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Abstract

This study investigates the ore-forming fluid evolution in the Shourab gold prospect, Central Iran,
through integrated quartz chemistry and fluid inclusion analysis. The Shourab gold prospect occurs
within the early Eocene diorite to granodiorite, intruding the Cretaceous carbonate and volcanic
rocks. The prospect displays alteration zone of sodic-calcic, biotite-magnetite, carbonatization, and
silicification associated with gold mineralization. Early-stage quartz from biotite-magnetite
alteration zone contains elevated Ti (BDL-410 ppm), formed from high-temperature (Th of fluid
inclusions=343-495 °C, mode= 390 °C) and saline (11-29 wt% NacCl eq., avr. 17 wt% NaCl eq.).
Late-stage quartz in silicified zones shows significant Al (704-2307 ppm) and alkali enrichment
(BDL—-349 ppm Na and 96-247 ppm K), associated with cooler (198338 °C, mode= 324 °C), less
saline fluids (7-11 wt% NaCl eq., avr. 8 wt% NaCl eq.). Gold mineralization is associated with
late-stage fluids, where cooling of hydrothermal fluids promoted metal deposition. Veins formed
by low-temperature, less saline fluids with high Al and alkali elements in quartz serve as a potential

for Au mineralization and can guide future exploration in the region.
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1. Introduction

The Shourab gold prospect is located 8 km southeast of the active Kuh-e Dom gold mine of Isfahan
province, Iran, with 1 Mt Au resource at 1.05 g/t average grade (Mehrabi et al., 2014; Tale Fazel,
2014; Tale Fazel et al., 2015; Farangi et al., 2023; Fig. 1a). Previous studies classified the Shourab
gold prospect as an iron oxide copper gold (IOCG)-type, similar to the nearby Kuh-e Dom ore
deposit (Tale Fazel et al., 2015), based on the remote sensing analysis of iron assemblages and
alteration patterns (Farangi et al., 2021). Recent investigations of bulk geochemistry of Shourab
intrusions further support this IOCG classification (Farangi et al., 2023). However, the porphyry-
Cu affinity was also proposed by Sarjoughian et al. (2015a) based on biotite chemistry from the
Kuh-e Dom.

Quartz is the predominant gangue mineral in the Shourab gold prospect, which occurs in nearly all
mineralization stages. Quartz serves as a valuable indicator of magmatic-hydrothermal processes
due to its chemical stability and resistance to alteration (Larsen et al., 2000; 2004). High-purity
quartz typically contains trace elements at concentrations <100 ppm (Al<30 ppm, Ti<10 ppm, Na
and K<8 ppm, Fe<3 ppm; Dennen, 1966; Rusk and Reed, 2002; Rusk et al., 2008; Miiller et al.,
2010; 2012; Rusk et al., 2011; Rusk, 2012), with lattice substitutions controlled by temperature,
fluid chemistry, pH, and oxygen fugacity (Gotze, 2009, 2012, 2021; Elmi et al., 2025). These
chemical characteristics provide an invaluable petrogenetic indicator for reconstructing ore-
forming conditions (Wertich et al., 2018; Dabiri et al., 2018; Manalo et al., 2020; Rottier and
Casanova, 2021; Mollai et al., 2021; Gao et al., 2022; Mazandarani et al., In press), especially
when it is combined with fluid inclusion analysis (Zhou et al., 2023). The growing body of research
on trace element compositions of quartz from a wide range of mineralizing systems (e.g., porphyry,
epithermal, Mississippi Valley Type) has highlighted systematic variations that can be used as
exploration tools, providing new insights into the genetic processes and ore potential of different
deposits (Mao et al., 2017; Rottier and Casanova, 2021; Talebian Borojenie et al., 2025). This
study integrates quartz chemistry and fluid inclusion microthermometry analyses to reconstruct
the magmatic-hydrothermal evolution of gold mineralization at Shourab. We focus on
understanding the hydrothermal processes, including temperature and source of fluids, as well as

mechanism of gold precipitation.
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2. Geological Background

The Shourab gold prospect is situated near the Kuh-e Dom massif on the western margin of Central
Iran, approximately 85 km east of the Urumieh-Dokhtar Magmatic Arc (UDMA) (Fig.1a). Fazel
(2014) suggests the Kuh-e Dom massif is an isolated remnant arc, separated from the main body
of the UDMA. UDMA has been active during the Mesozoic and Cenozoic, driven by prolonged
Neotethyan subduction and subsequent continent—continent collision (Chiu et al., 2013;

Babazadeh et al., 2019).
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Figure 1. (a) The map shows the location of the Shourab gold prospect in relation to the Urumieh-Dokhtar Magmatic
Arc (UDMA) in Central Iran, as well as its position in Isfahan Province (violet color). (b) Geological map of the

Shourab area, highlighting the dacitic dikes (western sector) as the youngest exposed magmatic unit in the region.

The basement of Shourab comprises of the Kuh-e Dom metamorphic complex, which includes
greenschists, phyllites, and subordinate crinoid-bearing limestone and sandstone, with ages
ranging from 333 to 320 Ma (Romanko et al., 1984; Bagheri and Stampfli, 2008, Haschke et al.,
2010). This unit is unconformably overlain by thin- to medium-bedded Cretaceous crystalline
limestone, with basal conglomerate and cream to brown marl interlayers (Fig. 2a). In the Shourab

area, the sequence trends are NE-SW and is covered by Eocene igneous units. Fossil assemblages
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(e.g., Orbitolina and echinoderms) confirm a lower Cretaceous age for limestone (Figs. 2a).
Cenozoic igneous rocks, coeval with intrusions, consist of volcanic, volcaniclastic, and clastic
rocks, occasionally interbedded with carbonate layers. These are locally overlain by late Eocene
volcanic rocks, widely exposed across the study area. The volcanic suite ranges from calc-alkaline
to shoshonitic (felsic to intermediate) in compositions, which includes rhyolite, rhyodacite, dacite,
acidic tuff, ignimbrite (Fig. 2b), andesite, and basaltic andesite (Shahzeydi et al., 2008, Kananian
et al., 2011; 2014; Sarjoughian et al., 2012; 2014). The Eocene sedimentary sequence features
conglomerate, tuffaceous sandstone, and nummulitic limestone (Fig. 1b). Chemical data suggest
shoshonitic magmatism occurred during the transition from primitive to a mature continental
margin arc (Farangi et al., 2023). Intrusive bodies are dominated by gabbro, diorite, quartz diorite,
monzodiorite, monzonite, granodiorite, and minor granite (Fig. 1b). In most of these intrusive
bodies, amphibole has undergone carbonatization, wheres primary biotite crystals have remained
largely unaltered. Sarjoughian et al. (2015b) reported the U-Pb zircon age of 51.1+ 0.4 Ma,
determined from 24-point U-Pb analysis. However, they noted that mafic-intermediate rocks
yielded an older age (53.9+£0.4 Ma) compared to felsic ones. In contrast, Sharkovski et al. (1981)
proposed a younger K-Ar amphibole age for the intrusions (40.2+2.2 and 35.5+1.1 Ma). These
magmatic rocks are genetically associated with the iron, copper, and gold mineralization, as
observed at Kuh-e Dom and Shourab (Tale Fazel et al., 2015; Farangi et al., 2023). The volcanic
and intrusive rocks are crosscut by subvolcanic dacite (light-colored, extending up to 800 m in
length; Figs. 1b, 2b). The entire sequence is unconformably overlain by Quaternary sediments
(Fig. 1b).

volcanic rocks

Figure 2. Field photographs from the Shourab gold prospect. (a) Outcrop exposure showing crystallized limestone,
volcanic, and intrusive rocks in the study area. (b) Panoramic view demonstrating the relationship between light-
colored dacitic dikes and monzodiorite intrusion.
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3. Materials and Methods

A total of 43 samples were collected from outcrops and drill cores of Shourab gold prospect, and
petrographic observations were conducted to describe the mode of occurrence and texture of quartz

and carbonate within the alteration zones.

Electron probe micro analysis (EPMA) was performed using a JEOL JXA 8230. The EPMA was
carried out at the Akita University, Japan. Quartz and carbonate were analyzed with a 5 um beam
size, under an acceleration voltage of 15 kV and a beam current of 20 nA (Tables 1 and 2). The
following set of natural and synthetic standards were used for the analysis: quartz for Si, jadeite
for Na, hematite for Fe, wollastonite for Ca, K-feldspar for K, pyrophanite for Ti and Mn, eskolaite
for Cr, corundum for Al, and enstatite for Mg. The peak background time was set at 20/10 s for
Si, Al, K, Ca, Mg, Mn, Fe, and Ti, and 40/20 s for Cr. Despite the lower peak/background
measuring time applied, the average limit of detections was optimized to 141, 134, 216, 217, 189,
142, 147, 148, 44, and 49 ppm for Na, Mg, Al, Cr, Mn, Ti, Fe, Si, K, and Ca, respectively.

Seven doubly polished thin sections (0.2-0.3 mm thick) were prepared from quartz and carbonate
samples for fluid inclusion studies, representing alteration zones (biotite-magnetite alteration,
carbonatization, and silicification). Microthermometric analyses were measured using a Linkam
THMS G-600 heating-freezing stage (operational range: —180 to +600 °C). Fluid inclusions of ore-
bearing quartz and carbonate were analyzed following the methods outlined of Roedder (1984).
Salinity (wt.% NaCl eq.) were calculated using parameters such as final ice melting temperature
(Tmijce) and homogenization temperatures (Th) in the MacFlinCor software (Brown and hagemann,
1994, 1995) (Table 3). Sample preparation was conducted at the Zarazma Lab, while fluid
inclusion micothermomatry was conducted at the Fluid Inclusion Laboratory of Iranian Mines and

Mining Industries Development and Renovation (IMIDRO).
4. Hydrothermal Alteration and Ore Mineralization

Gold mineralization is mainly hosted by intrusive rocks, with subordinate volcanic sequences.
Hydrothermal alteration overprints both volcanic (andesite to rhyolite) and intrusive rocks,
particularly in the northern and southern parts of the prospect area. Alteration intensity varies from
weak to moderate (35 to 60%) in host rocks and can be classified into different stages: (1) pre-ore
stage: characterized by sodic-calcic alteration, represented by albite, tremolite-actinolite, and
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tourmaline (Fig. 3d); (2) early-ore stage: dominated by biotite-magnetite alteration featuring
biotite, K-feldspar, magnetite, and quartz minerals (Fig. 3a, e); (3) transition-stage: marked by
carbonatization with carbonate, and minor pyrite + chalcopyrite; (4) late-ore stage: defined by
silicification, consisting of quartz, sericite, pyrite, chalcopyrite assemblages; and (5) post-ore
stage: comprise of chlorite alteration, represented by chlorite, calcite, quartz, epidote, and
hematite. Among these, stages 3 and 5 are widely developed in the study area and are particularly
well expressed in the Shourab gold prospect (Fig. 3¢). The gold concentrations observed in the
whole-rock analyses are primarily associated with alteration stages 3 and 4, indicating that gold

mineralization is closely linked to the transition and late-ore stages.

Three types of ore are recognized in the Shourab gold prospect, i.e., Fe oxide ore, sulfide ore, and
mixed Fe oxide-sulfide ores (Fig. 3a, f). These ores occur in massive, disseminated, banded, vein-
veinlet, and brecciated forms. Magnetite typically forms disseminated grains, massive
replacements, nodular aggregates, breccia (Fig. 3b), and banded magnetite layers within mafic-
intermediate rocks (Farangi et al., 2023). Hematite- quartz assemblages occur as veinlets and open-
space filling associated with felsic intrusions (Fig. 3¢). Sulfide mineralization consists of fracture-
coating pyrite with rare chalcopyrite or sphalerite in quartz veins (Fig. 3g). Gold occurs
predominantly in quartz-sulfide veins and fracture-controlled altered zones, associated with
silicification and carbonatization. Whole rock analyses of quartz vein indicated gold contents
ranging from 6 to 104 ppb, whereas EPMA data reveal up 58.9 ppb Au within pyrite. Native gold
has not been identified in the area; instead, pyrite and chalcopyrite constitute the main sulfide
minerals and the principal carrier of gold, occurring within vein and veinlets (Fig. 3f). Although
gold grades are frequently recorded, no economically significant concentrations have been

measured to date.
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Figure 3. Field photographs, hand specimen photos, and photomicrographs from the Shourab gold prospect. (a)
Potassic-altered rock crosscut by quartz-pyrite veinlets, locally overprinted by chlorite (sample SH7BoS3s). (b) Angular
brecciated fragments of altered country rock cemented by magnetite. (c) Quartz-hematite vein with a chlorite alteration
halo in the granite wall rock. (d) Primary biotite partially replaced by actinolite/tremolite. (e) Secondary biotite and
magnetite associated with potassic alteration. (f) Pyrite and chalcopyrite with quartz, replacing feldspar in quartz
diorite. (g) Pyrite- quartz vein formed after carbonatization; note to fine-grained crystals along the the veinlet margins.
Photomicrographs taken in transmitted light (d, f), cross polarized light (g), and reflected light (f). Mineral
abbreviation according to Warr (2021): Act-actinolite, Afs-alkali feldspar, Cal-calcite, Ccp-chalcopyrite, Chl-chlorite,
Fsp-feldspar, Hem-hematite, Mag-magnetite, Py-pyrite, Qz-quartz.
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5. Results

5.1. Quartz Chemistry

The results of EPMA data from the Shourab gold prospect reveal distinct compositional variations
between early- and late-stage quartz (Table 1). Early-stage quartz, associated with biotite-
magnetite alteration, exhibits elevated Ti (BDL-410 ppm) and depleted alkali element
concentrations (BDL-505 ppm Al and BDL-81 ppm K). In contrast, late-stage quartz from
silicified zone shows significant enrichment in Al (704-2307 ppm), Na (BDL—-349 ppm), K (96—
247 ppm), and depleted in Ti concentrations (BDL) (Table 1).

Table 1. Minor and trace element composition of early- and late-quartz determined from the Shourab gold prospect.
The results for all elements (ppm) were calculated from oxide values (wt%), except for SiO, which is presented in

wt.% directly from EPMA analyses.

Quartz type  Point No. Al (ppm) Ti (ppm) K (ppm) Fe (ppm) Na (ppm) Mn (ppm) Ca (ppm) SiO; (%)

Detection 216 142 44 147 141 189 49 0.148
Qz-Mag  SQI-1 BDL BDL BDL 875 BDL  BDL BDL 100.36
Qz-Mag  SQI2 BDL BDL BDL 163 BDL  BDL 63 100.23
QzMag  SQI-3 311 BDL  BDL 448 BDL  BDL BDL 99.96
Qz-Mag  SQl-4 BDL 410 48.8 215 BDL  BDL 91 100.52
Qz-Mag  SQI-5 259 BDL BDL 108 BDL  BDL BDL 100.75
Qz-Mag  SQI-6 505 BDL 805 892 BDL  BDL 222 100.57
QzMag  SQI-7 451 BDL  BDL 985 BDL  BDL 69 100.09
Qz-Py SQ2-1 704 BDL 114 2879 349 BDL 476 99.94
Qz-Py SQ2-2 2307 BDL 247 1182 BDL  BDL BDL 99.13
Qz-Py SQ2-3 1161  BDL 106 1422 208 BDL BDL 99.10
Qz-Py SQ2-4 1683  BDL 958 1371 245 BDL 229 99.07

Notes: BDL= below the detection limit,

5.2. Carbonate minerals Chemistry

EPMA data of carbonate minerals from carbonatization alteration zone in the Shourab gold
prospect indicate a predominantly calcite composition, characterized by MnO (0.39-2.89wt%)),
FeO (0.46-1.74 wt%), and low MgO (0.06-0.80 wt%) and TiO, (BDL-0.04 wt%) contents, with
NaxO below detection limits (Fig. 4; Table 2).

Table 2. Chemical composition of calcite from the Shourab gold prospect.

Point Na,O MgO AlLO;  Cn0O3; TiO, FeO MnO SiO, CaO K;O Total
SC-1 BDL 0.36 0.09 BDL 0.04 1.61 2.89 0.30 53.92 0.06 59.27
SC-2 BDL 0.81 0.61 BDL 0.01 1.74 1.20 1.02 54.45 0.03 59.87
SC-3 BDL 0.12 0.01 BDL BDL 0.46 0.62 BDL 53.93 0.02 55.16
SC-4 BDL 0.17 BDL BDL 0.00 1.49 0.39 0.04 54.17 0.02 56.28
SC-5 BDL 0.06 0.01 BDL 0.01 0.39 1.79 0.01 54.21 0.00 56.48
SC-6 0.030 0.15 0.13 BDL 0.01 0.62 1.88 0.04 53.98 0.04 56.88

Note: BDL= below the detection limit,
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Figure 4. Chemical classification of carbonate minerals from the Shourab gold prospect.

5.3. Fluid inclusion
5.3.1. Petrography

Fluid inclusion studies were conducted on quartz from biotite-magnetite alteration and
silicification zones, and calcite from the carbonatization zone at the Shourab gold prospect. Calcite
crystals typically contain fewer inclusions than quartz. The studied inclusions in both minerals are
predominantly primary and liquid-rich (Fig. 5a-e). They exhibit sizes of 5-30 pum and diverse
morphologies including regular, rounded, elongated, trigonal, and negative crystal shapes.
Petrographic analysis identified three inclusion types: (I) rare single-phase (V- or L-type)
inclusions (<5 pm in size, Qz-Mag stage), where liquid-dominated types form elliptical clusters in
quartz; (II) abundant two-phase (LV-type) inclusions containing liquid + vapor (15-60 vol%
vapor) that homogenize to liquid (7, LV—L), observed in both minerals (Fig. 5a—c), with trace
COz. Densely clustered gas-liquid inclusions (2-5 um in size, Qz-Py stage) show elliptical,
subrounded, or oblong morphologies; and (III) rare three-phase (LVS-type) and polyphase
(LVSS2-type) inclusions (8-30 um in size, Qz-Mag stage) in the early quartz, with cubic halite,

rounded corners sylvite, and opaque daughter minerals (Fig. 5d, e).
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Figure 5. Photomicrographs of representative fluid inclusions observed in quartz and calcite from Shourab gold
prospect. (a) Primary liquid-rich (LV-type) aqueous inclusion in quartz from the quartz-magnetite assemblage from
the biotite- magnetite alteration zone (sample SH>B25S124). (b) Type II (LV-type) inclusion in quartz from the quartz-
magnetite assemblage (sample SH7BsSs4), (c) Type II (LV-type) inclusion in quartz from the quartz-pyrite assemblage
of the silicification zone (sample SHsB5Sss). (d) Type III (LVS-type) inclusion in quartz from the biotite-magnetite
alteration zone, showing halite and an opaque daughter mineral (sample SH2B26S131). (e-f) Coexisting Type II (LV-
type) and III (LVS;S,-type) inclusion in quartz from Fe-K alteration zone with trace CO» (sample SH4B31S306). Note
cubic halite and smaller sylvite crystals with slightly rounded corners. Abbreviations: L-liquid, V-vapor, S-halite,

S1S»-halite/sylvite.
5.3.2. Microthermometry

Microthermometry analysis was performed on the LV and some LVS inclusions (Table 3). In the
biotite-magnetite alteration zone (early mineralization, ore stage-I), quartz-associated magnetite
contains mainly LV-type and rare LVS;S,-type and V-type inclusions (Fig. 5a, b, d, e, f). LV
inclusions show first melting temperatures at —26.0 to —21.9 °C suggesting Na™-K*-rich fluids,
Tmijce values of -15.5 to -7.5 °C (salinities: 11.10-19.05 wt% NaCl eq.), and Ty, values of 343495
°C (Fig. 6). One halite-bearing inclusion homogenized by vapor disappereance at 384 °C, with a
halite dissolution temperature (Tmnaci) of 214 °C, corresponding to a salinity of 28.58 wt% NaCl

equivalent (Table 3). Variable fluid inclusion vapor/liquid ratios suggest heterogeneous trapping
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during fluid boiling (sample SH4B31S306, Figs. 6, 7). Early-stage quartz (ore stage-I), inferred to
have formed at depths of 0.6-2.5 km, assuming a lithostatic pressure conditions (150—600 bar;
Hezarkhani and Williams-Jones, 1998; Fig. 7), exhibits variable homogenization temperatures
attributable to boiling under decreasing hydrostatic pressure. In the carbonatization zone (stage 1),
calcite hosts LV-type inclusions (Fig. 6), with Ty = 278-353°C and Tmijce = -8.90 to -7.60 °C
(salinities: 11.22-12.73 wt% NaCl eq.). In the late-ore stage silicification zone (ore stage III),
quartz contains LV-type inclusions. LV inclusions record the lowest Ty (198338 °C) and salinities
(Tmjce: -7.5 to -4.2 °C; 6.74-11.10 wt% NaCl eq.), reflecting significant cooling of the
hydrothermal system (Fig. 7).

(aJJ Frequency [ Frequency

8 T B Qz-Mag, n=34
T ™mCal-Py, n=6

| @Qz-Py,n=10

o omal [ B

180 220 260 300 340 380 420 460 500 S 8 11 14 17 19
Th total (°C) Salinity (wt% NacCl)

Figure 6. Microthermometry data of primary LV-type fluid inclusions hosted by quartz and calcite at the Shourab

gold prospect. (a) Histograms of homogenization temperatures. (b) Histograms of salinities.

Table 3. Summary of microthermometry data of primary fluid inclusions in quartz and calcite at the Shourab gold

prospect.
Stage Host n Fltype Te (°C) Tmice (°C)  Tmnact  Salinity Average Th (°C) Mode
(°C) (wt% NaCl) (°O)
(wt% NaCl)
I: Qz-Mag  quartz. 34 LV -219t0-26 -7.5t0-15.5 11.1t0 19.1 16.7 343t0495 390
I: Qz-Mag quartz 1 LVS -22 - 120 28.58 - 384 -
I: Cal-Py  calcite 6 LV -26.6 -7.6 to -8.9 11210 12.7 12.2 278 to 353 -
OI: Qz-Py quartz 10 LV -20t024.5 -42t0-7.5 6.7t0 11.1 8.0 198t0 338 324

Key: L-liquid, S-halite, V-vapor, n= quantity of analyzed inclusions, Tmi.=temperature of ice melting,
Tmyaci=temperature of halite solubilization, Thx: temperature of homogenization.

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



Accepted manuscript (author version)

600 T 600" 500~ |Qz-Mag (1) @
] : Cal-Py (1) A
] 400
500 + . .300/ Qz-Py () @
2 400 - g, brittleductile
5 s i A 7t transition
% ] three-phase 100.”
N " -y T 4750
£ 300 s
1t — 7S
£ ] i
s 200 e 10 bar/é}
* ] //% mixing
100 + / surface fluid dilution
] / boiling cooling
o +—r——t+rr—r—rt+r—rrrtrrrrtrrtt

0 10 20 30 40 50 60 70
Salinity (wt. %NacCl equiv.)

Figure 7. Plots of homogenization temperature (Th) vs salinity (%NaCl equiv.) for Type II (LV) and III (LVS) fluid
inclusions in quartz and calcite associated with magnetite and sulfide mineralization. The arrow indicates the typical
fluid evolution trend (after Hezarkhani and Williams-Jones, 1998; Wilkinson, 2001). Fluid inclusion trend for stage-
1 quartz show steep depletion of Salinity vs Th, steeper than the trend of fluid dilution. Green color lines represent

pressure estimates for various types of fluids.

6. Discussion
6.1. Ore-forming fluid evolution and ore formation mechanism

Trace element compositions of quartz from the Shourab gold prospect provide key insights into
the evolving physicochemical conditions of the mineralizing fluids. Among the analyzed elements,
Al, Ti, and K are the most sensitive indicators of magmatic differentiation and their ratios (Al/Ti
and AlI/K) effectively track the degree of parental melt fractionation (Breiter et al. 2020). In the
Shourab veins, early-stage quartz characterized by relatively low Al contents, is interpreted to have
crystallized from high-temperature, near-neutral fluids. In contrast, late-stage quartz, exhibiting
substantially elevated Al concentrations, formed under low tempreture, acidic conditions (Rusk et
al., 2008). Potassium enrichment is attributed to coupled AI** —Si*" substitution (Miiller et al.,
2012), whereas higher iron contents are typical of epithermal-type quartz (Table 1; Manalo et al.,
2020). Titanium concentrations systematically decrease with falling precipitation temperatures, in
agreement with patterns ducumented in porphyry-epithermal systems and confirmental studies
(Mao et al. 2017; Acosta et al. 2020). The Al/Ti and AI/K ratios provide further discrimination

between quartz populations at different stages of mineralization. Notably, late-stage quartz
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displays markedly higher Al/K values, ranging from 6.2 to 17.6, while Al/Ti is below the detection
limit.

Early-stage quartz from biotite-magnetite alteration contains higher Ti and lower Fe concentrations
(BDL-410, Ti and 108-985 ppm Fe), suggesting formation under high-temperature (>400 °C)
conditions in a magmatic-hydrothermal environment (Larsen et al., 2004; Landtwing and Pettke,
2005; Miiller et al., 2010; Breiter et al, 2013). The depletion in alkali elements (Al <505 ppm, K
<81 ppm) further supports a high-temperature magmatic-hydrothermal with significant influence
of magmatic components. In contrast, late-stage quartz from silicified zones shows significant
enrichment in Al (704-2307 ppm), Na (BDL-349 ppm), and K (96247 ppm), along with low Ti
(BDL), reflecting crystallization from lower-temperature hydrothermal fluids with increased alkali
activity (Perny et al., 1992; Blankenburg et al., 1994; Wark and Watson, 2006; Jacamon and
Larsen, 2009; Miiller et al., 2010; Gotze et al., 2021; Breiter et al., 2013; 2020; Shah et al., 2022;
Keyser et al., 2023).

This shift is further supported by fluid inclusion data, which document a progressive cooling and
cooling of the ore-forming fluids. Early high-temperature (~390 °C), saline fluids (11-29 wt%
NaCl eq.) are recorded in LV- and LVS-type inclusions. This suggests fluid boiling (Fig. Se),
supported by various vapour/liquid ratio, that will not observe in the dilution process (Fig. 7).
Microthermometric data from fluid inclusions reveals evidence of phase separation (boiling) in
early-stage quartz, as indicated by variable vapor-liquid ratios and the presence of coexisting
hypersaline inclusions (up to 29 wt% NaCl eq.). This process likely occurred near the brittle-
ductile transition zone (~400 °C), where magmatic fluids underwent decompression (Fig. 7;
Fournier, 1999). Saline, sulfur-poor fluids of this type are capable of transporting significant metal
loads at elevated temperatures and tend to precipitate Fe and other nonchalcophile elements
(Barton and Johnson, 1996). The subsequent carbonatization stage (stage II) records slightly lower
temperatures (278 to 353 °C) and moderate salinities (11-13 wt% NaCl eq.), reflecting sustained
magmatic fluid influx coupled with progressive cooling. The late silicification stage (stage III)
marks a significant thermal decline (198-338 °C) and reduced salinity (6.7-11.1 wt% NaCl eq.).
Under favorable redox conditions, sulfate reduction can be coupled with the oxidation of magnetite
to hematite, leading to sulfide generation according to the reaction: 4H™+2S04*

+12Fe304=18Fe,03+FeS>+ 2H>0 (Barton, 2013).
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Gold precipitation at the Shourab prospect was likely controlled by a combination of cooling and
redox changes. In the earliest, high-temperature stage, magnetite was preferentially deposited,
whereas pyrite-chalcopyrite mineralization developed during intermediate stages in response to
increasing sulfur activity and CO: loss. Progressive carbonatization of the host rocks further
contributed to CO», reinforcing these conditions. The final stage was characterized by the incursion
of cooler hydrothermal fluids, which promoted gold deposition through sulfidation of earlier
magnetite and/or destabilization of Au-bearing complexes (e.g., CI', HS") as the system evolved
toward temperature, higher sulfur activity and more acidic conditions (Skirrow, 2022; Song et al.,

2024).

Shourab shares several characteristics with IOCG deposits, particularly in its fluid characteristics
and mineralization styles. (1) Quartz chemistry reflects fluid evolution: High Ti in early quartz
(BDL—410 ppm Ti) points to high temperature (>400 °C) magmatic-hydrothermal conditions, akin
to porphyry/IOCG systems; (2) Fluid inclusions show cooling trends: Early saline (11-29 wt%
NaCl eq.), high temperature (>400 °C) Na-K-CI+CO; fluids (LV/LVS inclusions) match IOCG
magmatic-hydrothermal signatures (Hitzman et al., 1992; Baker, 1998; Pollard, 2001; 2006;
Sillito, 2003; Williams et al., 2011; Eslamizadeh, 2016; Fuentes-Guzman et al., 2023; Song et al.
2024). IOCG deposits are typically formed by moderate- to high-temperature, complex brines,
composed predominantly of H>O, NaCl, and CaCl, (Hunt et al., 2007); and (3) Gold deposition was
likely triggered by cooling/redox shifts: Early magnetite-hematite — intermediate pyrite-
chalcopyrite (CO: loss, rising sulfur) — late Au via sulfidation or ligand destabilization (C17/HS"),
consistent with [OCG models (Barton, 2013; Skirrow, 2022; Song et al., 2024). Strong carbonate
alteration and limited potassic alteration distinguish it from typical IOCG models. These
discrepancies suggest that Shourab may represent either a carbonate-rich IOCG variant or a
transitional system between IOCG and other iron oxide-associated deposit types. To clarify its
classification, future work should focus on detailed metal zonation patterns and geochemistry.
Nevertheless, Shourab’s unique attributes offer valuable insights into the diversity of iron oxide-
dominated hydrothermal systems, enhancing our understanding of their genetic and alteration

Pprocesses.
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7. Conclusions

This study reconstructs the ore-forming fluid evolution for the Shourab gold prospect through
integrated quartz chemistry and fluid inclusion analysis. The results delineate a clear
physicochemical transition from early high-temperature, saline magmatic-hydrothermal fluids,
that precipitated Ti-rich, alkali-poor quartz, to late-stage cooler hydrothermal fluids from which
Al- and alkali-enriched (K, Na), Ti-depleted quartz crystallized. Three distinct mineralization
stages are identified: (1) early high-temperature stage (>400 °C) characterized by Ti-rich quartz
and high-salinity fluids (11-29 wt% NacCl eq.), (2) an intermediate transition phase marked by Fe-
Mn-rich calcite precipitation at moderate temperatures (278 to 353 °C), and (3) a late, low-
temperature stage (198-338 °C) hosting gold mineralization, which is associated with alkali-
enriched quartz (Al 704-2307 ppm) and lower-salinity fluids (7-11 wt% NaCl eq.). This
physicochemical evolution, characterized by progressive cooling, declining salinity, and
increasing fluid-rock interaction, was the principal control on gold precipitation. The depositional
mechanism was likely triggered by a combination of fluid cooling, dilution, and sulfidation of pre-
existing magnetite, which destabilized gold complexes (e.g., C1'/HS™) under increasingly acidic
conditions. Calcite chemistry (FeO 0.46—1.74 wt%, MnO 0.39-2.89 wt%) confirms metal-bearing
fluid circulation during carbonate alteration. This highlights the diversity within iron oxide-
associated hydrothermal systems. Consequently, this study demonstrates that quartz chemistry and
fluid inclusion analysis are powerful proxies for deciphering hydrothermal evolution, and it
underscores the need for further research into metal zonation patterns to refine the genetic model

and classification of the Shourab gold prospect.
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