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1. Introduction

ABSTRACT

The Takht-e Rostam Pb-Zn deposit lies in the central section of the Malayer-Esfahan metallogenic
belt in the Sanandaj-Sirjan structural zone. The country rocks consist of Lower Cretaceous submarine
mafic to felsic alkaline volcanic and volcaniclastic, as well as clastic and carbonate rocks developed
in a back-arc tectonic setting. The ore minerals include pyrite, galena, sphalerite, chalcopyrite, and
barite, and mineralization occurs as open space filling and replacement in both sedimentary and
volcanic host rocks. Ore formation was associated with dolomitic, silicic, sericitic, and chloritic
alteration of the wall rocks. The sulfur isotopic composition of barite (6**S = +24.2%o and +25.2%o) is
consistent with a marine sulfate source. The 6*S values for sulfide minerals, however, display a large
variation, between +2%o to +19.2%o, implying the involvement of a complex process in the supply
of reduced sulfur required for the formation of the sulfidic ore. The deposits and the enclosing host
rocks experienced two major phases of deformation in Cretaceous and Eocene. Given the geological
setting, the country rocks, the timing of the ore formation in the evolution of the host terrain, and
the deformational events, the mineralization in the Takht-e Rostam deposit occurred prior to Upper

Cretaceous in a subsea-floor environment.

A wide range of Pb-Zn deposits hosted in sedimentary and
sedimentary-volcanic rocks occur in Iran, mostly distributed
across four metallogenic provinces, known as Malayer-Esfahan,
Yazd-Anarak, Tabas-Posht Badam, and Central Alborz (Fig. 1).
The Malayer-Esfahan province in the Sanandaj-Sirjan structural
zone in west-central Iran (Fig. 1-A) with over 150 known Pb-
ZntBatFe deposits and occurrences, has long been the main

producer of Pb and Zn in Iran (e.g., Momenzadeh, 1976; Rastad,

1982; Mahmoodi et al., 2018; Rajabi et al., 2019). The province
comprises six ore districts in Malayer, Arak, Golpaygan, Tiran,
Esfahan, and Aligoodarz. Mineralization occurs predominantly in
the Jurassic-Cretaceous carbonates, sandstones, and shales. Several
Pb-Zn deposits, represented by Darrehnoghreh, Babasheikh,
Salehpeighambar and Takht-e Rostam in the Golpaygan district
(Fadaei, 2017), Ahangaran in the Malayer district (Akbari et al.,
2020; Maanijou et al., 2020), and Anjirech and Vejin in the Tiran
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district (Yarmohammadi et al., 2016) are at least partly hosted in
the early Cretaceous volcanic and volcanoclastic rocks. Despite
extensive studies on the Malayer-Esfahan Metallogenic province,
the mineralization model remains debated, ranging from syngenetic
and diagenetic models related to Early Cretaceous extensional
tectonics (Boveiri et al., 2015, 2017; Yarmohammadi et al., 2016)
to epigenetic models related to Cenozoic tectonic processes (Ehya
et al., 2010; Karimpour and Sadeghi, 2018; Nejadhadad et al.,
2016; Liu et al., 2015, 2019). In this study, we investigate the ore
mineralogy, ore texture, wall rock alteration, the source of ore fluids,
and the geological history of the Takht-e Rostam Pb-Zn deposit in
the Alvand mountain in the central section of the Golpaygan district
(Figs. 1-A and B) and present a model that accommodates some

critical features of the deposit and relations with the host rocks.

2. Research methodology

This research is based on field studies and geological mapping at
1:20000 and 1:5000 scales to document the structural history of the
deposit area and ore/host rock relations, examination of ore texture
and structure and wall rock alteration. Samples were collected from
natural outcrops for petrography, ore microscopy and sulfur isotope
analysis. Sulfur isotope ratios were determined on galena, sphalerite,
pyrite, chalcopyrite, and barite using a ISOPRIME 100 stable isotope
ratio mass spectrometer at the Isotope Geology Laboratory in Arak
University, Iran. The results are reported relative to the Canyon
Diablo Troilite (CDT) standard with an analytical error of + 0.2%o.

3. Results

3.1. Regional and local geology

The deposit area and surroundings in the Alvand mountain are
covered by a Cretaceous volcanic-sedimentary sequence, here
divided into six units (Fig. 2): The unit Kvt consists dominantly
of volcanic rocks ranging in composition from rhyolite to trachyte,
latite, trachybasalt, and spillitic basalt with interlayers of lapilli
tuff, sandy tuff, silty tuff, tuff breccia, and sandstone (Fig. 2). The
unit Ktlv embraces alternating layers of calcareous tuff, tuffaceous
limestone, lithic tuff, and micritic limestone with interlayers of
trachytic and latitic volcanic materials (Fig. 2). The unit K11 is
composed dominantly of medium- to thick-bedded fossiliferous and
carbonaceous limestones. The unit Ktls consists of a sequence of
calcareous tuffs, tuffaceous limestone, sandy-silty tuffs, sandstone,
siltstone, and organic-rich shale, with interlayers of orbitolina-
bearing limestone (Fig. 2). The unit K12 embraces thick-bedded,
rudist- and orbitolina-bearing limestone (Fig. 2). The unit Ksh.m.1
consists of a sequence of shale, marl, siltstone, and interlayers of

thin- to medium-bedded limestone (Fig. 2).

3.2. Structural geology
The Golpaygan area in the Central section of the Sanandaj-Sirjan

zone, has experienced three major deformation events during

the Upper Jurassic-Cenozoic period. The first deformation event
occurred prior to the Lower Cretaceous and resulted in folding,
faulting, and first-generation deformation in the Jurassic and
older units. The second event is characterized by ductile-brittle
deformation and development of thrust zones, resulting in the
development of mylonitic foliation, extensional lineation, and
asymmetric folds. Kinematic studies on the thrust faults indicate
that this phase occurred under compressional tectonics with a
northeast-southwest orientation (Sheikholeslami et al., 2019). The
northeastward compression during the Late Cretaceous-Paleocene
led to overturned, recumbent, and sheared folds, and development of
low-to-high angle SW-NE trending reverse faults and thrust zones
(Figs. 3-A and B). The occurrence of fish-like structures in the mica
crystals, pressure-shadow in the margins of feldspar crystals, C/S
structures, development of 8, 6, and M, Z, and S parasitic folds
in the country rocks, as well as quartz-carbonate-sulfide veins in
the study area were associated with this second deformation phase
(Figs. 3-C, F, and 4-A, E). The third deformation was related to
extensional tectonics in Eocene. This event was associated with
exhumation of the metamorphic complexes best developed in
the Mooteh-Golpaygan and Mahallat areas (Moritz et al., 2006;
Sheikhoeslami et al., 2019).

3.3. Hydrothermal alteration-mineralization
Fluid/rock interaction in the Takht-e Rostam deposit led to
development of silicic, dolomitic, sericitic, and chloritic alterations
in the host rocks. Two generations of dolomite + calcite were
identified in microscopic studies. The first generation is fine- to
medium-grained (20 to 100 micrometers; Fig. 5-A) and occurs mostly
in the carbonate host rocks. The second generation is distinguished
by medium- to coarse crystals (50 micrometers to 200 micrometers)
occurring in veins/veinlets cutting through the earlier dolomite and
dolomitic limestone (Figs. 4-A-B, 5-B). This second generation is
more closely associated with mineralization. Silicification occurs in
the form of irregular quartz veins and veinlets, as well as pervasive
silicic alteration of the host rocks (Figs. 4-A, C, 5-C, and 6-A).
Silicic alteration is directly related to sulfide mineralization and
appears to postdate the dolomitic alteration (Figs. 4 and 6). A
second generation of quartz-sulfide veins/veinlets, with subordinate
dolomite and calcite, is locally developed in the deposit (Fig. 5-B).
Sericitic and chloritic alterations are mostly restricted to volcanic
host rocks of the Kvt and Ktlv units. The altered rocks are partially
silicified with proximity to the ore zones (Fig. 5-B).
Mineralization occurs as discordant veins/veinlets, as irregular
pods and breccias, as bedding-parallel replacement bodies, and
as disseminated grains in the entire Lower Cretaceous volcanic-
sedimentary sequence, with the carbonate units being most
favorable host rocks (Figs. 2-6). In volcanic rocks, mineralization
is mostly in the form of irregular veins, 10 cm to 1m thick, and 2

m to 50 m long. The ore minerals can be categorized into three

112



Geological setting and genetic model of the Takht-e Rostam.

groups: primary or hypogene minerals including galena, sphalerite,
chalcopyrite, pyrite, as well as barite; secondary sulfide minerals,
consisting of covellite and chalcocite; and secondary oxide minerals
represented by malachite, azurite, smithsonite, cerussite, anglesite,
and iron oxides-hydroxides (Figs. 7, 8, and 9). The paragenetic

sequence is presented in Fig. 9.

3.4. Sulfur isotope ratio

Sulfur isotopic ratios were measured on seven samples of sulfide
minerals, including galena, sphalerite, pyrite, and chalcopyrite, as
well as two barites (Table 1). The 3*S values in sulfide minerals
exhibit a wide range from +2 %o to +19.2%o. Two barite samples
yielded +24.2%0 to +25.2%0 (Table 1 and Fig. 10). Sulfur isotope
thermometry using pyrite-sphalerite pair (samples DS-6 and DS-5)
and galena-sphalerite pair (samples DS-2 and DS-10) and the
equations of Li and Liu (2006) and Ohmoto and Rye (1979)
respectively, yielded equilibrium temperatures of 160 and 147,

respectively.

4. Discussion

The Takht-e Rostam deposit consists of several ore zones developed
as replacement and open-space fillings, mostly hosted in carbonate
rocks. Wall rock alteration includes sericitization and chloritization,
mainly developed in volcanic rocks, as well as silicification and
dolomitization. The geological history of the deposit area and
surrounding can be divided into in three stages:

The subduction of the Neotethys oceanic plate beneath Sanandaj-
Sirjan and central Iran during the Jurassic led to the formation of
back-arc basins in the Sanandaj-Sirjan zone, including the Malayer-
Esfahan belt (Agard et al., 2011; Mohajjel and Fergusson, 2014).
In the Golpaygan basin, this event was associated with volcanic
activities, and development of a thick, up to 400 m, alkaline basic
to intermediate and subordinate felsic lava flows and pyroclastic
materials, and sedimentary rocks interbeds. The volcanic materials
decrease upward in the Lower Cretaceous volcanic-sedimentary
sequence (Fig. 2). The biostratigraphy of the carbonate rocks
suggest that the sequence formed from the late Aptian-Albian to
Cenomanian (Sheikholeslami et al., 2007).

Elevated geothermal gradients in the rift environment promoted
fluid circulation, mostly of basinal brine origin, across normal
faults in the Cretaceous volcanic-sedimentary sequence and older
Triassic-Jurassic strata, leaching and redepositing metals in suitable
host rocks. Pre-mineralization dolomite alteration increased
porosity in the reactive carbonate units, while silicic alteration
occurred during the main mineralization stage by hot, silica-rich
ore-bearing fluids. The sulfur isotope data for barite suggest a
homogenous sulfur source, consistent with modified Cretaceous
marine sulfate. The large variation in the sulfur isotopic composition
of the sulfide minerals, however, cannot be explained by a simple

mechanism. The reduced sulfur required for the sulfide minerals
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was provided through thermochemical sulfate reduction under a
range of environmental conditions, fluid mixing, and involvement
of pre-existing of sulfides in the country rocks.

Considering the stratigraphy and the deformational events,
a timeframe can be portrayed for mineralization. The host
sedimentary-volcanic sequence developed during the Aptian
to Albian period (125 to 100 Ma ago). Given the presence of
Cenomanian sediments (100 to 93.9 Ma) unconformably overlying
the lower Cretaceous strata, the Early Cretaceous sedimentary
basins persisted until the Upper Cretaceous.

In Upper Cretaceous, a compressional regime caused extensive
deformation in the Sanandaj-Sirjan zone, leading to the closure of
the Cretaceous sedimentary basins and cessation of sedimentation
(Mohajjel and Fergusson, 2014). This event resulted in ductile-brittle
deformation across shear zones, reverse faulting, and folding in the
Late Cretaceous, which persisted through to Paleocene (Moritz et
al., 2006). The same deformation in the country rocks can be
established in the ore bodies. Mineralization is thus inferred to have

occurred within a 30 Ma time span, from Aptian to Cenomanian.

5. Conclusion

Geological evidence suggests that the Golpaygan basin developed
during the Early Cretaceous in an extensional back-arc setting
associated with the subduction of the Neotethys Ocean beneath the
Sanandaj-Sirjan paleo-plateau. Under this extensional regime and
elevated heat, Cretaceous basinal brines circulated through the Early
Cretaceous volcanic-sedimentary rocks as well as the underlying
Triassic-Jurassic siliciclastic units across normal faults, leaching
metals and redepositing ore materials, dominated by galena,
sphalerite, barite, and subordinate chalcopyrite in the Cretaceous
host rocks. Mineralization occurs as discordant to bedding-parallel
ore bodies, as well as stockworks and disseminations in a variety
of host rocks, the more reactive carbonate rocks being the prime
target. The sulfur isotope data for barite suggest a homogenous
sulfur source, consistent with modified Cretaceous marine sulfate.
The large variation in the sulfur isotopic composition of the sulfide
minerals, however, cannot be explained by a simple mechanism.
The reduced sulfur required for the sulfide minerals was provided
through thermochemical sulfate reduction under a range of
environmental conditions, fluid mixing, and involvement of
pre-existing of sulfides in the country rocks.

The geological setting of the country rocks (i.e. development
in a sedimentary-volcanic basin during an extension in Lower
Cretaceous and elevated thermal gradient), the startabound
geometry of the ore bodies, ore texture/structure, the timing of
ore formation in the evolution history of the Golpaygan basin,
and the fact that the country rocks and the ore bodies experienced
similar deformation, suggest that ore formation occurred in a sub-
seafloor environment, prior to the termination of the Cretaceous

sedimentary-volcanic basin.
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Figure 1-A) Simplified structural map of Iran (Aghanabati, 2004) showing the main sediment-hosted Pb-Zn provinces. The location of the
Golpaygan area in the central part of the Malayer-Esfahan metallogenic province is indicated by a white square; B) Geological map of the
Golpaygan area (modified after Sheikholeslami et al., 2007 and Mohajjel and Eftekharnezhad, 1992); the white square shown the location of
the Takht-e Rostam deposit area. See Figure 2 for the geology of this area. Abbreviations: Al: Alborz, CD: Central Domain, SSB: Sanandaj-
Sirjan Belt, Za: Zagros, Y: Yazd block, KK: Kashmar-Kerman block, T: Tabas block, L: Lut block, M: Makran, Jz: Jazmurian, E: East Iran.
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Figure 2 -A) Geological map of the Takht-e-Rostam deposit. B) A stratigraphic column showing various rock types and the location

of the ore zones.
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Figure 3. Photographs and microphotographs displaying deformation in the host sedimentary-volcanic country rocks in the

Alvand Mountain. A) A view of the second stage overturned to recumbent folds with northwest-southeast axial plane in the K12

limestone; B) View of a mylonitic zone developed in volcanoclastic rocks, with a foliation consistent with northwest-southeast

reverse faulting trend; C, D) S-type, M-type, and Z-type shearing structures developed in limestone strata; E) Microphotographs

of sigma structures in alkali feldspar and sericite crystals (top-to-left shear) with s and ¢ surfaces and grain boundary migration

in the deformed Kvt trachytic unit; F) Microphotograph of Sigmoid mica fish structure in sericite (top-to-right shear) with s and

¢ surfaces in the Ktls unit. Abbreviations: Ser: sericite, Kf: alkali feldspar.
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Figure 4. Photographs and a microphotograph showing deformation in the host rocks in the Takht-e Rostam deposit. A) Deformed
and altered limestone (silicified and dolomitized) with quartz-sulfide veins and veinlets, forming a top-to-right-shear delta structure;
a sketch is shown in the inset. B) Deformation of quartz-sulfide veins, with development of sigma structures in the second-generation
dolomite and z-shaped kink fold in calcite veins in silicified limestone. C) Photograph showing outcrop of a silicified dolomitic
limestone with second generation folding on the rocks and quartz-sulfide veins and development of shearing and sigma structures.
D) Reflected light microphotograph displaying development of mica fish and s/c surface in sericite and sphalerite, and deformation

in galena and pyrite crystals, in the calcareous tuff of the Ktls unit, with top-to-right shear. E) A simplified illustration of Figure D.

Abbreviations: Dol I: dolomite I, Dol II: dolomite II, Gn: galena, Sp: sphalerite, Py: pyrite.
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Figure 5. Microphotographs of alteration minerals; all in transmitted light, XPL. A) First-generation fine-crystalline dolomite, calcite, and minor

sulfide (black). B) Second-generation, coarser-grained calcite and dolomite, and minor sulfides cross-cutting the first-generation carbonates.

C) Sericite and chlorite bordering a quartz-sulfide vein. Abbreviations: Cal I: calcite I, Dol I: dolomite I, Cal II: calcite II, Dol II: dolomite II,

Sul: sulfide, Qz: quartz, Ser: sericite, Chl: chlorite.
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Figure 6. Photographs of the ore occurrence in outcrops and in hand specimens. A) A quartz-sulfide vein in trachytic host rock of the Kvt unit;
looking southwes. The vein in this view is 10 m long and 50 cm wide. B) Outcrop of variably dolomitized K11 limestone, containing narrow
quartz-carbonate-sulfide veins with dolomitic margins. C) Hand specimen showing replacement of the dolomitic limestone by sulfide minerals
(galena and sphalerite, grey color) and the dolomite generation II. D) Hand specimen photo of coarse-grained barite and minor galena in
silicified host rock. E) Hand specimen photo of breccia texture, consisting of variably silicified fragments of dolomite-II cemented with sulfide

minerals (here sphalerite and galena). F) Outcrop of silicified and dolomitized calcareous tuff, containing disseminated sulfides (here galena

and pyrite). Abbreviations: Dol I: dolomite I, Dol II: dolomite II, Sul: sulfide, Qz: quartz.
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Figure 7. Microphotographs of ore minerals and paragenetic relationships. All images are in reflected, plane-polarized light

(PPL). A) Co-growth of chalcopyrite and pyrite in disseminated ore. galena and pyrite; sample from a vein in the carbonate

rock of the Ktls unit. B) Co- growth of galena, pyrite, and sphalerite in vein and veinlets ore; C) Galena and pyrite; sample

from vein ore in the calcareous tuff of the Ktls unit. D) Co-growth of chalcopyrite and galena; sample from a quartz-sulfide

vein. E) Replacement of sphalerite by galena; sample from a breccia texture. F) Growth of sphalerite around pyrite and

chalcopyrite and galena; sample from a massive ore. Abbreviations: Py: pyrite, Gn: galena, Sp: sphalerite, Ccp: Chalcopyrite.
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Figure 8. Microphotographs of secondary (supergene) minerals; images in reflected, plane-polarized light (PPL). A) Partial
replacement of chalcopyrite by covellite, and minor pyrite; sample from disseminated ore ia volcanic host rock. B) Advanced
replacement of chalcopyrite by goethite and chalcocite; sample from a vein-type ore; C) Near total replacement of galena
by secondary lead minerals, cerussite and anglesite; sample from a quartz-carbonate-sulfide vein. Abbreviations: Py: pyrite,
Ccp: Chalcopyrite, Sul: sulfide, Cv: covellite, Cct: chalcocite, Cal II: calcite II, Qz: quartz, Cer: cerussite, Ang: angelsite,
Ght: Goethite.
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Figure 9. Paragenesis and paragenetic sequence in the Takht-e-Rostam deposit
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Table 1. Results of sulfur isotope analysis for sulfide minerals and barite in the Takht-e-Rostam deposit.

Sample Mineral %S 1 (%0) Ore type Calculated H,S 6*S
DS-02 Sphalerite 10.1 Vein-veinlets 9.5
DS-03 Galena 4.3 Breccia 7.9
DS-04 Galena 5.1 Breccia 8.7
DS-05 Sphalerite 17.6 Disseminated 17
DS-06 Pyrite 19.2 Disseminated 17
DS-07 Chalcopyrite 2 Breccia 1.7
DS-08 Barite 24.4 Massive
DS-09 Barite 25.2 Massive
DS-10 Galena 5.9 Vein-veinlets 9.5
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Figure 10. Sulfur isotopic composition of sulfide minerals and barite from Takht-e-Rostam deposit. The sulfur isotopic
composition of the Cretaceous-Paleogene seawater sulfate (Mills et al., 2017) is shown for comparison. Also shown is

the temporal distribution of the volcanic-sedimentary strata in the Golpaygan Basin.
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