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Abstract

The Koushk Zn-Pb deposit is the largest known and least deformed and non-metamorphosed
Early Cambrian shale-hosted massive sulfide (SHMS) deposit at Central Iran. The current
remaining reserves are estimated to be greater than 14 Mt ore, averaging 7% Zn and 1.5% Pb;

the primary resources ore of the deposit is estimated to be more than 60 Mt.


mailto:rajabi@ut.ac.ir

At this deposit, different hydrothermal ore styles (bedded ore, vent complex, and feeder zone)
are well preserved within the Lower Cambrian black siltstones and shales. According to fluid- rock
interaction and different ore-forming processes in SHMS systems, these ore facies with extensive
hydrothermal alteration provide unique conditions to understand critical textural and geochemical
frameworks to present a genetic model. In this research, we focus on different paragenetic stages
of sulfide mineralization and fluid-rock interactions in different ore styles from the Koushk
SHMS deposits. The paragenetic relationship provides the context for the interpretation of stable

isotopes (S, C, and O) in hydrothermal sulfides and carbonates.

Detailed petrography and paragenetic studies represent three major generations of sulfide
mineralizations at different ore zones: (1) stage | includes very fine-grained (<6 um) framboids,
spherulite pyrite (py.), associated with minor fine-grained disseminated sphalerite (sp1), and galena
(sp2); (2) Stage Il is composed of a diagenetic intergrowth of coarse-grained framboids and
spherulite pyrite, packed polyspherulite aggregates and pyrite nodules (py.) replacing diagenetic
barite and carbonate nodules, and are followed with coarse-grained sphalerite (sp2) and galena
(gny) that replace former sulfides and barite, deposited as disseminated, laminated and sulfide-
rich banded textures; (3) stage Il of sulfide mineralization is characterized by a vent complex
development (VCD) over the feeder zone, hydrothermal brecciation, dissolution of rock-
forming minerals, and extensive replacement of earlier sulfides and barite, leading to deposition of
stage Ill of ore sulfides. The oxygen and carbon isotopes values, for fluid in equilibrium with
hydrothermal calcite and dolomite in this deposit range from 50 +8 to +16.7
%o and &'°C from -8.3 to -4.3 %o, are generally compatible with basinal brines and formation

water as fluid sources. In addition, highly positive §**S values of hydrothermal sulfides (+6.5 to

+36.7 %o) in different ore stages of the Koushk deposit are consonant with other SHMS deposits.



Textural relationships and S isotope data reveal that the contribution of bacterial sulfate
reduction (BSR) in the Zn-Pb mineralization is not so significant, but the thermochemical sulfate
reduction (TSR) nd direct barite replacement could provide sufficient sulfur for the main sulfide
mineralization in the SHMS deposits. Also, the data presented in this paper are against a
syngenetic, purely synsedimentary-exhalative model, and give prominence to that vent-proximal
SHMS deposits formed predominantly during the diagenesis in the uppermost sediment pile and

replacement of host rocks during vent complex development (VCD) processes.

Keywords: Koushk, SHMS Zn-Pb, SEDEX, stable isotopes, thermochemical sulfate

reduction (TSR), vent complex development (VCD)

Introduction

Shale-hosted massive sulfide (SHMS) ore deposits, that previously described as sedimentary
exhalative (SEDEX; Carne and Cathro, 1982; Goodfellow et al., 1993), are significant sources of
zinc and lead, and usually form laterally extensive stratiform to stratabound accumulations of
sulfides hosted in black shales and siltstones. SHMS mineralization is considered to form by
deposition of sulfides at the seafloor from hydrothermal fluids that are thought to exhale from a
vent complex. Preservation of feeder and vent complex is rare at most of these deposits, so-
called vent-distal SHMS, and only very few deposits, known as vent-proximal SHMS deposits,
show a clear relationship between the feeder pipe and the overlying sulfide mineralization (e.g.,
Sangster, 2002; 2018; Rajabi et al., 2015a,b; Magnall et al., 2016a). The Zarigan—Chahmir

basin (ZCB, Fig. 1), located in Posht-e-Badam block of the Central Iranian Microcontinent



(CIM), hosts several SHMS deposits, including the Koushk, Chahmir, and Zarigan deposits, and
Darreh-Dehu, Wedge, and Cheshmeh-Firouz occurrences (Fig. 1b), hosted in Early Cambrian
volcano-sedimentary sequence (ECVSS). Koushk is the largest and economically most important
SHMS Zn-Pb deposit in Iran. Although there are some ancient mining activities at the Koushk
area, this deposit was first mined for zinc and lead in 1939. There is no accurate data on the primary
resources of the deposit, but it is estimated to be more than 60 Mt, and its size (1500 m length,
65-150 m thickness) comparable to that of the Meggen (Germany), Anniv, and XY (Howards Pass,
Canada) Zn-Pb deposits. Rajabi et al. (2012b) reported 20 Mt ore reserves for this deposit in
2012 and classified it as a vent-proximal SHMS mineralization. Its current remaining reserves are

greater than 14 Mt ore, averaging 7% Zn and 1.5% Pb.

Most SHMS deposits worldwide have experienced extensive recrystallization and destruction
of primary textures during post-ore deformation and metamorphism. Only a few deposits, such
as McArthur River, Australia (Large et al., 1998), Macmillan Pass, Canada (Magnall et al.,
2016a) and the Koushk and Chahmir deposits, central Iran, preserve most of their primary,
synsedimentary features. Herein, we are going to focus on mineral phases from the vent complex
and bedded ore, which are particularly well preserved in the Koushk deposit, in order to develop
a better understanding of fluid rock interaction in the central up-flow zone of SHMS systems.
We also present stable isotope (S, O, and C) data of specific mineral phases at the Koushk
deposit, new data that can improve our understanding from the Cambrian SHMS mineralizations

and ore-forming processes in vent-proximal SHMS deposits.

Geological and tectonic setting

The Zarigan-Chahmir basin (ZCB) is a significant back-arc rifting succession in the central

lithotectonic domain of Posht-e-Badam block, also known as the Kashmar-Kerman structural
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zone, in the CIM. The basin consists of non-metamorphosed, Early Cambrian marine
sedimentary, and intercalated volcanic rocks (ECVSS; Rajabi et al., 2015a), covering the oldest
Precambrian continental basement of Iran, and it is bordered by the Kuhbanan Fault to the east

and the Posht-e-Badam Fault to the west (Fig. 1b).

In the ZCB, the oldest basement composed of the late Neoproterozoic metamorphic rocks of the
Boneh-Shurow Complex (617-602 Ma). The Tashk Formation unconformably overlies this
complex and consists of 2000 m-thick, well-stratified sequence of weakly metamorphosed to
non-metamorphosed, sedimentary, and volcanic/volcaniclastic rocks (Fig. 2). The ECVSS
sequence, which overlies the Tashk Formation, is about 1500—-2000 m thick (Rajabi et al., 2015a)
and consists of sandstones, volcaniclastic and tuffaceous rocks, intermediate to felsic and basaltic
lavas, shales, black siltstones, dolomites and dolomitic limestones, and minor gypsum beds
(Ramezani and Tucker, 2003; Rajabi et al., 2015a). U-Pb zircon dating gave 528.2 +0.8 Ma age
for the dacitic porphyries and rhyodacites of the lower part of the ECVSS (Ramezani and
Tucker, 2003). This sequence is unconformably overlain by the Lowe Cambrian red sandstones
and conglomerates (Lalun/Dahu Fm.) and by the Middle Cambrian trilobite-bearing Mila
Formation in the Zarigan and Chahmir areas (FGerster and Jafarzadeh, 1994; Rajabi et al.,

2015a,b).

The evolution of the CIM is related to the assembly of Gondwana. One of the most significant
geological features of the Posht-e-Badam block is an almost N-S magmatic belt, in the west and
northwest of the ZCB (Fig. 1b), and the nature of igneous rocks of the ECVSS. This Early
Cambrian magmatism was recently defined as a magmatic arc (Fig. 1b) developed along the Proto-
Tethyan margin of the Gondwana supercontinent (Ramezani and Tucker, 2003; see Fig. 16 in

Rajabi et al., 2015a). Rajabi et al. (2015a,b) reported geological and geochemical data that



support an extensional back-arc rifting in the eastern portion of the area. They suggested that the
SHMS (e.g., Koushk and Chahmir) and iron oxide-apatite (IOA) deposits also formed in this
geotectonic setting. The opening of the ZCB in the Posht-e-Badam block took place when the CIM
broke up in the Late Neoproterozoic—Early Cambrian, due to the back-arc rifting of the continental
margin, which happened coevally with the convergence of the Proto-Tethys along the continental

margin (see figures 13 and 14 in Rajabi et al., 2015a).

Stratigraphy of the ECVSS and geology of the Koushk deposit

The geology of the basin and stratigraphy of the ECVSS have been described in detail by Rajabi
et al. (2015a). The stratigraphic correlation scheme (Fig. 3) is applicable throughout the basin,
based on sequence stratigraphic analysis of the ECVSS and geochemical data. The scheme is
subdivided the system into two sub-sequences, defined from contemporaneous depositional and
structural events recognizable across the basin (Fig. 3). Two main stages of a rift event for the
ECVSS are proposed: (I) A syn-rift phase, related to the intra-basin extension, indicated by coarse-
grained detrital sedimentary rocks and bimodal volcanism (lower part of the ECVSS). (Il) A sag
phase, comprising calcareous shales, siltstones, and carbonates (upper part of the ECVSS);
sedimentation during this phase was controlled by basin subsidence and reactivation of the half-

graben faults.

Two stratigraphic sequences have been identified in the Koushk mining district (Fig. 4): (a) an
ore-bearing sequence that comprises the upper part of the ECVSS, and (b) a volcano-sedimentary
sequence that includes tuffaceous rocks, shales, and limestones. Detailed stratigraphic studies
indicated that the latter could be correlated with the lower part of the ECVSS in the ZCB (Rajabi
et al., 2012b). In the southeastern part of the deposit, the ore-bearing sequence trends

northwestwards, steeply dipping to the southwest; in the NW of the deposit, however, it changes
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to a southwestward strike that gently dips to the SE (Fig. 4). The basal unit of this sequence
consists of grey lithic crystal tuffs, rich in quartz, alkaline feldspars, and lithic fragments,
overlain by locally dolomitized sandy to silty limestones, grading upwards to shales and siltstones.
The calcareous siltstones and shales transition to fine-grained, organic matter-rich black
siltstones and shales in the ore-bearing horizon, and are overlain by interbedded tuffs, shales
and cherts. Limestones and massive cherty dolomites form the uppermost part of the ECVSS (Figs.
3 and 4). The ore-bearing sequence in the Zardu syncline is cut by the Koushk Fault (Fig. 5a),
which trends NW-SE with a steep dip to SW (Fig. 4). The southwest block of this fault exposes
shales, tuffs, and limestones. At Zardu area, within the host sequence, some sedimentary
breccias and debris flow deposits are intercalated with the fine-grained ore-bearing sedimentary
rocks and abruptly increase in thickness towards the southeastern part of the deposit (Fig. 5a). A
rhyolitic dome, Middle Cambrian in age, intruded the ore-bearing sequence in the southeast of the

deposit and several diabase dikes cut the entire ECVSS.

Mineralization

The Koushk deposit is located in the central part of the ZCB, within rocks deposited during
the sag phase of the ECVSS; these include black siltstones and shales of the Koushk member that
are overlain by 200 m of carbonates. The mineralization occurs as a tapering, wedge-shaped
orebody within the black siltstones and shales, reaching a maximum thickness of about 111 m in
the SE portion of the deposit and decreasing to less than 60 m at its northwestern limit (Fig. 5a).
The Koushk orebody strikes SE-NW, with a southwesterly dip of 45°— 48°, concordant with the
host rocks (Fig. 5b). In the southeastern part of the deposit, the mineralization is massive and
stratabound (Rajabi et al., 2012b), although it forms a laterally continuous stratiform lens that

terminates abruptly at the Koushk Fault, at its NW terminus (Fig. 5a).



Three major ore styles are distinguishable in the Koushk deposit (Fig. 5a; Rajabi et al.,
2012b): (a) vent complex (massive sulfide ore), consisting of massive pyrite, galena, and sphalerite
(Fig. 6), with minor chalcopyrite and arsenopyrite, (b) stockwork or feeder zone, composed of
discordant stockwork style sulfide veins (Fig. 7), and (c) stratiform-bedded ore, including pyrite,
sphalerite, and sphalerite-galena laminae, disseminated and replaced sulfides and barite (Fig. 8).
There is also a poorly mineralized distal facies with banded chert, and disseminated barite and

pyrite that stratigraphically overlies the stratiform ore body.

The Koushk deposit preserves well developed hydrothermal alteration of the host rocks within
and around the feeder zone and vent complex, as alteration haloes that extend around these ore
zones. Silicification and carbonatization (calcite, dolomite, and minor siderite) formed in
association with feeder zones and vent complex, and sericitization around the feeder zone
(Rajabi et al., 2012a). Carbonatization is more extensive than other alteration styles, even within

the bedded ore.

Sampling and Methods

Representative samples of all mineralization styles and host rocks were collected from
underground tunnels and drill cores from the Koushk deposit. The mineralogical, textural, and
paragenetic analyses were carried out using reflected and transmitted light microscopy and
scanning electron microscopy (SEM) at the University of Tehran, Iran, the Universidad Nacional

Autonoma de México, Mexico, and the Universitat de Barcelona, Spain.

Thirty-one sulfide and eleven carbonate samples from different ore facies of the Koushk deposit
were analyzed for sulfur, and oxygen-carbon stable isotope compositions, respectively (Tables 1

and 2). Sulfide and carbonate minerals were selected and separated mechanically (by



crushing and handpicking) from rock slabs following examination of thin sections to determine
the primary mineralogy and purity of the areas to be sampled. Most samples were coarse enough
to ensure > 98 % purity for the mineral separates. For samples that containing fine intergrowths
of sphalerite, pyrite, and galena, sulfides were separated by micro-drilling directly from the
polished sections under the microscope. Oxygen and carbon isotope compositions were determined

for 11 carbonate samples obtained by micro-drilling.

Sulfur isotopes were analysed using a Delta C Finnigan MAT continuous-flow isotope-ratio
mass spectrometer with an elemental analyzer. The isotopic analyses were carried out at the
Centres Cientifics i Tecnologics of the Universitat de Barcelona, Spain. The results are reported
in the conventional delta notation (5**S) as per mil deviations from the V-CDT (Vienna Canyon

Diablo Troilite) standard. The analytical precision is within £0.1 %o (1o).

Oxygen and carbon isotope compositions were determined using a Finnigan Delta Plus XL mass
spectrometer with a dual inlet Gas Bench Il interface at the Instituto de Geologia of the
Universidad Nacional Auténoma de México, Mexico. The C and O isotopic values are reported
in the conventional delta notation (5'°C and §*20) as per mil deviations from to the VV-PDB (Vienna
Pee Dee Belemnite) and the V-SMOW (Vienna standard mean ocean water) compositions. The
80 values calculated for water in isotopic equilibrium with the carbonates are also reported
relative to the V-SMOW standard. The instrumental precision (1o) was calculated from 4 replicate
analyses of certificated NSB-19 and LSVEC standards and was 0.5

%o for 813C and 0.5 %o for 6180V5Mo\/\/.

Sulfide textures and paragenesis



Rajabi et al. (2012b, 2015b) interpreted the textural relations of sulfides at the Koushk and
Chahmir deposits to indicate that the sulfides formed in two main stages, namely, (I)
synsedimentary depositional sulfides, and (I1) hydrothermal replacement mineralization. Further
detailed SEM and reflected light ore microscopy reveal multiple generations of sulfide growth in
the Koushk black shales and siltstones. New studies of the relationship between the sulfides and
sedimentary bands represent more complex textural relationships in sulfide minerals (Fig. 9),
which responds to different processes. It should be noted that hydrothermal stages at Koushk

deposits probably were not discrete episodes but likely overlapped temporally.

Pyrite 1

The first generation of pyrite (pyl) constitutes over 40% of all pyrite in bedded ore at Koushk
deposit. It occurs as 2 to 6 um euhedral to subhedral cubic crystals, spherical framboids, fine-
grained spherulites (Fig. 10a,b,c), and tightly packed round to lenticular aggregates of

polyspherulites (Fig. 10b,d) and ‘bubble’ textures.

Fine-grained crystalline pyrite, and framboids are a minor component of the black shales and
siltstones of the Koushk member in the basin, but these types of pyrite along with spherulites are
quite abundant in the bedded ore of the Koushk deposit (5-35 vol. %). Framboids consist of
spherical aggregates of microcrystalline pyrite. Individual framboids are generally <2 to 7 um in

diameter and less commonly up to 15 um in diameter.

Spherulite texture is the most common form of pyrite in the bedded ore of this deposit (Fig.

10a,c; also see Fig. 9e in Rajabi et al., 2012b) and occurs disseminated and forming laminae.
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Accumulation of these spherulites, along with minor microeuhedral pyrite, makes loosely round
to lenticular aggregates, called here polyspherulites (Fig. 10). Single spherulites are more
common than framboids in the bedded ore; moreover, euhedral fine-grained pyrite or galena may
occur at the core of some spherulites. Single spherulites are generally <2 to 7 um in diameter and

composed of radiating fibrous pyrite.

Framboids, microeuhedral and spherulite pyrites usually show close relationships and occur as
random disseminations, irregular clusters, and also laminae in the bedded ore of the deposit (Fig.
10). These kinds of pyrite forms are primary kernels for subsequent pyrite growth and, are grouped

into pyl.

Sphalerite 1

The first generation of sphalerite (spl, Figs. 8c-d and 10c) represents >40 percent of all
sphalerite at bedded ore and commonly occurs as very fine-grained (2-20 pm) sphalerite that takes
the form of irregular, elongate, and blebby fine-grained aggregates that coalesce and combine
to define sphalerite-rich laminae (0.2-2 mm thick, Fig. 8c) within black shales and siltstones.
Sphalerite 1 is characteristically associated with euhedral pyrite crystals, framboids and pyrite
spherulites, and occurs as disseminated grains dominantly in sphalerite-pyrite rich and rarely
sphalerite-galena rich laminae. At the high-grade parts of the bedded ore, spl occurs as laterally
continuous planar laminae or as sphalerite-rich bands (Fig. 8c). These laminae or bands are

separated from each other by pyrite-rich or silty laminae of the host rock.

Galena 1
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Galena is a minor component of the bedded ore at the Koushk deposit. Primary (non-
replacement) laminated galena (gnl) is very rare at the Koushk deposit and is commonly
concentrated as very fine-grained disseminations in sphalerite-galena-rich bands (Fig. 8d).
Galena also occurs as a crystalline core in some pyrite spherulites. The first stage of galena
mineralization at Koushk forms fine-grained disseminated sulfide and its laminated form is very

Scarce.

Pyrite 2

The second generation of pyrite (py2) forms coarse anhedral to subhedral crystals aggregates,
usually overgrowths on pyl in the bedded ore (Fig. 11). Subhedral crystals and coagulated
aggregates of py2 displace the adjacent laminations and are more common in nodular pyrites
(Fig. 11a) and around the polyspherulites (Fig. 11b-d). Considering these textures, it can be
assumed that py2 nucleated on the preexisting pyl, marking the diagenetic stage of the
mineralization. This generation of pyrite, especially nodular pyrite, replaces carbonates (Fig.
11a) and barite (Fig. 11e,f), and is common in barren host rock bands, carbonate-rich bands, and
nodules. Besides, polyspherulites show diagenetic growth in tightly packed aggregates (packed
polyspherulite aggregate, PPA; Fig. 11b-d). PPAs are restricted to the banded ore facies of the

deposit and usually form pyrite-rich bands.

Sphalerite 2

The second generation sphalerite (sp2) comprises about < 60 % of all sphalerite at bedded ore
and locally up to 70 % in polyspherulite bands, pyrite nodules, and carbonate-rich bands or nodules
(Fig. 11b-d). Sp2 consists of 10 to 100 um crystalline aggregates that are usually associated with
py2 and also occurs as variable replacement of polyspherulites, framboidal
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pyrites, and disseminated barite (Fig. 11b-d). Sp2 forms late in the paragenetic sequence in the
bedded ore, after the formation of pyrite nodules that displace the stage 1 phases and py2 (Figs. 9

and 11b-d).

Galena 2

The second generation of galena is a volumetrically minor phase in the bedded ore and only
occurs in carbonate-rich laminae associated with stage 2 of sphalerite and pyrite. This generation

of galena usually replaces carbonate nodules (Fig. 8f) and stage | of sulfides.

Pyrite 3

This generation of pyrite (py3) forms coarse-grained euhedral to subhedral crystals, and
occurs as massive bodies and as vein or veinlets (Fig. 6c, d, f, g), mainly in the vent complex and
the feeder zone, or as colloform pyrite around the vent complex (Fig. 6a, e). Py3 is associated
with coarse-grained galena and sphalerite, and with carbonate alteration in massive high-grade
accumulation of sulfides, and is a dominant sulfide phase in yellow pyrite-rich sub-facies (YPS)
and pyrite-sphalerite-rich sub-facies (PSS) of the vent complex (Rajabi et al., 2012b). It also occurs

in feeder zone as coarse-grained crystalline pyrite in vein and veinlets.

Galena 3

Galena 3 (gn3) is one of the main components of the vent complex, especially in the galena-
sphalerite rich sub-facies (Fig. 6b, c, e, f). Coarse-grained gn3 occurs in massive bodies, in
veins/veinlets, and replacements in the vent complex and feeder zone, and mainly replaces pyrite
(Fig. 6e, f). This galena usually is associated with carbonatization and silicification, and along

with sp3 makes the highest ore-grade mineralization in the vent complex.
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Sphalerite 3

Sp3 is a common distinctive sphalerite confined to the vent complex and feeder zone, and it is
indicated by coarse-grained anhedral crystals, replace pyrite and galena (Fig. 6). This type of
sphalerite is commonly concentrated in the pyrite-sphalerite and galena-sphalerite rich sub-facies
of the vent complex (Rajabi et al., 2012b) and veins and veinlets of the feeder zone. Sphalerite 3
replaces or overprints all other sulfide minerals associated with the mineralization (Fig 6d, e, f)

and, therefore, it is the latest sulfide phase in stage 111 of paragenetic sequence.

Chalcopyrite and arsenopyrite

Chalcopyrite and arsenopyrite are volumetrically minor phases of the mineralization and
occur throughout the vent complex. Chalcopyrite is present as fine-grained inclusions (blebs)
within coarse-grained sphalerite (as chalcopyrite-disease). Arsenopyrite is scarce and occurs as

fine-grained euhedral to subhedral crystals associated with galena (gn3).

Sulfur isotopes

The new sulfur isotope data for this deposit (Table 1) span the range of §*S values of
previous studies (Rajabi et al., 2012b) and are most positive (Fig. 12). All the §*S values for
samples from the Koushk deposit are between 6.5 and 36.7 %o (avg. 22.0 %o). Significant

differences in 5**S values occur among different sulfide generations and ore facies.

In Koushk, the highest 5**S values correspond to the bedded ore, where they vary between 9.7

and 36.7 %o (avg. 28.7 %o). The 5*S values from the feeder zone range between 21.8 and 26.8 %o
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(avg. 23.9 %), and the lowest values occur in the vent complex, between 6.5 and 24.7 %o (avg.

15.0 %o).
Oxygen and carbon isotopes

The O and C isotope compositions of hydrothermal carbonates (calcite and dolomite) from
the Koushk deposit are listed in Table 2. The §®Ovswow Values in calcite (n = 4) are between
17.1 and 19.8 %o (avg. 18.5 %o) and in dolomite (n = 4) between 22.7 to 24.0 %o (avg. 23.5 %o).
The 8*Cvppg values in calcite are between -8.3 and 7.0 %o (avg. -7.6 %o), and in dolomite from -

4.9 to -4.3 %o (avg. -4.6 %o). The 8" 0vsmow values in calcite from the host rock (Koushk
member shales) in the basin (Rajabi et al., 2020) are between 18.1 and 20.5 %o (avg. 19 %o) and

8"3Cvpps values are between -1.5 and 0.4 %o (avg. -0.3 %o).

Discussion
Sources of sulfur

Sulfide minerals in almost all SHMS deposits show wide ranges of 5**S, with values from
negative to highly positive (Fig. 13), especially in pyrite from carbonaceous shales hosting the
sulfide mineralizations (Leach et al., 2005; Lyons et al., 2006). But, a striking feature of the
Koushk deposit is the broad range (Figs. 12 and 13) of positive 5**S values of sulfide minerals.
This broad range of §**S values in Koushk is similar to that for other SHMS deposits worldwide
(e.g., Anger et al., 1966; Goodfellow and Jonasson, 1987; Shanks et al., 1987b; Leach et al.,

2005).
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Seawater sulfate is considered to be the predominant source of sulfur in SHMS deposits and
in other sulfide accumulations in the seafloor (Ohmoto and Goldhaber, 1997; Leach et al., 2010).
Nonetheless, the processes of sulfate reduction to sulfide in different orebodies and the
subsequent deposition of sulfide minerals remain controversial (Gadd et al., 2017; Magnall et al.,
2016b). Thermochemical and bacterial sulfate reduction (TSR and BSR, respectively), and
anaerobic oxidation of methane coupled with sulfate reduction (AOM-SR, Magnall et al., 2016b)
are the most relevant processes for supplying sulfur from the seawater sulfate and deposition of
sulfide minerals in SHMS deposits (e.g., Kelley et al., 2004; Shanks 111, 2001, 2014; Magnall et

al., 2016b; Gadd et al., 2017), discussed below in stratiform and stratabound sulfide ores.

Stratiform ore and sulfate reduction

In sulfide accumulations within marine sediments in anoxic basins, BSR is the most common
geochemical mechanism for sulfide deposition; typically, it takes place under early diagenetic
conditions (Goldhaber, 2003; Shanks IIl, 2014). Bacterial sulfate reduction occurs at
temperatures of less than 110 °C (Stetter, 1999; Jargenson et al., 1992) and results in a broad
range of negative §**S values. Sulfur isotopic fractionation of BSR ranges from -20 to -60 %o
(¢3S, about -40 %o in average) relative to the parent sulfate, and that is why negative §**S values
are usually obtained, diagnostic of an open system for marine sulfate (Magnall et al., 2016b; Sharp,
2017). Large ranges of 8**S values can also result from a Rayleigh-type fractionation (RTF)
occurring in partially closed or restricted systems (Fig. 14a), wherever marine sulfate supply is
the major limiting factor (Goldhaber, 2003; Shanks IlI, 2014). It should also be considered
that 5**S values distribution also depend on other factors such as sulfate reduction rate (Leavitt

et al., 2013), sulfate concentration (Habicht et al., 2002), temperature (Sagemann et
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al., 1998; Sawicka et al., 2012) and content of organic-rich matter in the sediments (Goldhaber

and Orr, 1995).

In the bedded ore, during the stage 1 of sulfide mineralization on/near the seafloor, temperatures
could have been low enough to sustain BSR so that biogenic sulfides, as fine- grained (< 6 pum)
framboidal pyrite, preserve negative 5**S values (e.g., Rajabi et al., 2015a; Gadd et al., 2017).
However, all 5**S values from coarse framboids (> 6 um), spherulites, galena,
and diagenetic non-framboidal pyrite in the bedded ore yield high positive **S values (from 9.7
to 32.7 %o), revealing that the contribution of open system-BSR in the main stages of Zn-Pb

mineralization is insignificant (Fig. 14b).

Framboidal pyrite in the HYC vent-distal SHMS deposit, Australia, preserves a &*S
of ~28 %, relative to the 8**S value of contemporaneous seawater sulfate (Ireland et al., 2004). In

the Howards Pass (HP) deposit, Yukon, Canada, a £**S of ~44 %, is obtained from framboidal

pyrite (Gadd et al., 2017). Sangster (2018) noted that these pyrite framboids are pre-exhalative
and compared them with those of modern marine sedimentary open system to sulfate.
Conversely, in the bedded ore of Koushk, coarse-grained framboidal and pyrite spherulites, as well
as fine-grained galena, preserve a €3S of ~2 %o, which does not support this model in the

deposit. In addition, S isotope analyses vyield very high §**S values, up to 36.7 %o, in stage 2
diagenetic pyrite and sphalerite (Fig. 14b, Table 1). Similarly, Strauss and Deb (unpubl. data)
analyzed §**Sgso4 in evaporites of the Ravar and Desu Series (time equivalent with ECVSS in
central Iran), in the east and south of the ZCB, that range between 28 and 31 %o (Figs. 12, 14b).

This data falls in the range of 5**S values in bedded sulfides from SHMS Zn—Pb deposits of Central

Iran and Early Cambrian evaporitic sulfates, suggests a common sulfur source, with

small isotopic fractionation between the contemporaneous seawater sulfate and sulfides that is
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not consistent with bacterial sulfate reduction (open-system BSR) that typically generates

extreme shifts towards low (negative) 5**S values with respect to those in the parental sulfate.

Thermochemical sulfate reduction (TSR) has been invoked as an important sulfate reduction
process in the bedded ore of SHMS deposits (Alfonso et al., 2002; Ireland et al., 2004; Huston et
al., 2006; Gadd et al., 2017). In this process, dissolved sulfate was a major component of
metalliferous exhaled brine, that after exhalation in an anoxic basin, ponded on the seafloor and
TSR occurs in the basal part of the ponded hydrothermal fluid into the bedded ore (Ireland et al.,
2004; Gadd et al., 2017). Likely, such similar thermochemical sulfate reduction (TSR) by
hydrothermal brines played an essential role in deposition of diagenetic sulfides of the bedded

ore in the Koushk deposit (Fig. 14b).

Rather than forming via TSR, Magnall et al. (2016b) suggested that the positive §**S values in
pre-ore pyrite of the bedded ore of the Tom and Jason deposits (Yukon, Canada) were generated
during diagenesis. They found evidence of barite dissolution in the bedded ore, and the
replacement of barite with pyrite and sphalerite with highly §**S values (range between +8 to
+26 %o). Detailed textural investigation in the bedded ore of Koushk reveals a paragenetic
relationships between diagenetic sulfide mineralization and dissolution of disseminated barite in
this ore facies (Fig. 11e,f). These barite grains are generally greater than 7 um in size (up to 50
um), which is typical of barite precipitates beneath the water-sediment interface (cf. Paytan et al.,
2002; Magnall et al., 2016b), durig early diagenesis. This barite is replaced directly with all
diagenetic pyrite (py2) and sphalerite (sp2), and hydrothermal sulfides of stage 2 (Fig. 11e,f).
Textural evidence of barite dissolution and replacement by sulfides are commonplace in other
SHMS deposits, such as Tom and Jason in Canada (Magnall et al., 2016b), carbonate-clastic hosted

massive sulfide deposits as like as Red Dog in USA (Kelley et al., 2014), and Mehdiabad
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(Rajabi et al., 2012a; Maghfouri et al., 2019) and Irankuh (Boveiri et al., 2017; Rajabi et al.,
2019) deposits in Iran. Thus, in addition to the possible TSR process in the basal portion of the
ponded hydrothermal brine (Ireland et al., 2004; Gadd et al., 2017), a significant part of
diagenetic sulfides in bedded ore of the vent-proximal SHMS deposits, as well as Koushk, can
achieve positive 8**S values from direct replacement and dissolution of barite that formed
beneath the water-sediment interface (SWI; Magnall et al., 2016b) and/or during early diagenesis

(Fig. 14b).
Stratabound ore and sulfate reduction

The stratabound ore system in vent-proximal SHMS deposits includes the vent complex
(massive ore) and an underlying feeder (stockwork) zone, with an alteration halo around these
zones. According to the replacement ore textures and microthermometric data, the main stage of
mineralization in vent-proximal SHMS deposits form from relatively high-temperature fluids.
Fluid inclusion microthermometry and geochemical investigations provided evidence of a steep
thermal gradient (300 to 100 °C) within the vent complexes and feeder zones in the Tom and Jason
deposits in Canada (Magnall et al., 2016a). Rajabi et al. (2015b) recorded high- temperature
ore-forming fluids in the vent complex of the Chahmir deposit (177 to 250 °C), Central Iran, and
calculations from sphalerite-galena sulfur isotope pairs yield high temperature conditions (202 to
280 °C; using the fractionation equation by Ohmoto and Rye, 1979) in the vent complex and
feeder zone of Koushk. The massive ores and mineralized feeder zones in this
deposit preserve a wide range of 5% values (+3 to +26.5 %o). Indeed, in these ore zones, these
%S values are not consistent with BSR and fluid temperatures are too high for BSR to occur.
Above 110 °C (Jergenson et al., 1992) and in the presence of organic matter as a reducing agent,
sulfate can be reduced to sulfide through TSR (Fig. 14b), where smaller fractionations between
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the sulfate and sulfide minerals occur under higher temperature (Kiyosu and Krouse, 1990;
Magnall et al., 2016b; Sharp, 2017). In these conditions, carbonate minerals are an important by-
product of TSR (Machel, 2000; 2001), which are observed in the vent complex of Koushk (Fig.
6a). Furthermore, it may be that most of the sulfate budget was consumed during TSR, in which
case Rayleigh-type fractionation can also be considered (Gadd et al., 2017), in which 5**Sufige
values could approach the initial 5**Ssulfate value. The £%s for vent complex and feeder zone of
Koushk range from 20 to 0 %o, so if the 5**S of Early Cambrian evaporites from the Ravar and
Desu series is considered as sulfate source, this range of £*s is compatible with TSR under high

temperature (200° to 300 °C), along with high rate of sulfide deposition.

Carbon and oxygen isotopes

Both carbon and oxygen isotopic compositions of the calcite samples from the Lower Cambrian
limy siltstone (5"*Cyppg from -1.5 to +0.4 %o, 5"Ovsmow from +18.1 to +20.5 %0) are within the
range of values reported from Lower Cambrian limestones (Veizer et al., 1999), including those of
Lower Cambrian carbonate rocks of the Alborz region in Iran (Kimura and Watanabe, 2001). The
8"Cvpps and 8*0vsmow Vvalues of one sample from the Koushk member are -4.8 and +16.5 %o,
respectively, which is comparable with the reported isotopic composition

for Lower Cambrian black shales (Fig. 15a) of the Alborz region (Kimura and Watanabe, 2001).

The §'3C values of hydrothermal carbonate gangue in the Koushk deposit range between -8.4 and
-4.8 %o (Fig. 15a). The carbon isotope compositions show that the hydrothermal calcites have more
negative 5°C values relative to the hydrothermal dolomites, and calcite and dolomite in the

alteration halo have lower §*3C values relative to the host rocks (Fig. 15a). This decrease in 5'°C
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values can occur by a difference in temperature or mixing with a fluid that had a different
isotopic composition (Velasco et al., 2003). The speciation of carbon in hydrothermal fluids is
dependent on pH and temperature (Holmén, 2000). Bicarbonate (HCO3) is the dominant species
in seawater, but in acidic hydrothermal fluids, both dissolved CO, and HCOgs, could be
important. The offsets for 5*3C at moderate to high temperature (200 to 300 °C) conditions
(about 1 to 2 %o) are small enough to be ignored for the purposes of this paper. Therefore, we did
not calculate 5*Ccop and/or §**Chcos in ore fluids (Fig. 15b). All obtained 5'*C values fall in
the range to those of 8"*Cearonate in Early Cambrian black shales in anoxic basins (e.g., Alborz

basin; Kimura and Watanabe, 2001) and 8"*Ceaire OF black shales in the Chahmir area (Fig. 15

a).

The 8"3C values for the hydrothermal carbonates indicate a marine carbon source and reflect

buffering of the fluid composition by interaction with the host sequence. Longstaffe (1989) noted
that low 8"C values (30 to —9.2 %) for carbonates are typical of carbon derived from the
decomposition of organic matter. Hence the *°C values for carbonates in the Chahmir and Koushk

deposits are consistent with the 8*3C values of the carbonates in Early Cambrian black shales (Fig.

15a) and well below typical Cambrian marine carbonate signatures (-2 to +1 %o:
Veizer et al., 1999). Similar values are reported by Taylor et al. (2000) and Goodfellow and
Jonasson (1987) for calcites in shale-hosted Zn-Pb deposits in the Belt-Purcell and Selwyn

basins, respectively, in Canada.

Estimated 8*®0uwaer Values for mineralizing fluids, based on the equations of Zheng (1999)
and Horita (2014), range between +8.0 and +16.9 %o for the Koushk deposit (Fig. 15b). These
values overlap with sedimentary rocks, and are generally compatible with basinal brines and

formation water as fluid sources for this deposit (Fig. 15b). However, these §'®Oyater Values for
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the mineralizing fluid could represent a minor magmatic water contribution (Fig. 15b). A
possible magmatic fluid contribution has also been reported for other shale-hosted Zn-Pb
deposits (e.g., HYC and Lady Loretta, Australia: McGoldrick et al., 1999; Large et al., 2001), but
such fluid values could also be the result of interaction between hydrothermal fluids and volcanic

or pyroclastic rocks in the basin.

A genetic model for vent-proximal SHMS deposits

Rajabi et al. (2012b; 2015a,b) relied on tectono-sedimentary and textural evidence to describe
the origin of the Early Cambrian SHMS deposits in Central Iran, and suggested that these
deposits formed as a result of buoyant plume rising hydrothermal fluids to the seafloor (Fig. 16).
More recently, other studies (Gadd et al., 2016; Magnal et al., 2016b) have revisited these
genetic models for SHMS deposits and suggested diagenetic models for these deposits. But
deposition of sulfide minerals and development of ore zones are different in the stratiform and
stratabound orebodies. In our proposed genetic model, we investigate the development of Zn-Pb

mineralization in these different ore styles of the vent-proximal SHMS deposits:

() Development of stratiform ores

(a) Deposition of fine-grained sulfides

Based on the density-temperature curves of Haas (1976) and Sangster (2002; 2018) and a few
fluid inclusion data from vent-proximal SHMS deposits (e.g., Tom and Jason in Canada, Gardner
and Hutcheon, 1985; Ansdell et al., 1989; Turner, 1991; Magnall et al., 2016a; Chahmir in

Central Iran, Rajabi et al., 2015b), the ore-forming fluid in these deposits was slightly less dense
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than seawater. When this fluid released at the seafloor, it can rise as buoyant plume (Fig. 16a), at
least initially (Sato, 1972; Sangster, 2002), near and above the vent discharges. Then the ore-
forming fluid is likely to be cooled by mixing with seawater, which is followed by dilution and
increase in pH, therein causing rapid sulfide precipitation from the plume itself (Sangster, 2018).
If the ore-forming fluid is floating over the seafloor, most metalliferous components will be
dispersed by submarine currents. But in the event of a buoyant plume in a restricted
environment, such as half-graben-related marine basins in Central Iran (Rajabi et al., 2015a), this

fluid can settle to the seafloor after exhalation.

The hydrothermal fluid does not instantly sink into the sediments. Fluid mixing with seawater
produces cooling and neutralization, and that produces destabilization of Fe, Zn, and Pb chloride
complexes. In addition, the reaction between dissolved H,S in an anoxic environment and
metallic chloride complexes causes rapid precipitation of sulfides. In this extreme
supersaturation conditions, the very fine-grained sulfides can originate from the brine by rapid
precipitation on the seafloor (Ireland et al., 2004; Rajabi et al., 2015b; Gadd et al., 2016; 207;
Yarmohammadi et al., 2016; Mahmoodi et al., 2018). This depositional model applies only for
the stage 1 of sulfide mineralization, including very fine-grained framboids (< 6 pm) and
euhedral crystals of pyl and maybe with minor spl and gnl (Fig. 17a, c1-3), in the bedded ore of
the vent-proximal SHMS deposits, as well as the vent distal ones. Although there is no isotopic
data from these fine-grained sulfides in the Koushk deposit, textural evidence and isotopic data
from other SHMS deposits (e.g., HYC, Ireland et al., 2004; Howard Pass, Gadd et al., 2017; Tom
and Jason, Magnall et al., 2016b) suggest the role of BSR in formation of stage | fine-grained
sulfides, especially at the margin of the deposit, which is characterized by lower §**S (or

negative) values (Figs. 14b; 17a). Due to high precipitation rate of sulfides from the
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hydrothermal brine, large aggregates of Fe components may form as precursor Fe sulfides in
water column and settle on the seafloor along with silty sediments and other fine-grained
sulfides. After precipitation, these precursor Fe sulfides can grow as large size pyrite framboids

and spherulites or nodular aggregates.
(b) Deposition of diagenetic barite

Detailed mineralogical studies reveal the presence of disseminated barite as a minor, but
important gangue mineral in bedded ore and host siltstone of the Koushk deposit (Fig. 11e).
Moreover, barite-rich layers (distal facies, Fig. 5) directly overlie the sulfide mineralization. The
authigenic marine precipitates as fine crystals, ranging in size from 0.5 to 5 um (Paytan et al.,
1993; 2002), but barite t Koushk is generally greater than 7 um (ranging from 7 to 50 pum) in
size, which is typical of diagenetic barite, precipitates beneath the sediment water interface (Paytan
et al., 2002). Sulfide-barite replacement textures are common in the bedded ore of the Koushk
deposit, which indicates that the sulfides (stage 1) formed partly by replacement of preexisting
barite (Fig. 11e), proposes that processes responsible for barium transport and barite deposition
might have been decoupled from the Pb and Zn sulfide deposition (Magnall et al.,
2016b). This replacement has also been recognized in the the Red Dog district (Alaska) (Kelley
et al., 2004, b; Johnson et al., 2009) and Macmillan Pass (Magnall et al., 2016b), where textural

and isotopic studies support a diagenetic origin for barite.

Advective transporting of Ba** could be in cold water, producing ‘cold-seep barites’ (Canet et
al., 2014). The fundamental source of the cold-seep barium is thought to be the Ba-enriched organic
matter (Magnall et al., 2016b, 2020). Such Ba-enrichment was reported from black- shales of

the ECVSS in Central Iran (Rajabi et al., 2015a,b). Bacterial Sulfate reduction (diuring
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early diagenesis and formation of stage | of sulfides) along with methane oxidation in the
sediment pile is the suggested process for release of this biogenic barium and increase its
solubility (Torres et al., 2003; Magnall et al., 2020). Carbonatization (calcite and dolomite) is the
major alteration in Central Iranian SHMS deposits that show negative 8*3C values (Fig. 15),
indicating that CO, produced during the oxidation of organic matter. Also, calcite nodules within
the host rock of bedded ore suggests that authigenic precipitation of calcite occurred. Although
biogenic and abiogenic sulfate reduction, both oxidize organic carbon and produce CO, (Machel,
2001; Gadd et al., 2016). Redeposition of barium, as diagenetic barite, occurs when the Ba- bearing
methan-rich fluids mix with sulfate in diagenetic pore fluids (Johnson et al. 2004; Magnall
etal., 2020). Association of barite with pre-ore framboidal and diagenetic pyrites, and replacement
of barite with stage Il of sulfides support this model for diagenetic barite formation at Koushk

deposit.
(c) deposition of diagenetic sulfides

In addition to synsedimentary precipitation of sulfides, replacement processes are frequently
suggested for the formation of sulfide laminae (e.g., Perkins and Bell, 1998; Eldridge et al.,
1993; Polito et al., 2006). Since the reaction between metal-chloride complexes and H,S during
the formation of sulfide minerals is an acid-generating process (Anderson and Macqueen, 1982;
Sangster, 2018), the pore fluids trapped during sulfide deposition between sediments and sulfides
could have been slightly acidic (Zn®* + H,S = ZnS + 2H*, Magnall et al., 2020), and could lead
to minor carbonate dissolution and replacement by sulfide minerals (stage Il; Fig 17b,c7.9). This
replacement is frequent in carbonate-rich bands and carbonate nodules of the SHMS
mineralizations, as well as in the ore deposit. Replacement of carbonate by pyrite (py2) is more

common than by other sulfides in bedded ore of the Koushk deposits. Although Perkins and Bell
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(1998) suggested that sphalerite and galena in the HYC deposit directly replaced laminated
bituminous bands, textural relationships between sulfides at the bedded ore of Koushk represent
significant replacement of pyrite with diagenetic sphalerite (sp2) and minor galena (gn2) during
early diagenesis. Moreover, there is widespread textural and mineralogical evidence of barite
replacement by hydrothermal sulfides in the bedded ore of Koushk (Fig. 17cs). Ultimately, this
process is pervasive since it could produce sulfides (stage 11) with positive 8**Sgsice Values,
formed from H,S generated by Reductive dissolution of barite. This dissolution of barite would

have caused Ba** to be remobilized upward and would have formed advancing barite fronts. The

occurrence of barite-rich distal facies that directly overlies the sulfide ore (Fig. 5), suggests that
barium remobilization continued through mineralization. Gadd et al. (2016; 2017) showed that
multiple pyrite generations in the Howard Pass SHMS deposit, Canada, formed from mixing
hydrothermal fluid and sediment pore water during sedimentation, compaction, and dewatering
of unlithified sediments. The modified hydrothermal brine could still percolate through the
sediment from above, react with and partially replace the preceding sulfides, barite, and carbonates,

by sphalerite and galena.
(1) Development of stratabound ores

Development of stratabound ores, especially the vent complex, is more complicated than the
bedded ore in the SHMS deposits. A continued venting of high temperature (>200 °C) ore fluids
would have increased temperature of the orebody around the vent conduits. Vent complex
development (VCD), along with extensive hydrothermal alteration at the top of the feeder zone

of the vent-proximal SHMS deposit, took place commonly by two general processes:

(a) Brecciation and replacement of host rocks
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Mineralization in the vent complex mostly depended on temperature and geochemical
characteristics of hydrothermal fluids, the activity of a synsedimentary fault as a hydrothermal
fluid conduit, the permeability of the host rock around the fault, and the flow of seawater
circulating into the vent system. The hydrothermal fluid responsible for the main stage ore
mineralization at Koushk deposit (stage I11) was hot (202-280 °C). Fluid inclusion data from
Chahmir deposit in Central Iran represents homogenization temperature from 170 to 226 °C at
the top of the vent complex. These fluids are cooled during the ascent through the feeder
conduits due to water-rock interaction, mixing with circulating seawater and diagenetic pore
fluid input at the top of the vent system (Fig. 16b). This temperature drop would have been
accompanied by increasing pH, and consequently by the destabilization of metal-chloride
complexes. At the upper part of the feeder zone, where fluid mixing occurs close to the seafloor,
by increasing the host rock permeability that strongly depends on the extent of lithification
(Magnall et al., 2016a), ore-forming fluids will penetrate laterally toward the bedded ore, which

leads to vent complex development into this mineralization zone.

Figures18a and 19a show the VCD through the brecciated host rock. The early hydrothermal
fluids injection into the host siltstone and/or shale is associated with pervasive carbonate
alteration (i.e., dolomite, siderite, and/or ankerite; Rajabi et al., 2012a, 2015b). However, the
simple cooling of the fluid could not cause the carbonate to precipitate (Ohmoto, 1996), but
carbonate minerals are likely to precipitate during fluid-rock interaction and increasing pH.
Carbonate alteration is commonly associated with increasing permeability of the host rock and
movement of ore fluids within the sediments. Magnall et al. (2016a) considered the early fluids
responsible for hydrothermal alteration hotter than the late ore-forming fluids. With intensifying

injection and input of relatively acidic ore-forming fluids, dissolution of rock-forming minerals
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and fluid overpressure caused hydrothermal brecciation (Figs. 18aj3,a;; 19a) and create necessary
spaces for additional fluid injection and mineralization. Mineralization processes are SO
complicated at this stage, including dissolution of rock forming minerals, redeposition of
carbonates in response to increasing pH, and redissolution of carbonates and other components due
to progressive multiple fluid injection and sulfide mineralization. Quartz occurs mostly as fillings
of open spaces or vein and veinlets created during the dissolution of the host rock and brecciation.
Ohmoto (1996) suggested that fracturing of the host rocks in massive sulfide deposits have
been caused by the high velocity of hydrothermal fluids, and that some quartz may have

precipitated because of the pressure drop on fracturing.

Due to the high temperature of fluids in the vent complex, TSR was responsible for most reduced
S in the hydrothermal sulfides. However, compiled data represent a range of fractionation
values between sulfides and sulfate from 21 to 1 %o in vent complex and feeder zone of Koushk
(Fig. 14). Based on Ray and Ohmoto (1974), fractionation of <2 would require a temperature of
about 600 °C, which is not feasible in a seafloor environment (Sangster, 2018). Therefore, in
addition to normal TSR, a significant part of the sulfur required to form sulfide minerals in the vent
complex can be supplied by dissolution and replacement of barite by sulfide minerals and/or by
a high rate of sulfate reduction at high temperatures (H-TSR). As noted before, TSR is
associated with deposition of carbonate minerals, confirmed with the extensive carbonate alteration
associated with stage Ill of sulfide mineralization in the vent complex. Colloform pyrite
especially shows a close relationship with this alteration (Fig. 6a) and
represents 5°*S similar to the coeval stage Il of sulfide generation in the vent complex.
Colloform pyrite is a common texture in organic-rich parts of the host rocks that were infiltrated

by ore fluids in the SHMS (Fig. 18a,). Colloform texture is commonly interpreted as evidence of
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rapid sulfide precipitation into open space from a supersaturated solution (Roedder, 1968; Honjo
and Sawada, 1982; Wilkinson et al., 2005). Wilkinson et al. (2005) interpreted this texture as a
sulfide aggregate forms due to mixing between two fluids was the likely cause of sulfide
supersaturation. The observation of such textures in the main ore stage, together with the
correlation between §*S in colloform and coarse-grained euhedral pyrites (py3), are evidence of
rapid precipitation of pyrite at a high degree of supersaturation and could represent fluid mixing

between seawater and hydrothermal brines.

Development of a vent complex is associated with extensive sulfide replacement of barite and
previous sulfides,that caused the sulfur isotope composition of the latest sulfides (stage I11) exhibits
a considerable overlap with former sulfide minerals. The continuous fluid injection into the vent
complex leads to successive repetition of these replacement processes and development and growth

of massive sulfide ore with complex textural relationships.
(b) Massive sulfide replacement in bedded ore

Part of the development of the vent complex in the SHMS deposits is the result of an
extensive sulfide replacement in the bedded ore, adjacent to the vent site (Figs. 18b and 19b).
This replacement can occur along prior sulfide bands or as sulfide veins mineralization among
sulfide laminae and bands (Fig. 19b). If this process takes place in sulfide-poor zones of the bedded
ore, development of massive ore, and vent complex will be analogous to previous processes,
mentioned above, and brecciation of the host rock will be developed with replacement. But
if replacement of stage 3 sulfides occurs within sulfide-rich part of the bedded ore, vent complex
development will likely happen without brecciation (Figs. 18b and 19b). In this case, due to

easy accessibility to sulfur for metal-rich hydrothermal fluid, the late stage of
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sulfides simply replaces the former laminated and banded sulfides. Therefore, the S isotope
composition in stage 3 will be too close to previous sulfides. Few non-sulfide components within
the sulfide laminae are dissolved during hydrothermal fluid flow and probably are carried along
with hydrothermal constituent. These dissolved components can precipitate as limited
carbonatization or silicification in replacement stains or within the sulfide veins of stage 3 (Fig.

18b.6).

Interaction of hydrothermal fluids with organic matter-rich bands will be accompanied by
destructing of organic matter, thermochemical sulfate reduction and rapid precipitation of
sphalerite and galena (Fig. 18b,). The degraded parts of organic matter (thermally altered organic
matter) are carried in part along with fluids and quickly deposited in sulfide veins associated

with carbonate alteration or silicification (Figs. 18b,; 19b).

The vent complex development (VCD) in the SHMS deposits sometimes is known as zone
refining processes, which led to the growth of the massive ore and upgraded ore tenors (Rajabi et
al., 2015b). Temperature-controlled replacement and VCD processes are responsible for metal
zonation from the vent to the distal part of the mineralization in SHMS deposits (Lydon, 2004;

Goodfellow and Lydon, 2007; Rajabi et al., 2015b).

Conclusions

An exciting feature of vent-proximal shale-hosted massive sulfide (SHMS) deposits, as

Koushk in Central Iran, is the development of vent complex over the feeder zone and the

preservation of sulfide mineralization with high positive §**S values. In this study, we have
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recognized multiple generations of sulfides in different mineralization stages in both stratiform

bedded ore and stratabound vent complex at Koushk. Detailed textural and S isotopic data from

Koushk support a poor synsedimentary-exhalative model for the genesis of bedded sulfide

mineralization, and indicate that vent-proximal SHMS deposits formed predominantly during the

diagenesis and replacement of host rocks. This model is based on the presence of extensive

diagenetic replacement of sulfide and non-sulfide minerals in the bedded ore and vent complex.

A general genetic model for vent-proximal SHMS deposits can be depicted in several stages:

A)

B)

Stage 1 of mineralization includes volumetrically minor portion of ore sulfides, formed
due to mixing between hydrothermal fluid and seawater, resulting in cooling and
neutralization, and leads to rapid precipitation of very fine-grained sulfides, framboids (<
6 um in size) and spherulites from the reduced water column on the seafloor in the
bedded ore.

Interaction between descending fluids with pore fluids leads to development of diagenetic
sulfide mineralization. This also could lead to carbonate and barite dissolution and
replacement with stage 2 of sulfide minerals. This replacement is common in carbonate-
rich bands and carbonate nodules. Evidence of barite dissolution is more common in the
bedded ore, where it is associated with formation of sp2 and gn2.

Development of vent complex over the feeder zone is characterized by hydrothermal
brecciation, and by dissolution of rock-forming minerals, earlier sulfides and barite,
followed by extensive sulfide replacement, leading to deposition of stage 3 of ore
sulfides. This process is associated with the replacement along prior sulfide bands or as

sulfide veins mineralization among sulfide laminae and bands.
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Textural relationships and S isotope data revealed that the contribution of BSR in the Zn-Pb
mineralization is not so important, but the TSR, rapid sulfate reduction, and direct barite

replacement could provide sufficient sulfur for main sulfide mineralization in SHMS deposits.
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Table Captions

Table 1: Sulfur isotope data for various sulfides of the Koushk deposit.
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Table 2: Carbon and oxygen isotope data for carbonate mineral separates and whole rocks of the
Koushk deposit. Also shown are calculated values for fluids in equilibrium with the carbonates,

given a temperature determined by S isotope geochemistry.

Figure captions:

Fig. 1: a) Simplified tectonic map of Iran (modified after Aghanabati, 1998; Rajabi et al., 2019)
showing the location of the Zarigan—Chahmir basin (yellow outlined box labeled (b)) in the
Posht-e-Badam block. b) Lithotectonic shaded relief map representing the main faults of the Posht-
e-Badam block. The Zarigan—Chahmir basin (ZCB) is marked by the Early Cambrian volcano-
sedimentary sequence (ECVSS) that hosts the shale-hosted Zn—Pb deposits of Central Iran (Rajabi

etal., 2012b, 2015a).

Fig. 2: Simplified geological map of the Posht-e-Badam block (between Yazd block on the left and
Tabas block on the right); and Zarigan—Chahmir basin (ZCB), showing locations of the SHMS
deposits (modified after Rajabi et al., 2015a). CF: Chapedony Fault, KbF: Kuhbanan Fault,

KF: Kalmard Fault, NF: Naeini Fault, PF: Posht-e-Badam Fault.

Fig. 3: Lithostratigraphic correlation diagram of the Early Cambrian volcano-sedimentary
sequence (ECVSS) in the Zarigan—Chahmir basin showing the stratigraphic position of the

mineral deposits (after Rajabi et al., 2015a).

Fig. 4: Geological map of the Koushk deposit and a SW-NE cross-section of the deposit. The

Zardu and Pahnu mining zones include the main ore body (modified after Rajabi et al., 2012b).
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Fig. 5: a) Plan view of the ore sequence and different ore facies in the Koushk deposit, 940
mining level (Rajabi et al., 2012b). b) Geological cross section (A-B in Fig. 5a) from the bedded

ore of the Koushk deposit (modified after Koushk mining company).

Fig. 6: Hand specimen (a-d) and microscopic (e-g) photographs of vent complex, Koushk
deposit. a) massive colloform pyrite (py3) mineralization around the organic matter (om), within
a carbonate (ca) matrix. b and c¢) heterogeneous massive sulfide texture consisting of pyrite
(py3), sphalerite (sp3), galena (gn3), and quartz (gz) in brecciated black siltstone (si). d) massive
pyrite (py3) and sphalerite (sp3) ore in which pyrite was replaced with sphalerite. e-f) Replacement
of pyrite with galena and sphalerite in vent complex, followed by replacement of galena with

sphalerite. (qz: quartz, ca: carbonate, si: siltstone)

Fig. 7: Hand specimen (a-e) and microscopic (f-) photographs of the feeder (stockwork) zone. a
and b) sulfide mineralization in quartz and carbonate veins and veinlets within brecciated siltstones
(si). c-d) sulfide veinlets and intense in altered black siltstone (si) and quartz (qz) veining. f-h)
galena (gn3) and sphalerite (sp3) veins of the feeder zone, associated with coarse- grained pyrite
(py3). i-k) Complex replacement textures between sulfide minerals in feeder zone. Replacement
of pyrite with galena and sphalerite is shown. In addition, galena was replaced with sphalerite. (qz:

quartz, ca: carbonate, si: siltstone)

Fig. 8: Hand specimen (a-c) and reflected light microscopic (e-g) photographs of the bedded ore

mineralization. a) Very fine lamination of pyrite in black siltstone and carbonaceous shale. b)
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Detrital clast within sulfide laminae of bedded ore and load cast structure under the clast (white
arrow). ¢) Laminated pyrite and sphalerite-rich silty band within high-grade bedded ore. Black
arrow represents replacement of carbonate (calcite) by diagenetic pyrite (py2). d and e) Detail of
pyrite laminae and disseminated sphalerite (spl) and galena (gnl), showing variably sharp and
diffuse edges to pyrite-rich laminae. f) replacement of carbonate nodule with galena (gn2). Om:

organic matter, py: pyrite, sp: sphalerite, gn: galena.
Fig. 9: Mineral association different ore stages of the Koushk deposit

Fig. 10: Reflected light photomicrographs of pyrite in bedded ore. a) framboidal and spherulite
pyrite (pyl) intergrown with sphalerite (spl); b) polyspherulite aggregate of pyrite (pyl) and
disseminated sphalerite (sp1) in host siltstone. c) spherulite pyrite and fine-grained sphalerite (spl).

d) polyspherulites and diagenetic tightly packed polyspherulites aggregates (PPA).

Fig. 11: Nodular carbonates and stage 1l sulfides. a) replacement of coarse py2 clot in a calcite
nodule (c), b-d) replacement of packed polyspherulite aggregates (PPA) of py2 with diagenetic

sphalerite (sp2). e-f) replacement of diagenetic barite (ba) with stage 11 of sulfides (s).

Fig. 12: Histogram of 5**S values of sulfides from the Koushk deposit. py: pyrite, gn: galena, sp:
sphalerite. Numbers indicate sulfide generations (see Fig. 9). Sulfur isotope composition

of seawater sulfate (Bottrell and Newton, 2006)

Fig. 13: Distribution of sulfur isotope compositions for sulfide minerals from selected SHMS

deposits. Sulfur isotope composition of seawater sulfate (Bottrell and Newton, 2006)

Fig. 14: a) A schematic of closed-system, Rayleigh-type fractionation (RTF) of sulfur isotopes

during bacterial sulfate reduction (¢**S ~ 40 %o). The solid red and green lines show the
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evolution in 3**S values of sulfate and sulfide, respectively, in RTF; the dashed blue line

represents the %S value of total accumulated sulfide, which reaches the initial 53*S value of
sulfate when no sulfate remains (from Magnall et al., 2016a). b) possible sulfate reduction systems
in different sulfide generations of the vent-proximal Koushk SHMS deposit. There is no isotopic
data from the stage 1 of sulfide mineralization at Koushk deposit, and the possible range is
suggested based on textural evidence and isotopic studies on these types of sulfides in other SHMS
deposits (e.g., Tom and Jason, Magnall et al., 2016a; Howard’s Pass Zn-Pb district, Gadd et al.,

2016)

Fig. 15: Bivariate plot of 8*3C versus §'°0 values for hydrothermal carbonate gangue, host rock
and Early Cambrian carbonate samples from the Koushk deposit. Data from: Sources of data are
as follows: Mahmoodi et al., 2020 (Hosseinabad and Haftsavaran deposits); Ansdell et al. 1989
(Tom deposit); Taylor et al., 2000 (Sullivan deposit); Large et al., 1998 (HYC deposit); Kimura
and Watanabe, 2001 (Early Cambrian black shales); Sharp, 2017 (sedimentary rocks; MVT ore

fluids).

Fig. 16: A schematic 3D model of the vent-proximal SHMS (SEDEX) mineralizations. Because
the ore-forming fluid of the Central Iranian SHMS deposit was to a small degree less dense than
seawater (Rajabi et al., 2015b), when it was released at the seafloor, it rose as a buoyant plume,
at least initially, above the fluid vent, then with mixing and cooling, it can settle to the seafloor
after exhalation. a) deposition of the early stage of sulfides in bedded ore. b) vent complex
development (VCD). Numbers and black rectangular represent sample locations and genetic

processes: (1) figure 17, (2) Figures 18a and 19a, (3) Figures 18b and 19b.
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Fig. 17: A schematic representation of the proposed genetic model for development of stratiform
ores in vent-proximal Koushk SHMS deposit (no scale implied) and textural evidence for the
model. Adapted and modified from lIreland et al. (2004), Magnall et al. (2016b) and Gadd et al.
(2017). a) Synsedimentary to very early diagenesis fine-grained sulfide (stage 1) deposition. b)
Sinking and percolating of brine into permeable muds, followed by replacement of carbonate
nodules, barite and preexisting (stage 1) sulfides with precipitate diagenetic sulfide (stage 11, py2,
sp2, and gn2). c) Reflected light photomicrographs and SEM-BSE images from sulfide
mineralization in bedded ore: (1) laminated framboids and spherulite pyrite, (2) spherulite pyrite
intergrowth with sphalerite, (3) BSE image of spherulites. Galena occurs at the core of the
spherulite aggregates of pyrite, (4) pyrite nodules (black arrows) in laminated pyritic siltstone, (5
& 6) replacement of barite (ba) by diagenetic sulfides (stage 1), indicated with blue arrow, (7 &
8) replacement of packed polyspherulite aggregates (PPAs) with sphalerite (sp2), (9)

replacement of barite and carbonate nodule with sphalerite (sp2) and galena (gn2).

Fig. 18: Vent complex development (VCD) process within different parallel dissections of a
sample from of the vent complex boundaries with feeder zone (a, Koushk deposit) and bedded ore,
showing brecciation, alteration, and massive replacement in. a) Brecciation and replacement of
host rocks (samples from Koushk deposit). b) Massive sulfide replacement in bedded ore (samples
from Chahmir deposit). See Fig. 16 for the location of samples in a schematic model of the vent-

proximal SHMS deposits.

Fig. 19: A schematic representation of vent complex development (VCD) and massive sulfide
replacement in vent-proximal SHMS deposits. a) Brecciation and replacement of sulfides in altered
host rocks, b) Massive sulfide replacement in laminated sulfides of the bedded ore, adjacent to the

vent complex. See the text for more explanation.
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No [ Sample | Mineral gz(iees L\;l/::g(r)?l gs No | Sample | Mineral ]%E?es L\;l/:rqg(r)?l 3545
1 K-Bg* | Sphalerite CB)(;:gded sp2 238 | 17 | K-3-1 ESrliltoe form \Clgnmtplex py2 16.7
2 Zr-7* Sphalerite gigded sp2 239 | 18 | K-3-4 Pyrite \ésnmtplex py3 15.8
3 | KP1* | Pyrite gfgded Dy2 367 |19 | K4a | Pyrite Sédded py2 29.4
4 | KP2* | Pyrite gﬁgded py2 345 |20 | 0O Pyrite Feeder | py3 26.8
5 K-BP* | Pyrite gfngd py2 314 | 21 Ksez Sphalerite Feeder sp3 235
6 | K-G2* | Galena \c/gnmtplex ga3 170 | 22 | Keal | Pyrite S&dde" by2 32.7
7 gi/l* Galena Xgnmtplex ga3 16.7 | 23 e Pyrite Sre;dded py2 279
8 2-81* Galena Xgnmtplex ga3 178 | 24 oes Pyrite E’;ddEd py2 31.9
9 \5_51* Sphalerite zi/gnmtplex sp3 6.7 | 25 | K-1-6 Galena gziier ga3 21.8
10 \5-82* Sphalerite \C/gnmtplex sp3 65 |26 | K-1-7 Sphalerite \C/ggwtplex sp3 23.8
11 | K-VP* | Pyrite \C’g”mtplex ny3 117 | 27 | K-1-13 | Sphalerite \Clsnmtplex sp3 247
12 | F-GL* | Galena ;f)en(ier ga3 21.8 | 28 | K-1-14 | Galena \é(e)nmtplex ga3 223
13 | F-SL* Sphalerite ;Z?]deer sp3 251 | 29 | K-2-1 Galena \ésnmtplex ga3 8.3
14 | F-S2* Sphalerite ;Z?ier sp3 242 | 30 | K-2-2 Sphalerite \ésnmtplex sp3 7.1
15 | K4-GN | Galena Er'zdded gn2 306 | 31 | Képy | Pyrite S;ddw py2 32.4
16 | cka | pyrite Erzdded oy2 9.7

* Data from Rajabi et al. (2012b)

Sample | Mineral Description Measure (%o) Calculated & ®Oysyow (%o)
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water composition at T (°C)

8Cvrps | 6®Ovpos | 6™0vsmow | 200 | 250 | 280 ﬁ?&o
1 Calcite 7.0 -13.0 175 84 [ 103118
2 Calcite -8.3 -10.9 19.7 10.6 | 125 | 14.0
3 Calcite 7.9 -10.8 198 107 [ 126 | 141 :
4 Calcite 72 -13.4 171 80 | 99 | 114
5 Dolomite -46 71 23.6 12.7 | 148|165
6 Dolomite Hydrothermal -4.9 6.9 23.8 12.9 | 1510 | 16.7
7| Dolomite alteration 43 80 7T I E 55|
5 | Dolomice | " ventcomplex 47 6.7 240 | 131|152 16.9
9 Calcite Black Shale -4.8 -13.9 16.5 - - -
Silty limestone
10 Calcite 0.4 -10.1 20.5 - - -
(Koushk member)
11 Limestone Upper carbonate 0.2 -9.0 21.6 = = =
member
Notes: 5™Ogmow = 1.03086 x § °Oppg + 30.86 (Friedman and O’Neil, 1977)

a) 1000 In (calcite-H,0) = (4.010x 10%/T?) —(4.660x10°/T) + 1.710 (Zheng, 1999)

b) 1000 In  (dolomite-H,0) = (3.140x 10°%T?) + -3.140 (Horita, 2014)

48




Stage 3 (vent complex and feeder zone) J
Stages of sulfide I [ 0O D 0O Oocd

mineralization ’ <« Nodules, diagenetic intergrowth > '

& replacement

Stage 2 (mostly bedded ore)

Coarse-grained framboids, spherulites and sulfides, »

L L L] ] L L] L L] L) ] L L] L] L J T 1
0 4 8 12 16 34 20 24 1 28 + 32 + 36
1 1 1
0°'S (%
o 00 . ' .
n=231 (%o)
sp 2} -
RS 9 5
= ©
0]
oo B & on, O 2
o w ©
= py, o 2
e c O
= Y— ——
5 H sp, 5 el
> » = “?‘s
© M on, ol £ 3
C 4 - £ ©
0 My, 2| ¢
> (2 =
S
o @ @
O 39 © Ll
- =
L 8
2= n
1 -
0 L T 1
0 4 8 12 16 20 24 28 32 36
34a 1o
5°*S (%o)
Posisble sulfate reduction systems in vent-proximal SHMS deposit (e.g., Koushk )
Ore textures and stages of sulfide mineralization
G Stage 3: Coarse-grained massive, colloform, replacement, vein and veinlets
(vent complex and feeder zone)
Stage 2: Nodules, diagenetic intergrowth & replacement o
(mostly bedded ore) g
3
Cust;:::ve Stage 1: Fine-grained framboids, spherulites, disseminated 8 5 ﬁ
P (bedded ore) €23
o © 5
g | 5%
s 38 Barite
> @ @ replacement
g +
g TSR
BSR: Bacterial sulfate reduction i
TSR: Thermochemical sulfate reduction
H-TSR: High rate thermochemical \
sulfate reduction \ »v N
RTF: Rayleigh-type fractionation 7;0 ~
&  Nodules, diagenetic intergrowth & replacement
Probable range?
Stage 2

[ BB ?
Stage 1 L

Very ﬁne—gfaihed su)ﬁdes, fra/ﬁbo}'ds ahd sbherulites Coarse-grained sulfides, framboids and spherulites
T T T rrrrrr T T T T T T T T T T T ™
-26 -22 -18 -16 -12 -8 -4 0 4 8 12 16 20 24 28 32 36
™S (%o)

49



Vent complex development (VCD)
a) Brecciation and replacement of host rock

1 e o 28

siltstone - 2 siltstone
gn3
‘ gns3:

siltstone
siltstone

cm_  sp3&gn3

Sulfide replacement

TAOM: thermally altered organic matter
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Vent complex development (VCD) and massive replacement ore in SHMS deposits

e Replacement of sulfides in host rock
Schematic illustration i Real section

siltstone

— — - Hostrock (black siltstone / shale)
- Sulfide (gn+sp) mineralization
- Alteration (mainly carbonatization)
M Hydrofracturing and sulfide veins

<D Brecciation

Sulfide replacement
—> Fluid flow

f\i:)‘ " water-rock interaction

ca: carbonate
qz: quartz
st IR sp: sphalerite

gn: galena

py: pyrite
Q Replacement of sulfides in laminated sulfides
Schematic illustration Real section

.1 Replacement along
a sulfide band

“_ = _ Laminated sulfides

- Sulfide (sp+gn) mineralization

- Alteration (silicification and
carbonatization)

- Organic matter-rich band

»?  TAOM: thermally altered
organic matter

Alteration
(qz+ca)
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Diagramatic and textural representation of the probable genetic model for bedded ore

@ Stage | of mineralization @Stage Il of mineralization 0 Textural evidence of sulfides in bedded ore
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@ Deposition of early sulfide bands in the bedded ore @ Vent complex development (VCD)
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Textural relationships and S isotope data reveal that the contribution of TSR and direct barite
replacement are so significant in Zn-Pb mineralization of the vent-proximal SHMS deposits.

Vent-proximal SHMS deposits formed predominantly during the diagenesis in the uppermost
sediment pile and replacement of host rocks during VCD processes.
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Diagramatic and textural representation of the probable genetic model for bedded ore
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Posisble sulfate reduction systems in vent-proximal SHMS deposit (e.g., Koushk )
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