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ARTICLE INFO ABSTRACT

A sequence of andesitic to dacitic volcanic and volcano-sedimentary rocks from the Late Eocene in the central
part of the Urumieh-Dokhtar Magmatic Arc (UDMA) hosts a number of barite occurrences. The Badroud barite
deposit is economically important deposit in the study area. The petro-geochemical characteristics of the deposit
indicate that the least-altered volcanic host rock was produced as orogenic volcanic rock in the continental
margin arc setting. It displays characteristics of a high-K and calc-alkaline series. Mineralized host rock mostly
consists of barite crystals, and subordinate quartz, calcite, gypsum, fluorite and rare pyrite, chalcopyrite, galena,
stibnite and cinnabar minerals. Petrographic studies revealed three types of barite. The early stage barite occurs
as stockworks of large tabular and bladed crystals trending NW-SE in dextral strike-slip faults. The second stage
barite precipitated as thick lensoid veins (50 X 3 m) of medium tabular crystals extending in a N-S direction. The
third stage of barite mineralization occurs as thin acicular veins trending in a NW-SE direction. Chemically, the
barite deposit is characterized by the low amounts of Sr, K, Ca and low Sr/Ba ratio. Fluid inclusion studies,
applied to the first stage of bladed crystals of barite veinlets, show a high homogenization temperature of
256-338 °C and 8-13% (wt.) NaCl eq. salinity. Fluid inclusions in the second stage of barite mineralization are
characterized by low salinity of 1-9% (wt.) NaCl eq. at a 160-214 °C homogenization temperature. The fluid
inclusions occurring in the third stage of thin barite veins revealed high salinity of 19% (wt.) NaCl eq. with a
166-212 °C homogenization temperature. The fluid inclusion characteristics of the first stage barite show a
hydrothermal origin with a deeper-seated source on the seafloor associated with a lower sequence of the Late
Eocene felsic rock. The second stage barite, exposed beneath the upper sequence of Late Eocene andesite, was
formed due to increased dilution, possibly with seawater. The third stage barite mineralization is associated with
saline water and the interaction of fluid with volcanic and conglomerate host rocks. The obtained data show that
the mineralization at Badroud barite deposit is similar to the Kuroko-type massive sulfide deposits in an arc
setting.
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1. Introduction Masoumi et al., 2009; Taghipour et al., 2010; Hashemi, 2016).

In the past decade in the eastern part of the UDMA near Kashan,

There are two major metallogenic belts of barite mineralization on
both sides of the Urumieh-Dokhtar magmatic arc (UDMA) in Isfahan
province of Iran. They are named as Malayer-Isfahan and Qom-Kashan
belts, and respectively located in the western and the eastern parts of
the UDMA (Fig. 1a). The subordinate barite mineralization in Iran-Kuh,
Mehdi-Abad, Angouran and Ravanj Mississippi valley-type Pb-Zn de-
posits in Malayer-Isfahan barite belt, within the Sanandaj-Sirjan zone,
is associated with Mesozoic carbonate rocks (e.g., Ghazban et al., 1994;
Gheshlaghi, 2002; Ghasemi et al., 2008; Rajabi et al., 2012; Nejadhadad
et al., 2016), whereas, the major barite mineralization in Tappeh-Sorkh
and Rangan deposits in the Qom-Kashan barite belt mainly formed in
the Cenozoic volcanics of the back arc basin of the UDMA (e.g., Khalaj-
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several small barite deposits have been discovered and mined (Fig. 1b).
But on the barite deposits associated with volcanic rocks, very few
studies have been carried out so far. The Kuh-e Latif geologic map
(1:100000 scale) shows that most barite deposit hosted by volcanic
rocks were emplaced between the Late Eocene to the Oligocene (Nabavi
and Houshmandzadeh, 1984). Parsapoor et al. (2009) and Taghipour
et al. (2010) studied Rangan rhyolite-hosted barite (70 km NW of Is-
fahan) using stable isotope studies of alteration minerals. These studies
revealed that the Qom-Zefreh dextral strike-slip fault with a NW-SE
trend has served as a feeder channel and barite mineralization at
Rangan was related to deep magmatic-hydrothermal fluids. Khalaj-
Masoumi et al. (2009) studied the Delijan barite deposit and
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Fig. 1. (a) Structural map of Iran showing the extent of the UDMA from northwest to southeast between Sanandaj-Sirjan and Central Iran zones. Site location of Badroud area in east of
Kashan (north of Isfahan). (b) Regional geologic map based on Kashan and Aran maps (1:250000 scale) and Kuh-e Latif map (1:100000 scale). Note to the distribution of barite
occurrences. (c¢) The Badroud area between two dextral strike-slip faults: Kuh-e Dom fault to the north and Kashan to the west. Kashan fault is the major branch of the Qom-Zefreh fault.

determined the type of ore body using fluid inclusion studies. Hashemi
(2016) studied on a similar barite deposit about 60 km east of Kashan
town and proposed it to be of the Kuroko-type deposit. It was also
determined that the homogenization temperature of fluid inclusions
was 148-372°C in barite minerals.

The Badroud barite deposit, located near the Kashan, is one of the
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few deposits in this area, which with 1.83 million tonnes is considered
as economic potential. There are 23 veins as well as several barite
lenses at Badroud deposit. Three styles of barite mineralization have
been recognized in this area. Because of the abundant barite forma-
tions, investigation of the shape and geochemistry of the different
barites can be determined for geological reconstruction and
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Fig. 2. Position of barite veins in the geologic map of Badroud deposit. Modified after Nabavi and Houshmandzadeh (1984).

hydrothermal studies (e.g., Hanor, 2000; Kontak et al., 2006; Pfaff
et al., 2010; Griffith and Paytan, 2012; Revan et al., 2014; Torr6 et al.,
2016). The current research presents the geochemical characteristics of
the volcanic host rock and morphological properties of the barite mi-
nerals at Badroud deposit. It also presents a description of the physico-
chemical conditions of fluid inclusion in barite minerals. The main
objective is to provide palaeo-environmental evolution of barite in the
Badroud area that might be useful for exploration on a regional scale
along back region of the UDMA.

2. Geology
2.1. Regional geology

The UDMA is located in the northeastern margin of the Zagros
orogenic belt between the Sanandaj-Sirjan zone and the central Iran
and features a NW-SE direction (Alavi, 2004) (Fig. 1a). During the
Zagros collision, a number of developed faults accompanied by mafic to
felsic magmatism (Aghanabati, 1986). The Cenozoic magmatic activ-
ities of the UDMA are related to northward subduction of the Neo-Te-
thys oceanic crust during continued convergence of the Arabian plate
with the Eurasian plate (e.g., Forster et al., 1972; Berberian et al., 1982;
Sengor, 1987; Omrani et al., 2008; Azizi et al., 2011). The sub-
duction—collision event led to extensive continental volcanism within
the UDMA with several back arc basins behind this volcanic arc (Verdel,
2009; Ghasemi et al., 2011). However, some researchers propose an
island arc setting for the UDMA (e.g., Alavi, 1996; Ghorbani, 2006;
Shahabpour, 2007; Ghorbani and Bezenjani, 2011).

The Badroud barite deposit is located about 90 km east of Kashan
(Fig. 1a). Tectonically, the Badroud area lies in the back region of the
UDMA (Fig. 1a) and belongs to the Qom-Kashan barite belt. The
basement of the Badroud area comprises the small bodies of the Pa-
leozoic metamorphic rocks that mainly consist of schist, phyllite and
crystalized limestone (Amidi and Zahedi, 1975; Fig. 1b). The Late
Cretaceous limestone and marl units occur in the north and the
northwest of Mahour Chah Ghaleh village (Fig. 1b). The Eocene vol-
canics have been exposed in a large area extending from northwest of
Kuh-e Latif to the southeast of Kuh-e Rizab (Fig. 1b). Previous works
have identified marine fossils dominated by an Eocene pulse of the
UDMA that shows the volcanism was largely shallow marine (e.g.,
Stocklin, 1968; Berberian and King, 1981). The Kuh-e Latif geologic
map (1:100000 scale) classifies the types of volcanic rock as the Early
Eocene, the Middle Eocene and the Late Eocene (Nabavi and
Houshmandzadeh, 1984).

The Early Eocene volcanic rocks consist largely of tuff with basaltic
andesite, rhyolite and rhyodacite composition from the base to the top
and ignimbrite accompanied by a few interbeds of sandstone and

limestone. The Middle Eocene volcanics comprise tuffite, rhyolite ash
tuff, sandstone, conglomerate, shale and limestone (Amidi and Zahedi,
1975). The Late Eocene volcanics (please see Section 2.2) non-con-
formably occur on the Middle Eocene volcanic and tuff units. They
predominately contain rhyolite and rhyodacite tuff to andesite, basaltic
andesite and volcanic sandstone. These rocks are locally present in four
locations on the map (Fig. 1b).

The Badroud barite deposit is hosted by the Late Eocene volcano-
sedimentary rocks that are exposed in the southern Mahour Chah
Ghaleh village (Fig. 1b). The narrow outcrops of the Eocene sub-
volcanics are situated in the west of Gor Ali and the north of Mahur
Chah Ghaleh (Fig. 1b). They comprise rhyodacite porphyries which are
overlain by the Oligocene to the Miocene sedimentary rocks. Poorly
developed the Late Eocene intrusions of granodiorite occur in the north.
They are generally less than several kilometers in size. Some igneous
rocks occurring between Kashan and Natanz, have been dated, in-
cluding andesite dating (33 Ma) and diorite dating (16 Ma) using the
zircon U-Pb method (Chiu et al., 2013).

The youngest sedimentary series at regional scale are divided into
three major sedimentary sequences: 1) the Lower Red Formation; 2) the
Qom Formation; and 3) the Upper Red Formation. Lithologically, they
are composed of red marl, conglomerate and sandstone that are
Oligocene in age, organic-detrial limestone, marl and gypsum be-
longing to the Oligocene-Miocene as well as sandstone, conglomerate
and marl that are the Miocene in age (Nabavi and Houshmandzadeh,
1984; Fig. 1b). The Late Eocene volcanic host rock is covered by the
Lower Red Formation (Fig. 1b). Reuter et al. (2007) proposed that the
Qom back-arc basin developed as a consequence of the Zagros collision.

2.2. Local geology

The Badroud deposit is found in the Late Eocene volcano-sedimen-
tary rocks (Fig. 2) distributed extensively across the area and the as-
sociated gabbro dikes. Based on field investigation, they are composi-
tionally divided into two units (Fig. 3a and b). Both units constitute
barite mineralization host rock overlain by the Lower Red Formation.

2.2.1. Lower volcano-sedimentary unit

The lower unit is composed largely of a variety of altered rhyolite,
rhyodacite and dacite tuffs along with interbedded sandstone and
conglomerate (Fig. 3a and d). Pyroclastic tuff interbedded with sedi-
ment and the presence of the vast lateral extent of the lava flows sug-
gests a submarine condition. This complex is characterized by var-
iegated and contrasting colors in the rock and widely-manifested
alteration (Figs. 3b and 5a). They are grayish to white in color, older in
age and show a porphyritic texture consisting of phenocrysts of quartz
as rounded, altered plagioclase, argillaceous K-feldspar, chloritized
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Fig. 3. (a) Stratigraphic section of the Late Eocene volcanic rocks accompanied by dikes from the Badroud deposit illustrating the position of three types of barite mineralization (Black
short lines, lenses and long lines are type I, II and III, respectively). (b) Least-altered andesite (upper, dark) on the top of the volcano-sedimentary and red conglomerate in the vertical
section view. (c) Difference between altered acidic volcanic of lower unit and least-altered andesite of upper unit. (d) In the upper portion of photo, altered lower unit intruded by three

thin barite veins (type III).

biotite and hornblende and an aphanitic groundmass composed of
quartz and feldspar.

Hematite occurs around the altered pyrite in the groundmass, al-
though part of the rock is filled with calcite veinlets and silicified
grains. The grey welded tuffs with rhyolite fragments are recrystallized
and the feldspar phenocrysts have completely decomposed to clay and
calcite. Remnants of the glassy rhyodacitic shards reveal a primary
pyroclastic deposition. The altered volcanic rock is associated with in-
terlayered conglomerate and lesser amounts of sandstone and has been
folded to some extent.

2.2.2. Upper volcanic unit

The upper volcanic unit contains a suite of andesite, basaltic an-
desite and rare trachyte associated with red beds at the base as a basal
conglomerate and volcanic sandstone (Figs. 2 and 3c). Numerous thick
barite veins exist in the andesite. This unit is younger and characterized
by black color, porphyritic texture showing plagioclase and chlorite
pseudomorphs after pyroxene phenocrysts in a very fine grained to
aphanetic groundmass comprising plagioclase. The visible boundary
between both units is easily distinguishable by its color. In vertical
section, red conglomerate and light volcanic sandstone can be observed
between the altered felsic and the least-altered intermediate volcanic
rock (Fig. 3b).

3. Sampling and analytical methods

Detailed petrographic studies were conducted on 72 thin polished
samples of the volcanic host rock and mineral assemblages of barite.
Whole rock geochemical analysis was performed on the 9 least-altered
volcanic rocks (barite-hosting) and nine samples from the three barite
types. Pressed powder pellets prepared from crushed samples were
analyzed for major oxides (SiO,, TiO,, Al;03, Fe;03, MgO, MnO, CaO,
K,0, Na,O and P,0s) by X-ray fluorescence (XRF) using a Philips PN
Venus 100 minilab X-ray spectrometer at Kimiya Pazhouh Alborz
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Laboratory, Isfahan, Iran. Loss of ignition was determined by heating
sample powders to 1100 °C. Trace elements of the least-altered volcanic
rocks were determined using inductively-coupled plasma mass spec-
trometry (ICP-MS) at Kimiya Pazhouh Alborz Laboratory. The detection
limits were 0.1% and 0.1 to 1 ppm. Bulk mineralogy of the argillic al-
teration and barite veins was confirmed in four samples by X-ray dif-
fraction (XRD) using a Philips 1400 diffractometer at University of
Isfahan.

Petrographic and microthermometric examination of the fluid in-
clusions were carried out on 12 samples at the Department of Geology,
University of Isfahan. The best samples were prepared on <150 pm-
thick double-polished wafers of euhedral to subhedral crystals with
acetone-soluble glue. Primary fluid inclusions were found and mea-
sured using Linkam THMSG-600 heating—freezing stage with a TMS 94
temperature controller. Heating increments of 1 °C/min were employed
for measurements below 30 °C and at 10 °C/min for up to 350 °C. The
accuracy was * 0.2 °C during freezing and + 2 °C during heating.

4. Results
4.1. Geochemistry of country rocks

Table 1 lists the major and trace element compositions of the least-
altered lower and upper units of the Late Eocene volcanic samples of
the Badroud deposit. They were characterized by the contents of the
following: SiO, (49.6-62.34%), K0 (1.08-2.84%), Na,O (3.1-6.95%),
MgO (2.23-6.68%), CaO (2.43-6.79%) and TiO, (0.59-0.96%). Com-
positionally, these rocks are andesite, rhyodacite, minor basaltic an-
desite. All show high-K calc-alkaline affinity (Fig. 4a and b).

When the data was plotted on a primitive mantle-normalized dia-
gram, the samples displayed strong enrichment in large ion lithophile
elements (LILE), light rare earth elements (LREE) and heavy rare earth
elements (HREE) as well as strong negative anomalies for Ba, Sr, Nb and
Ti, strong positive anomalies for Rb and Pb and a weakly-positive Eu
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Representative geochemical analysis of the least-altered volcanic rocks of the Badroud deposit.

Sample M-5 M-19 M-10 M-26 M-25 M-24 M-23 M-18 M-11
Type Basaltic andesite Andesite Andesite Andesite Andesite Rhyodacite Rhyodacite Rhyodacite Rhyodacite
Wt. %

SiOy 49.60 53.48 53.59 59.58 60.32 61.07 61.20 61.38 62.34
TiO, 0.76 0.95 0.96 0.83 0.80 0.66 0.77 0.67 0.59
Al,05 15.20 14.90 14.50 18.50 16.10 15.20 16.40 15.20 15.30
Fe,03 3.73 3.11 3.66 3.32 1.87 1.39 1.53 1.98 1.80
FeO 8.96 8.45 8.89 4.63 4.95 4.83 3.83 4.79 4.28
MnO 0.19 0.16 0.42 0.13 0.21 0.11 0.20 0.12 0.09
MgO 6.68 4.89 3.10 3.15 2.46 2.23 3.77 3.51 4.72
CaO 6.79 6.45 6.23 3.01 3.99 2.43 3.43 3.87 3.43
Na,O 3.56 3.10 3.35 3.96 5.82 6.95 6.74 5.11 5.29
K;0 2.24 2.64 2.84 1.96 2.08 2.35 1.08 2.66 1.64
P,05 0.27 0.93 0.35 0.49 0.47 0.32 0.33 0.25 0.29
LOI 0.12 0.48 0.12 0.14 0.12 0.53 0.53 0.68 0.56
Total 98.10 99.49 97.83 99.70 99.19 99.63 99.81 100.07 100.12
ppm

Cr 41.35 67.62 43 59.43 54.63 64.23 68.23 45.97 43.58
Ni 14.35 12.05 14.92 14.22 14.91 14.48 15.84 15.95 15.12
Co 18.63 15.65 19.38 27.43 28.43 29.64 26.34 20.71 19.64
\ 198.6 166.82 206.54 138.4 206.33 200.35 219.16 220.8 209.32
Cu 65.34 54.89 67.95 64.74 67.88 65.91 72.11 72.64 68.87
Pb 6.95 5.84 7.23 6.89 7.22 7.01 7.67 7.73 7.33
Zn 14.35 12.05 14.92 14.22 14.91 14.48 15.84 15.95 15.12
Rb 126.4 97.4 98.4 98.8 134.7 106.4 112.4 136.7 165.4
Cs 1.84 1.55 1.91 1.82 1.91 1.86 2.03 2.05 1.94
Ba 123.8 103.99 128.75 122.66 128.62 124.89 136.62 137.64 130.49
Sr 164.8 154.91 171.39 163.28 171.21 166.25 181.86 183.22 173.7
Ga 14.36 8.34 10.58 13.64 14.92 12.11 9.34 7.89 13.64
Ta 0.86 0.82 0.73 1.65 1.48 1.84 1.65 1.68 1.24
Nb 8.73 7.33 8.79 4.97 10.3 5.87 9.73 2.68 9.4
Hf 4.15 5.98 5.34 4.01 5.48 6.69 6.79 5.67 5.69
Zr 213.4 189.4 198.7 235.8 215.8 278.4 286.4 287.4 286.7
Y 18.3 16.43 19.03 26.84 17.64 25.74 28.69 27.63 29.29
Th 7.64 6.64 7.48 6.12 8.67 7.47 5.97 8.86 8.67
La 15.4 16.34 16.27 15.48 14.37 16.47 14.79 17.39 16.48
Ce 31.8 26.75 33.11 27.64 28.64 25.64 23.18 22.48 33.56
Pr 4.46 3.24 4.37 3.17 3.24 3.42 3.27 4.56 4.42
Nd 18.6 15.63 19.09 15.48 16.48 15.34 16.87 20.41 19.35
Sm 3.24 3.56 3.48 2.57 3.46 3.56 3.47 2.98 2.98
Eu 1.3 1.32 1.07 1.64 1.43 1.54 1.56 1.64 1.09
Gd 4.65 3.31 4.84 3.48 3.89 3.65 3.37 5.17 4.9
Tb 0.86 0.69 0.46 0.45 0.42 0.43 0.46 0.52 0.86
Dy 6.02 4.64 6.41 4.94 4.98 4.23 4.45 6.64 7.34
Ho 0.67 0.85 0.76 0.64 0.76 0.84 0.65 0.65 0.83
Er 1.23 0.85 1.06 0.98 0.84 0.96 1.34 0.97 1.06
Tm 0.09 0.13 0.18 0.21 0.13 0.12 0.14 0.16 0.12
Yb 2.67 2.58 2.64 3.48 3.47 2.78 1.47 3.64 3.48
Lu 0.12 0.15 0.16 0.18 0.18 0.14 0.16 0.13 0.14
Sc 27.84 23.39 28.95 27.58 28.92 28.08 30.72 30.95 29.34
Be 1.1 0.92 1.14 1.09 1.14 1.11 1.21 1.22 1.16
Li 18.34 15.41 19.07 18.17 19.05 18.5 20.24 20.39 19.33

anomaly (Fig. 4c and d). This typifies a continental environment (Gill,
1981; Wilson, 2007). On the sample plots of the TiO, versus Al,O3
diagram of Muller and Groves (2000), the geochemical signatures of the
volcanic rocks are low TiO,, high Al,O3 and are derived from an arc or
subduction-related basin (Fig. 4e). On the Zr/Al,03 versus TiO5/Al,03
discrimination diagram from Muller et al. (1992), the samples are
consistent with fields of continental arc potassic and post-collisional arc
potassic rock; however, the geochemical characteristics are strongly
related to a continental arc environment (Fig. 4f and g). These sig-
natures suggest orogenic volcanism for the Late Eocene rock from the
Badroud, based on tectonic framework diagrams.

Verdel (2009) also proposed extensional flare up magmatism for the
Late Paleocene-Eocene volcanism in the UDMA. The results of the
current study for the major and trace element analysis of the volcanic
rock are very similar to previously collected regional data on the UDMA
(Pourhosseini, 1981; Dilek and Sandvol, 2009). They show a high po-
tassium content. This is consistent with a recent scenario proposed by

Agard et al. (2011) for the Zagros orogenic belt in Iran. The data in-
dicates that the volcanic rock of the Badroud belongs to a continental
arc related to subduction of the Neo-Tethys (e.g., Forster et al., 1972;
Berberian et al., 1982; Sengor, 1987).

4.2. Alteration

Despite the upper volcanic rock, the primary texture of Late Eocene
lower volcanic rock has not been observed in the Badroud area. On the
field investigations and optical microscopy observations, argillic, pro-
pylitic, silicification and hematization have been identified in the study
area. Argillic alteration is rather widespread (Fig. 3b) and can be easily
recognized on the field by its greyish to olive-greenish color. The tex-
ture of the Late Eocene lower volcanic rock has been completely de-
stroyed by strong alteration. XRD analysis and optical microscopy stu-
dies indicate that the argillic alteration is mostly composed of
montmorillonite, kaolinite and minor illite with traces of quartz as
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alkaline series. (b) AFM diagram of volcanics (Irvine and Baragar, 1971) showing they grouped into the calc-alkaline field. (c) Extended trace-element diagram of whole rock samples.
Data are normalized to primitive mantle using McDonough and Sun (1995) (d) REE pattern of volcanics normalized using Boynton (1984); they are enriched in light REE. (e) Plot of the
volcanic rocks in TiO, vs. Al,03 diagram of Muller and Groves (2000) is proposed the arc-related. (f) The Zr/Al,03 vs. TiO,/Al,03 diagram shows the calc-alkaline series, consistent with
products of a continental arc and post arc, compressional environment (Muller et al., 1992). (g) Plot of the samples in ternary diagram of Muller et al. (1992) falling in the CAP field.
Abbreviations in (f) and (g): CAP, continental arc potassic rocks; PAP, post-collisional arc potassic rocks; IOP, initial oceanic arc potassic rocks; LOP, late oceanic arc potassic rocks.
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cristobalite, feldspar, zeolite and carbonates. This alteration is known
as bentonite (Fig. 3c); however, the presence of kaolinite in the vicinity
of the barite most likely resulted from the interaction between hydro-
thermal fluid and the felsic hosted (Yeats et al., 2017) by the lower unit.
This process can produce acidic hydrothermal fluid.

Silicification forms as very fine or medium grained quartz in vein-
lets associated with barite veins. In some areas, red jasper occurs as a
replacement of the original texture of the host rock near barite lenses
and also wood opal by chalcedony. The broad extent of propylitic al-
teration consists of epidote, Fe-chlorite, calcite and quartz followed by
phenocrysts of pyroxene and plagioclase and groundmass.
Hematization occurs at higher oxygen fugacity and displays a red color.
It contains hematite, calcite, chlorite and clay minerals. Abundant he-
matization is observed near the disseminated barite; thus, based on
geological observations and paragenetic characteristics, precipitation of
barite I and II is dominated by hematization. This close relationship
suggests mixing between hydrothermal fluid and seawater (Baioumy
et al., 2013).

4.3. Mineralization

The main barite mineralization is located in the western portion of
the Badroud area in a NW-SE direction (Fig. 2). As noted previously,
barite mineralization occurs as lense, disseminated or vein types as well
as rare breccias in the Late Eocene volcanic rocks (Fig. 2). They were
formed in a continuous period during the Late Eocene. The miner-
alization extends NW-SE and has a total length of about 3 km (Fig. 2). It
includes more than 23 barite lensoid veins. On the basis of the structure
and textural observations of the veins, grain size and shape of the barite
crystals, three distinct types of barites were recognized from the Ba-
droud deposit, types I, II and III, that respectively range in age from
oldest to youngest (Table 2). Each style displays specific properties with
different morphologies. The paragenetic sequence of the Badroud barite
indicates three types of mineralization related to baritization events
(Figs. 5 and 6).

4.3.1. Barite I

Type I barite formed earlier than types II and III in the Late Eocene
altered volcano-sedimentary rock of the lower unit along the 2.5 m-
thick NW-trending fault zone (Fig. 5b and c). The veinlets are almost
pure barite with a simple texture. There is a close relationship between
this phase of barite and argillic and hematization alterations. The
alignment of the barite outcrop displays localization trending NW-SE
and controlled by fractures in the crushed zone.

This group presents as networks of pods consisting of decimeter-
scale lenticular bodies, radial crystal clusters in the surrounding vol-
canic debris (Fig. 5b), disseminated and discontinuous barite that is
white to pinkish in color and large (cm-sized) euhedral tabular and
bladed crystals (Fig. 6a and b). XRD analysis indicates that the carbo-
nate and sulfate phases associated with barite are calcite and gypsum,
respectively. The barite is intergrown with minor abundant coarse-
grained calcite. Jasper appears late and fills the open space between the

Table 2
Comparison of the characteristics of the barite mineralization of the Badroud deposit.

Type  Hostrock  Structure Morphology of Gangue Sulfides
crystal
Brt I lower unit networks of  bladed and Cal, Gp, F1 -
veinlets euhedral large
tabular
Brt II  upper unit lensoid medium to fine- Silica Py, Ccp
massives grained tabular
Brt III lower and thin veins acicular Qz Py, Gn,
upper Stbn, Sbr

units

619

Ore Geology Reviews 92 (2018) 613-626

barite and calcite minerals.

4.3.2. Barite II

Type II barite occurs as several subparallel lensoid veins in the
upper unit of the Late Eocene rock and covers a much larger area in the
host rock than does type I (Fig. 5d). These wide lenses can be traced for
a maximum of 50 m long, strike approximately N-S and have a true
width of 2-4 m (Fig. 5d). In-hand specimens a simple mineralogy with
barite and minor silica is observed. This style was observed as being
subhedral medium-to fine-grained tabular white to grey color crystals
of massive barite with less than 4 mm in grain diameter (Fig. 6¢). Barite
veins are associated with silica-filled tension cracks including red jasper
(Fig. 5f) with a fine granular texture, polygonal grains of quartz and
other silica gangue minerals resembling to chalcedony and opal. A
sulfide phase has not been identified in-hand specimens so far. Miner-
alography has revealed the presence of this phase as an accessory mi-
neral. The sulfides as pyrite and chalcopyrite, are finely disseminated.

4.3.3. Barite III

This group formed late in the paragenesis after barite types I and II
(Fig. 7). Type III is marked by thin veins (Fig. 5e) along steeply dipping
fractures (80-90°) with relatively fine-grained, acicular crystals of
barite (Fig. 6¢). The veins are white to reddish in color throughout both
units of the Late Eocene volcanic rocks. Barite veins with at least 100 m
in length appear along the strike of the outcrop with an average
thickness of 0.1 m (Fig. 5e). The veins commonly trend NW-SE. The
mineral assemblage is dominated by minor galena, pyrite, stibnite and
cinnabar. Acicular crystals of barite and fine-grained elongated sulfide
minerals appear to belong to a unique paragenetic stage (See Fig. 7). In
addition, several short veins have a brecciated texture (Fig. 6d) with
large fragments of barite I and pyrite crystals occurring in a reddish
matrix of silica and hematite (that resembles jasper) about 1m in
thickness in the lower unit. Malachite, covellite and calcite are products
of weathering and oxidized mineralization.

XRD analysis of the barite samples showed that the associated mi-
nerals were mostly composed of barite, quartz and small amount of
calcite, gypsum, fluorite and sulfide minerals in some samples. In ad-
dition to these minerals, malachite and secondary Fe oxides were
commonly observed in thin sections. All barite samples of the Badroud
area used for chemical analysis primarily consist of > 90% purity with
a specific gravity of =4.1.

The distribution of major oxides in the different barite types is
shown in Table 3. With the exception of BaO and SiO, contents that
range from 79.81% to 92.03% (wt.) and 0.67% to 10.79% (wt.), re-
spectively, barite samples exhibited low concentrations of major oxides
such as Al,O3 (0.33-1.94% wt.), Na,O (1.25-1.43% wt.), K,0
(0.12-0.41% wt.), TiO, (0.20-0.24% wt.) and CaO (0.02-1.6% wt.).
MgO, MnO and P,0s occurred in very low concentrations of less than
0.1% (wt.). The Sr distribution changed as the Ba content increased and
there was a positive correlation between them (R* = 0.61) that is si-
milar to other arc-system seafloor deposits (Hannington et al., 2005).
The Sr/Ba ratio in all samples studied was below 0.5.

4.4. Structural control

Primary regional geological studies and satellite images in combi-
nation with field observation have shown that the Kashan barite de-
posits are structurally distributed between two important faults
trending NW-SE and NE-SW (Fig. 1c). On a regional scale, the first
group comprises major map-scale faults (Kashan and Kuh-e Dom) that
are mainly of the thrust and dextral strike-slip type (Fig. 1c). These
structural elements extend parallel to the Zagros thrust fault and may
have formed or reactivated during convergence of the Arabian and
Eurasian plates (Nadimi and Konon, 2012; Kananian et al., 2014). The
calc-alkaline volcanic activity of the UDMA began with this compres-
sional tectonic. The minor and local faults (second group trending NE-
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Fig. 5. Field photographs of volcanic rocks and different types of barite mineralization from the Badroud deposit. (a) Outcrop of the red conglomerate between upper and lower volcanic
units. Building for scale in altered lower unit. (b) Lenticular and bending cracks filled by white coarse barite crystals (type I) within a NW-SE trending fault zone. Locally, lower volcanic
rocks are hematized. (c) Close-up view of the radiating barite I aggregate. Hematization envelop crosscut by barite filling. Core of barite pockets is comprised of volcanic material. (d)
Outcrop of the lensoid vein of barite (type II). This wide lens consists of white massive barite and minor silica. (e) The view is from the two types of barite, note the characteristically sharp
contact between the barite I and III. (f) Close-up view of the red iron silica. See the text for explanation.

SW) are normal and sinistral strike-slip faults (Nadimi and Konon,
2012).

The second group formed in association with extensional fissures.
Verdel et al. (2011) suggested that the branches of these faults have E-
W and N-S directions. On a regional scale, the locations of the east
Kashan barite deposits from four sites (Fig. 1b) are bordered by NW-SE-
trending faults. It is likely that both the fault systems provided verti-
cally important channels for ore-forming fluids in the study area, al-
though the first group of faults occurred before barite mineralization.
Despite the morphology of barites I and II as disseminated and lens,
respectively, mineralization in the Badroud deposit probably formed in
syn-volcanic crushed zones with maximum lengths of 3km (Fig. 2)
parallel to the NW-SE-trending fault zone (Figs. 5b, 8a and c).

Based on the field data, the earliest mineralization developed in the
presence of the network of lens-shaped occurrences of type I barite
parallel to the NW-SE-trending fault zone. Lateral movement in this
fault zone is clear. Based on structural evidence in field of the right
lateral motion in the argillic alteration before formation of types II and
III barite veins with less than several decimeters in displacement, it can
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be proposed that the behavior of the faults for that period was NW-SE
dextral strike-slip in style. Type II barite is more likely to form in an
extensional stress regime. Type III barite occurred along the fault zone
with a NW-SE trend (Figs. 5e, 8a and c). The orientation of dikes and
faults is also approximately NW-SE (Fig. 8a and b) in the Badroud area.

4.5. Fluid inclusions

Fluid inclusion studies were carried out on 12 samples from the
different mineralization stages (I, II and III). About 124 inclusions were
measured for homogenization temperature (Th) and 94 salinity de-
terminations were obtained. The data for all inclusions are summarized
in Table 4 and Fig. 10a and b. Nearly all fluid inclusions observed were
small in size (3-25pm) (Fig. 9a, b and c). Their shapes varied from
commonly irregular, spindle, tubular to rare angular. At ambient tem-
peratures, most primary inclusions were typically two-phase (liquid (L)
and vapor (V) for which V occupied < 15% of the inclusion volume)
and were 8-20 um in size (Fig. 9a, b and c). V bubbles in two phase
(L + V) fluid inclusions from barite I occupied 20% to 25% (vol.) of
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Fig. 6. Photomicrographs showing petrography and textural characteristics of barite samples collected from various shapes and sizes from the Badroud barite deposit. All photo-
micrographs are transmitted cross-polarized light except d. (a) Pore space of large well-formed barite I crystals is filled by calcite crystals. This texture occurs extensively through the
lower unit. The quartz mineral is paragenetically filled the border of barite I and calcite minerals. (b) Two growth stages of precipitation barite indicate depositional conditions. Large
bladed barite I intergrown with coarse grained calcite. Jasper invaded the barite I and calcite and dissolved their edges which locally is cut by barite III crystal. Note a little sulfide
(chalcopyrite, pyrite) adjacent calcite. (¢) Growth of the randomly-oriented, acicular barite III crystals in center and tabular barite II replaced by quartz at the down. Replacement of very
fine quartz (jasper) by polygonal grained quartz and opal by chalcedony (lower part). Barite III has the distinct contact with polygonal grained quartz and an obscure margin with jasper.
(d) Breccia sample with fragments of pyrite in the hematite-silica matrix in reflected light. Mineral abbreviations used in Fig. 6 and Table 2 (according to Whitney and Evans, 2010): Brt
I—barite I, Brt II—barite II, Brt IIl—barite III, Cal—calcite, Ccp—chalcopyrite, Fl—fluorite, Gn—galena, Gp—gypsum, Hem—hematite, Py—pyrite, Qz—quartz.

inclusions (Fig. 9a).

V-rich fluid inclusions were observed in most samples. Single phase
(L) inclusions were also observed in the samples. Two-phase (L + V) L-
rich inclusions may have become trapped in fractures or confined to the
growth zones of barite crystals (Fig. 9b). Careful microscopic study of
crystal shape and size distribution indicates three types of barite
(Fig. 9a, b and c). The results of microthermometry measurements show
the homogenization temperatures of 160-338 °C for L + V into L for
primary fluid inclusions in barite (Fig. 10a). The last ice-melting tem-
peratures (Tp;,) were —0.8 to —15.5°C. Salinity from the last ice-
melting temperatures was calculated (FIA of Goldstein and Reynolds,
1994) to be 1.40% to 19.0% (wt.) NaCl eq. (Fig. 10b).

Plots of salinity versus homogenization temperature for all fluid
inclusions indicate that they can be classified into three clusters (types
L, IT and IIT) (Fig. 11). Type I inclusions (Fig. 9a) suggest that they were
all of a high temperature fluid; however, type II inclusions occurred
with less salinity. The resulting fluid for barite III strongly differed from
those of barites I and II. The plots of moderately saline hot fluids of
barite I in Fig. 11 show an overall decrease in salinity and a linear
distribution, probably concomitant with dilution. The fluid of barite II
points to mixing and of barite III is associated with an increase in
density from type II to type IIl. On Wilkinson’s diagram (2001) fluid
inclusions from barite I plotted in epithermal field. According to this
diagram barite II and III belong to Kuroko- and Irish-type fields, re-
spectively (Fig. 11).

5. Discussion
5.1. Interpretation of barite characteristics

Mineralogical features, textural relationships and morphological
investigations revealed three distinctive styles of barite mineralization
at the Badroud deposit. The early phase was stockworks of euhedral
bladed and large tabular barite as sulfide-barren stage I. The later phase
was lensoid and thin veins of medium to fine tabular barites denoted as
sulfide-bearing stages II and III (Table 2). The presence of acicular
barite with randomly-oriented finely acicular sulfide minerals in barite
III were related to an increase in saturation by fluid (Jamieson et al.,
2016). The early phase includes pure barite plus minor calcite, gypsum
and late silica without a sulfide phase. The later epoch comprises barite
plus silica with minor sulfide (see paragenetic diagram in Fig. 7). In
comparison with the sulfide-barren phase, the sulfide-bearing phase of
barite lacks of calcite and the presence of silica.

The scarcity of calcite suggests that CO5>~ was absent as a minor
complexing agent (Margoum et al., 2015) and the silica as chalcedony,
opal and quartz points to a decrease in pH in the hydrothermal fluid.
Recrystallization of amorphous silica to polygonal grain quartz occurs
throughout the vein formation. The major and trace elements signature
of the barite shows from the somewhat low Sr, K and Ca that these
samples did not form in a deep marine environment. The lower Sr/Ba
ratio of barite is also a good indicator (Table 3) of formation at shallow
depths, similar to exhalative systems (Jamieson et al., 2016; Lode et al.,
2016). The minor variations in the Ba, Rb, and Sr contents and Rb/Sr
ratio are probably controlled by differences in the temperature of for-
mation (Hanor, 2000) and mineralogical composition.
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Fig. 7. Summary of paragenetic diagram in the Badroud
Ore Stages . it.
Stage g weatheri ng deposit
Stage | Stage Il Stage lll
Calcite ——q—- —_—
. Brtl Brtll Brt i
Barite I —
Flourite - —
Quartz _— -
Jasper
Opal 1
Chalcedony —_—
Chalcopyrite —_—
Pyrite —
Galena —_
Stibnite —
Cinnabar —
Hematite -
G ypsum — J—
Goethite ———
Covelite | _
Malachite —_—
Table 3 Table 4
Chemical composition of barite samples of the Badroud deposit. Summary of the homogenization temperatures and salinities for fluid inclusions of the
Badroud deposit.
Sample B-37 B-38 B-39 B-40 B-41 B-42 B-43 B-44 B-45
Stage  Trm ice ¢C) Tim ice co) Thee Salinity (%) Type of
Wt. % barite
SiO, 0.67 1.92 2.07 1.42 522 7.13 5.83 9.79 9.07 N Rang N Rang N Rang
TiO, 0.23  0.22 0.22  0.23 0.24  0.21 020 0.2 0.21
Al,O3 0.61 1.04 0.70  0.52 0.53 1.45 1.66 1.94 0.33 I 34 -395to 51 -53to 61 256to 8.3to13.4 baritel
Fe,03 0.04 0.06 0.05 0.02 0.02 0.50 0.46 0.31 0.02 —45 -9.5 338
FeO 0.25 0.39 0.36  0.10 0.14  3.26 3.05 2.03 0.15 I 16 —-22to 27 -0.8to 39 160to 1.4t09.2 barite II
MnO 0.06  0.03 0.08 0.03 0.01 0.01 0.09  0.02 0.09 —-40 -6.0 214
MgO 0.08 0.04 0.06 0.04 0.04 0.04 0.04 0.07 0.04 111 7 —35to 16 -—-10.3to 24 166 to 14.3 to 19.0 barite III
CaO 1.19  0.40 1.56  0.24 0.15 0.02 0.03 1.46 0.79 -39 —15.5 212
Na,O 1.37 1.32 1.26 1.37 1.43 1.04 1.27 1.29 1.25
K0 0.12 0.20 0.17 0.13 0.14 0.23 0.34 0.41 0.12 Abbreviations: N = number of inclusions analyzed, Ty, jce = First melting ice tempera-
P,0s 0.02 002 002 002 0.03 0.02 002 0.02 0.02 ture, Tpm ice = Last melting ice temperature, Th = homogenization temperature.
L.O.I 0.83 0.63 1.08 0.45 0.83 1.40 1.05 1.19 1.53
BaO 69.63 68.81 68.10 70.20 67.33 62.23 62.93 60.48 64.00
SrO 2.58 2.58 2.65 2.53 2.04 2.19 2.46 2.03 1.71
SO3 21.85 21.87 21.10 21.83 21.12 19.40 19.68 19.34 20.14
Total 99.53 99.53 99.48 99.13 99.27 99.13 99.11 100.58 99.47
@ — ® © -
n=13 n=14 n=19

Direction of faults

Fig. 8. Orientation of structural data from: (a) faults, (b) dikes and (c) barite veins obtained the Badroud deposit. (c) Note to multiple trend of veins compared to faults and dikes.

Direction of dikes
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Fig. 9. (a) Coexisting two-phase liquid rich- and single phase inclusions. Irregular primary fluid inclusion (center) in barite I. (b) Tabular primary fluid inclusion in barite II. (¢) Spindle-

like primary fluid inclusion in barite III.

As described above, fluid inclusion produced important new data
concerning the origin of the Badroud barite mineralization.
Interestingly, there are significant differences between the first stage
(sulfide barren) and the second and third stages (sulfide bearing) of
barite formation due to the high homogenization temperature of stage I
and moderate homogenization temperature of stages II and III (Fig. 11).
Microthermometry results suggest that barite I experienced hydro-
thermal activity associated with the involvement of faintly magmatic
fluids trapped at deeper levels. The second type of inclusion with the
low salinity of stage II is consistent with a dilution event with seawater.
During the migration of fluids, extensive chemical interaction and
mixing produced saline fluid III.

5.2. Hydrothermal fluid evolution in relation to volcanic events

5.2.1. Barite I in lower volcano-sedimentary unit

Field observasions in the Badroud area shows that andesitic-dacitic
flows associated with extensive the rhyolite rock of the lower unit are
indicative of a bimodal-felsic environment. The morphology of barite
shows that deposition may have occurred during development of the
lower unit or immediately after its replacement. More detailed evalu-
tion of the barite formation was obtained by examination of the host
rock. New data from the chemistry of the least-altered volcanic samples
of the Late Eocene units in the Badroud area indicate high-K calc-alkalin
orogenic volcanism.

Note that the magmatic activity related to the post-collisional re-
gime released metal-poor magmatic fluids from volatile-rich felsic
magma (Huston et al., 2011). Previous studies show that the most im-
portant barite-rich seafloor massive sulfides were associated with mafic
to felsic volcanic rock (Shadlun et al.,, 1991; Davis et al., 2003;
Melekestseva et al., 2014). Barite I is dispersed in a network of lens-
shaped barite or veinlet stockworks (Fig. 12a) along a NW-SE-trending
fault zone. It was found that barite I as a stockwork can form in a
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stringer zone. In the core of this stringer, exists breccia (Fig. 12a)
containing barite-rich clasts within a silicic and hematite matrix. The
barite and pyrite clasts are rounded to subangular with less than 10 cm
in size (average 1-4cm). Stringers of barite stockworks as feeder
channelways are common in volcanic massive sulfide (VMS) environ-
ments (Melekestseva et al., 2014). There is clearly a genetic association
between barite I and the alteration zones at the top of the lower unit.

The argillisation and silisification associated with barite I increas-
ingly seem to form in an acidic hydrothermal system. As discussed
above, the highest homogenization temperature value of barite I re-
flects its deposition from hydrothermal fluid (Fig. 11). In other words,
extensive outbreaks in volcanic activity associated with barite I would
have created the necessary heat from the magma reservoir to circulate
hydrothermal fluid through the hot rhyolite and rhyodacite rock from
the lower unit in the order of a few millions years (Von Quadt et al.,
2011). It is nonetheless significant that the homogenization tempera-
ture of inclusions of barite I versus salinity indicates a linear distribu-
tion pattern resulting from fluid dilution during the waning of the hy-
drothermal system as (Fe, Ba)-rich fluids ascended along faults and
fractures in contact with seawater and decreased the temperature from
338 to 256 °C and increased the fO,. In the Badroud area, such a sce-
nario suggests that barite I was linked with submarine magmatic-hy-
drothermal activity similar to the accepted magmatic-hydrothermal
model for Kuroko-type deposits (e.g., Urabe, 1987; Large et al., 2001).

5.2.2. Barite II and III in upper volcanic unit

Geochemical studies indicate that the Late Eocene rock comprising
orogenic andesite accommodates red conglomerate at the basement.
The deposition of the red conglomerates at the basement represents the
earliest signature of the onset of post-collision tectonic activity that
ultimately resulted in the formation of orogenic volcanic rock. The
nearest igneous intrusions, gabbro dikes (Fig. 12c¢) in the southern part
of the study area, intruded the Late Eocene volcanic rock (Fig. 2),
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Fig. 10. Histogram of homogenization temperature and salinity for barite in the Badroud deposit.
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Fig. 11. Final homogenization temperature (Th) vs. salinity
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Fig. 12. Proposed schematic model for barite formation at stages I, IT and III in the Badroud deposit (after Herzig and Hannington (1995) with additions and modifications). Comparison
of this model with different types of barite in Fig. 5. (a) Stockworks of barite I form during/after fault in crushed zone at stage I. (b) Wide lenses of barite II cross cutting barite I at stage II.

(c) Thin veins of barite III cross cutting barite I and barite II at stage III.
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although most of the VMS deposits are also cut by gabbroic dikes
(Fershtater et al., 2007; Tessalina et al., 2017).

Lensoid veins of barite II (Fig. 12b) are shorter in length and thicker
in width. The presence of negligible barite III veins shows that they
were emplaced later than the barite II in the orogenic andesite rock
(Fig. 12c). As revealed by the microtermometric data, fluid inclusions
from stage II (Table 4) are described as moderate temperature-low
saline inclusions, while the third type of inclusions with higher salinity
in stage III are consistent with saline water. According to studies con-
ducted by Wilkinson (2001), saline barite III can be attributed to the
mixing of meteoric and hydrothermal fluids (Fig. 12c) that probably
occurred at the basement-cover interface unconformity as red con-
glomerate. Subsequently, barite III also probably formed at shallower
depths than barite I and II.

5.3. Implications for barite exploration

This study identified the altered Late Eocene rock rocks associated
with barite mineralization that could be used as an inexpensive in-
dicator for barite exploration in a regional scale. The extensive hy-
drothermal alterations offer more exploration targets for barite I around
the Badroud area. Field investigations show that strike slip faults
trending NW-SW in the Late Eocene bimodal volcanic rocks are also
important control for barite mineralization. To explore more barite
occurrences in this area, it should be focused beneath and on top of the
red conglomerates of the upper unit in particular for barite I and II,
respectively. The characteristics and similarities of the Badroud barite
deposit to the Kuroko-type deposits make it possible to identify similar
mineralization along the Qom-Kashan belt that has been remained
unknown due to the lack of systematic exploration.

6. Conclusion

The results of field investigation and identification of chemical
characteristics of host volcanics associated with the morphology and
chemistry of barite, the mineralogy of the vein as well as micro-
thermometry data have provided a new approach for predicting the
probable mechanism of barite mineralization in the Badroud area. The
Badroud barite deposit shows three types of mineralization: (1) stringer
zones of barite I as stockworks and breccia (Fig. 12a); (2) massives of
barite II as lenses (Fig. 12b) locally dominated by red silica and a minor
amount of fine-grained sulfides; and (3) thin veins of barite III (Fig. 12c)
with small amounts of sulfide and silica.

As stated, the Badroud barite is related to the Late Eocene bimodal-
felsic rock that formed in a shallow continental basin. It is suggested
that the barite precipitation was produced from the dilution and mix-
ture of at least two components, hydrothermal fluid and seawater. The
subsequent interaction of heated seawater or meteoric water with the
upper unit caused formation of negligible barite veins and abundant red
amorphous silica from the saline fluid. The nature of the mineralization
and alteration assemblages of the Badroud barite deposit is significantly
similar to those observed in Kuroko-type VMS deposits in an arc setting.

Based on geological and geochemical features and fluid inclusion
studies in the Badroud area, the magmatic-hydrothermal model without
base-metal sulfides (barren barite deposits) suggests the formation of
barite I at high temperatures (> 300 °C). The trend in Fig. 11 for barite I
is likely diluted with seawater or meteoric water. This event suggests
that the barite II phase mineralization formed with the cooling and
further dilution of end member hydrothermal fluid in a submarine
condition. During their migration, as presented some contact relations,
fluids from the host rock (volcanic rock and conglomerate) experienced
extensive chemical interaction which led to the formation of barite III
from saline fluid.
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