknown, host rocks: volcano-sedimentary I-type granitoid
sequences
Style of mineralization Stratabound, porosity control (volcanic Vein type, skarn & other types

conglomerate, pyroclastic)

Depth of Magma generation and oxidation state
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Based on the (La/YDb)N ratio, the relative depth of magma generation can be determined (Fig. 14a).
The partition coefficient of La in garnet is 0.001, indicating incompatibility of La with garnet (Li
et al., 2016; Karimpour and Sadeghi, 2019; Dagva Ochira et al., 2020; Alizadeh et al., 2023).
Conversely, the partition coefficient of Yb in garnet is approximately 11, suggesting compatibility
of Yb with garnet. At depths exceeding 80 km, the oceanic slab transforms into eclogite. In a
subducted slab at depths exceeding 80 km, the (La/Yb)N ratio is interpreted to be greater than 20,
which is attributed to partial melting of the eclogitic crust. The (La/Yb)N ratio within the basalt
and andesite of the study area is lower than 7 (Fig. 15 a). Consequently, magma formation occurred
at a shallow depth within the subduction zone (Fig. 14a). The oxidation and reduction state of
magma generation can be determined by examining the Fe+2 and Fe+3 states. Under oxidation
conditions, most Fe will be present as Fe**. Conversely, if magma is oxidizing, magnetite will
crystallize. Under reduction conditions, Fe will be in the Fe*? state and substituted into silicate
minerals (Ballard et al., 2002; Burnham and Berry, 2012; Trail et al., 2012; Smythe and Brenan,
2016). By measuring the magnetic susceptibility of the rocks, the oxidation and reduction state of
magma generation and crystallization can be determined. If the magnetic susceptibility of rock is
more than 100x10 ~ STit contains magnetite, therefore the magma was generated under oxidation
conditions (Abalos and Aranguren, 1998). The magnetic susceptibility of volcanic rock within the
study area is between 500 to 1500 x10 - SI the magma was generated under oxidation (Fig. 13 b).
Based on the ratio of (Eu/Eu)* the oxidation and reduction of magma can be determined. The ratio
(Eu/Eu)* of volcanic rocks within the study area is between 0.8-1.2 (Fig. 15 b), therefore the
magma was generated under oxidizing conditions. Arc magmas are confirmed to be more oxidized
on average than MORB (Jeremy, 2015).
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Figure 15. (a) Diagram of (La/Yb) n versus (Eu/Eu)*. (b) Diagram of Magmatic susceptibility (10 ) versus (Eu/Eu)*.

6. Conclusions

The Nasim copper deposit is one of the most important Cu deposits in the Bardaskan area,
northeast of Iran. The primary geological units comprise basalt, andesite, trachyandesite,
conglomerate, and nummulitic limestone. The isotope geochemistry (**Sr/2’Sr); and eNd
demonstrate that the volcanic rocks have been derived from enriched lithospheric mantle sources
above subduction zone. The primary copper mineral is chalcocite, while quartz is a secondary
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mineral generated within the host conglomerate. Chalcocite is commonly found in association
without quartz within these rocks. This implies that the silica content in the ore-forming fluid is
negligible, while the ore-forming fluid in these systems is exceptionally rich in copper and
deficient in iron. Additionally, the absence of epidote in the chalcocite-bearing ore zone further
confirms the iron-poor nature of the ore-forming fluid and the reducing conditions. If the andesite
and trachyandesite were the sources of hydrothermal fluid, they would have to produce an iron-
rich solution, as they contain at least 5% primary magnetite. However, there is no evidence of iron-
rich minerals such as chalcopyrite and pyrite in the vicinity. Consequently, volcanic rock cannot
be the source of propylitic alteration. Finally, we conclude that the Nasim copper deposit and all
other deposits in the northwestern Bardaskan region are part of the Manto copper deposits. These
deposits lack aluminum and silica in the ore-forming fluid and have a non-magmatic origin.
Consequently, only chalcocite is formed.

Finally, we recommend conducting isotope studies of copper in chalcocite and helium element
analyses to ascertain the origin of the Nasim copper mineralization.
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