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ARTICLE INFO ABSTRACT
Article history: The Fatehabad Cu deposit is located in the Khorasan Razavi province, 35 km SE of the Torbat-e
Received: 2022 June 08 Heydariyeh and in the Khaf-Kashmar-Bardaskan metal belt. The vein and veinlet mineralization
Accepted: 2022 October 24 consist of chalcopyrite, pyrite, magnetite, chalcocite, bornite, covellite, malachite and iron oxides
Available online: 2023 June 22 associated with siliceous-sericite, argillite and propylitic alteration in the volcanic rocks formed
parallel to the sub-faults that branch off from the Dorouneh fault. The similar pattern of REE and trace
Keywords: elements in the mineralized veins and associated volcanic rocks suggests an magmatic-hydrothermal
Vein type Cu deposit origin of the ore elements. In the vein system of Fathabad district, quartz, pyrite, chalcopyrite,
Geochemistry and magnetite veins with propylitic alteration in the early stage of mineralization, quartz, pyrite,
Fluid inclusions chalcopyrite and magnetite veins with sericite alteration in the main stage of mineralization and
Sulfur isotope quartz, pyrite and chalcopyrite veins were identified along with argillic and iron oxide alterations.
Fathabad Cu deposit Calcite veins along with sericite and iron oxide alterations were also identified in the late stage
Metallogenic belt of mineralization. The enrichment of trace, LREEs/HREEs ratio, positive Eu anomalyand negative
Khaf-Kashmar-Bardaskan Ce anomaly, indicate reducing conditions and a high pH of the mineralized fluids. Fluid inclusion

studies with low salinity (13.9 to 4.74 wt% NaCl eqv.) and low temperature (111 to 192 °C) indicate
dilution and mixing of the sulfur- and element-rich magmatic-hydrothermal fluid with meteoric
water, leading leaching and precipitation of trace, rare and copper elements. The 6**S isotopes values
(-1.58 to -2.86%o) in the chalcopyrite minerals indicate the magmatic origin of sulfur. The geology,
geochemistry, and fluid inclusions evidences indicate that the Fathabad Cu deposit is belong to

epithermal style mineral systems.

1. Introduction

Fathabad deposit is located in the central part of the Khaf-Kashmar- The exposed rock units in the Fathabad deposit include Eocene
Bardaskan metallogenic belt in the North East of Iran. Based on volcanic, Oligocene sedimentary units, and middle Jurassic to
exploration activities, the source of copper ore was estimated to be Miocene granitic intrusive rocks. The most important alterations
622,837 tons with a grade of 0.42% (Kazemi Mehrnia, 2016). include siliceous-sericite, argillic, carbonate, propylitic, and iron
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oxide and hydroxide, which are often limited to mineralized zones
of Eocene porphyry andesite units. In the present study, the origin,
nature and physicochemical properties of ore-forming fluid have
been investigated using the evidence of fluid inclusion and stable
sulfur isotopes in mineralized quartz veins and the geochemistry of
mineralized veins and their comparison with the geochemistry of

volcanic host rocks.

2. Research Methodology

12 polished sections and 21 thin sections of host rock units were
studied for the mineralogy and alteration. Geochemical analysis was
performed on 3 samples of mineralized quartz vein and 1 sample of
calcite vein related to drilling boreholes. The fluid inclusions were
studied in 4 double polished sections of quartz veins and 1 sample
of calcite vein. Also, sulfur isotope in chalcopyrite ore mineral
of 2 samples of ore quartz vein (quartz + pyrite + chalcopyrite +

chalcocite with siliceous-sericite alteration) was analyzed.

3. Results

3. 1. Geochemical data of mineralized quartz and calcite veins

The geochemical characteristics and enrichment and depletion of
trace and REE elements of the ore veins were compared with those
of the Fathabad host rocks.

The Chondrite-normalized REE distribution patterns of
mineralized quartz and calcite veins (McDonough and Sun, 1995)
showed a high similarity with the host rocks (except Ho, Tm, and
YD), and enrichmentof LREE elements in the mineralized parts.

Quartz and calcite veins have positive values of Eu* and
negative values of Ce* compared to the negative values of
Eu* and Ce* anomalies of the host rock samples of Fathabad
deposit. The Chondrite-normalized REE distribution diagrams
(MacDonough and Sun, 1995) of quartz and calcite veins similar to
volcanic rocks related to the subduction zone of Fathabad, enriched
in Pb, U, Nd, Sr and Ba and depleted in Ti, Nb, P, Th, Zr, Rb and
Hf, indicated that the ore veins were originited from the volcanic
host rocks.

Enrichment of Cu, Mn, and Y, depletion of Ni, Zn, Pb, Sr,
Sc and V andREE comparison of the mineralized veins with the
average of those are from the Fathabad volcanic rocks showed the
REE enrichment of these mineralized quartz and calcite veins from

all elements except Ho and Lu.

3. 2. Fluid inclusion

In the quartz and calcite veins, most of the inclusions were identified
as two-phase liquid-rich (LV) with liquid phase are about 70-80%.
Microthermometric studies on liquid-rich (LV) two-phase primary
fluid inclusion show that the first melting temperature Tfm (°C) in

fluid inclusion of the quartz and calcite minerals is between -41°C

and -53 °C and -41 °C and -43 °C, respectively, which is lower than

=20.8 °C) of NaCl-H,O system.
The final melting temperature T = (°C) of (LV) fluid inclusion
found in quartz and calcite minerals is between -14.2 °C and

-24.7°Cand-20.4°Cand-22°C,respectively (Table.3). The salinity of

the first melting temperature (T

fm

(LV) inclusions found in quartz and calcite minerals is between +6.57
to +13.9% wt%/Nacl equivalent, and +4.74 to +10.9 % wt%/Nacl
equivalent. The homogenization temperature Th ,, (°C) of the (LV)
in quartz and calcite minerals is between +118 °C. and +192 °C and
111 °C and 167 °C.

3.3. Sulfur isotope
Sulfur isotopic values (8**S) of two chalcopyrite samples from
the mineralized quartz veins on which the fluid inclusion studies
were conducted have a limited range between -1.58%. and
-2.86%o (Table 4).

4. Discussion

4. 1. Geochemistry of mineralized quartz and calcite veins

The depletion of HREE to LREE elements indicates the reducing
conditions, low temperature and high pH of the mineralized
hydrothermal fluid during the deposition of the mineralized quartz
and calcite veins. The same REE and trace element patterns in the
mineralized veins and volcanic host rocks indicates the same origin
of these elements in two types of mineral veins with volcanic host
rocks.

According to spider diagrams (Fig. 5a, b) and the depletion-
enrichment (Fig. 6a, b) of trace elements, due to the alteration and
leaching of the host rocks along the path of upwelling and mixing of
magmatic-hydrothermal fluids derived from the host volcanic rocks
with atmospheric fluids, copper and trace elements were leached
from the host rocks and deposited along the fractures and faults in

the host volcanic units in the form of calcite and quartz veins.

4. 2. Origin, evolution and physicochemical properties of mineralizing
fluid
According to the trend of salinity changes compared to the
homogenization temperature, the density of effective fluids on the
mineralization system is in the range of 0.99-1.13 g/cm? (Fig. 9).
In homogenization temperature and salinity diagram (Fig. 10),
fluid inclusions of the Fathabad are lied in the lower range
of mixing of secondary magmatic fluids with atmospheric
fluids, indicating that a high volume of meteoric fluids have
diluted the secondary magmatic fluid. Therefore, the change in
conditions caused by the mixing between different fluid sources
(Wilkinson, 2001) has caused the deposition of copper, gold and
other metal elements and magmatic sulfur in the quartz and calcite
veins of Fath Abad (Fig. 10).
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4. 3. Origin of sulfur

The values of &*S in the chalcopyrite samples in the mineralized
quartz veins of the Fathabad deposit range from -1.58%o0 and
-2.86%o (Table 4), indicating the direct effect of sulfur-rich fluids
derived from the magmatic source (Chaussidon et al., 1989)
similar to the magmatic origin of sulfur in hydrothermal deposits
(8°*S~0 %o) (Ohmoto and Rye, 1979).

5. Conclusion

The host rock units of the Fathabad deposit include Eocene,
calc-alkaline to shoshonite volcanic- pyroclastic units, which were
formed in the subduction of the continental convergent margin
tectonic setting. The same trend of the pattern of trace elements of
quartz and calcite veins and host volcanic rocks indicates the same
origin of these veins and host volcanic rocks. Sulfur isotope studies
of chalcopyrite indicate the magmatic origin of sulfur and the

predominance of reduced sulfur species in the form of H,S in the

27

hydrothermal fluid. The geochemical results of quartz and calcite
mineralized veins (Table 1, Fig. 5 and 6a, b) as well as the study
of fluid inclusions in these veins (Table 3, Fig. 9) and the sulfur
isotope of chalcopyrite ore in the quartz veins (Table 4) indicate
the presence and reaction of reducing mineralized hydrothermal
fluids with host rocks; and mixing of magmatic-hydrothermal
fluids with meteoric fluids. During the migration, the mineralized
fluid interacted with the host rock and leached REEs as well as
metals from the host rock during the decrease of temperature and
solubility of bisulfide complexes. Therefore, volcanic rocks are
probably the origin of metal elements necessary for mineralization.
As a result, based on geological studies, structural control of
mineralization and alteration, geochemistry of mineralized veins
and characteristics of mineralizing hydrothermal fluid, Fathabad
deposit is a epithermal type of the hydrothermal vein copper
deposit.
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Figure 1. a) General geological map of Northeast Iran, the location of Fathabad in Khorasan Razavi Province and the volcanic- Plutonic and metal belt of

Khaf-Kashmar-Bardaskan; b,c) Simplified geological map of Fathabad (1:100000 Dolat Abad map, and 1:1000 map of Kazemi Mehrnia, 2016).
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Figure 2. Field images of rock and microscopic units of vein-style mineral deposits in Fathabad. a) stratigraphic sequence of exposed units in Fathabad area;

b) microdiorite unit between granite and Eocene andesite; ¢) quartz vein with propylitic alteration along with sulfide and oxide ore elements; d) calcite vein with

argillic and sericite alteration margin; ) quartz-calcite vein with argillic and sericite margin, where quartz is crystallized in the wall and calcite in the middle of the

vein, (XPL); f) mineralized quartz vein with sericite alteration margin, (XPL); g) XRD indicates the presence of albite, montmorillonite and muscovite.
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Figure 3. Microscopic images of mineralization in Fathabad deposit. a) Pyrite veins that have been transformed into

chalcocite and bornite; b) Euhedral chalcopyrite grains are replaced by chalcocite and iron oxides and hydroxides from

the middle and edge; ¢) Subhedral grains of chalcopyrite that have transformed to chalcocite and bornite from the margin;

d) Euhedral chalcopyrite that has turned into caveolite from the edge and inside; ¢) A form of magnetite omineral that

has changed to hematite, limonite and goethite; f) Euhedral magnetite crystal. All images taken in PPL. Bn=bornite,

Cc=chalcocite, Cp=chalcopyrite, Cv=cholite, Geo=goethite, Hm=hematite, Lim=limonite, Mag=magnetite, Py=pyrite.
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Figure 4. Paragenetic sequence of mineralization and alteration minerals in Fathabad vein system
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Table 1. Geochemical data of trace and rare earth elements for samples of quartz and calcite veins in

Fath Abad. The major elements are in percentage and rare elements are in grams per ton (ppm).

! ) BHFA-B11 BHFA-B35 BHFA-B12 FA-63
. Quartz Vein Calcite Vein
Ti 1021 296 4526 <10
Al 2.24 0.71 5.31 0.08
Fe 2.69 2.2 1.87 0.35
Mn 3660 2440 1343 5423
Mg 5094 917 2721 658
Ca 23.91 14.74 6.58 34.63
Na 6539 294 3540 175
K 8230 2799 33529 147
P 581 311 1539 96
S 6967 13951 6345 266
Ti 1021 296 4526 10
Sc 3.06 3.13 291 3.51
v 1.4 0.6 1 2
Cr 24 46 172 11
Ni 11 11 18 3
Cu 10200 20600 6474 911
Zn 22 18 10 1
Rb 11 1 137 1
Sr 453 150 127 176
Y 28.1 13.5 11.2 534
Zr 7 11 80 5
Nb 7.8 5.9 26.4 2.5
Cs 1.1 0.9 5.1 0.5
Ba 11300 24 282 9
Hf 0.5 0.5 2.11 0.5
Ta 0.91 0.42 2.78 0.47
Pb 1 3 5 3
Th 2.25 0.68 10.79 0.6
U 28.1 13.5 11.2 534
Mo 0.4 11.5 52 0.1
La 59 54 54 34
Ce 133 115 99 76
Pr 19.05 17.61 13.7 13.23
Nd 81.8 73 51.6 62.5
Sm 18.97 14.59 9.39 17.88
Eu 12.6 8.28 4.69 9.4
Gd 14.67 10.73 6.78 18.34
Tb 1.58 1.01 0.68 2.32
Dy 8.19 4.66 3.44 12.97
Er 2.98 1.31 1.45 4.75
Tm 0.3 0.1 0.15 0.46
Yb 1.4 0.6 1 2
Lu 0.17 0.1 0.12 0.27
IREE 353.7 300.9 246 254.1
Eu* 2.23 1.94 1.72 1.57
Ce* 0.955 0.908 0.846 0.872
(La/Yb), 28.6 61.1 36.7 11.5
(Ce/Yb) 25 50.3 26 9.98
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Table 2. Ratios of rare earth elements normalized with chondrite (McDonough and Sun, 1995) of volcanic rock samples of

Fathabad.

Rock Rhyolite Rhyolite Rhyolite Trachyte Trachy it Trachy Trachybasalt
Eu* 0.19 0.28 0.49 0.6 0.76 0.93 1.06
Ce* 0.841 1.038 1.009 1.064 1.209 1.041 1.248
(La/Yb) 22 11.3 35.6 6.65 7.91 16.9 3.78
(Ce/Yb) 14.4 9.75 29.8 5.96 8.62 14.9 4.54

Basaltic- Basaltic- Basaltic-
Rock Trachybasalt Trachybasalt . . .
trachyandesite trachyandesite trachyandesite
Eu* 0.97 0.75 0.72 0.95 1.33
Ce* 1.111 0.905 0.925 1.006 0.99
(La/Yb) 8.28 29.6 27.8 18.9 22.5
(Ce/YDb) 8.01 215 20.9 15.8 18.6
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Figure 5. a) Rare earth element patterns; b) Chondrite-normalized elements (MacDonough and Sun, 1995)

of mineralized quartz and calcite veins compared to volcanic rocks.
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Figure 6. a) Rare earth element graph; b) Trace elements in quartz and mineralized calcite veins of Fathabad deposit, which are

normalized to the average values of these elements in volcanic host rocks.
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Table 3. Results of micro-thermometric studies of fluid inclusion on quartz and calcite veins in Fathabad copper deposit.

Samples Mineral Size Type Origin T, T e Thv-1 Salinity Density
(nm) (°C) (°C) (°C) wt% NaCl (g/em?)
BHFA-B12 Quartz 12 L+V Primary -45 -8.4 166 12.3 0.99
4 L+V Primary -52 -15 192 9.14 1.02
Ve L+V Primary -52 -4.2 118 6.74 0.99
12 L+V Primary -43 to -46 -24.5 149 8.98 1.11
BHFA-BI11 Quartz 17 L+V Primary -52 -24 161 10.4 1.1
5 L+V Primary -41 to -43 -10 170 13.9 1
16 L+V Primary -52 -24.7 128 8.9 1.13
11 L+V Primary -41 to -43 221 166 6.57 1.08
BHFA-B35 Quartz v L+V Primary -41 to -46 24.4. 141 9.2 1.11
7 L+V Primary -41 to -43 -24.6 155 9.24 1.1
26 L+V Primary -53 -19.6 167 9.31 1.07
7 L+V Primary -41to -43 -18 139 8.87 1.08
FA-63 Calcite 6 L+V Primary -41to -43 221 111 6.57 1.12
10 L+V Primary -41 to -43 -20.4 157 10.9 1.08
11 L+V Primary -41 to -43 -20.4 161 5.73 1.08
11 L+V Primary -41to -43 -22 167 4.74 1.08
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Figure 7. a) two-phase (liquid + vapour) fluid inclusion with liquid-dominated phase (LV) in calcite; b) two-phase (liquid + vapour) fluid inclusion with liquid-

dominated phase (LV) and single-phase (L) in quartz.
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Figure 8. Frequency of a) Homogenization temperature; b) Salinity of fluid inclusion in calcite and quartz veins in Fath-Abad.
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Table 4. Sulfur isotope values of chalcopyrite in quartz veins.
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Figure 9. Homogenization temperature versus salinity of mineralizing fluid inclusion in quartz and calcite veins of
Fathabad deposit. Possible trends of fluid evolution in the temperature-salinity diagram (Wilkinson, 2001), dotted lines

of pressure curves (Ramdohr, 1980) and black lines of density curves (Brown and Lamb, 1989).
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Figure 10. Homogenization temperature versus salinity of fluid inclusion of Fathabad deposit; distribution of

mean homogenization temperature and salinity of hydrothermal and magmatic solutions (Beane, 1983).
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