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1-Introduction

Lead and zinc deposits with a sedimentary association constitute a major global source of base metals.
Mississippi Valley-Type (MVT) deposits are particularly more important, characterized by epigenetic
sulfide mineralization hosted in carbonate rocks, often without genetic relation to igneous activity (Leach
etal., 2005). MVT deposits typically form through migration of metal-bearing basinal brines into carbonate
host rock sequences, where metals precipitate due to fluid mixing, changes in redox conditions, or fluid-
rock interaction (Anderson & Garven, 1987; Hanor, 1996).

The Qamishlu lead deposit, located approximately 60 km south of Isfahan, Iran, is situated within the
Sanandaj-Sirjan metamorphic zone (SSZ). The SSZ is a part of the larger Zagros orogenic belt (Alavi,
1994). This zone hosts numerous carbonate-hosted lead-zinc deposits, many of which exhibit features
typical of MVT systems (Ghazban et al., 1994; Nejadhadad et al., 2023). The Qamishlu deposit lies within
the southern section of the Isfahan-Malayer metallogenic belt, where Lower Cretaceous carbonate rocks,
structural deformation, and fluid flow pathways converge to form suitable conditions for mineralization.

The aims of this study are to characterize the ore paragenesis and alteration features, define the structural
and lithological factors governing mineral deposition, analyze sulfur isotope signatures to determine the
source to exploring redox conditions of mineralizing fluids and finally develop a comprehensive genetic
model applicable to the regional exploration of lead-zinc deposits in the SSZ.

2-Material and methods

The materials and methods used in this study include the field and petrographic studies. Detailed field
mapping and structural analysis were conducted over the Qamishlu area, focusing on fault zones, lithologic
contacts, breccia, and mineralized veins. Samples were selected to represent various ore zones, host rocks,
and alteration types. Thirty polished and thin sections were prepared and examined using reflected and
transmitted light microscopy at Kharazmi University, enabling a detailed study of ore textures, mineral
associations, and paragenesis. To better understand mineral chemistry and fine textures, four ore samples
were analyzed using a TESCAN VEGA III SEM with an EDS detector at Alzahra University. These
analyses allowed for semi-quantitative identification of ore and gangue phases, including identification of
inclusion relationships and reaction rims. Ten pure mineral separates of galena, pyrite, and barite were
hand-picked using a binocular microscope. Isotope ratios were measured using Isotope Ratio Mass
Spectrometry (IRMS) at the Munster isotope research center following standardized procedures using V20s
for combustion and mass separation of SO2 (Ohmoto & Goldhaber, 1997). Results are reported as 6°4S
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values (%o) relative to the Cafion Diablo Troilite (CDT), with +0.4%o accuracy. This technique provides
insights into sulfur sources, redox pathways, and fractionation processes, which are essential for
distinguishing between bacterial sulfate reduction (BSR), thermochemical sulfate reduction (TSR), or direct
magmatic sulfur input (Anderson, 1991; Hitzman & Beaty, 1996).

3-Results and discussions
3-1- Geological Setting
The Qamishlu lead deposit is one of the lead-zinc deposits in the Isfahan-Malayer metallogenic belt, located
within the Sanandaj-Sirjan metamorphic zone (Fig. 1). The Sanandaj-Sirjan zone represents a complex
tectonic region shaped by the closure of the Neotethys and associated thrusting, strike-slip faulting, and
basin development (Berberian & King, 1981; Alavi, 1994). These structural features are critical for fluid
focusing, especially in MVT systems where metal-bearing brines migrate long distances (Evans, 1993;
Corbella et al., 2004).

The host rocks are massive, thick-bedded Lower Cretaceous limestones (K3 unit), which have been
structurally juxtaposed against Jurassic shales and sandstones due to intense NE-SW trending faulting (Fig.
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Figure 1. a: Location of the Qamishlu lead deposit in Iran. b: Location of the Qamishlu deposit within the
Sanandaj—Sirjan metamorphic zone. c: Geological map of the study area (modified from Zahedi et al.,
1967).

3-2- Ore Paragenesis and Textures
Ore mineralization at Qamishlu occurs within brecciated and fractured limestone, typically along NE-SW
trending structures. Ore is present in several forms, including open-space fillings (veins, vugs), breccia
matrix cementation, and replacement textures in carbonate host rocks (Fig. 2).

The main ore minerals are galena, pyrite, sphalerite, tetrahedrite, and minor chalcopyrite. Galena occurs
as early coarse euhedral crystals associated with pyrite and sphalerite, and a later massive form with barite
and calcite filling voids. Barite occurs in radiating clusters or massive veins, either coeval with galena or
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overprinting it. The co-precipitation of barite and galena implies episodic fluid flow or mixing of sulfate-
and sulfide-rich fluids (Hanor, 2000; Anderson, 2008). SEM-EDS analysis confirmed the mineral identities
and revealed fine inclusions of pyrite and sphalerite within galena, supporting a stepwise precipitation
sequence (Fig. 3).

>3

=

Figure 2. A: Mineralization of galena and barite in open spaces of the shear zone of massive limestone (view towards
northwest). B: Fracturing and brecciation of the massive limestone host rock filled with ore minerals. C: he coarse-
crystalline barites, formed at a later stage, fill the void spaces remaining from the primary galena mineralization stage.
D: hand specimen of galena-rich mineralization deposited in the shear fracture space.
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Figure 3: SEM study images showing: A. Samples of galena and sphalerite, along with EDS spectra and chemical
composition tables of the main mineral elements corresponding to points B and C (right-side figure). B. Identification
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of accessory minerals associated with galena, along with EDS spectra and chemical composition tables of the main
mineral elements corresponding to point J.

3-3- Alteration and Host Rock Reactions

Alteration is extensive and includes host rock dolomitization. Massive saddle dolomite and
microcrystalline dolomite, common around ore veins. Dolomitization enhances porosity and reactivity,
favoring metal precipitation through fluid buffering and pH shifts (Moore, 1989; Land, 1985). The presence
of saddle dolomite suggests precipitation from warm, saline brines, consistent with basinal MVT fluid
characteristics (Leach et al., 2005). Amorphous and fine-grained quartz replacing matrix carbonate,
common in outer halos, Late-stage open space filling and vein calcite, often associated with secondary
galena and barite.

3-4- Sulfur Isotope Systematics
Sulfur isotope results (Table 1) show that galena has a narrow positive range of &*S (+4.8%o to +9.1%o,

mean = +5.7%o), pyrite 3*S: +5.2%o to +9.5%0 (mean = +7.7%o), and barite 63+S: +22.5%o to +24.1%o.. These
values are consistent with thermochemical sulfate reduction (TSR), not bacterial processes, which tend to
yield more negative 5**S values (Anderson, 1991; Ohmoto & Goldhaber, 1997). The small variation within
sulfides and the significantly higher &*S in barite point to a marine sulfate source and steady-state isotopic
conditions during precipitation. Comparison with global seawater sulfate curves (Claypool et al., 1980),
suggests that the barite sulfur was derived from Upper Cretaceous or early Tertiary marine sulfates, possibly
via mixing of seawater-derived fluids with reduced basinal brines (Anderson & Garven, 1987; Hanor,

1996). This 13—19%o isotopic fractionation between barite and sulfides supports TSR under 100-200°C,
typical for MVT systems (Leach et al., 2005; Anderson, 2008).

Table 1- Sulfur isotope data from galena, pyrite, and barite of the Qamishlu mine.

Sample No single crystal Mineral description mg S d*s
s-17 galena Main stage Galena 34.6 6.13
s-18 galena Main stage Galena 21.2 4.92
s-19 galena Main stage Galena 34.6 5.11
s-23 galena Late-stage galena 34.6 9.14
s-24 galena Late-stage galena 21.2 4.99
s-1p pyrite Pyrite 1 34.6 5.19
s-2p pyrite Pyrite 1 34.6 8.43
s-3p pyrite Pyrite 1 21.2 9.37
s-30 barite Radiated barite 50.6 24.10
s-31 barite Medium grain 37.2 22.61

4-Conclusion and Genetic Model

The Qamishlu lead-barite deposit is an epigenetic, MVT-style system formed by the interaction of metal-
rich brines with fractured, chemically reactive carbonate host rocks. Key features of mineralization are
structurally focused mineralization along NE-SW trending faults, alternating and coeval precipitation of
galena and barite, sulfur isotope evidence for TSR and marine sulfate sources, and extensive dolomitization
and silicification, enhancing fluid-rock interaction.

This study demonstrates that fluid mixing, TSR, and open-space filling are the dominant ore-forming
mechanisms. The positive 8°4S values, combined with geological and mineralogical features, support a
low-temperature, non-magmatic genesis consistent with regional MVT analogs. The insights gained here
can be used to develop exploration models across the Isfahan-Malayer belt and other parts of the Sanandaj-
Sirjan zone.
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Basinal brine flow along NE-SW faults, consistent with fluid migration models in other Iranian MVT
deposits (Ghazban et al., 1994; Nejadhadad et al., 2023; Nejadhadad et al., 2025), Chemical interaction
with carbonate host rocks, resulting in local pH changes and dolomitization, Thermochemical reduction of
sulfate, leading to sulfide precipitation when encountering reduced sulfur or hydrocarbons (Sangster, 1990;
Piovano et al., 2003), Where oxidized metal-rich fluids mixed with reduced, barium-rich basinal fluids,
simultaneous precipitation of galena and barite occurred (Hanor, 2000; Anderson, 2008). This model is
supported by both mineralogical evidence (coarse textures, replacement, multiple ore stages) and
geochemical data (positive, consistent sulfur isotopes).
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Figure 1. (a) Location of the Qamishlu lead deposit in Iran. (b) Location of the Qamishlu deposit within the Sanandaj—
Sirjan metamorphic zone. (¢) Geological map of the study area (modified from Zahedi et al., 1967).
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Figure 2. (a) Mineralization of galena and barite in open spaces of shear zone of massive limestone (view towards
northwest). (b) Fracturing and brecciation of the massive limestone host rock filled with ore minerals. (c) Silicification of
the limestone host rock. (d) Dolomitized limestone host rock with cross-cutting barite and galena veins. (e) The coarse-
crystalline barites, formed at a later stage, fill the void spaces remaining from the primary galena mineralization stage. (f)
hand specimen of galena-rich mineralization deposited in the shear fracture space.
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Figure 3. (a) Fibrous barite crystals in a dolomitized host rock. (b) Galena replaced sparry silicified host rock
limestone. (c) Inclusions of sphalerite and pyrite within galena, indicating galena precipitation after pyrite and
sphalerite. (d) Galena filling voids and enveloping sphalerite.
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Figure 4. SEM study images showing: (a) Samples of galena and sphalerite, along with EDS spectra and chemical
composition tables of the main mineral elements corresponding to points B and C (right-side figure). (b) Identification of
accessory minerals associated with galena, along with EDS spectra and chemical composition tables of the main mineral
elements corresponding to point J.
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Figure 5. Mineralization paragenesis in the Qamishlu ore deposit.
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Table 1. Sulfur isotope composition of sulfide and sulfate minerals from the Qamishlu deposit.

Sample No single crystal Mineral description d*s
s-17 galena Main stage Galena +6.13
s-18 galena Main stage Galena +4.92
s-19 galena Main stage Galena +5.11
s-23 galena Late stage galena +9.14
s-24 galena Late stage galena +4.99
s-1p pyrite Pyrite 1 +5.19
s-2p pyrite Pyrite 1 +8.43
s-3p pyrite Pyrite 1 +9.37
s-30 barite Radiated barite +24.10
s-31 barite Medium grain +22.61
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Figure 6. Frequency distribution of the 634S values of sulfide and sulfate minerals of the Qamishlu deposits
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