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Abstract

The Chumalu lead—zinc (Pb—Zn) deposit is located in the western sector of the Alborz magmatic arc, within
the Tarom—Hashtchin polymetallic belt. Eocene—Oligocene magmatism in this region produced a diverse
suite of extrusive, intrusive, subvolcanic, and pyroclastic rocks, including basaltic, andesitic, dacitic, and
rhyolitic lavas and associated tuffs, which constitute the principal host rocks for mineralization.
Mineralogical investigations indicate that the hypogene assemblage is dominated by pyrite, chalcopyrite,
galena, sphalerite, tetrahedrite, bornite, and marcasite, whereas the supergene assemblage comprises
cerussite, chalcocite, covellite, malachite, and secondary iron oxides. Microthermometric analyses of 67
liquid-rich, two-phase (L+V) fluid inclusions hosted by sphalerite and coeval quartz yielded
homogenization temperatures (Th) of 100-270 °C and salinities of 0.3—7.0 wt% NaCl equivalent. These
microthermometric data suggest ore deposition at depths of 500—1,000 m below the paleowater table, under
near-hydrostatic pressures of approximately 10 MPa, with fluid cooling and mixing acting as the principal
precipitation mechanisms. Furthermore, electron probe microanalysis (EPMA) revealed low Fe
concentrations and high Zn/Fe ratios in sphalerite. Together with its pale color, these characteristics are
consistent with low-temperature mineralization in an intermediate-sulfidation epithermal environment. The
0**S values of galena and sphalerite range from +6%o to +10%o, suggesting a predominantly magmatic sulfur
source. Overall, the integration of fluid inclusion microthermometry, sphalerite mineral chemistry, and
stable sulfur isotope data provides a basis for developing a metallogenic model to guide the exploration for
and discrimination of intermediate-sulfidation Pb—Zn epithermal systems throughout the Tarom—Hashtchin
metallogenic belt.

Keywords: Chumalu deposit, Sphalerite chemistry, Sulfur isotopes, Fluid inclusions, Tarom-
Hashtjin.

1-Introduction

Mineral chemistry and stable sulfur isotopes are widely recognized as indispensable tools for deciphering
the origins, physicochemical conditions, and evolutionary pathways of ore-forming fluids (Hutchison et al.,
2020). These analytical approaches permit the discrimination of distinct sulfur reservoirs and elucidate key
precipitation mechanisms, thereby providing essential criteria for establishing targeted mineral exploration
models (Barker et al., 2013). In the Tarom—Hashtjin metallogenic belt of northwest Iran, previous genetic
investigations have primarily integrated mineralogical assessments, structural-textural analyses, fluid
inclusion microthermometry, stable isotope systematics (O, H, S), and host-rock geochemistry. For
instance, comprehensive studies on adjacent deposits-such as Zajkan and Golojeh-have coupled fluid
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inclusion data with H-O-S isotopic signatures to demonstrate a predominantly magmatic source with
meteoric fluid mixing, driven by boiling and dilution processes (Kouhestani et al., 2019).

However, despite being an important polymetallic occurrence in this belt, the Chumalu deposit remains
insufficiently constrained. Previous work has focused almost exclusively on basic microthermometric
evaluations (characterizing homogenization temperatures and low-salinity fluids) and inferred cooling and
dilution as primary depositional mechanisms, without determining the sulfur isotopic provenance of
dominant sulfide phases such as sphalerite and galena (Ghasemi Siani et al., 2022). Furthermore, the
absence of electron probe microanalysis (EPMA) for diagnostic minor and trace elements (e.g., Fe, Cd, and
Mn in sphalerite) leaves fluid evolution trends, redox variations, and compositional zoning indicative of
multi-stage magmatic-hydrothermal pulses largely unresolved. Addressing these gaps is critical for refining
the regional metallogenic framework and mitigating exploration risks when targeting concealed ore zones.

Consequently, this study presents an integrated investigation utilizing fluid inclusion
microthermometry, stable sulfur isotope geochemistry, and high-resolution sphalerite chemistry to
definitively constrain the source, fluid evolution, and ore-forming mechanisms of the Chumalu Pb—Zn
deposit. Geologically, the Chumalu district is underlain by Eocene volcanic sequences, Oligocene intrusive
complexes, and unconsolidated Quaternary alluvium. Regional geological structures trend predominantly
NW-SE, concordant with the broader Western Alborz structural grain. In the southern portion of the
mapped area, an Oligocene monzonitic to quartz-monzonitic body intrudes the Eocene volcanic sequence.
This pluton exhibits granular to porphyritic textures and comprises coarse crystals of plagioclase, K-
feldspar, biotite, amphibole, and pyroxene, frequently enclosing Eocene xenoliths and microgranular
enclaves along structural/fault contacts with basaltic units. Both volcanic and intrusive lithologies host
polymetallic mineralization controlled by multidirectional fracture networks. The circulation of
hydrothermal fluids along these structural conduits has produced pervasive alteration halos: regional
propylitization (dominated by chlorite, epidote, calcite, and albite), intense silicification flanking east—west-
trending veins, and secondary argillic alteration induced by the acidic oxidation and leaching of primary
sulfides.

2-Materials and Methods

Fieldwork was conducted across surface outcrops and underground workings of the Chumalu deposit. A
total of 80 representative ore-bearing vein samples (weighing approximately 500-800 g each) were
collected from surface exposures and drill cores. The collected quartz- and sphalerite-bearing samples from
siliceous veins were slabbed using a diamond saw. From these slabs, 26 polished thin sections were
prepared for optical petrography, mineralogical characterization, and subsequent electron probe
microanalysis (EPMA). Additionally, six doubly polished wafers (approximately 150-200 pm thick) were
prepared for fluid inclusion microthermometry.

For stable sulfur isotope (834S) analysis, five representative sulfide-rich samples were selected for
sphalerite separation. The samples were gently crushed and sieved to <6 mesh (<3.35 mm), and
monomineralic sphalerite grains (>95 % purity) were handpicked under a binocular stereomicroscope to
eliminate visible impurities and intergrowths. The separated sphalerite fractions were subsequently
pulverized into a fine powder using an agate mortar. Aliquots of approximately 1 g per sample were then
prepared for isotopic analysis.

Stable sulfur isotope ratios were measured at the Stable Isotope Research Laboratory of Arak University.
To evaluate analytical accuracy, correct for instrumental drift, and calibrate reference gases, routine
replicate analyses were performed alongside internal laboratory standards calibrated against the
international reference material IAEA-SO-6 (634SVCD= -20.8 %o). All sulfur isotope results are reported
in standard delta notation (634S) in per mil (%o) relative to Vienna Canyon Diablo Troilite (VCDT).
Analytical precision (1o standard deviation) was better than 0.2%o.

3-Results and discussions

3-1-Mineralization

Polymetallic mineralization in the study area occurs predominantly within quartz (siliceous) veins
characterized by crustiform, banded, and open-space filling textures, indicative of an epithermal
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depositional regime. Galena represents the dominant ore mineral in the deposit. It exhibits a wide grain-
size distribution ranging from 20 pum up to 5 mm and occurs as anhedral aggregates filling fractures and
interstitial cavities within the host rock. Locally, galena crystals host sparse, fine-grained inclusions of
tetrahedrite. Mechanical deformation features, such as curved cleavage planes and bent triangular pits, are
observed in several galena grains, reflecting localized syn- to post-ore tectonic stress during or following
vein formation. Sphalerite is another major hypogene sulfide phase, occurring as subhedral to anhedral
grains (20 pm to 4 mm) that exhibit fracture- and open-space filling textures. Primary copper-bearing
sulfides comprise chalcopyrite and bornite, typically associated with pyrite. Bornite commonly forms
intimate intergrowths with chalcopyrite. In several sections, fine-grained chalcopyrite occurs as inclusions
or as "chalcopyrite disease" within sphalerite, galena, and tetrahedrite, indicating multistage fluid
infiltration and partial replacement by subsequent sulfide-bearing pulses.

Supergene oxidation and weathering are evident across several samples. Locally, galena is partially
replaced along grain margins and fractures by cerussite, while chalcopyrite is oxidized to malachite. Trace
amounts of covellite occur along the rims and fractures of galena and copper sulfides, accompanied by
minor disseminated chalcocite in the rock matrix. Pervasive late-stage weathering has also led to the
extensive replacement of primary iron-bearing sulfides by secondary hydrous iron oxides (goethite and
limonite).

3-2-Petrography of fluid inclusions
Detailed petrographic examination of the doubly polished wafers revealed that fluid inclusions exhibit
predominantly irregular, subhedral, angular, spherical, and elongated morphologies. Their sizes range from
5 to 90 um. The vast majority of inclusions display a consistently high degree of fill (F=0.75-0.9) and lack
daughter minerals or trapped solid phases at room temperature.

Based on established criteria (Roedder, 1984; Shepherd et al., 1985), primary, pseudosecondary, and
secondary fluid inclusions were identified within quartz and sphalerite host crystals (Table 1).

Hypogene Stage
L € Supergene Stage

Mineral
Early Late |
Pyrite

Chalcopyrite

Bornite
Sphalerite

——
Galena [——
—

Tetrahedrite
Cerusite
Chalcocite
Covellite
Malachite

Fe-Oxide and
hydroxide

Figure 1. Mineral paragenetic sequence of the hypogene mineralization and supergene alteration stages in the Chumalu
Pb—Zn deposit. Line thickness reflects the relative abundance of hydrothermal and supergene mineral phases.

Table 1. Microthermometric data for fluid inclusions in quartz from the Chumalu Pb—Zn deposit.

sample inc. type class size fill Te Tmice Th aq phase salinity density
Q-1 L+V P 35 0.89 -37.6 -4.4 242.6 IL 6.961 0.875
Q-2 L+V P 20 0.86 -31.7 -2.4 250 L 3.598 0.83
Q-3 L+V PS 11 0.75 273 -1.5 211.1 IL, 2.469 0.873
Q-5 L+V PS 5 0.74 -26 -1.2 215.6 L 1.979 0.863
Q-6 L+V PS 11 0.85 -13.4 7.1 143.8 L 0.999
Q-7 L+V P 27 0.86 -28.2 -1.2 189.5 L 1.979 0.894
Q-8 L+V PS 12 0.82 -12.5 0.8 163.7 IL 0.917
Q-9 L+V P 50 0.82 -32.3 -2.5 221.8 L 4.074 0.874
Q-10 L+V P 20 0.94 -37.3 6.4 132.5 IL 1.002
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sample inc. type class size fill Te Tmice Th aq phase salinity density
Q-11 L+V P 15 0.86 -27.2 -1 168.5 L 1.65 0.915
Q-12 L+V P 10 0.78 -344 -2.5 179.5 IL, 4.074 0.92
Q-13 L+V P 20 0.83 -36.4 -2.3 235.7 L 3.757 0.852
Q-14 L+V P 15 0.96 -35.4 -2.3 155.7 L 3.757 0.941
Q-15 L+V PS 15 0.86 -27.8 -0.6 185.9 L 0.993 0.891
Q-16 L+V PS 10 0.86 -37.6 3.1 112.9 L 0.985
Q-17 L+V PS 8 0.88 -23.4 -0.6 175.8 L 0.993 0.903
Q-18 L+V P 12 0.86 -30.7 -2.9 214.5 IL, 4.702 0.888
Q-19 L+V P 32 0.95 -29.6 -1.2 227 L 1.979 0.847
Q-20 L+V P 23 0.94 -34.7 1 253.2 L 0.803
Q-21 L+V P 25 0.96 -34.7 1 178.4 L 0.904
Q-22 L+V P 8 0.69 -36 32 147 L 0.959
Q-23 L+V P 20 0.82 -30.2 -2.4 184.9 L 3.916 0.913
Q-24 L+V P 24 0.84 -27.5 -0.2 178.4 I 0.331 0.895
Q-25 L+V P 15 0.84 -22.2 -0.2 179.5 L 0.331 0.894
Q-26 L+V P 25 0.88 -20.9 -0.2 179.3 L 0.331 0.894
Q-27 L+V PS 23 0.88 -3.6 44 166.3 L 0.953
Q-28 L+V P 15 0.86 -33.9 -1.5 192.6 L 2.469 0.894
Q-29 L+V P 10 0.69 -35.9 -2 198.5 L 3.278 0.893
Q-30 L+V P 10 0.93 -26.4 0.8 197.4 I 0.88
Q-31 L+V P 5 0.86 -22.5 0.8 218.1 L 0.853
Q-32 L+V P 25 0.87 -37.7 -1.9 198.5 L 3.117 0.829
Q-33 L+V P 20 0.92 -46.4 -2.6 202.7 L 4.232 0.898
Q-34 L+V P 12 0.98 -14.4 4.6 116 L 0.998
Q-35 L+V P 10 0.66 -25.2 -2.6 233 L 4.232 0.861
Q-36 L+V P 50 0.88 -20.1 -1.2 256 I 1.979 0.799
Q-37 L+V P 20 0.96 -19.2 -1.6 270.8 L 2.632 0.785

3-3-Mineral Chemistry
To investigate the mineral chemistry of sphalerite in the Chumalu deposit, ten analytical spot analyses were
performed using a JEOL JXA-8230 electron probe microanalyzer (EPMA) at the University of Science and
Technology of China (USTC). The operating conditions were maintained at an accelerating voltage of 15
kV, a probe current of 20 nA, and a focused beam diameter of 1 um. Detection limits, calculated at three
times the standard deviation (30) of the background counts, ranged from 0.010 to 0.050 wt.% for major
elements (S, Fe, Zn, Pb) and from 0.020 to 0.050 wt.% for minor and trace elements (Cd, Mn, Ag, Sb, As).
Natural and synthetic standards, including galena (PbS) and sphalerite (ZnS), were used for calibration.
The analytical results show that zinc and sulfur represent the predominant constituents of the
investigated sphalerite grains, with concentrations ranging from 62.07 to 68.18 wt.% Zn and from 32.92 to
33.29 wt.% S. Minor and trace element concentrations were generally low, yielding maximum values of
0.084 wt.% for As, 0.077 wt.% for Bi, 0.051 wt.% for Cu, and 0.041 wt.% for Sb.

3-4-Stable Isotopes

In this study, ten monomineralic separates of sphalerite and galena were analyzed for sulfur isotopes (Table
2). The 834S values of galena and sphalerite from the Chumalu deposit range from +6%o to +10%o, which
are consistent with the previously reported range of +4%o to +9%o for this deposit (Nejadhadad and Salamab
Ellahi, 2025). Positive 834S values can generally reflect either a magmatic sulfur source or thermochemical
sulfate reduction (TSR). However, while thermochemical sulfate reduction of seawater or evaporitic sulfate
was inferred as the dominant mechanism at Ghoomishloo, a magmatic sulfur source appears to prevail at
Chumalu.

Table 2. Sulfur isotope data for sulfide minerals from the Chumalu deposit.

Sample ID Mineral 8°*S (%o, V-CDT) +lo
Chl Sphalerite +8.5 0.2
Ch2 Sphalerite +8.7 0.1
Ch3 Sphalerite +9.7 0.1
Ch4 Sphalerite +8.4 0.1
Ch5s Sphalerite +8.3 0.0
Ché6 Galena +6.4 0.1
Ch7 Galena +8.0 0.1
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Sample ID Mineral 3°*S (%o, V-CDT) +lo
Ch8 Galena +8.3 0.2
Ch9 Galena +7.8 0.0
Ch10 Galena +7.1 0.1

3-5-Microthermometry of Fluid Inclusions: Fluid Density, Pressure, Trapping Depth, and Nature of
Ore-Forming Fluids

In the investigated primary and pseudosecondary fluid inclusions, eutectic temperatures (Te) range from -
7.6 to -54.7 °C, and final ice-melting temperatures (Tmice) vary from -0.2 to -4.4 °C. Fluid inclusions in
quartz display a clustered salinity distribution spanning 1.51 to 4.5 wt.% NaCl equiv. (Fig. 2), with a
dominant frequency peak between 3 and 5 wt.% NaCl equiv. Salinities below 1 wt.% or above 5 wt.% NaCl
equiv. are rare. This relatively restricted distribution reflects low- to moderate-salinity, NaCl-dominated
hydrothermal solutions.

The broader salinity range recorded in sphalerite compared to the more focused quartz data likely
reflects fluid evolution during mineralization. Sphalerite precipitated across a continuum—from early,
higher-salinity pulses capable of metal transport to subsequent diluted fluids influenced by meteoric water
recharge—whereas quartz primarily crystallized during the main stage of ore deposition (Fig. 2).

Hydrothermal fluid inclusions in the Chumalu deposit are predominantly two-phase, liquid-rich (L+V)
inclusions that homogenize to the liquid phase via bubble disappearance at the total homogenization
temperature (Th). The mean homogenization temperature across all samples is 180 °C. The bivariate plot
of homogenization temperature versus salinity (Th vs. salinity; Fig. 1) indicates that the Chumalu Pb—Zn
deposit formed primarily via fluid mixing—characterized by the influx of cooler, more dilute meteoric
waters into the hydrothermal system—accompanied by cooling and decompression.
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Figure 2. Salinity versus homogenization temperature (Ty) plot for quartz (Q) and sphalerite (Sp) from the Chumalu
Pb—Zn deposit, showing evidence of fluid mixing and boiling (modified after Wilkinson, 2001).

3-6-Origin of Ore-Forming Fluids

Sulfur isotope systematics are widely used to determine the source of sulfur in ore-forming systems. Beyond
source provenance, sulfur isotopes provide critical insights into hydrothermal processes, including fluid
geothermometry, estimation of the effective water-to-rock ratio during mineralization, evaluation of
thermodynamic equilibrium, and the characterization of ore precipitation mechanisms (Hoefs, 2009). In
general, variations in the 534S values of sulfide minerals are controlled by both the isotopic composition
of the sulfur source and the physicochemical conditions of the fluid, particularly temperature, pH, and redox
state (Ohmoto and Rye, 1979; Li et al., 2018). Granitoid rocks typically exhibit an average 634S value
between +1.0%o0 and +1.6%o; however, their overall composition ranges broadly from —11%o to +14.5%o.
This dispersion is generally attributed to magma contamination, partial melting, or assimilation of either
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34S-depleted sedimentary pyrites or 34S-enriched evaporites (Ohmoto and Rye, 1972). As shown in Figure
3, the 634SV-CDT values for galena and sphalerite in the Chumalu deposit range from +6%o to +10%eo,
falling entirely within the typical range of magnetite-series granitoids. This signature indicates that the
hydrothermal fluids were predominantly derived from igneous rocks, demonstrating that the sulfide
mineralization originated from a magmatic sulfur source.

A narrow range of 634S variations in ore deposits typically reflects a relatively homogeneous and distinct sulfur
source. Conversely, a wide spread of 634S values often indicates a polygenetic origin involving multiple sulfur sources
(Fazli et al., 2019). In the Chumalu deposit, the tightly clustered isotopic data point to a uniform and stable sulfur
source, ruled out significant contributions from 34S-enriched evaporitic sulfate or strongly 34S-depleted biogenic
(bacteriogenic) sulfur, and signify mineralization within a stable, relatively closed hydrothermal system.

[ 1| Indian Granites & Syenites

] Imenite-Series Granites
Magnetite-Seres Granites
Chomaluo

Andesites
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Iceland Basalts

MORB

OIB

Diamonds

Kimberlites

Mantle Xenoliths

-]‘\]l]‘\{]"\ - III[}I I”]:'-
™S

Figure 3. Range of 634S values for sulfide minerals from mantle reservoirs as well as oceanic and continental igneous

rocks. Isotopic compositions are reported in per mil (%o) relative to the V-CDT standard (modified from Seal, 2006).

3-7-Estimated Mineralization Temperature

The Fe content in sphalerites from the Chumalu deposit ranges from 0.156 to 0.77 wt.%, with an average
of 0.128 wt.%, classifying these samples as Fe-poor sphalerite. Previous studies have demonstrated that the
Zn/Fe ratio in sphalerite is inversely correlated with the mineralization temperature (Damian et al., 2021;
Sun et al., 2022). Based on these studies, Zn/Fe ratios >100 indicate low-temperature conditions, ratios <10
suggest high-temperature environments, and values between 10 and 100 represent moderate-temperature
mineralization. The Zn/Fe ratios in Chumalu sphalerites range from 430 to 866 (average = 557),
consistently indicating a low-temperature hydrothermal regime (Dai et al., 2024).

4-Conclusions

Textural evidence-such as the sequential crystallization of sphalerite prior to galena, tetrahedrite inclusions
within galena, chalcopyrite exsolution blebs in sphalerite, and overprinting by supergene alteration-
demonstrates that mineralization in the Chumalu deposit occurred in two distinct stages: hypogene and
supergene. The hypogene assemblage comprises pyrite, chalcopyrite, galena, tetrahedrite, sphalerite,
bornite, and marcasite. Conversely, the supergene stage is represented by cerussite, chalcocite, covellite,
malachite, and hydrated iron oxides. Sulfur isotope data exhibit uniform, positive §**S values ranging from
+6.4%o0 to +9.7%o with minimal dispersion (6<1%o), strongly pointing to a magmatic sulfur source. This
isotopic signature reflects sulfur derived from mantle reservoirs or partial melting of continental crust, with
no discernible contamination from heavy evaporitic sulfates or **S-depleted biogenic (bacteriogenic) sulfur.
Furthermore, mineral chemistry criteria-specifically low Fe contents, high Zn/Fe ratios, and pale sphalerite
coloration-consistently confirm that primary ore deposition took place under a low-temperature regime.
Collectively, the isotopic, geochemical, and textural data suggest that fluid mixing, boiling, and conductive
cooling were the predominant mechanisms driving ore precipitation in this magmatically derived
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hydrothermal system. From an applied and exploration perspective, the integration of fluid inclusion
microthermometry data and sulfide mineral chemistry indicates that the exposed sections of the Chumalu
deposit represent the upper horizons of a more extensive hydrothermal system. Consequently, the integrated
petrographic model, the temperature-salinity evolution model of the ore-forming fluids, and the mineral
chemistry can serve as an efficient exploration guide to optimize deep drilling networks, mitigate
investment risks in follow-up exploration, and adjust and improve ore flotation circuits in this sector of the
Tarom—Hashtjin belt (Alborz magmatic arc).
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illustrating the distribution of mineral deposits and occurrences, highlighting the location of the Chumalu deposit

(Mehrabi et al., 2014).
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Figure 5. (a) Quartz veinlet filled with comb-textured quartz crystals; (b) malachite formed during the supergene
stage; (c) galena containing very fine tetrahedrite inclusions; (d) coarse-grained galena forming massive
aggregates; (e) coarse-grained sphalerite exhibiting an open-space filling texture; (f) pyrite associated with
chalcopyrite; (g) chalcopyrite inclusions in sphalerite (chalcopyrite disease); and (h) chalcopyrite exhibiting an
open-space filling texture. Mineral abbreviations: Gn, galena; Sp, sphalerite; Py, pyrite; Ccp, chalcopyrite; Ttr,
tetrahedrite. Abbreviations follow Whitney and Evans (2010).
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Figure 6. Paragenetic sequence of mineralization stages in the Chumalu Pb—Zn deposit.
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Fig. 7. Photomicrographs of fluid inclusions from the Chumalu deposit: (a) liquid-rich, two-phase primary
inclusion in sphalerite; (b) primary, two-phase inclusion containing CO- in sphalerite; (c) single-phase vapor
primary inclusion in sphalerite; (d) liquid-rich, two-phase primary inclusion in quartz; (e) pseudosecondary fluid
inclusions in quartz; and (f) secondary fluid inclusions in quartz.
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Table 1. Microthermometric data of fluid inclusions in quartz samples from the Chumalu deposit.

sample inc. type class size fill Te Tmice Th aq phase salinity density
Q-1 L+V P 35 0.89 -37.6 -4.4 242.6 L 6.961 0.875
Q-2 L+V P 20 0.86 -31.7 2.4 250 L 3.598 0.83
Q-3 L+V PS 11 0.75 -27.3 -1.5 211.1 L 2.469 0.873
Q-5 L+V PS 5 0.74 -26 -1.2 215.6 L 1.979 0.863
Q-6 L+V PS 11 0.85 -13.4 7.1 143.8 L 0.999
Q-7 L+V P 27 0.86 -28.2 -1.2 189.5 L 1.979 0.894
Q-8 L+V PS 12 0.82 -12.5 0.8 163.7 L 0.917
Q-9 L+V P 50 0.82 -32.3 -2.5 221.8 L 4.074 0.874
Q-10 L+V P 20 0.94 -37.3 6.4 132.5 L 1.002
Q-11 L+V P 15 0.86 -27.2 -1 168.5 L 1.65 0.915
Q-12 L+V P 10 0.78 -34.4 -2.5 179.5 L 4.074 0.92
Q-13 L+V P 20 0.83 -36.4 -2.3 235.7 L 3.757 0.852
Q-14 L+V P 15 0.96 -35.4 -2.3 155.7 L 3.757 0.941
Q-15 L+V PS 15 0.86 -27.8 -0.6 185.9 L 0.993 0.891
Q-16 L+V PS 10 0.86 -37.6 3.1 112.9 L 0.985
Q-17 L+V PS 8 0.88 -23.4 -0.6 175.8 L 0.993 0.903
Q-18 L+V P 12 0.86 -30.7 -2.9 214.5 L 4.702 0.888
Q-19 L+V P 32 0.95 -29.6 -1.2 227 L 1.979 0.847
Q-20 L+V P 23 0.94 -34.7 1 253.2 L 0.803
Q-21 L+V P 25 0.96 -34.7 1 178.4 L 0.904
Q-22 L+V P 8 0.69 -36 32 147 L 0.959
Q-23 L+V P 20 0.82 -30.2 -2.4 184.9 L 3.916 0.913
Q-24 L+V P 24 0.84 -27.5 -0.2 178.4 L 0.331 0.895
Q-25 L+V P 15 0.834 -22.2 -0.2 179.5 L 0.331 0.894
Q-26 L+V P 25 0.88 -20.9 -0.2 179.3 L 0.331 0.894
Q-27 L+V PS 23 0.88 -3.6 4.4 166.3 L 0.953
Q-28 L+V P 15 0.86 -33.9 -1.5 192.6 L 2.469 0.894
Q-29 L+V P 10 0.69 -35.9 -2 198.5 L 3.278 0.893
Q-30 L+V P 10 0.93 -26.4 0.8 197.4 L 0.88
Q-31 L+V P 5 0.86 -22.5 0.8 218.1 L 0.853
Q-32 L+V P 25 0.87 -37.7 -1.9 198.5 L 3.117 0.829
Q-33 L+V P 20 0.92 -46.4 -2.6 202.7 L 4.232 0.898
Q-34 L+V P 12 0.98 -14.4 4.6 116 L 0.998
Q-35 L+V P 10 0.66 -25.2 -2.6 233 L 4.232 0.861
Q-36 L+V P 50 0.88 -20.1 -1.2 256 L 1.979 0.799
Q-37 L+V P 20 0.96 -19.2 -1.6 270.8 L 2.632 0.785
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Table 2. Microthermometric data of fluid inclusions in sphalerite samples from the Chumalu deposit.

sample inc. class size Fill Te Tmice Thaq phase salinity density
type
SP-1 L+V P 10 0.79 -35.8 -2.8 249 L 4546  0.842
SP-2 L+V P 15 0.9 -54.7 -2.8 219.3 L 4.546  0.881
SP-3 L+V P 5 0.8 -36.9 -3.4 234.1 L 5472  0.871
SP-4 L+V P 90 0.72 -28.6 -2.5 226.9 L 4.074  0.867
SP-5 L+V P 45 0.95 -34.7 -3.2 103.5 L 5.16 0.992
SP-6 L+V P 50 0.9 -36.6 -3.2 107.9 L 5.166  0.989
SP-7 L+V P 15 0.89 -22.6 -1.2 141.1 L 1.979  0.943
SP-8 L+V P 7 0.9 -1.2 182.9 L 1.979  0.901
SP-9 L+V P 14 0.86 -1.4 192.5 L 2.306  0.893
SP-10 L+V P 20 0.83 -1.2 199.5 L 1.979  0.882
SP-11 L+V P 6 0.56 -1.2 150.1 L 1.979  0.935
SP-12 L+V P 12 0.93 -1.2 178.8 L 1.979  0.906
SP-13  L+V P 8 0.9 -1.2 189.8 L 1.979  0.894
SP-14  L+V P 8 0.8 0.4 175 L 0.901
SP-15  L+V P 12 0.95 -23.9 0.1 114.1 L 0.953
SP-16 L+V P 30 0.92 -9.2 1.9 133 L 0.957
SP-17  L+V P 10 0.93 -7.6 -1.4 111 L 2.306  0.969
SP-18  L+V P 22 0.81 -26 -14 184.8 L 2.306  0.902
SP-19 L+V P 17 0.88 -23.8 -0.6 183.6 L 0.993  0.894
SP-20 L+V P 11 0.91 -28.2 -0.6 185.5 L 0.993  0.892
SP-21 L+V P 10 0.93 -36.8 -0.6 167.6 L 0.993 0911
SP-22  L+V P 15 0.78 -27.7 -0.6 186.4 L 0.993  0.891
SP-23  L+V P 30 0.88 -38.8 -0.6 183.5 L 0.993  0.894
SP-24  L+V P 40 0.78 -29.9 -2.9 219.1 L 4702  0.883
SP-25  L+V P 21 0.79 -27.2 -2.8 188.9 L 4546 0913
SP-26 L+V P 15 0.94 -9.6 -1.9 130.8 L 3.117  0.959
SP-27  L+V P 15 0.92 -8.3 -1.7 131.5 L 2.794  0.956
SP-28  L+V P 32 0.88 -32.5 2.4 177.3 L 3916  0.921
SP-29  L+V P 30 0.9 -32.1 -3.4 179.5 L 5.472 0.93
SP-30 L+V P 6 0.74 -12.8 -3.5 222.5 L 5.624  0.887
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Table 3. Electron probe microanalysis (EPMA) data of sphalerite from the Chumalu deposit (in wt%).

Point No As Ge Ga Fe Cu Zn S Pb Bi Ag In Sb Total
22 0.043 0 0 0.167 0.051  66.239 33.29 0 0 0 0 0.037 99.827
24 0 0 0.007  0.179 0 66.996  32.741 0 0.045 0  0.003 0 99.971
26 0.084 0 0.072  0.061 0.009 67.319 32996 0.013 0.047 0 0.003 0.012 100.61
28 0.073 0 0 0.1 0 68.183  33.138 0 0.077 0  0.003 0.007 101.58
30 0 0 0 0.036 0.017 65.884  32.492 0 0 0 0 0.041 98.47
32 0.04 0 0 0.249 0 62.944 32349 0 0 0 0 0 95.58
34 0 0 0 0.158 0 62.07 32.681 0 0 0 0 0 94.9
36 0 0.081 0 0.084  0.002  65.698  32.751 0 0 0 0 0.001 98.61
38 0 0 0.007  0.176 0 66.2 32914 0 0.013 0 0.03 0 99.3
40 0 0 0 0.061 0.02 66.364  32.804 0 0 0 0 0 99.24

(S35 20wl ) dlosz are jo HJIE SIS (EPMA) g i8Il 41555 56T b -F g
Table 4. Electron probe microanalysis (EPMA) data of galena from the Chumalu deposit (in wt.%).

Point No As Ge Ga Fe Cu Zn S Pb Bi Ag In Sb Total
21 0 0.073  0.006 0 0 0 13.31 87.43 0 0 0 0 100.826
23 0 0.11 0.053  0.056  0.009 0 13.048  87.928 0 0 0 0 101.204
25 0 0.120 0 0.020  0.043 0.039 13.11  88.103 0 0 0 0 101.436
27 0 0.122 0 0.021 0 0.086 13.23  85.946 0 0 0 0 99.412
29 0 0.050  0.044 0 0 0 12.927  87.306 0 0 0 0 100.327
31 0 0.097  0.059 0 0.008 0 12.850  86.623 0 0 0 0 99.337
33 0 0.021 0 0 0 0.128 13.179  86.735 0 0 0 0 100.059
35 0 0.168  0.006  0.002 0 0 13.326  87.924 0 0 0 0 101.426
37 0 0.073  0.006 0.074  0.055 0.008 13.107  87.296 0 0 0 0 100.619
39 0 0.050 0 0.026  0.045 0.072 13.022  87.561 0 0 0 0 100.776
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Figure 8. Backscattered electron (BSE) images showing textural relationships between galena and sphalerite: (a,
b) fine-grained galena inclusions and aggregates within sphalerite, indicative of co-precipitation or mutual
replacement during the main mineralization stage; and (c, d) relict "islands" of sphalerite enclosed by coarse
galena grains, demonstrating incomplete replacement of sphalerite by galena
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Table 5. Sulfur isotope (8**S) analytical results for 10 galena and sphalerite samples from the Chumalu deposit

Sample ID Mineral 3*S (%o, V-CDT) +lo
Chl Sphalerite +8.5 0.2
Ch2 Sphalerite +8.7 0.1
Ch3 Sphalerite +9.7 0.1
Ch4 Sphalerite +8.4 0.1
Ch5 Sphalerite +8.3 0.0
Ché6 Galena +6.4 0.1
Ch7 Galena +8.0 0.1
Ch8 Galena +8.3 0.2
Ch9 Galena +7.8 0.0
Ch10 Galena +7.1 0.1
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Figure 9. Histograms of microthermometric data for fluid inclusions from the Chumalu deposit: (a) final ice-
melting temperatures (Tmice); (b) salinity (wt.% NaCl equiv.); and (c) homogenization temperatures (Ty) for quartz

(Q) and sphalerite (Sp).
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Figure 10. Plot of salinity versus homogenization temperature (Th) for quartz (Q) and sphalerite (Sp) from the
Chumalu Pb—Zn deposit, showing the role of cooling and mixing of magmatic fluids with meteoric water
(reference fields and trends adapted from Wilkinson, 2001).
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Figure 11. Estimation of trapping pressure and depth of fluid inclusions from the Chumalu deposit, based on the
diagram of Fournier (1999).
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Figure 12. (a) Bivariate plot of salinity versus homogenization temperature (Th) for fluid inclusions from the
Chumalu deposit, compared with the characteristic fields of epithermal, porphyry, and Mississippi Valley-type
(MVT) deposits (after Wilkinson, 2001); (b) Phase relations in the Fe—Zn—S system (after Scott and Barnes, 1971);
solid and dashed lines represent the mole percent of FeS in sphalerite and phase stability boundaries, respectively.
The log aS2 value is constrained using the average homogenization temperature and FeS mole percent (black box)

for the Chumalu deposit.
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