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ARTICLE INFO ABSTRACT

Editor: Michael E. Boettcher The Triassic carbonate-hosted Komsheche deposit of Central Iran, in the central segment of the Alpine-
Himalayan orogen, is an ideal test site for tectonic-controlled ore formation processes. The mineralization
consists of barite, fluorite, minor galena, and subordinate pyrite and chalcopyrite, and gangue minerals of
dolomite, quartz, siderite, organic material, and calcite. Radiogenic isotopes point to multiple sources. The Pb
composition in galena indicates an origin of Pb from upper crustal material. Barite generations II and III have
875r/80sr = 0.709147 to 0.709595, higher than those of the Triassic host rocks, but more similar to the
composition of Paleozoic basement and Miocene seawater. The chondrite-normalized REE patterns of fluorite
crystals are subhorizontal with slightly negative or no Eu anomalies and weak enrichment of the MREE. The
composition of fluorite, combined with the Pb and Sr isotopic data, reflects a process of fluid-rock interaction for
the mineralizing fluids along favorable lithological and structural sites. The anatomy of the Komsheche deposit is
dominantly controlled by the fault architecture. The (U-Th)/He thermochronology of fluorite grains from
Komsheche yields a range of ages from Early Cretaceous to Pliocene, in concordance with the multistage tectonic
evolution of the Zagros orogen. Our proposed model is that the barite-fluorite deposits of Central Iran formed
during alternating tectonic episodes, including Early Cretaceous extension, post-Cretaceous - Oligocene
compression, Oligo-Miocene extension, and finally Miocene and younger compression. The spatial-temporal
correlation of our results with those of other studies along the Alpine-Himalayan and Atlas Mountains do-
mains reveal a tight coupling between tectonism and formation of sediment-hosted fluorine-bearing (+Ba,
Pb+Zn) deposits throughout the Mesozoic and Cenozoic. Incipient deposits formed in the Mesozoic along
extension-related basement faults and subsequent deposit generations formed during reactivation / inversion of
pre-existing structures.
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1. Introduction and physico-chemical properties of fluids in geological time and space.

This knowledge is essential for finding new exploration targets at deeper

In a wider perspective, the regional distribution of barite and fluorite
deposits is closely linked to tectonic settings and fluid sources (Williams-
Jones et al., 2000; Hein et al., 2007; Piqué et al., 2008; Magotra et al.,
2017; Alaminia and Sharifi, 2018; Walter et al., 2018; Lepetit et al.,
2019; Cansu and Oztiirk, 2019; Oztiirk et al., 2019; Jemmali et al., 2019;
Hanilci et al., 2019, 2020). Comparative studies of ore-forming fluid
flow processes in sedimentary basins worldwide (e.g., Meyer et al.,
2000; Kyser, 2007; Subias et al., 2010; Dill et al., 2012; Blasco et al.,
2017; Jemmali et al., 2017; Cathles, 2019) reveal dynamic parameters
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crustal levels (Kyser, 2007; Sosnicka and Liiders, 2019). Hence, the
global spatial distribution of sediment-hosted fluorine-bearing (+Ba,
Pb+Zn) deposits dominantly mimics the Atlantic rift margins and the
Alpine-Himalayan orogenic belt. For instance, fluorite-barite vein de-
posits of Morocco, Tunisia, central and western Europe have been
explained as the result of a large-scale regional mineralization event
related to Pangea rifting (Fig. 1A; Galindo et al., 1994; Valenza et al.,
2000; Staude et al., 2009; de Lamotte et al., 2009; Margoum et al., 2015;
Kraemer et al., 2019; Walter et al., 2019; Lanari et al., 2020). Important
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sediment-hosted fluorine-bearing (+Ba, Pb+Zn) deposits associated
with Paleozoic to Paleogene carbonate units are found along the Alpine-
Himalayan orogen (e.g., in Germany, Turkey, Iran, and China; see
Fig. 1A and Table 1), the consequence of long-term subduction and
collision processes following the Tethyan rifting (Berberian and King,
1981; Jolivet and Faccenna, 2000; Stampfli and Borel, 2002; Barrier
et al., 2008; Hu and Stern, 2020). Other intrepretations for north Africa
and Europe, Liu et al. (2015) suggest that the fluorite-rich carbonate-
hosted Pb-Zn mineralization along the Himalayan-Zagros metallogenic
province was closely related to the tectonic activities during the early
Tertiary India-Eurasia collision.

In Iran, located in the middle segment of the Alpine-Himalayan
orogenic belt, fluorite, with proven reserves of 1.7 Mt, is restricted to
Permian to Early Cretaceous host rocks, while barite, with proven re-
serves of 5.3 Mt, is widespread in Late Precambrian to Pliocene host-
rocks (Ghorbani, 2008, 2013). Most fluorite (+Ba, +Pb, +Zn) deposits
are located in the hinterland of the Zagros Orogen, usually adjacent to
basement fault zones in central Iran (Fig. 1B). They are associated with
the Malayer-Isfahan Pb-Zn metallogenic belt (Momenzadeh, 1976) at
the northeastern border of the Sanandaj-Sirjan structural zone (SaS).
They also occur in the Alborz belt, as well as in the Central East Iranian
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Microcontinent (CEIM). The latter are known as the Yazd-Anarak and
Tabas-Poshtebadam metallogenic belts (Rajabi et al., 2013).
Fluorite+barite (hereafter FBA) deposits are stratabound in Early -
Middle Triassic dolostones and to a lesser extent in Permian and Early
Cretaceous carbonates (Table 1). Although the age of Triassic-hosted
FBA deposits is still poorly constrained, they are assumed by some au-
thors to be Early to Middle Triassic and syngenetic (Ghorbani and
Momenzadeh, 1994; Ghorbani, 2013). FBA deposits are characterized
by a simple mineralogy within a silicified and dolomitized wall rocks.
They are sulfide-poor, usually associated with Pb, Zn, and minor Ag
(Ghorbani, 2013; Rajabi et al., 2019). Due to their close association with
the sediment-hosted Pb-Zn (+Ba) deposits, FBA deposits have originally
been interpreted as Mississippi Valley-Type systems, classified as F-rich
MVT deposits (e.g., Alirezaei, 1985; Gorjizad, 1995; Rostami, 2001;
Rajabzadeh, 2007; Shamsipour Dehkordi et al., 2011; Rajabi et al.,
2013; Karimpour and Sadeghi, 2018). By contrast, some authors pro-
posed a syn-sedimentary to early diagenetic origin for some sediment-
hosted Zn-Pb (+Ba +Ag) deposits (Momenzadeh, 1976; Rastad, 1981;
Ghorbani, 2013; Boveiri Konari et al., 2016; Boveiri Konari and Rastad,
2017; Niroomand et al., 2019). Rajabi et al. (2013) suggest that fluorite-
rich deposits could be linked to normal faults developed in the Late

Fig. 1. (A) Satellite image of the Alpi-
ne-HimalayanTethyan orogenic belt, showing spatial
distribution of sediment-hosted fluorite-rich (+Ba,
Pb+Zn) deposits. Please see Table 1. Yellow dashed
rectangle shows location of Fig. 1B. (B) Map of Iran
showing major tectonic zones and distribution of
carbonate-hosted deposits of fluorine, barium, lead
and zinc (modified after Aghanabati, 1998; Rajabi
et al., 2013). Black square indicates the location of
Fig. 2 and Komsheche deposit. White patches on the
structural zones (mostly Central Iran) showing
Cenozoic magmatism of Iran. CEIM: Central East
Iranian Microcontinent, SaS: Sanandaj-Sirjan.
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Table 1
Comparison of the characteristics of FBA deposits of Iran with sedimentary rock-hosted fluorite (+Ba, PbZn) deposits of Asia, Europe, and north Africa.
Name of deposit Age of host rock Mineralogy Wall rock Temperature 5% Ore type, process, setting Sources
alteration and salinity (permil)
Central Iran
Komsheche Middle Triassic Brt, Fl, Gn, silicification, Thp=89-244°C (23-27) MVT Rajabzadeh (2007)
dolomite Cal, Qz dolomitization Thp=119- Brt
323°C
10-12 wt.%
NaCl
Pinavand Early Cretaceous Fl, Brt, Gn, silicification, Thp=85-235°C (5-17) Brt diagenesis Qishlaqgi and Moore
Cal, Qz dolomitization 9-36 wt%NaCl (2006); Shafaezadeh
(2012)
Kamar-Mehdi Middle Triassic Fl, Brt, Gn, dolomitization Thg=150- diagenesis Pirouzi et al. (2009)
dolomite Cal, Dol 270°C MVT
15-26 wt%
NaCl
Ardakan Yazd Late Devonian, Early  Fl, Gn, Brt, silicification Thgp=150- associated with magmatic Rahimpour-Bonab and
Carboniferous, Cpy, Qz, Py 182°C activity (204 Ma)? Shekarifard (2002)
Permian 2-7 wt%NaCl
Ravar, Kerman Triassic dolomite Brt, Fl, Gn, Sp silicification Ghorbani (2008)
(Kuhebanan)
Tazareh (Shahrood) Early Triassic Brt, Fl, Gn, Sp silicification Ghorbani (2013)
dolomite
Sefid-Kouh Jurassic limy Fl, Qz, Brt, Cal silicification Thp=125- Pazhkhzade et al.
mudstone 181°C (2018)
2-8 wt.%NaCl
Delijan (Atash-Kuh, metamorphosed Brt, Fl, Gn, dolomitization, Thp=90-205°C Moghaddasi et al.
Bagherabad, Dare- Early Jurassic- Mid. Dol, Cal, Cpy, silicification, 18-23 wt.% (2016)
Badam) Cretaceous Py, Chl Thg,=130-
dolomite 270°C 4-10 wt.
%NaCl
Bozijan Early Jurassic Fl, Qz, Cal, argillization, Th=152-390°C unconformity-related Ehya (2011)
Shemshak Fm. Gn, Py, Mn silicification 15-25 wt.% fluorite deposit
oxide NacCl
Alborz
E Mazandaran Middle Triassic Fl, Brt, Gn, silicification, Th=200-250°C (-2)-(12) MVT, Zabihitabar et al.
(Savad-kuh, Kiasar, dolomite Cal, Py, Dol dolomitization Gn Ore diagenetic and post (2017); Vahab-zadeh
Pachi-miana, Kamar (epigenetic (13-26) diagenetic; formed during et al. (2008); Nabiloo
posht, Abgarm, Era, and Py Cimmerian event et al. (2017); Alirezaei
shashroodbar) syngenetic) (23-48) (1985); Mehraban
Brt (2016)
Oras-Kuh Triassic Elika Fm. Gn, Sph, Py, dolomitization Thg,=298- MVT, Alpine orogeny Lotfi et al. (2015)
Dol, Cal, Brt, 323°C
Qz, F1 0.6-15 wt.%
NaCl
Cretaceous Brt, Fl, Gn, dolomitization, Thp=145- MVT Kouhestani and
Jarin, Zanjan carbonate Cal, Py, Dol silicification, 165°C Mokhtari (2017)
argillization 13-15 wt.%
NaCl
Th=130-259°C
0.8-8 wt.%
NaCl
Sanandaj-Sirjan
Farsesh Permian carbonate Brt, Cal, Dol, silicification, Th=125-200°C seawater-bearing Zarasvandi et al.
Qz, Cpy, Py dolomitization 4-20 wt.%NaCl hydrothermal fluids (2014)
Qahr-Abad Permo-Triassic Fl, Cal, Dol, argillization, Talaie and Abedini
dolomite Qz silicification hydrothermal (2012); Alipour et al.
(2015)
Laal-Kan Paleozoic schist Cal, Fl, Qz, Th=118-151°C hydrothermal, Rezaei-Azizi et al.
Brt, Hm 19-23wt.% (< 95 Ma) (2018)
NaCl
Turkey
Goktepe province Permo-Triassic Gn, Sp, Fl, Cal, silicification, Th=58-154°C MVT Hanilci et al. (2019)
(Tauride) limestone Brt, Py dolomitization 14-21 wt.% Diagenesis
Feke (Adana) carbonate NaCl MVT Uras et al. (2003)
Pohrenk (Anatolia) Eocene-Miocene Fl, Qz, Cal, dolomitization Miocene-Pliocene
sediments Dol, Brt
Fl, Brt, Gn Geng (2006)
Greece Marble, schist, Ag-Gn, Qz, Th=92-207°C internal zone of the Scheffer et al. (2019)
metavolcanic Cal, Fl, Sph 17wt.%NaCl Miocene orogen,
hydrothermal
Italy Triassic, Permian Gn, Sph, Fl, MVT Omenetto (1979)
N Italy Brt
Palermo (NW Sicily) hydrothermal Bellanca et al. (1987)

(continued on next page)



Z. Alaminia et al.

Table 1 (continued)

Chemical Geology 566 (2021) 120084

Name of deposit Age of host rock Mineralogy Wall rock Temperature 5% Ore type, process, setting Sources
alteration and salinity (permil)
Jurassic, Cretaceous Fl, Brt, Qz, silicification, Thp=60-300°C
limestone Cal, Dck dolomitization Low salinity
Paleozoic Fl, Gn, Brt, Th=120-180°C Post Variscan orogen Mondillo et al. (2017)
SE Sardinia Sph, Cal 0-18 wt.%NaCl
Germany Early Triassic Brt, Fl, Qz, *Thgrz=50- (12-45) Paleogene barite, Staude et al. (2011)
SW Germany redbed, Jurassic, Sph, Gn, Cal 150°C Brtgs secondary Miocene barite,
(Schwarzwald) Late Cretaceous to 0-20wt.%NaCl Alpine orogen
Paleogene *Thgrq=50- (13)
150°C Brtgra
13-18wt.%
NacCl
N Germany Ordovician to sulfide, Brt, Th=100-120°C Variscan orogeny (226- Nadoll et al. (2018);
(Harz Mts.) Carboniferous, Fl, Qz high salinity 209 Ma), Graaf et al. (2019)
Permian siliciclastic Late Cretaceous
sediments
Spain Carboniferous, Fl, Qz, Brt, Th=100°C (15-20) Miocene; Canals and Cardellach
NE Spain, Berta in Triassic (evaporite Cal, Gn, Cpy, 21 wt.%NaCl Brt other deposits formed (1993); Galindo et al.
Catalonian Coastal and carbonate) Py between 225 and 195 Ma (1994)
Range
Permo-Triassic and Fl, Qz, Brt, silicification, Th=80-170°C (17-31) 185 Ma, pre-rift or Sanchez et al. (2010)
Asturias Paleozoic Cal, Dol, Sph, chloritization 7-14 wt.%NaCl Brt contemporaneous to
Py, Gn, Cpy Atlantic ocean opening
Iberian Triassic arenites, Brt, Sph, Gn, dolomitization Th=180°C Mesozoic extensional Subias et al. (2010)
Ordovician- Fl, Py, Cpy, 4 wt.%NaCl events
Devonian Qz, Sd (15-28)
limestones Th=120-130°C Brt
20 wt.%NaCl
Parzan, Late Paleozoic, Gn, Py, Cpy, silicification, Th=117-195°C Fanlo et al. (1998);
Caravia-Berbes Triassic Sph, Fl, Brt, chloritization, 10-24 wt.% Aptian-Albian, Symons et al. (2017)
Qz, Sd, Dol sericitization NaCl 1154+3 Ma
China Carboniferous to Gn, Sph, Fl, dolomitization Th=70-370°C (-30)- Fl-bearing sub-type of Tian et al. (2009);
Sanjiang belt, Triassic Brt, Cal, Dol, 6-28 wt.%NaCl (7.4) MVT (32-38 Ma), Song et al. (2015); Liu
Tuotuohe Py sulfide Chaqupacha (<16 Ma), et al. (2017)
Jinding (~65 Ma)
Fengjia, Early Ordovician Fl, Brt, Cal, calcitization, Th=86-302°C intra-continental Zou et al. (2015, 2017)
Longxi carbonate Qz, Py, Ser silicification, 0.2-21 wt.% Himalayan orogeny,
sericitization, NaCl formed by meteoric and
kaolinization metamorphic fluids, 104-
129 Ma
Mohailaheng Carboniferous, Sph, Gn, Py, dolomitization Th=130-180°C Early Tertiary Himalayan Liu et al. (2015)
Permian to Triassic Cal, Fl, Brt, 19-24 wt.% orogeny
Qz, Dol NaCl
Great Britain, UK Carboniferous Gn, Sph, Fl, Th=99-160°C ~basinal Fl-bearing sub-type of Kraemer et al. (2019)
(Pennine orefield) marine strata Brt ~20 wt.%NaCl brine MVT (~175 Ma), opening
of the Atlantic
France Paleozoic Fl, Cpy, Apy, Th=120-210°C MVT Munoz et al. (2005)
(S Massif Central) Qz, Sd 20-26 wt.% (~111Ma)
NacCl
Tunisia Jurassic, Fl, Brt, Gn, Th=100-250°C (15-22) Post Jurassic to Late Souissi et al. (1997);
NE Tunisia Cretaceous, Miocene Sph 12-34 wt.% Brt Miocene, Souissi et al. (2013)
(Zaghouan) NaCl related to fault Jemmali et al. (2019)
reactivation during Late
Miocene
(14.8-
15.4) Brt
Morocco Permo-Triassic to Fl, Brt, Qz Th=94-174°C (9-15) Brt Related to central Atlantic Valenza et al. (2000);
Cretaceous red beds 14-24 wt.% rifting (~220 and 155 Margoum et al. (2015)
NaCl Ma)

Abbreviations of Whitney and Evans (2010): Apy-arsenopyrite, Brt-barite, Cal-calcite, Chl-chlorite, Cpy-chalcopyrite, Dck-dickite, Dol-dolomite, Fl-fluorite, Gn-galena,
Hem-hematite, Py-pyrite, Qz-quartz, Sd-siderite, Ser-sericite. MVT: Mississippi Valley-type.

" Schwarzwald data is of barite groups- 3 and -4.

Triassic foreland basin during the closure of the Paleo-Tethys in the
Cimmerian orogeny. Recent geochemical results of FBA deposits in the
Central Alborz metallogenic belt (Fig. 1B) reveal that fluorite was
deposited epigenetically during at least two stages of diagenesis (Zabi-
hitabar and Shafiei-Bafti, 2015; Moghaddasi et al., 2016; Nabiloo et al.,
2017; Kouhestani and Mokhtari, 2017; Zabihitabar et al., 2017).
Central Iran represents the wide hinterland of the Zagros orogen. It is
covered by thick Paleozoic - Mesozoic carbonate successions, which host
extensive FBA deposits next to NW-SE to N-S-trending intraplate fault
zones. Typical occurrences are the Pinavand, Kamar-Mehdi, and Mehdi-

Abad deposits (Fig. 1B). The Isfahan province, located in the Malayer-
Isfahan metallogenic belt, is broadly the host of several similar FBA
occurrences, including the world-class Irankuh Pb-Zn deposit (Esmaeili
Sevieri et al., 2019) and numerous smaller Pb-Zn deposits (Fig. 1B). FBA
clusters are hosted in Triassic and Early Cretaceous carbonate rocks
(Fig. 2), while Pb-Zn deposits occur mostly within Cretaceous
carbonates.

The Triassic-hosted Komsheche deposit, 100% owned and discov-
ered in 1968 (Burnol, 1968), is located 76 km northeast of Isfahan and is
one of the best-known barite and fluorite producing occurrences. Former
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al., 1999; Mannani and Yazdi, 2009; Habibi et al., 2013) showing the Triassic-hosted

Komsheche, Cretaceous-hosted Pinavand, and all FBA deposits hosted in carbonate rocks.

studies of the Komsheche deposit show that fluorite precipitated at
temperatures between 89° and 244°C with a mode at 150°C, from
aqueous solutions containing traces of hydrocarbons with variable sa-
linities (0 - 25.4 wt % NaCl equiv). Micro-thermometric results from
fluid inclusions in the barite yield relatively high temperatures (between
119° and 323°C, with two modes at 150° and 250°C) and salinities from
0 to 20.6 wt % NaCl equiv that are consistent with a hydrothermal
environment associated with Na, Ca, and Mg ionic species in the fluid
(Rajabzadeh, 2007). By contrast, based on geochemical arguments, the
Cretaceous-hosted Pinavand fluorite (about 17 km southwest of Kom-
sheche in Fig. 2) is interpreted to have formed in a sedimentary system
(Qishlaqgi and Moore, 2006; Shafaezadeh, 2012). Only a few studies have
been done on barite deposits in contrast to numerous investigations on
Pb-Zn deposits (e.g., Ehya et al., 2010; Rajabi et al., 2012, 2013). For
instance, Ghazban et al. (1994) suggested that barite in the Cretaceous
carbonate-hosted Irankuh Pb-Zn+{Ba deposit was not derived from
normal seawater, based on the high 87Sr/36sr ratios of barite and car-
bonate. These characteristics are likely due to the incorporation of Sr
from marine carbonate, whereas the lead isotopic data point to an
oceanic slab source contaminated with lead from the continental crust
(Karimpour and Sadeghi, 2018; Esmaeili Sevieri et al., 2019). A recent
pyrite Re-Os isochron age of 66.5+1.6 Ma from Irankuh supports a Late

Cretaceous age for the mineralization (Liu et al., 2019). In the Ab-Bagh
Zn-Pb+Ba deposit, Paleozoic sedimentary basement is believed to be the
most probable origin for the metal-rich fluids, as suggested by the more
radigenic Sr isotope values of hydrothermal calcite (Movahednia et al.,
2020).

Several studies (Rajabzadeh, 2007; Ghorbani, 2013) have shown that
the age relationships between FBA and host rocks are not well under-
stood and both syngenetic and epigenetic origins have been debated. To
address this gap, we have applied a multidisciplinary approach with
fluorite (U-Th)/He geochronology, Pb and Sr isotope analyses, and
structural analysis to one of the outstanding FBA deposits in Central
Iran. Our paleohydrological reconstructions and deciphering of the ore-
forming processes shed light on the long-term tight linkage between FBA
mineralization and the tectonic evolution in the overriding plate of the
Zagros orogen through Mesozoic to Pliocene time.

2. Geological evolution of Central Iran

The CEIM and SaS were detached from the northern margin of
Gondwana during the initiation of the Neo-Tethys Ocean in the Early
Permian and collided with the southern margin of Eurasia (Turan Plate)
in the Late Triassic, thereby closing the Palaeo-Tethys (Eo-Cimmerian
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event; e.g., Stocklin, 1974; Stampfli and Borel, 2002; Fiirsich et al.,
2009; Wilmsen et al., 2009). Northward subduction of the Neo-Tethys
beneath the southern margin of the Iranian plate initiated in the Late
Triassic (Arvin et al., 2007; Hassanzadeh and Wernicke, 2016; Shei-
kholeslami, 2016) and subsequently produced a magmatic arc (Berber-
ian and Berberian, 1981; Hassanzadeh and Wernicke, 2016). This
process is thought to have reduced compressive stress on the internal
parts of the Iranian plate, leading to the formation of extensional basins,
which subsequently were filled by thick piles of Late Triassic marine
sediments (Nayband Fm. of Central Iran; Fiirsich et al., 2005a). The
main Cimmerian event resulted in the termination of marine sedimen-
tation, followed by non-marine deposition or erosion of source-areas on
the Iranian plate during the Jurassic (Wilmsen et al., 2009; Salehi et al.,
2018). This event may have been initiated by break-off of the subducting
slab of the Palaeo-Tethyan Ocean beneath the Turan Plate around the
Triassic—Jurassic boundary (Fiirsich et al., 2005b, 2009; Wilmsen et al.,
2009). Thousands of meters of Jurassic sediments, such as the Shemshak
Fm., were uncomfortably deposited on the west of the CEIM (Wilmsen
et al., 2010; Senowbari-daryan et al., 2010; Ghasemi-Nejad et al., 2013;
Fiirsich et al., 2016). The Late Cimmerian event (Late Jurassic—Earliest
Cretaceous) was marked by block faulting, sedimentation of conglom-
erates and red beds, and stratigraphic gaps in many places on the Iranian
plate (e.g., Wilmsen et al., 2010, 2013, 2015), and counter-clockwise
block rotation in the CEIM (Mattei et al., 2015). On top of the Shem-
shak Fm. strata, there is a Late Cimmerian unconformity overlain
directly by Early Cretaceous red beds (Zahedi, 1976; Radfar et al., 1999;
Aghanabati, 2004). Shemshak Fm. and Early Cretaceous red beds mark a
sharp transition from a high-energy continental Late Triassic - earliest
Cretaceous deposition of detrital strata to sedimentation of thick marine
Early to Late Cretaceous carbonates on the stable platform and devel-
opment of oceanic back-arc basins in-between the CEIM fragments
(Barrier et al., 2008; Tadayon, 2013; Wilmsen et al., 2015; Shafaii
Moghadam and Stern, 2015: Salehi et al., 2018). Late Cretaceous—Early
Paleocene time corresponds to the onset of northeast-ward subduction of
the Neo-Tethyan oceanic plate beneath the CEIM (Stocklin, 1968; Ber-
berian and King, 1981; Jolivet and Faccenna, 2000; Hassanzadeh and
Wernicke, 2016). It resulted in obduction of ophiolites along the Zagros
suture zone and oceanic back-arc basins (Agard et al., 2005, 2011;
Shafaii Moghadam et al., 2009; Mouthereau et al., 2012), as well as
reactivation of Cretaceous normal basin boundary faults as high angle
reverse faults in the central SaS (Salehi and Tadayon, 2020). In the Late
Eocene-Oligocene continental collision occurred and the Urumieh-
Dokhtar Magmatic Arc (UDMA) was formed (Berberian and Berberian,
1981; Berberian and King, 1981; Jolivet and Faccenna, 2000; Mouth-
ereau et al., 2012; Chiu et al., 2013). A major tectonic reorganization
followed in the Middle-Late Neogene along the Zagros convergence
zone, initiating the recent NW-SE right-lateral transpressional main
Zagros fault (Jackson, 1992; Talebian and Jackson, 2002; Mouthereau
et al., 2012) and reactivating CEIM basement faults (Allen et al., 2004;
Austermann and Iaffaldano, 2013; Tadayon et al., 2017).

The westernmost Central Iran domain developed an elongate NW-SE
trending basin between the SaS in the southwest and UDMA in the
northeast (Fig. 1B). The Komsheche study area is located in the western
part of the Central Iran domain (Fig. 1B), adjacent to main basement
faults, such as the Zefreh Fault System, hereafter ZFS, and Abbas-Abad
Fault (Fig. 2), and in a geological province with a protracted tectonic
evolution history.

2.1. General geology of FBA mineralized area

In northeast Isfahan, numerous FBA mineralized areas (e.g., Kom-
sheche, Pinavand, and Fasakhood) crop out in the Mesozoic basement on
the western shoulder of the ZFS (Fig. 2). The lithostratigraphy of the FBA
mineralized area is characterized at the base by a series of dark grey
dolomite and conodont-bearing limestone interbedded with two beds of
phosphate, sandstone, and sandy limestone dated as Devonian (Bahram
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Fm.) (Bahrami et al., 2015). Bahram Fm. is disconformably overlain by
relatively thick Late Permian Gymnocodium-bearing gray limestone,
dolomitic limestone, dolomite, and sandstone (Jamal Fm.) (Radfar et al.,
1999; Ameri et al., 2017). This unit is unconformably followed by Early
to Middle Triassic strata consisting of 10 m of ferruginous dark quartzite
with few meters of red shales (Sorkh-Shale Fm.) at the base, Middle
Triassic thick yellowish dolostone (Shotori Fm.), gray conglomerate
with reddish sandstone intercalations, shale and dark shale with quartz
sandstone and dolomitic limestone intercalations and Heterastridum-
bearing limestone on top (Nayband Fm.) (Radfar et al., 1999; Aghana-
bati, 2004). These strata are unconformably capped by dark gray coaly
shale and sandstone with intercalation of thin limestone (Shemshak
Fm.) that is attributed to the Late Triassic-Middle Jurassic Eo-
Cimmerian event (Radfar et al., 1999; Salehi et al., 2018).

The Cimmerian package is unconformably covered by thick Early
Cretaceous red beds that consist of brown conglomerate with voids filled
by evaporites at the bottom and fining upward red sandstone on top
(Salehi et al., 2018). It is followed by a continuous thick pile of Early to
Late Cretaceous Orbitolina, rudist, ammonite and Inoceramus-bearing
limestones intercaled by olive shale (Radfar et al., 1999; Aghanabati,
2004). The Paleogene in the northeast of Isfahan emerged with gray
conglomerate overlain by an about 2 km thick sequence of various types
of volcanic rocks and rare intercalations of nummulitic sandy limestone
and shale (Radfar et al., 1999; Alaminia et al., 2017). This Paleogene
package is unconformably covered by cream limestone and marl at the
bottom and an alternation of limestone and andesitic lava on top (Qom
Fm.) (Radfar et al., 1999; Aghanabati, 2004). Early Miocene intrusives
include the Dorojin and Zafarghand granitoids (Sarjoughian et al., 2017;
Alaminia et al., 2020). The development terminated with latest
Miocene-Pliocene conglomerate and sandstone (Radfar et al., 1999).
Eventually, Quaternary hot spring-related travertine formed along the
active fault zones and alluvial sediments covered everything (Fig. 2;
Radfar et al., 1999; Beygi et al., 2016).

3. Komsheche deposit

The FBA is located approximately 1.5 km shouthwest of Komsheche
village, southwest of Ardestan (Fig. 2). The strata exposed around the
mine are Triassic sediments, unconformably overlain by Early Creta-
ceous strata (Fig. 3A). The Triassic sedimentary succession is subdivided
into three formations (Fig. 3A): 1) the Early Triassic Sorkh-Shale Fm,
with intercalating red sandstone and carbonate; 2) the Middle Triassic
Shotori Fm. consisting of yellowish dolomite; and 3) the Late Triassic
Nayband Fm. characterised by dark shale and dark green sandstone beds
with intercalations of fossiliferous limestone. At the Komsheche mine
the Shotori Fm. and Nayband Fm. were folded. Jurassic strata are
missing in the Komsheche mine area. This is attributed to the Cimmerian
orogeny-related uplift (Radfar et al., 1999; Mannani and Yazdi, 2009;
Niitzel et al., 2010) (Fig. 3A). The Late Triassic sequence is covered by a
transgressive unit of red conglomerate, up to 2 m thick, at the base of the
Early Cretaceous. The basal bed of conglomerate comprises pebbles of
Shotori dolomite and siliciclastic rocks and some thin coal beds without
any sign of Jurassic fossils (Mannani and Yazdi, 2009). The red
conglomerate is capped by calcareous sandstone, dolomite, grey Orbi-
tolina-bearing limestone, sandy limestone, marl, and shale (Radfar et al.,
1999).

The FBA mineralization in the Komsheche deposit is found domi-
nantly along the faulted contacts that are mainly concentrated in
yellowish dolostone of the Middle Triassic Shotori Fm, but it also occurs
in the Late Triassic Nayband Fm. (Figs. 3A and 5F) and in Early Creta-
ceous limestone (Fig. 5H). The ore bands are sub-parallel to the fold-axis
of a syncline with a Triassic core that was uplifted by later tectonic
events. Large pebbles of ore-bearing Cretaceous limestone in faulted
Nayband Fm., geological field observations, and cross-cutting relation-
ships suggest a post-Cretaceous age for the FBA mineralization. How-
ever, the banded (stratabound) FBA mineralization in rudist-bearing
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Fig. 3. (A) Geological map and synthetic stratigraphic column of the Komsheche deposit with distribution of ore body, northeast of Isfahan (modified and readapted
after Radfar et al., 1999). For location see Fig. 2. (B) NE-SW-oriented interpretative geological cross-section across the study area.

Early Cretaceous carbonates, about 1 km north of the Komsheche mine
and its surrounding FBA mines (e.g., Fasakhood and Maste-Kuh mines)
(Fig. 2), could indicate at least an Early Cretaceous age for FBA miner-
alization. Noteworthy, field observations in the mining area show that
the Komsheche deposit was not associated with magmatic or volcanic
activity.

The Komsheche mine consists of about 20 discontinuous orebodies
with a tonnage of 1.6 Mt with and average of 49% barite and 10%
fluorite (Rajabzadeh, 2007). The ore body ribbon is 0.5 to 4 m thick and
extends laterally for approximately 700 m (Fig. 3A). Prior to the main
mineralization, carbonate wall rocks underwent pervasive alteration.
On the flanks of the mineralized zone, the most common alteration-type
is dolomitization (Fig. 4F), overprinted by silicification. The minerali-
zation occurs as massive, banded and laminated types parallel to the
host rock strata, replacement of host rock, breccia cement, open-space
filling of fractures and dissolution cavities, dissemination, cockade and
zebra textures (Fig. 4A-L). The ore minerals are barite, fluorite, and
galena, where barite is more abundant than fluorite and galena (Fig. 4G-
K). Chalcopyrite and especially pyrite are poorly exposed, being largely
oxidized to malachite, azurite, and secondary Fe oxide. Gangue minerals
include dolomite, quartz, siderite, calcite, gypsum, and trace amounts of
pyrolusite and organic matter (Fig. 4F, J and L). The mineral paragenesis
has been previously described by Rajabzadeh (2007). The Nayband Fm.
clastic sequence-hosted FBA can be distinguished from the Shotori
carbonate-hosted FAB not only by the nature of the host rocks, but also
based on the presence of organic matter, clay, higher sulfide contents
and rare chlorite.

There were most likely two distinct phases of mineral deposition
based upon texture and cross-cutting relationships. Mineralization is
thought to have ceased in the intervening period due to probable tec-
tonic uplift with moderate weathering of chalcopyrite and pyrite to
malachite and azurite. Broadly, the earliest mineralization (stage-I of
sub-economic baritization) includes discontinuous and irregular strata-
bounded horizons, commonly >10 cm thick and several tens of meters

long (Fig. 4A, B), which developed by barite replacement of fluorite.
This observation is in line with a previous study in the Komsheche area
(Forghani-Tehrani, 2003). Colorless fluorite was intergrown with quartz
and overgrown by barite (Fig. 4C). Medium grained, subhedral, crys-
talline (>2 mm) aggregates of globular barite, followed by repeated
crystallization, include rhythmites of barite-I, siderite, and ferroan
sparry dolomite in the dolostone host (Fig. 4D). In this stage, pseudo-
morphic replacement of layering or pseudo-layering by barite likely
reflects the remnant of a host-rock diagenetic texture. The mineraliza-
tion style of stage-I at Komsheche is similar to that in the Faskhood and
Pinavand areas that are hosted by Early Cretaceous successions.

In stage-II, economic baritization formed with less fluorite. Brecci-
ation occurred alternatively along feeder zones and displays a breccia-
pipe-like structure (Fig. 4E). The initial breccia appears to be a crackle
mineralized-type that laterally grades to pseudo-breccia. Away from the
feeder zone, mineralization was likely spatially restricted to dissolution
cavities and pores. Stage-II followed with more fluoritization in direct
contact with coaly Nayband Fm. Here, breccia with angular siliciclastic
rock fragments is cemented by coarse-grained euhedral platy barite,
fluorite (white and violet fluorite varieties), and sulfide minerals (Fig. 41
and J). The subsequent phase involved ore reconstitution where pore
spaces and breccia cement were occupied by mega-crystals (cm-sized) of
tabular barite (generation-III), well-developed cubic fluorite and acic-
ular quartz associated with sub-angular fragments of barite and fluorite,
and oxidized sulfide veinlets. Greenish, brown, grey, blue and violet
fluorite varieties (generation-III) formed within enclosing rocks at this
stage. The latest phase was associated with orbicular-like and cockade
textures of secondary barite, fluorite, and silica overgrowths (Fig. 4H, K
and L).

Since the types of barite and fluorite crystals vary within the Kom-
sheche deposit, several modes of occurrence are recognized based on
morphology, texture, size, and color. Barite grains consist of impure
fine- to medium-grained barite-I, pure coarse-grained barite-II, large
automorphic barite-III crystals, and secondary barite-IV. Fluorite occurs



Z. Alaminia et al. Chemical Geology 566 (2021) 120084

(caption on next page)



Z. Alaminia et al.

Chemical Geology 566 (2021) 120084

Fig. 4. Photographs of various ore textures and structures, all from the Komsheche FBA deposit, except for Fig. A, which is from the Maste-Kuh deposit. (A) Folded
Cretaceous limestone with thin white bands of barite. (B) Banded structure with barite, fluorite, and quartz minerals intercalated in the Shotori host dolostone. (C)
Cut hand-specimen of the quartz and colorless fluorite bands that were replaced by barite-I. (D) Rhythmic banding of barite globular and ferroan dolomite
accompanied by dissolution of carbonate host rock. (E) Hydraulic breccia pipe analogue, sharply bounded by positive flower structure in Triassic strata consisting of
brown cm-sized sub-angular fragments of dolomite and siderite associated with early banded barite in a white coarse-grained barite cement. (F) Hydrothermal
dolomite formed prior to irregular replacement of dolostone by coarse-grained barite-II. (G) Pseudo-breccia with fractures filled by well-developed fluorite, mega-
crystal barite-III, quartz and ferroan dolomite. (H) Cockade of fine-scale banded quartz and secondary barite-IV with clear dissolution of host rock. (I) Zebra texture
showing the galena replacement of laminated barite. (J) Fragments of silicified Shemshak Fm. preserved in a matrix of barite, fluorite, quartz, and galena (hand
specimen). (K) Drusy barite, large automorphic fluorite and siderite fill karst cavities. (L) Late vein of fluorite cutting dolomite. Abbreviations of Whitney and Evans

(2010): Brt-barite, Dol-dolomite, Fl-fluorite, Gn-galena, Org-organic matter, Prl-pyrolusite, and Qz-quartz.

as colorless small to medium interstitial grains of fluorite-I, medium- to
coarse-grained multi-colored fluorite-Il in cement of the matrix-
supported breccias, in some places associated with sulfides, fluorite-III
with simple hexahedron green to violet crystal aggregates and, finally,
stripped and saccharoidal fluorite-IV as microbands of fluorite.

4. Materials and methods

In this study, brittle and ductile structures were measured and
structural analyses were performed to find the linkage between tectonic
structures and FBA mineralization. Structural analyses were focused on
the Triassic to Cretaceous sedimentary strata hosting barite and fluorite
mineralization. The kinematics of fault slip were mainly identified based
on classical criteria on polished fault surfaces (e.g., Petit, 1987; Fossen,
2010). Structural analysis consisting of paleostress inversion and sta-
tistical analysis of the measured fault slip and bedding data, respec-
tively, were performed with the Windows program DAISY v5.3 (Salvini
et al.,, 1999) in order to obtain the paleostress directions of the region
through time. Furthermore, a NE-SW- trending structural cross section,
oblique to the general trend of the study area, has been drawn upon the
measured structural data to illustrate the relation between ore body and
structural architecture of the Komsheche mine.

Isotopic compositions of galena, barite, and fluorite minerals were
performed in three laboratories of the University of Oslo (Norway), Ohio
State University (USA), and Universidad Nacional Auténoma de México
(Mexico).

Seven representative fluorite samples (a variety of textures including
replacement, breccia cement, and open-space filling) were chosen for
geochemical analysis. Fluorite samples Z-1 and Z-3 were associated with
galena. The concentration of rare earth elements (REE) and other trace
elements of pure fluorite samples were determined by ICP-MS analysis at
Actlabs Laboratories, Ancaster, Ontario, Canada. These fluorite samples
were investigated for (U-Th)/He low-temperature thermochronology
with a closure temperature window, still poorly understood, of about 50
to 170 °C (90+10 °C, Evans et al., 2005; 46 + 14 °C and 169 + 9 °C,
Wolff et al., 2016). In all cases U and Th concentrations were less than 1
ppm, making it difficult to obtain a good age determination.

Two galena samples were analyzed for lead isotopes. The lead was
leached from the samples with dilute acid, mixed with phosphoric acid
and silica gel, and loaded on outgassed Re filaments. Ratios were
measured by thermal ionization mass spectrometry on a MAT262 in-
strument using multiple Faraday cups in static mode. Data are corrected
for fractionation by 0.10 +0.06 % per atomic mass unit. The repro-
ducibility of the fractionation (based on NBS982) is propagated into the
uncertainty of the corrected ratios. Isoplot Windows program is used for
the statistical calculation of the Pb-Pb isotopes to obtain the age
modeling trend.

In order to measure 7Sr/%6Sr, five barite specimens were collected.
After petrographic observation, pure barites were crushed by hand and
carefully handpicked under a binocular microscope to remove the im-
purities. Then, ~10 mg of each barite sample was dissolved by chelation
with cation exchange resin following Paytan et al. (1993). The bulk
dissolved samples were passed through a column with Sr-specific resin
(Scher et al., 2014), separating Sr. Strontium was loaded onto single
rhenium-filaments with a Ta activator solution using the sandwich

technique. Isotopic ratios were then analyzed using a Thermo Fisher
Scientific Triton Plus multicollector thermal ionization mass spectrom-
eter. Isotopic ratios are corrected for instrumental mass fractionation by
normalizing to ®8Sr/%Sr = 8.3752. The isotopic ratio external uncer-
tainty is estimated using replicate analyses of SRM 987 as 0.000008
(20). Three analyses of SRM 987 yielded an average value of 0.710254,
within uncertainty of the accepted value for SRM 987 (0.710248;
McArthur et al., 2012). One sample was prepared twice (from two
different aliquots of the powdered barite samples). The difference be-
tween the two is 0.000006, less than the external uncertainty of the SRM
987.

5. Results
5.1. Structural evidence

A detailed and original structural survey and geological mapping
were undertaken to decipher the structural architecture of the Kom-
sheche deposit, as described in the following paragraphs and Figs. 3A, B
and 5. The study area, located just west of the active trace of the ZFS, has
been intensely affected by brittle and ductile deformation (Fig. 2). The
structural measurements and cross-cutting relationships in the deposit
and surrounding area indicate two distinct generations of brittle struc-
tures (mainly faults, fractures and veins), which are recognized where
the new generation cut the old generation.

The first generation structures were developed by (i) a major NE-
dipping reverse fault in the center of the deposit that thrust the FBA-
bearing Triassic carbonates over the Nayband Fm. (Fig. 5F). The kine-
matics of this fault are recognized based on vertical slickenlines and
synthetic Riedel shears on the polished fault surfaces with NE-ward
verging synclines, drag folds, in the footwall (Fig. 5F). (ii) The NE-SW
trending, and both NW and SE - dipping, extensional faults cut the
Triassic and Cretaceous carbonates. Those are mostly exposed in the
central mine showing few meters of vertical offsets (Figs. 4B, 5A and
5B). The kinematics of these faults are identified based on vertical
slickenlines and synthetic Riedel shears on the polished fault surface
(Figs. 3B, 5B, and Table 2). The normal faults have widths of about one
meter and are associated with breccia, barite, and fluorite (Fig. 5A-D).
(iii) The NE-SW trending FBA-bearing veins vary in length and width
(Fig. 5B).

Second generation-related structures are manifested by (iv) a steeply
dipping, NW-SE striking right-lateral strike-slip fault, sub-parallel to the
ZFS. It runs from north to east across the Komsheche quarry, cutting
through the Cretaceous carbonates and a Quaternary stream that made
ca. 420 m right-lateral displacement in Cretaceous carbonate in the
north (Figs. 2 and 3A). To the northeast, there are (iv) N-S trending
extensional faults that mostly emerge in Cretaceous strata with tens of
meters vertical offsets (Figs. 3A and 5G), and (v) sub-vertical N-S
trending veins with different length and width, dominantly filled by
barite and fluorite (Fig. 4 and Table 2). Regarding the ductile defor-
mation, a general NW-SE folding axis can be identified in the Komsheche
mine area (Fig. 3A). In the regional scale, two different fold trends NW-
SE and E-W can be distinguished (Fig. 2). Bedding measurements reveal
a major NW-SE trending fold axis and a minor E-W trending fold axis
(Fig. 3A).
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Fig. 5. (A) Panoramic view showing the FBA-bearing Shotori Fm. that is cut by NE-SW tending extensional fault zones. Red lines indicate the faults. Stereoplot
(Schmidt net, lower hemisphere projection) represents collected brittle structures data and its paleostress inversion result. (B) Sub-vertical NW-dipping extensional
fault cuts through the Shotori Fm. with about 1 m vertical displacement and FBA mineralization in both footwall and hanging wall. For location see Fig. 3A. (C) Close
view of the polished fault surface of the NW-dipping extensional fault with vertical slicken-line and downward step, and remnants of the FBA mineralization on the
fault surface. For location see Fig. 3A and B. (D) Breccia and intact generations (types/forms) of FBA mineralization within the meso-scale view of the NW-dipping
extensional fault zone. Red lines showing the fault and fractures. For location see Fig. 3A. (E) Layer-like FBA mineralization confined by carbonate bedding
boundaries and fed by an oblique feeder fault zone. For location see Fig. 3A. (F) Panoramic view showing the NW-SE striking NE-dipping fault that thrusts the Shotori
Fm. over the Nayband Fm. and Cretaceous strata, causing the footwall syncline. Stereoplot (Schmidt net, lower hemisphere projection) represents brittle structures
and their paleostress inversion result. (G) Second generation steep N-S trending extensional faults just to the north of Komsheche active deposit cutting through the
Cretaceous carbonates. Stereoplot (Schmidt net, lower hemisphere projection) represents collected brittle structures data and the paleostress inversion result. (H)
Roughly E-W trending folds in layer-like FBA bearing Early Cretaceous limestone (rudist-bearing) strata, about 1 km north of the Komsheche mine, see Fig. 2 for
location. Abbreviation for Fig A, F, and G: L.K - Lower Cretaceous, U.K - Upper Cretaceous.
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Table 2
Measured structural data in Komsheche FBA mine area.

Site Latitude Longitude Lithology Age of Formation Strike Dip Rake Kinematic Element
1 33°132N 52°22E Limestone Lower Cretaceous 303 35 Bedding
2 33°130N 52°223E Carbonate Triassic 215 41 89 Normal Fault

2 33°130N 52°223E Carbonate Triassic 37 53 83 Normal Fault

2 33°130N 52°223E Carbonate Triassic 310 68 82 Reverse Fault

2 33°130N 52°223E Barite 60 88 Vein

2 33°130N 52°223E Barite 62 87 Vein

2 33°130N 52°223E Barite 48 90 Vein

2 33°130N 52°223E Barite 51 89 Vein

2 33°130N 52°223E Barite 40 79 Vein

2 33°130N 52°223E Barite 38 83 Vein

2 33°130N 52°223E Barite 42 85 Vein

2 33°130N 52°223E Barite Triassic 240 57 10 Sinistral Vein

3 33°133N 52°233E Dolomite Triassic 345 52 Bedding
3 33°133N 52°233E Shale Triassic 310 45 Bedding
3 33°133N 52°233E Dolomite Triassic 330 70 83 Reverse Fault

3 33°133N 52°233E Dolomite Triassic 345 70 79 Reverse Fault

4 33°1314N 52°220E Limestone Cretaceous 37 Bedding
5 33°1319N 52°310E Limestone Cretaceous 327 31 Bedding
5 33°1319N 52°310E Limestone Cretaceous 356 57 87 Normal Fault

5 33°1319N 52°310E Limestone Cretaceous 183 51 88 Normal Fault

6 33°1331N 52°305E Limestone Cretaceous 319 29 Bedding
6 33°1331N 52°305E Limestone Cretaceous 178 61 83 Normal Fault

6 33°1331N 52°305E Limestone Cretaceous 358 62 89 Normal Fault

7 33°1324N 52°306E Limestone Cretaceous 171 55 76 Normal Fault

7 33°1324N 52°306E Limestone Cretaceous 169 59 77 Normal Fault

8 33°1302N 52°234E Barite 171 81 Vein

8 33°1302N 52°234E Barite 179 79 Vein

8 33°1302N 52°234E Barite 183 88 Vein

8 33°1302N 52°234E Barite 190 85 Vein

8 33°1302N 52°234E Barite 185 83 Vein

9 33°1257N 52°237E Dolomite Triassic 297 76 155 Dextral Fault

9 33°1257N 52°237E Dolomite Triassic 301 75 156 Dextral Fault
10 33°1243N 52°211E Limestone Cretaceous 127 38 Bedding

The FBA mineralization occurs dominantly as conformable layers
confined within the bedding of carbonate strata and breccias. The
banded-type FBA mineralization occurs between major steep exten-
sional fault zones in Triassic carbonate strata (Figs. 3A, 5A and 5H). By
contrast, the breccia-type FBA mineralization is almost entirely confined
to fault zones (Figs. 5B and 5D), which also contain the euhedral/ intact-
type (Fig. 5D).

5.2. Geochemistry and (U-Th)/He age of fluorite

5.2.1. Trace and REE contents

Table 3 displays trace elements analyses, together with detection
limits, of seven dated fluorite separates (grains, Fig. 6). The elements Ag
(<0.5 ppm), Cr (<20 ppm), Cs (<0.1 ppm), In (<0.1ppm), Ga (<1ppm),
Ge (<0.5 ppm), Mo (<2 ppm), Ni (<20 ppm), Tl (<0.05 ppm), V (<5
ppm), and Zn (<30 ppm) from all the studied fluorites have concen-
trations below the detection limits stated and were not included in
Table 3. Most of these elements were not expected in any measurable
amount in fluorite, but it is important to report them because they can be
associated to inclusions of sulfides and other minerals, which are not
present. The fluorite has low amounts of most analyzed trace elements,
except Ba (110-94000 ppm), Sr (47-2410 ppm), and Pb (6-6780 ppm).
The mean total REE and yttrium (REY) content of the fluorites is low
(15.78 ppm). Variable colors do not correlate with different composi-
tions, with the exception of cloudy violet fluorites, which are associated
with galena and have higher Pb abundances (samples Z-1, Z-2 and Z-3 in
Table 3 and Fig. 6). The fluorites show positive anomalies for Ba, Pb, Sr,
U, Ta, and Y and negative anomalies for Rb, Th, La, Pr, Ce, and Nd when
examined in an Upper Continental Crust - normalized diagram (Fig. 7A).
The chondrite-normalized REY patterns, obtained using values of
Anders and Grevesse (1989), have a subhorizontal shape with a negative
slope of the heavy rare earth elements (HREE). There is a positive Y
anomaly, but almost negligible Eu and Ce anomalies (Fig. 7), indicating
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a range of 0.54 to 0.99 with mean value ~0.8 for Eu/Eu*=Eu,/
\/ [Smp, xGdy] (except for samples Z-1 and Z-2 with ratios 1.01 and 1.23),
and a range of 0.56 to 0.99 mean value ~0.8 for Ce/Ce*=Ce,/
\/ [Lap x Pry] (except for sample Z-6 with ratio 1.02) (Table 3). However,
sample Z-7 has more pronounced negative anomalies for Ce and Eu
(Fig. 7B).

The REE patterns of Komsheche fluorites can be divided into two
groups. The first group (polycrystalline fluorite samples Z-1, Z-3 and Z-7
collected/selected from matrix-supported breccia cement; dashed red
lines in Fig. 7B), present weakly increasing abundances from La to Eu,
slightly enrichment of the MREE, decreasing abundances from Eu to La
(dashed lines in Fig. 7B), and a low La/Lu ratio. By contrast, the second
group (coarse-grained fluorite samples Z-2, Z-4, Z-5 and Z-6) is slightly
enriched in LREE rather than MREE concentrations (solid lines in
Fig. 7B).

5.2.2. (U-Th)/He ages of fluorite

Measurements of U, Th, and He were made on all seven fluorite
samples whose description has already been presented in section 4. The
macroscopic characterization (color and texture) of Komsheche fluorites
are also shown in Fig. 6 and Table 4. Fluorite ages range from 437.6 to
4.6 Ma, although most are Cenozoic. As stated before, the most probable
cause of this large scatter is the very low content of both U and Th and
their probable inhomogeneous distribution in the studied samples. Any
attempt to systematize the data is a complicated task but two main age
groups seem to be present: Cretaceous and Eocene to Miocene. Sample Z-
7 gives an unrealistic Paleozoic age, probably related to the presence of
helium in fluid inclusions, a point that has not been verified. It is
noteworthy that there is some correlation between the Sr contents and
the (U-Th)/He ages, except for sample Z-5 that has a high Sr concen-
tration perhaps due to the presence of carbonate contamination. This
correlation can indicate that “older” samples are indeed associated to
first stages of carbonate replacement. A correlation between Sr and age
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Table 3

Composition of fluorite samples from Komsheche deposit.
Sample no. Z-1 Z-2 Z-3 Z-4 Z-5 Z-6 z-7
Color detection limit cloudy violet dark violet cloudy violet pale violet white to green green to violet colorless
Zr 1 <1 4 <1 <1 1 1 <1
Y 0.5 15.3 2.6 3.4 11.1 12.0 12.0 12.3
Nb 0.2 1.1 2.0 0.9 0.9 0.7 0.8 0.7
Co 1 2 2 2 2 2 2 2
Ba 3 4640 428 192 110 94000 4000 54400
Rb 1 <1 2 <1 <1 <1 <1 <1
Sr 2 156 65 206 47 2410 119 861
Cu 10 10 30 40 20 20 30 20
Pb 5 268 178 6780 <5 6 9 30
As 5 <5 5 8 5 <5 <5 <5
Bi 0.1 <0.1 0.1 <0.1 <0.1 0.1 0.2 0.8
Ga 1 <1 1 <1 <1 <1 <1 <1
Hf 0.1 0.1 0.1 <0.1 <0.1 0.1 <0.1 0.1
Sb 0.01 2.3 4.1 17.9 0.8 9.4 42.9 2.7
Sn 1 1 2 2 4 <1 <1 <1
Ta 0.01 0.44 0.52 0.39 0.41 0.39 0.39 0.39
Th 0.05 0.35 0.38 0.18 0.06 0.05 0.07 0.2
U 0.01 0.36 0.39 0.07 0.18 0.22 0.30 0.62
w 0.5 <0.5 <0.5 <0.5 <0.5 2.5 <0.5 <0.5
La 0.05 0.43 0.21 0.13 0.68 1.07 0.82 0.42
Ce 0.05 1.28 0.42 0.34 211 1.76 2.59 0.50
Pr 0.01 0.25 0.06 0.06 0.38 0.32 0.45 0.11
Nd 0.05 1.64 0.35 0.52 2.21 2.10 2.64 0.75
Sm 0.01 0.64 0.12 0.20 0.57 0.67 0.72 0.43
Eu 0.005 0.294 0.070 0.069 0.225 <0.005 0.240 0.116
Gd 0.01 1.21 0.25 0.29 0.83 1.13 0.89 0.98
Tb 0.01 0.19 0.03 0.04 0.11 0.12 0.12 0.13
Dy 0.01 0.99 0.17 0.19 0.53 0.50 0.58 0.69
Ho 0.01 0.17 0.03 0.03 0.09 0.08 0.09 0.13
Er 0.01 0.41 0.08 0.06 0.19 0.17 0.19 0.29
Tm 0.005 0.045 0.008 0.007 0.018 0.017 0.020 0.027
Yb 0.01 0.18 0.03 0.03 0.08 0.06 0.07 0.14
Lu 0.002 0.017 0.004 <0.002 0.008 0.006 0.008 0.190
Eu/Eu* - 1.014 1.227 0.870 0.993 - 0.910 0.543
Ce/Ce* 0.935 0.897 0.922 0.995 0.721 1.022 0.558

has already been observed by Pi et al. (2004) in the carbonate-hosted
hydrothermal fluorite mineralizations of Taxco, Mexico.

5.3. Pb and Sr isotopic composition of galena and barite minerals

5.3.1. Lead isotopes

Analyses of the two galena samples are relatively homogeneous with
206pp,/204ph ratios of 18.591 and 18.540, 2°7Pb/20*Pb of 15.725 and
15.693, and 2°®Pb/2%Pb of 38.730 and 38.594 (Table 5). Pb isotopic
ratios of MVT deposits on comparable structural zones of Iran, south
China and Tunisia are in the Table 5. The data plot above the crustal Pb
growth curves of Stacey and Kramers (1975) in both diagrams (Fig. 8A,
B). They are slightly shifted towards higher 2°’Pb/2%*Pb than the Pb
isotopic compositions of Central Iran (Fig. 8A) and fall between the
lower crust and orogenic lead, but closer to the orogen curve (Fig. 8B).
The Pb-Pb model age for the Komsheche galenas is ~110 Ma (highest
stage in the Early Cretaceous).

5.3.2. Strontium isotopes

Strontium isotope analyses conducted on barite samples from the
breccia cement (type-II) and the open-space filling (type-III) are pre-
sented in Table 6. Pure barite separates from this study range from
0.709147 to 0.709595, higher than Triassic dolomitic host rock (Sr
isotopic record ~ 0.70726 to 0.70825; Korte et al., 2003), Cretaceous
sediments (~ 0.7071 to 0.7078; see McArthur et al., 2001), and Miocene
marine Sr (~ 0.708255 to 0.709027; McArthur et al., 2001) (Fig. 9). The
comparison of Sr isotopes ratios from barites of Komsheche and Irankuh
Zn-Pb+Ba deposits to the Mesozoic host rock, hydrothermal calcite of
Ab-Bagh Zn-Pb+Ba deposit, Paleozoic seawater, Miocene seawater, and
Miocene granodiorite is shown in Fig. 9. Sample KB-1, collected at the
direct contact with Nayband dark shale, is significantly more radiogenic
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than other samples. As represented in Fig. 9, in respect to the ages of host
rock and mineralization, the 87Sr/2%Sr values of barite samples imply
that their Sr is not derived from Mesozoic seawater. Sample KB-2 of
generation-III has a Sr ratio closest to that of Miocene seawater (Fig. 9).

6. Discussion
6.1. Structural evolution of the Komsheche area

Following the Cretaceous, a NE-SW-directed extensional regime
initiated the Abbas-Abad Fault and ZFS and led to the unconformable
deposition of a rift-related thick pile of carbonates over the older strata
(Safaei et al., 2008; Tabaei et al., 2016). The subsequent poly-phase
contractional deformation that occurred in the region is reconstructed
in the following section.

Paleostress, derived from our local structural measurements, is in-
tegrated with the regional structural architecture and with published
data to reconstruct the long-term structural evolution of NE Isfahan.
According to the widespread NW-SE and roughly E-W trending fold
trends (Fig. 2), two distinct NE-SW and approximately N-S maximum
compression directions are suspected. The outputs of the paleostress
inversion analyses on the measured brittle structures reveal a NE-SW
(strike of N048, 12) and a roughly N-S (strike of N007, 10) maximum
compression direction (Figs. 5A, F and G). Furthermore, the cross-
cutting relationship between faults imply that the structures that prop-
agated under the N-S directed maximum compression direction cut
through the structures that accommodated the NE-SW directed
maximum compression direction. In turn, it is in line with the over-
printing of the roughly E-W trending folds on the NW-SE trending folds
(Figs. 2 and 3A).

Both structure generations overprint all the stratigraphic units of the
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Fig. 6. Photographs of the representative morphol-
ogies and textural characteristics of the seven studied
fluorite samples from the Komsheche deposit. (A)
Host rock cemented by fluorite and barite. Sample Z-
1 displays recrystallized texture of the violet fluorite-
1I around the colorless subhedral fluorite crystal FI-I.
(B) In sample Z-2, coarse-grained hypidiomorphic
fluorite-III occurs as vein filling in host dolostone. (C)
Sample Z-3 is part of a vein breccia in which colorless
fluorite-I alternates with violet and brown fluorites.
(D) Coarse-grained fluorite-IIl after fluorite-II of
sample Z-4, observed as a late-phase filling in the
dolomite. (E) Large euhedral crystals of fluorite-III
and acicular aggregates of quartz occur as cavity-
filling in sample Z-5. (F) In sample Z-6 coarse-
grained fluorite-III followed fluorite-I. (G) Medium-
grained colorless fluorite in sample Z-7.
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Fig. 7. Multi-elements and REE diagrams for the Komsheche fluorite samples. Normalizing values for upper continental crust (A) and C1 chondrite (B) are from
Rudnick and Gao (2003) and Anders and Grevesse (1989), respectively. Symbols of A and B are the same.

Komsheche area, hence it can be inferred that both compressive regimes
are post-Cretaceous. In order to assign a rough age to these compressional
tectonic regimes, we further examine the complete stratigraphic sequence
preserved south, north, and northeast of the study area (Fig. 2). To the
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south, all the Mesozoic and Paleogene stratigraphic units were deformed
by the NW-SE and N-S directed compression events (Radfar et al., 1999).
The Eocene rock units to the north of Komsheche show a NW-SE trending
fold axis (Fig. 2) (Radfar et al., 1999). To the east, south of Ardestan, the
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Table 4
(U-Th)/He results of seven dated fluorite samples from the Komsheche FBA deposit.
Sample no. Textural type REE (pg/g) Sr (ug/g) U (ug/g) Th (ug/g) “He (mol/g) Age (Ma)
Z-1 Carbonate replacement, breccia cement 23.05 156 0.36 0.35 3.30x1071° 137
1.02x107° 42.6
z-2 Late vein 4.43 65 0.39 0.38 4.87x10™M 18.8
3.91x10™M 15.1
Z-3 Carbonate replacement, breccia cement 5.37 206 0.07 0.18 7.33x101! 120
1.59x10%° -
Z-4 Late vein 19.13 47 0.18 0.06 1.62x10™M 15.5
3.04x10™M! 29.0
Z-5 Large open-space filling 20.01 2410 0.22 0.05 5.70x10712 4.6
3.80x10™M 30.4
Z-6 open-space filling and replacement 21.43 119 0.30 0.07 1.11x10™ 6.5
1.12x1071° 65.5
1.96x10™M 11.5
Z-7 Carbonate replacement 17.03 861 0.62 0.20 1.64x10%° 438
Table 5
Pb-Pb data of galena from the Komsheche deposit (this work) and compiled data from other structural zones of Iran, south China, and northeast Tunisia.
Location Sample no. 206pp,/204p 26 (%) 207pp, /204pp 26 (%) 208pt, /204pp 26 (%) Reference
Komsheche KG-5 18.591 0.06 15.725 0.06 38.730 0.06 this study
KG-6 18.540 0.06 15.693 0.06 38.594 0.06
Central Iran Qullehkaftaran 18.461 0.004 15.586 0.004 38.50 0.011 Mirnejad et al. (2011)
Nakhlak 18.511 0.005 15.637 0.005 38.642 0.013
Nakhlak 18.516 0.002 15.638 0.002 38.641 0.006
Chahsorb 18.427 0.004 15.647 0.004 38.575 0.012
Kamar-Mehdi 19.081 0.003 15.722 0.003 38.910 0.009
Geijerkuh 18.514 0.003 15.704 0.004 38.696 0.013
Mehdi-Abad 18.499 0.003 15.658 0.003 38.634 0.010
Alborz Bala-Kuh 18.505 0.005 15.618 0.005 38.593 0.014 Mirnejad et al. (2011)
Erambozorg 18.505 0.007 15.629 0.006 38.583 0.018
Pachi-Miana 18.598 0.003 15.655 0.003 38.632 0.008
Ahvano 18.404 0.002 15.639 0.003 38.538 0.008
Sanandaj-Sirjan Ahangaran 18.407 0.003 15.641 0.003 38.571 0.011 Hosseinkhani and Molasalehi (2013)
Emarat 18.62 - 15.64 - 39.14 - Ehya et al. (2010)
Emarat 18.57 - 15.77 - 39.22 -
Emarat 18.58 - 15.68 - 39.21 -
Emarat 18.56 - 15.65 - 39.98 -
Emarat 18.45 - 15.58 - 38.69 -
Emarat 18.55 - 15.57 - 38.64 -
IranKuh 18.45 - 15.65 - 38.62 - Karimpour and
Sadeghi (2011)
South China Dong Li 18.19 - 15.75 - 38.45 - Schneider et al. (2002)
Lomichang 18.18 - 15.75 - 38.43 -
Lomichang 18.19 - 15.76 - 38.47 -
Lomichang 18.19 - 15.75 - 38.47 -
Ma Chang-Banpo 18.18 - 15.74 - 38.42 -
Paiwu 18.21 - 15.77 - 38.52 -
Northeast Hamman Zriba 18.87 - 15.68 - 38.75 - Jemmali et al.
Tunisia Hamman Zriba 18.87 - 15.68 - 38.74 - (2017)
Hamman Zriba 18.80 - 15.66 - 38.68 -
Hamman Zriba 18.87 - 15.68 - 38.73 -
Hamman Zriba 18.86 - 15.68 - 38.74 -
Hamman Zriba 18.87 - 15.68 - 38.75 -

Oligocene and Oligo-Miocene units are tightly folded in a NW-SE trending
style, while northwest of Ardestan the Miocene strata clearly are folded
with a E-W trend (Fig. 2) (Radfar et al., 1999). Based upon the correlation
between the stratigraphic ages of the folded units and two NW-SE and E-
W distinct folding styles, it can be inferred that a shift in the maximum
compression direction from NE-SW to ~ N-S has occurred at least after the
Middle Miocene. This proposed time for the tectonic shift is consistent at
the scale of the overriding plate of the Zagros orogeny, as our paleostress
results are comparable with the paleostress results obtained for the ZFS,
the SaS, the CEIMV, and the Zagros fold and thrust belt (Navabpour et al.,
2007; Tadayon et al., 2017, 2019; Salehi and Tadayon, 2020; Alaminia
et al., 2020). Furthermore, it is worth noting that a short-lived NE-SW-
directed extensional regime acted on the region during a Late Oligocene
to Early Miocene time-lapse (Reuter et al., 2007; Morley et al., 2009;
Alaminia et al., 2020).
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6.2. Possible source-rocks of Pb, Sr, and S in the Komsheche deposit

Lead isotopic compositions of Komsheche galena clearly indicate an
upper crustal source with multistage lead components similar to Pb
isotope ratios in the Malayer-Isfahan Pb-Zn belt (Karimpour and Sade-
ghi, 2018). The calculated model age suggests that galena could have
formed by the remobilization of lead from a crustal reservoir in the
uppermost of Early Cretaceous. The data show a close similarity to the
Pb signature in other domains of Central Iran, Alborz, and SaS zone
(Fig. 8).

The 875r/%0Sr ratios are a useful tool to record the original values of
fluid pathways and sources for barite formation (Reesman, 1968; Paytan
et al.,, 2002; Kraemer et al., 2019), although the deviating isotopic
composition of the mineralizing fluid is related to the water-rock
interaction processes (Piqué et al., 2008; Lepetit et al., 2019). The
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Fig. 8. Plots of Pb isotope composition of galena from the Komsheche mine. (A) 207pp/204ph versus 2°°Pb/2%*Pb diagram, and (B) 208pp /204pp, versus 2°°Pb,/2%*Pb
diagram. Trends of Pb isotope ratios are from plumbotectonic model of Zartman and Doe (1981) and the average crustal growth curve (SK curve) is from Stacey and

Kramers (1975). See the Table 5 for detail.

Table 6
Strontium isotope composition of Komsheche barite samples (this study) and
Irankuh deposit (Ghazban et al., 1994).

Location Sample no. Generation 878r/%65r +20
Komsheche KB-1 i 0.709595 0.000006
KB-2 111 0.709147 0.000006
KB-3 II 0.709222 0.000006
KB-3 duplicate I 0.709216 0.000008
KB-4 1 0.709198 0.000006
KB-5 1 0.709195 0.000008
Irankuh Brt-1L2-5-2 0.70839 -
Brt-L-4-3 0.70864
Brt-MOL-3 0.70845
Brt-BM-4-2 0.70878
Brt-BM-7-4 0.70846

Komsheche barites display a narrow range of 8Sr/°Sr from 0.70915 to
0.70960. These Sr isotopic compositions are more radiogenic than those
of Mesozoic seawater (Triassic, Jurassic, and Cretaceous seawater
compositions; 0.70677 to 0.70778, 0.70690 to 0.70794 and 0.70710 to
0.70775, respectively; Burke et al., 1982; Koepnick et al., 1990). It
should be noted that the slightly decreasing Sr isotopic compositions
from type-II to type-III in the Komsheche barites would be compatible
with a mixed source of seawater Sr and older crust (Fig. 9). These ratios
probably indicate fluids that interacted with rocks containing more
radiogenic minerals. Decomposition of K feldspar and mica is most likely
the source of this radiogenic Sr. For instance, the altered Jurassic dark
coaly shale from the Irankuh deposit has Sr ratios ranging from 0.719 to
0.726 (Ghazban et al., 1994), much higher than those measured in
Mesozoic seawater (Fig. 9). Also, Early Triassic red beds of SW Germany
yielded 87Sr/®%Sr ratios around 0.709 (Ufrecht and Holzl, 2006) higher
than seawater. Hence, the higher 8 Sr/3Sr ratios at Komsheche may be
explained by diverse sources of the ore-forming fluids, including three
end members of (A) a surficial and cool water of Miocene seawater or
shallow sediment, (B) altered Late Triassic Nayband shales and sand-
stones or even Early Cretaceous red beds evaporites, and (C) a deep and
closed system reservoir of hot basinal fluid leaching the Paleozoic
basement (¥Sr/%6Sr~0.7067 to 0.7091; Burke et al., 1982). It is
reasonable to assume that the fluids were derived primarily from basinal
brines trapped within Paleozoic basement, which has a relatively similar
Sr isotopic composition as the Komsheche barites (see Fig. 9). During the
subsequent migration along unconformities and faults the fluids mixed
with minor amounts of water leached from the Mesozoic siliciclastic
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rocks or from Cretaceous red beds evaporites, with a final addition of
some seawater or shallow sediment fluids.

To verify the sources of ore-forming fluids, we used the binary plot
between Sr and S isotope ratios (Fig. 10). Previous studies of Forghani-
Tehrani (2003) and Rajabzadeh (2007) reported 84S values of +22.6 to
+26.8 %o for epigenetic barites at Komsheche. These values are higher
than those of the Middle Triassic (18.5-21.6%o0, Nielsen and Ricke,
1964), higher than those of the Middle Eocene seawater (20-22%,
Claypool et al., 1980; Bottrell and Newton, 2006), and mostly, slightly
higher than the Miocene seawater sulfate (22.75%o, Paytan et al., 1998).
The high 53*S values can be explained by sulfate leached from red beds
evaporites or S from brine sulfate provided by seawater sulfate. How-
ever, the abnormally higher than coevel seawater may be explained by a
Rayleigh-distillation process (cf. Canet et al., 2005). In contrast, Sha-
faezadeh (2012) obtained a wide range of 534S values (4.7 to 17.1%;
unpublished data) for barite from the Pinavand FBA mine (Fig. 2). These
values can be compared to those of Schwarzwald FBA deposits in SW
Germany (Schwinn et al., 2006; Staude et al., 2011), although part of
this range is similar to the §°*S values of sulfates precipitated from
Triassic seawater (11-14%o, Claypool et al., 1980). In addition to
extensive Triassic units in the southeastern Pinavand area near the
Abbas-Abad basement fault, there are in small outcrops (Fig. 2) with
Devonian dark carbonate and siltstone with pyrite concentrations and
plant remains (Bahrami et al., 2015; Konigshof et al., 2016). Lower S
isotopic values than to those of Komsheche appear to be related to (or
reinforcing) complete or fast oxidation of sulfides (e.g., Staude et al.,
2011) in the Devonian (average 534sweathe,mg ~ 6%o; Chen et al., 2013)
and were then mixed with seawater sulfate that had higher 5>4S. Thus,
different §3*S values of Komsheche and Pinavand barites must be due to
variations in the S isotope composition of the mineralizing fluids derived
from multiple sources of sulphur of local country rocks. As can be seen,
the plotted Sr and S isotopic analyses of Komsheche share similarities
with defined diagenetic barites of Griffith and Paytan (2012) (Fig. 10)
which epigenetically precipitated in the subsurface from porewater.
They are compatible with the reported ranges for Asturias fluorite (+Ba,
Pb+Zn) deposits in N Spain; the latter have a Sm-Nd age for fluorite of
185 Ma (Sanchez et al., 2010), although Symons et al. (2017) using
paleomagnetic methods proposed an Early Cretaceous chemical
remnant magnetization age of 115+3 Ma for mineralization. Similar
isotopic ranges have also been reported from Zaghouan in NE Tunisia
(Late Miocene age, Souissi et al., 2013) and Sichuan FBA deposits in
China (fluorites formed at 104+11, 129.7 and 31.8 Ma, Sm-Nd isochron
ages, Zou et al., 2017; Wang et al., 2013; Tian et al., 2014, respectively).
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Fig. 9. Comparison of ¥Sr/%6Sr Komsheche barite samples with 87Sr/%Sr from Irankuh barite, sedimentary and magmatic rocks. Isotopic strontium compositions of:
Paleozoic seawater (Burke et al., 1982), Triassic marine sediments (Korte et al., 2003), Cretaceous carbonate (McArthur et al., 2001), Irankuh barite and Ab-Bagh
calcite with a Cretaceous age (Ghazban et al., 1994; Liu et al., 2019; Movahednia et al., 2020), Paleozoic sediment-hosted barite deposits of Turkey (Cansu and
Oztiirk, 2020), Miocene seawater (McArthur et al., 2001), and Isfahan Miocene granodiorite (Sarjoughian et al., 2017).
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Fig. 10. Binary plot of 5>*Scpr vs. Sr isotopic ratios for
Komsheche barite samples (S isotopic data of Komsheche from
Rajabzade, 2007 and Irankuh barite samples S and Sr isotopic
data from Ghazban et al., 1994). All data of marine, hydro-
thermal, diagenetic, and cold seep barites are from Griffith
et al. (2018). Dashed grey lines show the isotopic composition
of modern seawater (blue diamond, Paytan et al., 1993). The
blue oval shows the general evolution from Triassic to the
present of Sr isotopic ratio vs. 5°*S from seawater sulfate.
Published barite data from sedimentary rock-hosted fluorite
deposits plotted include: NE Spain (Canals and Cardellach,
1993), Spanish Central Pyrenees (Fanlo et al., 1998), Morocco
(Valenza et al., 2000), N Spain (Sanchez et al., 2010), SW
Germany (Staude et al., 2011), Ziang and southeastern
Sichuan in China (Maynard and Okita, 1991; Zou et al., 2017),
and NE Tunisia (Souissi et al., 2013) described in Table 1. For
detailed descriptions of the above barites, the reader is
referred to the Table 1. Turkey (Anatolide-Tauride) data is
from Paleozoic sediment-hosted barite deposits (Cansu and
Oztiirk, 2020).
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Our barite Sr and S isotopic results suggest a mixture from multiple
sources: for Sr mainly a Paleozoic reservoir, minor Mesozoic clastic
sedimentary rocks, and seawater, and for S mainly Cretaceous red bed
evaporites with seawater. On the one hand, the narrow range of Sr and S
isotope compositions (Fig. 10) during deposition of barite implies uni-
form mixing and suggests that a Sr-rich fluid from hot brines was mixed
in an open system with Sr-poor fluid derived from seawater. The ho-
mogeneity of the Sr isotope composition is also attributed to a higher
degree of interfacing of fluids with host rock dolstones (carbonate-
buffered). On the other hand, inhomogeneous fluid-mixing would be
more consistent with changes in the reported temperatures for barite
(119° and 323°C). This scenario is supported by the results of micro-
thermometry by Rajabzadeh (2007), although the inference should be
treated with extreme caution due to the fact that homogenization tem-
peratures of soft minerals such as barite are prone to error (Ramboz and
Charef, 1988; Kontak and Sangster, 1998).

6.3. Evolution of barite-forming fluids and paleoreconstruction

In Mesozoic sediments northeast of Isfahan, extensive FBA deposits
occur in the western part of the two major regional deep-seated ZFS and
Abbas-Abad faults (Fig. 2). Stratabound barite bodies are located mainly
within the suitable layers of Mid Triassic or Early Cretaceous carbonate
strata, while veins and breccia barite mineralization is mostly restricted
to subsidiary faults associated with the major regional faults. Kom-
sheche is a prominent example of both styles of baritization. In a pre-
vious study by Rajabzadeh (2007), the Komsheche deposit was
suggested to be of hydrothermal origin, implying that ore-forming fluids
were affected by heating and probably by chemical exchanges with post-
Eocene intrusive bodies during downward migration. If this model is
valid, the exploration for FBA deposits in this region should be focused
near igneous rocks. Our field data indicate instead that most deposits
were formed rather far from the magmatic successions of the UDMA, but
close to the major fault zones (see Fig. 2). In this sedimentary basin,
information on fluid composition, channelways, transport and precipi-
tation mechanisms involved in the mineralized system are most
important for the exploration.

In the Komsheche area, barite bands are distributed in yellow dolo-
stone horizons in the Shotori Fm. of Middle Triassic age. The presence of
numerouse barite layers (Fig. 4A-B) may suggest repeated precipitation
over a longer period. Petrographic observations indicate a close asso-
ciation of barite with ferroan dolomite and siderite minerals. Blasco
et al. (2017) demonstrated the possibility of generating and injecting
COo, released from alteration of hydrocarbon or dissolution of carbonate
minerals, to precipitate carbonate (dolomite and calcite) and sulphate in
a carbonate-evaporitic thermal system. In such a system aluminosilicate
phases of K-feldspar and albite are in equilibrium in the deep reservior.
The suggestion is consistent with the existence of CO, and hydrocarbon
in Komsheche fluid inclusions (Rajabzadeh, 2007). We can also infer
that the oxygen fugacity for barite formation (at shallow levels) was high
because of the presence of siderite and ferroan dolomite. Reduction of
sulphate by organic matter in sediments is locally plausible, producing
H,S that reacted with the metals, causing sulfide precipitation (e.g.,
galena). Galena with barite (breccia-type) was deposited from a warm
dense brine with higher concentrations of Ca%*, Mg?*, and Mn (Valen-
tino and Stanzione, 2003), with pH values in range of 4.0- 5.5 (Sver-
jensky, 1984; Leach et al., 2010). This brine acquired its salinity by
halite dissolution (Sanchez et al., 2009) present in evaporated seawater
and/or from leaching (halite and gypsum) of Early Cretaceous evaporite.

Geochemically, the barites samples at Komsheche are characterized
by low REE concentrations, strong positive Eu anomaly, slightly nega-
tive Ce anomaly, low Ce/La ratios (<0.5), and higher LREE/HREE ratios
(Forghani-Tehrani, 2003). Our interpretation of published geochemical
data suggests that barites might be comparable to those inferred for
typical seawater and deep-sea barite (Guichard et al., 1979) at rifted
continental margins (cf. south California, Hein et al., 2007). The
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association of Mn oxide with barite, indicates that the negative Ce
anomaly (oxidation of Ce>") could reflect higher oxidizing conditions
and higher pH (above 6.5) (Loges et al., 2012). In addition, the positive
Eu anomaly suggests either (I) a response to reducing conditions in the
sediments at temperatures above ~250°C, or (II) feldspar alteration of
detrital rocks at a sediment-water interface (Moller et al., 1994; Bau and
Dulski, 1995). In support of the latter concept, hydrothermal fluids from
altered feldspars in siliciclastic sediments of the Nayband Fm. have a
preference for Eu®*. The S isotope data indicate that a single sulphur
reservoir cannot account for the barite mineralization. The Sr source
data establish that Ba was likely transported from deep source rocks,
possibily derived from leaching feldspars within the Paleozoic sedi-
ments, and ascended along faults to reach the site of deposition, mixing
with shallower level fluids. The mixing is also supported by the observed
wall-rock silicification.

6.4. Inferred conditions of fluorite - forming fluids

Several grabens formed in the Cretaceous in northeast Isfahan during
the opening of the Neo-Tethys ocean at the margin of Central Iran. This
process was related to crustal thinning. During early diagenesis and
associated dolomitization the former fluorine-rich fluids appear to have
ascended from greater depth along extensional fault zones of grabens
and discharged laterally through the dolomite horizons to form bedding
replacements and irregularly distributed, but sparse fluorite and quartz.
Moller et al. (1980) clearly show that the conditions of fluorite nucle-
ation are more favourable within the calcareous sediments during
diagenetic dolomitization because of an increase of Ca%* and a decrease
of Mg?" ions in the pore solution, accompanied by a slight increase of
the F ion concentration resulting from the decay of MgF" complexes.
Previous studies by Barker et al. (2009) confirmed that fluid flow
pathways, such as a fault zone with pulverised material, could rapidly
buffer a fluid with the wall rock.

The REE in fluorite provide important information for determining
the ore genesis and environmental changes (e.g., Moller et al., 1976;
Giiltekin et al., 2003; Schwinn and Markl, 2005; Trinkler et al., 2005;
Souissi et al., 2013; Oztiirk et al., 2019). However, in the Komsheche
samples, it was not possible to isolate by handpicking the various fluo-
rite types due to tight mingling boundaries (Fig. 6) and thus the inter-
pretation of the fluorite bulk analyses should be taken with caution.
Broadly, low > REE contents of the Komsheche fluorites are consistent
with a hydrothermal or continental origin (Guichard et al., 1979). These
low REE contents may be related to a slightly higher pH of the fluids
(Sanchez et al., 2006), which indicates an interaction with Shotori
dolostone. Hence, replacement texture and subsequent fluid-rock
interaction, accompanied by intense dissolution of host rock, imply
that the Shotori dolostone was the source of Ca® in fluorite (e.g.,
Banerjee, 2015). The subhorizontal REE pattern and a gradual decrease
from La to Lu, slight LREE enrichment relative to HREE, associated with
a weak negative Ce anomaly (Fig. 6B) could indicate a normal marine
origin or a basinal brine derived from marine water (Fleet et al., 1976;
Nozaki, 2001; Souissi et al., 2013; Freslon et al., 2014). Slight differ-
ences between the various LREE patterns could reflect some interaction
between fluids and surrounding rocks during fluid migration to form
secondary fluorites. Slight MREE enrichment (of fluorite samples type-I,
Z-1, Z-3, and Z-7) likely reflects contamination by organic components
under suboxic-anoxic conditions (Freslon et al., 2014). The MREE-
enrichment is also evidence for natural waters and acidic leachates
(Johannesson and Lyons, 1995). In the younger generations, the coex-
istence of fluorite with sulfide, and presence of hydrocarbon in fluid
inclusion, illustrates a relatively reducing environment under mild
acidic near-natural conditions (cf., Sallet et al., 2005; Trinkler et al.,
2005). In some cases, negative Ce anomalies without Eu anomalies are
common in seawaters and marine carbonates (Martin et al., 1976;
Sanchez et al., 2010; Freslon et al., 2014). Europium anomalies depend
on the chemical, redox, and temperature conditions of the hydrothermal
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solution (Castorina et al., 2008). Lack of positive or negative Eu anomaly
can be dependent on temperatures lower than 200 °C or 250 °C,
consistent with the former fluid inclusion studies (temperatures of 89° to
244°C) of Rajabzadeh (2007), or increasing oxygen fugacity and pH
(Bau, 1991; Sanchez et al., 2009; Ehya, 2012; Deng et al., 2014). Positive
Y anomalies point to a long migration pathway for the parent fluid
(Jiang et al., 2005; Jian et al., 2015) with high stability Y-F complexes
compared with Ho-F ligands (Bau, 1996). Several researchers noted a
genetic relationship between the physico-chemical conditions for fluo-
rite formation with Tb/Ca, Tb/La, La/Lu, Yb/La, Y/Ho, and La/Ho ra-
tios. Forghani-Tehrani (2003) shows that Komsheche fluorite samples
originate from a hydrothermal fluid based on a Tb/Ca (mean of 1.8 x10
%) versus Tb/La (mean of 0.36) ratios of Moller et al. (1976). The La/Lu
ratios (22-178) of Komsheche are similar to those characterizing hy-
drothermal fluids, in contrast to seawater that has La/Lu <1 (Goldberg
etal., 1963; De Baar et al., 1985). The La/Lu ratio >1 is also indicative of
a low pH fluid with low complexation of hydroxo- or carbonate ligand
species and/or halogens (Bau and Moller, 1992). In such conditions, the
REE- adsorption could be prevailing over the REE-complexation in the
parent fluid (Schwinn and Markl, 2005). In addition, Ce,/Gd, values of
fluorites are below unity, showing REE fractionation in the ore-forming
fluid. The ratios Y/Ho changed from 87 to 150, with a mean of 113,
higher than the chondritic Y/Ho values (Anders and Grevesse, 1989), in
accordance with Y-complexation, fluid-rock interaction and remobili-
zation over a long migration distance (Schonenberger et al., 2008) and
are comparable with hydrothermal fluorites (Bau and Dulski, 1995). It
seems plausible that the primary fluorite could have been remobilized
into veins and veinlets, and then deposited in dolostone, limestone and
siliciclastic rocks. More interestingly, the REE pattern and low values of
Nb+Ta (~1.43 ppm) of Komsheche fluorites have a similarity to the
Turkey carbonate-hosted fluorites (e.g., Akkaya, Yesilyurt, and Tavsanl
deposits). It is believed that they were formed in the Late Cretaceous to
Miocene or even Pliocene (Fig. 11) and are situated close to the margin
of the Alpine orogenic belt (Genc, 2006; Oztiirk et al., 2019).

In addition, three likely sources of fluorine can be proposed. The first
is from dissolution and leaching of minerals in coaly clastic Mesozoic
sediments. The second are organic-rich metamorphic fluids, as Liu et al.
(2015) suggested for the fluorite-rich MVT deposits of China related to
the Alpine-Hymalayan orogeny. Tropper and Manning (2007) also re-
ported increased fluorite dissolution and mobility will by saline brines in
high P-T igneous and metamorphic environments. The third source are
volcanogenic and fumarolic fluorides supplied to seawater basins by
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high heat flow and geothermal gradients in thinned continental crust.

Textural relationships preserved for barite and fluorite minerals, and
a detailed comparison of their REE geochemistry and fluid inclusion
types reveal that different generations did not grow contemporaneously.
Thus, the minerals did not form from a single parent fluid with a uniform
composition.

6.5. Genetic model for Komsheche FBA deposit

The conclusions of the previous paragraphs indicate that we are
dealing with poly-phase deformation and in turn, multiple reactivations
and reworking of the fault damage zones at Komsheche under the var-
iable regional stress regimes (ranging from extensional to compres-
sional) since Cretaceous time. The age and formation mechanism of FBA
deposits in northeast Isfahan provide important guides for future
exploration. Fault damage zones, i.e. weak zones in the crust with rather
high permeability, are most favorable for circulation of meteoritic and
hydrothermal fluids among the impermeable rock units (Wiprut and
Zoback, 2000; Faulkner et al., 2010; Rossetti et al., 2011). The studies of
Cathles (2007, 2019) reveal that mineralization of MVT deposits
occurred during multiple episodes (Fig. 11) lasting short periods of time
(<200 ky) due to multiple pulses of brine expulsion, which suddenly
released gas to the brine-filled aquifers in sedimentary basins.

As discussed above, all results presented in this research including
mineralogy, geochemistry, thermochronology, isotopic, and tectonic
evidences propose that the Komsheche mineralized levels formed during
two distinct episodes as follows.

The first episode corresponds to the extensional regime in the Early
Cretaceous. At Komsheche, bands of colorless irregular crystals of
fluorite-I associated with fine-grained quartz are well encased and fitted
by Triassic dolomitic rocks. According to the (U-Th)/He age of fluorite
formation measured at ~ 120 and 137 Ma (Aptian and Valanginian),
paleographic reconstructions point to an extensional tectonic environ-
ment at a continental margin in northeast Isfahan. The large-scale
extensional basement faults, such as the Abbas-Abad deep fault, pro-
vided fluid pathways. An increasing geothermal gradient, caused by
crustal thinning, acted as a heating source for the circulation of basinal
brines at depth along the fault. Subsequently, an extension regime
contributed to release fluids towards shallower depths. Our studies show
that the deposition of fluorite-I is attributed to a dilute hydrothermal
fluid that resulted from mixing between an ascending heated fluid,
leached sediment basement, and cool seawater/dolomite or surficial
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Fig. 11. Ages of sediment-hosted fluorine-bearing (+Ba, Pb+Zn) deposits in Asia and Europe (data sources from Table 1), including the Komsheche deposit (this
work). All data on fluorite, with the exception of Irankuh, which is based on a Re-Os age of pyrite.
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water dissolving red bed evaporites after a long migration in an anoxic
to suboxic environment. The existence of hydrocarbon-bearing in-
clusions observed in the fluorite by the microthermometry of Rajabza-
deh (2007), confirms weakly reducing conditions during the
transportation. Precipitation of fluorite-I is thought to have occurred
due to enrichment of calcium by the dissolution of Triassic dolostone
while fluorine in this fluid was possibly sourced from the submarine
volcanic gases or from low grade to non-metamorphic sedimentary
successions of mainly Triassic siliciclastic composition. Banded barite
replacements associated with ferroan dolomite could be related to a late-
diagenetic condition that resulted from the mixing of sulfur- and
barium-rich fluids (Ba and S gained from altered clastic strata and red
bed evaporites, respectively) with seawater at an oxic-anoxic interface.
There is a fairly good agreement on the Mesozoic crustal extension
scenario linking the Komsheche FBA deposit to the Neo-Tethys opening,
and the FBA deposits to the Atlantic opening. The latter is reflected, for
example, in the deposits of Morocco (Margoum et al., 2015), Spain
(Tornos et al., 2000; Sanchez et al., 2010), Germany (Liiders and Moller,
1992; Schwinn and Markl, 2005), France (Munoz et al., 2005), and UK
(Kraemer et al., 2019) (Fig. 11; and Table 1).

The second episode corresponds to the compressional regime after
the Early Cretaceous. The presence of an active fluid phase within the
fault zone of the Komsheche deposit is indicated by FBA mineralized
breccias and veins in the fault gouge (Fig. 5B and C). The deposition of
later FBA generations (or several FBA mineralizing events), occurred
within a varied time frame (5-66 Ma), during the transition from
extensional to compressional tectonism of hinterland basin sediments.
Compressional tectonism could be characterized by the presence of a
folded and banded FBA-bearing Triassic unit (the fold formed after
stage-I of FBA). The compression-related thrusting at Komsheche pro-
vided favorable lithological and structural traps for basinal brines by
shortening and thickening of strata. In this respect, the content of ions
(e.g., Mg?", Ca?*, and F) in trapped fluids increased due to dissolution of
dolostone and exchange reactions of brines with different rock types. A
tectonic pumping mechanism could have been cyclically changing the
fluid composition from different reservoirs (Sibson et al., 1975). Thus,

Fluid low —
Fault and joint

Banded FBA
Breccia FBA

B
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fault movements over a long period mixed and diluted trapped fluids by
external waters (e.g., seawater) until active strike-slip faulting opened
favorable corridors promoting the ascent of ore-forming fluid flows or
partial remobilization from different crustal levels (or release towards)
to shallower depth and diffusion into the immediate hangingwall of the
fault zones (Fig. 5A- C). The Sr isotope composition reflects mixing and
dilution of the hydrothermal fluid at the site of barite deposition. The
compression-related FBA formation hypothesis is supported by the
occurrence of FBA deposits in northern Tunisia (Jemmali et al., 2011),
northeastern Tunisia (Souissi et al., 2013), southwestern Germany
(Staude et al., 2011), Spain (Symons et al., 2017), Turkey (Oztiirk et al.,
2019), and China (Liu et al., 2015), all along the Alpine-Himalayan
orogen (Figs. 1A and 11).

According to the field data, and isotopic and dating results, we can
conclude that the contemporaneous and mutual interaction between
fault damage zones as a corridor and FBA contaminated fluid flow
(which carried the fluids to carbonates located adjacent to the fault
damaged zones) facilitated the deposition of FBA occurrences in the
study area (Fig. 12A, B).

6.6. Rationale linkage between Komsheche FBA mineralization and
regional tectonic evolution

The direct connection between tectonics and magmatism (Pearce
et al.,, 1984; Pearce and Stern, 2006; Wright et al., 2016) has been
studied for years, as well as the coupling between tectonic setting and
mineralization (i.e., Kyser, 2007; Richards and Sholeh, 2016). With this
idea in mind, and taking into account that the study area is located in the
hinterland of the Zagros convergent zone, we attempt to correlate our
Komsheche tectonic, stratigraphic, geochronological, and isotopic data
with the published data for the region and at the scale of the overriding
plate of the Zagros collision zone. The results are a compiled in a
schematic tectonostratigraphic chart of the region since the Early
Cretaceous accompanied by regional tectonic events (Fig. 13).

The evolution starts when the region experienced enhanced exten-
sion during the Early Cretaceous extensional phase of the Neo-Tethys.

m

Fig. 12. (A) Panoramic view showing the FBA-bearing Shotori Fm. that is intensively cut by fault strands. (B) Line-drawing of Fig. 12A illustrates schematically the
formation of the carbonate hosted FBA mineralization by interaction of fault damage zone and fluid flow.

19



Z. Alaminia et al.

FBA

Chemical Geology 566 (2021) 120084

(U-ThiHe)_Time Central Iran Regional tectonics Basin/geothermal
(Ma)
4-6 . . .
6.5 tectonic reorganization
5T tectoni tvati
1155.150 ectonic reactvation | ioh geothermal
18.8 subduction/collision gradient
——>Qom seaway rifting Déep water
29.0 -
304 collision
420 high geothermal
roll-back related gradient
extension
Shallow water
655 § subduction
119.7 | high geothermal
it gradient
136.7 rifting Deep water

Fig. 13. Post Jurassic tectonostratigraphic chart of the western edge of Central Iran. Chart is adapted and modified after Radfar et al. (1999), Safaei et al. (2008),
Allen and Armstrong (2008), Barrier et al. (2008), Mannani and Yazdi (2009), Verdel et al. (2011), McQuarrie and van Hinsbergen (2013), Francois et al. (2014),
Wilmsen et al. (2015), Tabaei et al. (2016), Tadayon et al. (2017, 2019), Salehi et al. (2018), and Alaminia et al. (2020).

This phase was associated with a high geothermal gradient (Berberian
and King, 1981; Barrier et al., 2008; Wilmsen et al., 2015). Around
Komsheche the extension was accommodated along the NW-SE ZFS and
N-S Abbas-Abad faults (Fig. 2; Radfar et al., 1999; Safaei et al., 2008;
Tabaei et al., 2016) and caused a progressive deepening of the deposi-
tional level of the Cretaceous strata, which overlie unconformably the
Shemshak Fm. (Radfar et al., 1999; Mannani and Yazdi, 2009). These
events were followed by the Late Cretaceous-Paleocene subduction of
the Neo-Tethys oceanic slab underneath Central Iran (Berberian and
King, 1981; Agard et al., 2007). The region was subjected to a NE-SW-
directed compression regime and uplifted, which resulted in the depo-
sition of conglomerate and sandstone (Radfar et al., 1999; Tadayon
et al.,, 2019; this study). Thereafter it was affected by the Paleogene
magmatic flare-up accompanied by an increase of the geothermal
gradient (Berberian and Berberian, 1981; Verdel et al., 2011), and then
by Neo-Tethys slab roll back-related extension, which further increased
the geothermal gradient (Verdel et al., 2011; Tadayon et al., 2019).
These Paleogene events were associated to the deposition of a thick pile
of volcaniclastics and limestone strata (Radfar et al., 1999).

Late Eocene-Earliest Oligocene times correspond to the advance of
the Zagros trench and hence initiation of the collision between the
Arabian and Iranian plates and regional uplift (Allen and Armstrong,
2008; McQuarrie and van Hinsbergen, 2013; Francois et al., 2014;
Tadayon et al., 2017). It resulted in the deposition of Oligocene detrital
red beds, overlain by a layer of marls, which is called Lower Red Bed Fm.
(Radfar et al., 1999; Tadayon et al., 2019).

In the Late Oligocene - Early Miocene a regional extensional regime
caused crustal thinning and resulted in the formation of the Qom Seaway
with deposition of carbonate of the Qom Fm. (Reuter et al., 2007; Morley
et al., 2009; Amirshahkarami and Karavan, 2015) and in turn it
increased the geothermal gradient of the region. Consequent renewed
compression and uplift due to subduction of the Qom seaway affected
the region. It was associated with extensive Latest Oligocene to Earliest
Miocene magmatism forming the UDMA (Radfar et al., 1999; Berberian
and Berberian, 1981; Francois et al., 2014; Sarjoughian and Kananian,
2017; Babazadeh et al., 2017; Alaminia et al., 2020), which also

20

increased the geothermal gradient of the region. This was followed by a
Middle-Late Miocene tectonic reorganization in the Arabia-Eurasia
collision zone (McQuarrie and van Hinsbergen, 2013; Tadayon et al.,
2017, 2019; Salehi and Tadayon, 2020). This regime emerged in the
form of an accommodation of E-W fold axes, overprinting on NW-SE
trending folds, and reactivation of the ZFS and Abbas-Abad faults with
right-lateral and transtensional kinematics in the study area, respec-
tively (Safaei et al., 2008; Alaminia et al., 2020). This event corresponds
to extensive hydrothermal activity coupled with tectonism that resulted
in the deposition of widespread travertines along the main fault zones
(Radfar et al., 1999; Taghipour et al., 2010; Dehbozorgi and Momeni,
2016) (Fig. 2).

Comparison of the (U-Th)/He geochronological results with the
tectonostratigraphic column in Fig. 13 suggests that: 1) FBA minerali-
zation was episodic, and 2) interestingly, FBA mineralization occurred
synchronously with events / periods of tectonic activity, both in
compressional and extensional regimes (Fig. 13). The data are thus in
good agreement with the published thermochronology in the region
(Francois et al., 2014) and in the far-field hinterland zone (Kargar-
anbafghi et al.,, 2012; Francois et al., 2014; Calzolari et al., 2016;
Tadayon et al., 2017, 2019). They reflect the direct impact on the
mineralization of the FBA of the tectonic activity in the study area
controlled by the punctuated Zagros orogenic evolution (Agard et al.,
2011). Furthermore, it can be inferred that tectonic activity provided
optimal conditions for FBA mineralization, such as increased geothermal
gradients by thinning the crust during extension and/or magmatism,
and hydrothermal connectivity from depth to surface via the basement
fault zones. The latter are crustal weak zones that enable transmission
and circulation of fluids in the crust (Wiprut and Zoback, 2000; Faulkner
et al., 2010; Rossetti et al., 2011).

Collectively, two crucial points can be inferred: 1) identifying epi-
sodes of tectonic activity in a region is an essential key for the explo-
ration of FBA mineralization, and 2) the (U-Th)/He geochronology, with
such a low closure temperature window, is a reliable chronometer for
dating and detecting the fault/tectonic activities (e.g., Pi et al., 2005;
Wolff et al., 2015, 2016). Integration of the tectonostratigraphic and
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geochronological data of the region implies that the ZFS and Abas-Abad
fault zones (major intraplate deformation zones in the hinterland of the
Zagros orogen) together and in synchrony accommodated the stresses
transferred from the Zagros convergent margin during the prolonged
Arabia-Eurasia convergence since Cretaceous time.

6.7. Sediment-hosted FBA deposits of Iran and other areas

The central segment of the boundary zone of Central Iran with other
structural zones contains the economically most important sediment-
hosted FBA deposits, including four clusters within metallogenic belts
at Malayer-Isfahan, central Alborz, Yazd-Anarak, and Poshte-badam
(Fig. 1B). The comparison of the results from this study with those of
other areas (Table 1) indicates the following first-order similarities in
geological environment and fluid composition for FBA deposits: (1)
Besides the existence of a host rock with sufficient porosity (predom-
inatly Triassic in age), they are associated with clastic units containing
organic and evaporite matter situated below the host rock (i.e., Cathles,
2019). (2) They are strictly structurally controlled, usually formed in an
extensional environment around reactivated steeply-dipping faults (i.e.,
Souissi et al., 2013; Symons et al., 2017). The faults allow the expulsion
of ascending deep-seated ore-forming fluids driven by the production of
a geothermal gradient. (3) There is not necessarily a relationship with
magmatic activity. (4) Dolomitization and silicification are the most
common types of alteration in wall rocks, although argillization and
chloritization are also reported in several deposits (Table 1). (5) FBA
mineralization occurs epigenetically as veins, stratabound, and in
breccia with simple mineral assemblages. (6) Mixing between distinct
fluids enriched in Ba and SO4, and interaction of ascending fluorine-rich
fluids with Ca-rich fluids derived from dolostone, respectively, are the
dominant process in barite and fluorite precipitation (e.g., Hanor, 2000;
Griffith and Paytan, 2012; Liu et al., 2015; Symons et al., 2017; Graaf
et al., 2019; Kraemer et al., 2019). Salinity values in fluid inclusions of
reported FBA deposits are in the range from 0.5 to 34 wt% NaCl
equivalent, with the majority falling between 10 and 30 wt% NaCl
equivalent, and homogenization temperatures range between 90 and
390 °C, with the majority falling between 90 and 210 °C (Table 1).

There are two meaningful indicators (S and Sr isotopes) of barite ore
control corresponding to regional-scale variations in tectonic activities.
They reflect extensional processes, one type leading to the formation of
continental margins and the others to rifting. Exceptions are Tunisia and
Spain in Figure 10 indicating different processes of mineralization.
Whereas evaporites dissolution and/or seawater are assumed to be the
sources of sulphate, barite samples of rift-related deposits show
distinctive, lower values of §°*S (+9 to +21%o, see Table 1) than the
continental margin related clan. Because of the high temperature of ore-
forming fluid in FBA, bacterial processes (bacteriogenic activity occurs
below 110 °C; Jgrgensen et al., 1992) are rarely a factor in the formation
of these deposits (Sanchez et al.,, 2010). The strontium isotopic
composition of barite in FBA deposits (Fig. 10) can be grouped into 1)
878r/865r > ~ 0.709, and 2) 8Sr/%Sr = 0.708 to 0.710. The deposits of
the first clan have a common dynamic evolution related to rifting during
opening of the Atlantic. The time of FBA mineralization of this group
ranges from the Early Permian (291 Ma, ~Sakmarian) to Early Creta-
ceous (111 Ma, ~Aptian; Sm-Nd ages of fluorite). In the second group,
China and Iran’s FBA deposits fall within the range of continental
margin, in relation to the development of the Alpine-Himalayan orogen.
The mineralizing event in China occurred between the Early Cretaceous
(130 Ma, ~Barremian) and the Middle Miocene (16 Ma, ~Burdigalian).
In the continental margin-related group, the metallogenic ages of fluo-
rite are consistent with age data at Komsheche. Some authors also
propose that remobilization of deep-seated primary deposits is very
probable for the origin of several FBA veins. For instance, formation of
some FBA deposits of NE Tunisia and SW Germany occurred in the
Miocene by the reactivation during the Alpine orogeny (Staude et al.,
2011; Souissi et al., 2013).
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7. Conclusions

In this study we have discussed on the sources and possible pathways
of ore-forming fluid-flow, structures, and the timing of the carbonate-
hosted FBA deposits. We focus on the Komsheche deposit, where the
relationships between mineralization and tectonics in the Central Iran
have been of considerable debate for the last two decades. The Kom-
sheche FBA deposit displays a variety of features similar to those which
are typical of epigenetic FBA mineralisations in sedimentary rocks
(Table 1). These features are the following:

1. The Komsheche FBA mineralization occurs as stratabound, cavity-
and vein- filling, and breccia cementation along the fault-boundary
between Middle Triassic host dolomite with Late Triassic silici-
clastic rocks and Early Cretaceous limestone.

2. The anatomy of the Komsheche deposit has been affected by a multi-
phase tectonic history. In the Cretaceous, during the formation of the
Neo-Tethys, NW-SE striking extensional faults cut through Triassic
carbonates. In the Paleocene these structures were inverted to form
reverse faults and folds in response to Neo-Tethys subduction. In the
Neogene they became right-lateral faults during the Zagros collision.

3. The radiogenic Sr isotope ratios of the older barite generation reveal
that the mineralizing fluid was linked to basinal (connate) brines,
which were derived from more deeply buried sedimentary strata of a
Paleozoic reservoir, while the Sr isotope composition of the younger
barite generation is closest to that of Miocene seawater. The homo-
geneity in the Pb isotope compositions of galena points to leaching of
the lead from a single upper crustal source.

4. At the Komsheche deposit, the REE behaviour of the fluorite types
could be traced from a normal marine origin or a basinal brine, older
samples (of fluorite type-I, Z-1, Z-3, and Z-7) show a relatively
reducing environment under mild acidic near-neutral conditions of
deposition.

5. The (U-Th)/He thermochronology of some Komsheche fluorite va-
rieties constrain several depositional periods: Cretaceous (136.7 to
65.5 Ma) and Eocene to Miocene (42.6 to 4.6 Ma) (Fig. 13).

6. Based on our new results, we suggest a mixing model during fluid
migration along aquifers to the sites of FBA. Hence we propose that
fluorite and barite deposition took place in two-stage pattern as
follows:

—
-

The Early Cretaceous and Oligocene-Miocene opening of the Neo-
Tethys affected the western margin of the Central Iran zone, estab-
lishing a local extensional environment, northeast of Isfahan. The
process was associated with the onset of thinning of the continental
crust and hot fluids were generated by the geothermal gradient at
depth bringing up F and Ba released during diagenesis. Fluorite
precipitated when hot F-bearing brines mixed with descending
oxygenated seawater and interacted with the host dolostone during
dolomitization. Banded-type barite precipitated when Ba-bearing
hydrothermal fluids ascending from depth encountered sulfate-
bearing marine waters.

The post-Cretaceous to Oligocene closure of the Neo-Tethys Ocean
and Miocene onward collision generated a tectonic pumping mech-
anism allowing the mixing and further interaction of compositionally
diverse fluids with the Triassic dolostone-host rock. The deposition
of vein and breccia FBA is proposed to result from the mixing and
increase in pH of the mineralizing fluid resulting in the precipitation
of the ore into structural traps.

ii

-

7. Spatial-temporal correlation of the current study’s results with those
along the Alpine-Himalayan and Atlas Mountains domain reveal a
tight linkage between tectonic activities and formation of sediment-
hosted fluorine-bearing (+Ba, Pb+Zn) deposits through Mesozoic-
Cenozoic times. The first deposits formed during the initiation of
Mesozoic extensional-related basement faults and the new
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generations of deposits were synchronous with the late Mesozoic-
Cenozoic reactivation of pre-existing structures.
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