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ABSTRACT: The Heneshk Fe + Cu deposit, a metamorphosed IOCG (Iron Oxide Copper Gold) is situated in Sanandaj-Sirjan Zone, SW Iran.
Mineralization occurs as two stratabound ‘U’ shape ore bodies, hosted by a meta-dolomite member of a metamorphic complex. The ore and
gangue minerals comprise magnetite, chalcopyrite, hematite, martite, mushketovite, pyrite, barite, calcite, dolomite, and quartz. The
successive mineral assemblage formed in the five paragenetic stages (I to V) during an ongoing deformation regime from the plastic
to the brittle deformation regime. The mineralization stages comprise stage I, III, and IV. Stage I-III and IV formed in the plastic
and the brittle deformation regime by the metamorphic processes in a shear zone, respectively. The concomitant alteration products
of these stages comprise sodic, Fe, K, hydrolytic and silicification. The sodic and Fe alterations occur as a pre-mineralization stage and each min-
eralization stage is accompanied by K and hydrolytic alterations. A late barite-calcite-quartz assemblage (stage V) overprinted on the previous
stages (I to IV). Stage I mineralization formed at a depth of ~10 km and temperature of ~300 °C (a high pressure-low temperature
environment). The partitioning and substitution of the Mg, Al, Ti, Ni, Cr, Mn, Si, and Zn elements increased in this relatively higher
pressure environment cause of the highest concentrations of the Al, Ti, Ni, Cr, and Zn, in comparison with metamorphic magnetite.
The mineral chemistry of the Heneshk magnetite (average elemental concentrations) is in accordance with the metamorphic mag-
netite and can consider as a pure magnetite with the low elemental concentration. Also, the 8*Sy; s Heneshk mineralized fluid ranges
between 39.8 to 40.6%o, indicating the contribution of the paleo-evaporates. The pleo-evaporates leached from the older strata
during metamorphism, and their precipitation in the form of the sulfide minerals occurs through the TSR (Thermochemical Sulfate
Reduction) mechanism.
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1. INTRODUCTION

Heneshk Fe + Cu deposit, economically one of the largest iron
deposits of Dehbid district, with controversial genetic aspects, is
located approximately 4 km north-east and 4.8 km south-east of
the Heneshk and Goushti villages respectively (Fig. 1b). Fe and
Cu metals merely occur as magnetite-hematite and chalcopyrite
minerals. First assessment of the Heneshk mine went back to
1977 by Alric and Virlogeus, proposed a metamorphic origin.
Later, Rajabzadeh and Rasti (2017) proposed a magmatic-
hydrothermal origin (namely, Goushti deposit) and Sabzehi
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(2013) proposed an IOCG (Iron Oxide Copper Gold) type,
linked with metamorphic processes. This deposit even classified
by Nabatian et al. (2015) as a volcano-sedimentary deposit. Despite
the considerable complexity of the genetic aspects of the Heneshk
deposit, caused by metamorphism and simultaneous magmatism
in Dehbid region, since the 1970s, a few studies have performed
on this deposit and each study tends toward a piece of evidence
for unraveling the genetic aspects of the mine.

Both magnetite mineral geochemistry and sulfur stable isotope
studies are reliable methods for understanding the ore-forming
processes induding source, transporting, and precipitation mechanism
of the ore components and mineralization fluid. Recently, the
magnetite mineral geochemistry, that is elemental substitutions-
concentrations (namely, Al, Co, Cr, Ga, Ni, Mg, Mn, Sn, Ti, V, Zn)
as a function of source rock or magma composition, temperature-
pressure ranges, cooling rate, oxygen fugacity, sulfur fugacity,
and silica-sulfide activity, was subjected to studies by several
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researcher (Dupuis and Beaudoin, 2011; Nadoll et al., 2012, 2014;
Dare et al., 2014; Huang et al., 2018). These studies provide
discriminate diagrams to distinguished different deposit types
or subtype and impose a major constraint on the mineralization
fluid sources and geological environments (Dupuis and Beaudoin,
2011; Dare et al., 2014; Nadoll et al., 2014; Huang et al., 2018).
Also, the conventional sulfur stable isotope analysis has utilized
for six decades for unraveling the source of the sulfur, transportation
and precipitation mechanisms for deposits (Ohmoto and Goldhaber,
1997; Shanks, 2013). Among different deposit types, IOCGs are

characterized by voluminous magnetite-hematite and abundant
sulfide minerals as main component of the ore (Williams et al.,
2005; Groves et al., 2010; Barton, 2014) by which, the magnetite
mineral geochemistry and sulfur stable isotope can be used as
an alternative means for unraveling the genetic aspects and
geological environments of this deposit type.

Different genetic models, proposed by several authors reflect
the complexity of the genetic aspects of the Heneshk deposit.
This deposit is hosted by a metamorphic complex, located in a
shear zone (Kowli Kosh-Goushti shear zone) (Sarkarinejad et
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Fig. 1. (a) Geological map of Iran with different tectonostratigraphic units (Berberian and King, 1981). The quadrangle is represented the geo-
logic setting of the Dehbid district. (b) Modified geological map of the Dehbid district (after Houshmandzadeh et al.,, 1975; Shahidi et al,
1999). Abbreviations: SSZ = Sanandaj-Sirjan Zone, MZT = Main Zagros Thrust.
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al,, 2008; Samani, 2017) and ore characterize by plastic and
brittle deformation textures-structures which can interpret as
primary (metamorphogenic) or secondary overprinted textures.
The geology, mineralogy, alteration facies, magnetite mineral
geochemistry, partitioning of elements into the magnetite phase,
mineralization environment and temperature-pressure range of
the mineralization event have not subjected to a comprehensive
study since the discovery of this mine. In this article, we attempt
to investigate the mineralogy; alteration facies, pressure-temperature
range of the main mineralization event, relationship between
the mineralization and metamorphism, source of the sulfur,
ore-forming environment, the partitioning of elements into the
magnetite phase in an ore-forming environment, and the genetic
model based on detail petrographic studies (textural interpretation),
sulfur stable isotope study and Electron probe microanalysis
(EPMA) analysis of the magnetite.

2. REGIONAL GEOLOGY

The Heneshk deposit is situated at north-east of Shiraz city,
Fars province, in Dehbid district, part of Sanandaj-Sirjan Zone
(SSZ) (Fig. 1a). The SSZ stretches 1500 km long and 200 km
width from north-west to south-east of Iran (Mohajjel et al.,
2003; Fig. 1a) and poly-phase metamorphism and extensive
magmatism through its geological records characterizes this
zone (Mohajjel et al., 2003; Fergusson et al., 2016). The Main
Zagros Thrust (MZT) confines this zone to the west, and it is
situated at the margin of Central Iranian zone (Hassanzadeh
and Wernicke, 2016; Fig. 1a). Stratigraphic successions in Dehbid
district comprise Silurian, and upper Devonian-Lower Carboniferous
metamorphosed rock sequences and Permian to Jurassic carbonate
rock strata (Fig. 1b).

The Heneshk deposit is hosted by upper Devonian-Lower
Carboniferous Kowli-Kosh metamorphic complex which comprises
basinal rift sequences (Houshmandzadeh et al., 1975; Fig. 1b).
This complex constitutes metavolcanics, chlorite-calcschist,
quartzite, marble, graphite, and meta-dolomite members (Fig.
1b) which primarily comprises greywacke, sandstone, arkose,
carbonate (limestone-dolomite strata), and shale units with
interbedded basalt-rhyolite lava (bimodal volcanism), undergone
amphibolite facies metamorphism and deformation (regional
metamorphism), in late Triassic (Houshmandzadeh et al., 1975;
Alric and Virlogeus, 1977).

Two groups of intrusions intruded to the Kowli-Kosh complex
during the late Paleozoic to late Triassic. The first group of
intrusions emplaced during the late Paleozoic-middle Triassic
time interval which constitutes meta-gabbro, meta-diorite, meta-
granodiorite, meta-granite and subsequently metamorphosed
and deformed during the late Triassic (Houshmandzadeh et al.,

1975; Fig. 1). These intrusions had an alkaline affinity and emplaced
during rifting event. The second group of intrusions emplaced
in the late Triassic age after the metamorphic event and comprises
A-type granite-rhyolite dome without deformation (Houshmandzadeh
etal, 1975; Fig. 1).

3. ORE DEPOSIT GEOLOGY AND DEFROMATIONAL
HISTORY

The Heneshk deposit is hosted by a meta-dolomite member
of the Kowli-Kosh complex as two stratabound ore bodies (Fig. 2).
Upper and lower stratigraphic members of the meta-dolomite
are upper and lower chlorite schist members, respectively (Fig.
2) with a greenish color in the mining area (Fig. 3a). These two
members have gradational contact with the meta-dolomite (Fig.
3a). The meta-dolomite member is characterized by dolomite
sublayers with an NW-SE trend and 45° dip to the SE. These
sublayers, variably have several centimeters to meters thickness,
with cavity-vuggy texture and bright-dark brownish color (Figs.
4d and g). The dark brownish color of the sublayers is caused by
abundant iron oxide. Mineralization occurs as two ‘U’ shape ore
bodies, lying one ore body top of the other, separating out by an
altered meta-dolomite (Figs. 2 and 3b). The ore bodies have 400
m lengths, 50 to 100 m widths, with at least 100 m in depths
(Fig. 2). The middle sections of the ore bodies have a maximum
thickness and depths. From the center of the ore bodies towards
the two end sections, in both horizontal and cross-section plane
view, a distinct thinning occurs (Figs. 2 and 3b). The extensive
deformation arrays of the meta-dolomite and ore are reflected
in the concordant shape of the ore bodies (Fig. 2) with NW-SE
trends and 45° dip to the SE, the identical to the host rock.
However, these ore bodies traverse the upper and lower meta-
dolomite sub-layers, especially in the middle sections.

Structurally, the Heneshk deposit is located in a shear zone
(Sarkarinejad et al., 2008; Samani, 2017), having both the plastic
and the brittle deformation structures-textures with the ore
bodies and the meta-dolomite host rock. The lineation-foliation
of the ore and meta-dolomite comprise the deformation arrays
of the shear zone. This zone is characterized by mylonitic-
ultramylonitic rocks with generally NW-SE strike similar to the
meta-dolomite strata trends. The characteristics of these rocks
in the hand species is a distinct foliation due to the mylonitization.
In the peripheral sections to the ore bodies, mylonitic rocks
with sparse porphyroclasts occur and gradually transform into
the ultramylonitic rocks with any porphyroclasts across and
along with the ore bodies. The deformation textures-structures
of the Heneshk deposit can divide into the D; and D, deformation
regime, based on their relative timing (Table 1). The recognized
D, deformation textures-structures, with mylonitic and ultramylonitic
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Fig. 2. Geological map of the Heneshk deposit.

rocks comprise mylonites, rootless folds, S=C structures, implosion
breccia, folding, and foliation. All of these textures-structures
are part of the plastic deformation regime. The overprinted D,
deformation textures-structures on the D, fabrics are characterized
by abundant extensional veins, developed in the brittle deformation
processes, by the late extensional processes during metamorphism.
Also, in the late extensional processes, several faults formed
with the ore bodies without offsetting. Furthermore, the folding
of the meta-dolomite, part of the D, deformation regime, is
reflected in the ‘U’ shape geometry of the two ore bodies (Fig.
2). So, the mining area is characterized by the plastic and a late
brittle deformation regime (Table 1).

4. MINERALIZATION AND PARAGENETIC SEQUENCE

Petrography studies were performed on the thirty-five sections,
which comprise twenty thin, ten polish, and five thin-polish
sections. These sections were acquired from the meta-dolomite
host rock and ore bodies. Based on petrographic studies, the
Heneshk Fe-Cu mineralization constitutes abundant magnetite,
chalcopyrite, accessory specular hematite, mushketovite, and
rare pyrite. Mineralization occurs as two massive ‘U’ shape ore
bodies, and the main ore component consists of magnetite-

https://doi.org/10.1007/s12303-019-0050-7
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chalcopyrite in a silicified carbonate matrix (Figs. 4b and 5b).
The gangue minerals constitute abundant quartz, calcite, dolomite,
and minor barite (Figs. 4i and 5a-d, f). Furthermore, disseminated
and vein type of the mineralization occur with the two end
sections of the ore bodies as a replacement and open space
filling forms, respectively (Figs. 3d, f, and 4f, h, i). Across these
two end sections toward the meta-dolomite in an NW-SE strike,
the iron grade and relative abundance of the Fe-oxide minerals
decrease, as a characteristic of a transition, from massive to
disseminated ore. However, in the middle sections of the ore bodies,
the meta-dolomite host rock has a sharp contact with massive
ore without disseminated ore (Figs. 3b and d). Moreover, infill
forms occur with massive ore, especially for sulfide minerals
(Figs. 4a—c and e). The Heneshk mineralization formed in the
three stages in a complex paragenetic sequence (Table 1). The
paragenetic sequence consists of five distinct stages, and each
stage is characterized by different mineralogy, alteration products,
and deformation textures-structures (Table 1). The ore-gangue
minerals display a close temporal-spatial relationship with
deformation elements of the meta-dolomite host rock and ore
as well (D and D, deformation textures and structures) (Figs.
4a,b, d, e, and 5h).
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Fig. 3. (@) The Heneshk deposit is situated between the upper and lower chlorite schist members of the Kowli-Kosh complex with a meta-
dolomite host rock. (b) The two massive ‘U’ shape ore bodies are accompanied by the K (grey) and hydrolytic (white) alterations with a meta-
dolomite host rock. (c) This figure represents the folded mylonitic meta-dolomite with white color due to the abundant of the chlorite min-
eral (sodic alteration). The meta-dolomite host rock is displaying the orientation of the foliation. (d) This figure represents the cross-cutting
relationship between stage | (massive ore) and stage Ill mineralization (vein type of mineralization). (e) This figure represents the intense
hydrolytic alteration type (white) and the stage Il mineralization (black hematite-enriched veins). (f) This figure represents the cross-cutting
relationship between stage | mylonitic ore (grey) and stage Il barren quartz veins (white) with vein textured clasts structures.

4.1. Paragenetic Sequence crosscutting relationships, mineralogy, alteration products, and
deformation texture-structures (Table 1). Among these stages,

The paragenetic sequence of the Heneshk deposit is represented ~ stage I constitutes more than 95 vol. percent of the ore bodies
in Table 1. Five paragenetic stages are recognized based on and include more than 90 vol. percent of the magnetite ore

https://doi.org/10.1007/s12303-019-0050-7
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Table 1. The paragenetic sequence of the Heneshk deposit with the first (D;) and the second (D,) deformation regime

Mineralsand ~ Pre-Mineralization  Stage I (Mineralization)
alteration types Dy (Dy)

Stage 1T
Dy Dy

Stage IIT (Mineralization) Stage IV

(Mineralization) (D,)

Stage V
D)

Sodic & Fe-rich

Hydrolytic

K-rich

Silicification

Magnetite

Hematite

Chalcopyrite

Pyrite

Quartz

Barite

K-feldspar

Biotite

Albite

Sericite

Chlorite

Ankerite

Goethite

Calcite

component (Figs. 4a—c). Economically; other stages have subordinate
roles to the stage I mineralization. Ore and gangue minerals with
these five stages are displaying open space filling, replacement,
and deformation textures-structures. Replacement textures comprise
a depositional sequence (enrichment of the Fe component in
oxide minerals), non-matching walls, pseudomorphs, islands of
un-replaced of the host rock, gradational boundaries, a concave
surface, no offset along intersecting veins, transection an older
structure transect by the younger one. The open space filling
textures comprise euhedral grains, cavity and vugs, matching walls,
symmetrical banding, infills, and fine-grained minerals on the
wall and coarser one in the center. These stages (I to V) formed
in the D; and D, deformation regime. Stage I-III and IV-V
formed in the plastic (D;) and brittle (D,) deformation regime,
respectively.

4.1.1. Stage |

Economically and volumetrically, stage I is the main
mineralization stage in the Heneshk deposit. More than 95 vol.
percent of the ore bodies constitute stage I mineral assemblages
which comprise abundant magnetite, chalcopyrite, accessory
hematite, martite, mushketovite, and rare pyrite (Table 1; Figs.
4a—c, and 5a—d, h). The Fe-oxide and sulfide minerals formed as
massive or disseminated forms, displaying replacement and
open space filling textures (Figs. 3d, f, 4a-d, h, and 5a-c, i). The
sulfide minerals only occur with the massive ore (Fig. 4c) and
randomly, developed through the ore bodies (Figs. 4a and c).
Open space filling textures comprises cavities-vugs, infills, and

https://doi.org/10.1007/s12303-019-0050-7

euhedral grains (Figs. 4a, ¢, and 5a—c). Euhedral mineral grains
comprise magnetite and specular hematite (Figs. 5a and c).
Chalcopyrite and pyrite occur as infill components of the remnant
vugs-cavities of the massive ore (Figs. 5a and c). Replacement
textures are pseudomorphs, a young mineral transect old structure,
gradational boundaries, and islands of un-replaced wall rock.
The Fe-oxide ore minerals such as martite and mushketovite are
displaying pseudomorph texture and the island of the un-
replaced meta-dolomite occurs with the ore (Figs. 4a, ¢, and 5a,
b). The sulfide minerals (old structure) are transected and
replaced by late Fe-oxide ore minerals (young structure) with
gradational boundaries (Figs. 5c and d). The mineral deposition
sequence of this stage comprises early magnetite, late hematite
and last magnetite phases (Table 1). Mushketovite (magnetite
after hematite) and martite ore minerals occur with this sequence as
replacement forms of the early magnetite phase (Figs. 5c and d).
The early magnetite grains have ~0.7 to 0.2 mm range in size
(Figs. 5a and c). After this mineral assemblage, sulfide minerals
formed as infills of the remnant cavities-vugs of the ore (Figs. 4c
and 5a), characterizing with euhedral grains with ~1 cm to ~0.5
mm range in size. Then, these sulfide minerals are fractured and
cemented by early magnetite and late hematite phases (Table 1).
The late magnetite and hematite mineral assemblages are fine-
grained anhedral (~> 0.1 mm) phases as replacement forms
(Fig. 5d). Furthermore, D, deformation textures-structures including
mylonites and foliation characterizes stage I mineralization
(Figs. 4a—c). The ore minerals of this stage, occurring with the
meta-dolomite host-rock have a close temporal-spatial relationships



Genesis of the Heneshk IOCG deposit, Iran: magnetite mineral chemistry and sulfur isotope

Stage |
(Mylonitic ore)

Stage Il

/

\
\

- - Stage HIHematite-rich) ¥

)
-4 ]
R T

Euhedral
Quartz
-

Sulfides -

;’ s

i g_—’\\:_:‘;\Stage \ i\ W\

N

L

Rootless flds > Rootless folds

et A\
Ultramylonite B
“Meta-dolomite. .

Disseminetéd,_ 4 N\
Magnetite. .

Mylonitic
Meta-dolomite

\ S=C structur‘és

K-rich’ within the quartz

Alteration 'y | :

i vl : Disseminated '
oy Ore '\

[ Stage V E

{Barite-Calcite-Quartz

Fig. 4. (a) The mineralized veins (white, stage IV) transects mylonitic folded ore (stage | and Il mineral assemblages), and the ore is char-
acterized by the cavities and vugs (black). (b) Stage Il (white barren euhedral quartz) transects stage | mylonitic ore (dark-grey). (c) This figure
represents stage | mylonitic ore (magnetite-chalcopyrite) with the remnants of un-replaced meta-dolomite (grey). (d) This figure represents
rootless fold structures of the meta-dolomite, lying in the iron oxide-rich matrix (black). (e) This figure represents hematite-rich veins (stage
1) with rootless fold structures. (f) Magnetite rich veins (stage IV) transects stage | mylonitic ore (stage I). (g) This figure represents the ultram-
ylonitic meta-dolomite with implosion breccia structures. Each structure (dark-grey) is characterized by a dark layer of the magnetite-
goethite with elongated 'S’ shape geometry. (h) This figure represents the ultramylonitic meta-dolomite with disseminated ore and con-
comitant K alteration type (light-grey). (i) The barite rich vein (stage V) transects the silicified mylonitic meta-dolomite with S=C structures

and disseminated ore.

with deformation structures-textures, including mylonites, implosion
breccia, S=C structures, rootless folds, folding and foliation
(Figs. 3¢, f, 4a, d, e, g, and 5c—e, h). The mylonitic texture of the
meta-dolomite is characterized by carbonate grains size reduction,
and foliation of the host rock with dark and light layering
appearance (Figs. 3¢, 4d, g, and 5h, i). The light and dark layers
mainly constitute carbonate and hematite (major)-magnetite
(minor) phases, respectively (Fig. 5h). Also, the magnetite and
hematite occur with the fine-grained matrix and porphyroclasts

of the mylonitic meta-dolomite as anhedral-euhedral grains
(Figs. 5e, 1, e, i). The porphyroclasts consist of quartz, magnetite,
hematite, and carbonate phases (Fig. 5e). The rootless folds
structures are characterized by folded white meta-dolomite,
lying in the enriched Fe-oxide layers (Fig. 4d). Furthermore, the
implosion breccia structures filled with euhedral magnetite and
goethite (Fig. 4g). Within the implosion breccia structures, the
magnetite minerals are surrounded by goethite phase, displaying
the depositional sequence texture (enrichment in the Fe element)

https://doi.org/10.1007/s12303-019-0050-7
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Chalcopyrite

Fig. 5. (a) This figure represents early magnetite and late infill chalcopyrite ore minerals (stage I). The late Fe-oxide and sulfide phases replace
the early carbonate phase. (b) Stage | early magnetite phase replaces the carbonate phase. The carbonate minerals occur as un-replaced
islands with the ore. (c) The fractured chalcopyrite phase (stage I) is cemented by the early magnetite and late hematite. The late magnetite-
hematite (stage I) is transected by the late-stage Il quartz mineral. The background magnetite phase is replaced by the hematite phase (mar-
tite) (stage ). (d) Fractured chalcopyrite is cemented by the late magnetite-hematite (stage I). The late magnetite-hematite (stage |) is tran-
sected by the late-stage Il quartz, and magnetite phase (stage I) (mushketovite) replaces the early hematite. (e) quartz-magnetite-carbonate
porphyroclast of the mylonitic meta-dolomite. The fine-grained matrix (mylonites) comprises sericite, carbonate, and magnetite. (f) This fig-
ure represents the K alteration, affected by the late silicification. This figure represents the replacement of the feldspar phase by the Fe-
oxides. The remnant of the biotite and euhedral magnetite occur in the background. (g) This figure represents the mylonitic meta-dolomite
with magnetite (black), goethite (black), ankerite (light-grey), albite, and chlorite (dark-grey) mineral assemblage. (h) This figure represents
folded ultramylonitic rock with Fe-oxide minerals (black) and light carbonate layers (white). (i) This figure represents magnetite-goethite
assemblage (black) in the implosion breccia structure with an ultramylonitic meta-dolomite.

(Fig. 51). Other open space filling textures such as cavities-vugs, f, 4b, e, and 5d, h). Stage II is characterized by white to milky
euhedral grains, and replacement texture such as non-matching  euhedral quartz grains as veins, crosscutting stage I mylonitic
walls occur within the meta-dolomite as well (Figs. 5d, hand g).  ore with straight contact (Fig. 4b). This stage highly developed
into the ore bodies and meta-dolomite host rock. Replacement

4.1.2. Stage II, 1l textures of stage II comprise pseudomorph, concave surfaces
Stage II and IIT are characterized by open space filling, and gradational boundaries (Fig. 3f). The quartz grains of this
replacement, and D, deformation textures-structures (Figs. 3d, stage have ~1 cm to several millimeters range in size except for

https://doi.org/10.1007/s12303-019-0050-7
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mylonitic quartz grains, displaying size reduction fabrics (Figs.
5e and h). Also, the D, deformation regime affects this stage,
displaying vein textured clasts, folding and mylonitic textures-
structures (Fig. 3f). Stage III is characterized by abundant hematite
and minor magnetite phases (Figs. 3e and 4e). This stage transected
stage I-II and highly develops in the peripheral section and
through the massive ore bodies as veins with several centimeter
widths (Figs. 3d and e). The open space filing and replacement
textures of stage III comprise euhedral grains, matching walls
and concave surfaces (Fig. 4e). This stage is characterized by
folding which is part of the D, deformation regime (Fig. 4e).

4.1.3. Stage IV, V

These two stages (Stage IV-V) formed in the brittle deformation
regime (D,), displaying abundant open space filling and minor
replacement textures relative to the previously described stages
(I-1II) (Figs. 4e, f and i). The mineral assemblage of stage IV
constitutes early magnetite, late hematite, and last quartz as veins
with several centimeter widths (Fig. 4f), displaying open space
filling textures including symmetrical banding, matching walls,
and fine-grained mineral on the walls and coarser one in the center
(Fig. 4f). Replacement textures of this stage consist of gradational
boundaries. This stage merely developed into the massive ore
bodies without a trace with the meta-dolomite host rock. The
magnetite and hematite ore minerals have ~0.1 to ~0.5 mm range
in size. Stage V is characterized by quartz, calcite, and barite mineral
assemblage as veins and veinlet in the mining area, developing
into the ore bodies and meta-dolomite host rock (Figs. 4e and i).
The vein and veinlets approximately have 3 to 1 mm range in size.
The textures-structures of this stage consist of matching walls, and
no offset along the intersecting veins.

4.2. Alterations

Five alteration types, including sodic, Fe, K (potassium feldspar),
hydrolytic, and silicification identified in the Heneshk deposit.
These alteration types are characterized by their mineral assemblage
and a different color in the mining area. The sodic, Fe-rich, K,
and hydrolytic alterations are characterized by white-pale green,
brown, pinkish, and white colors respectively (Figs. 3b, c, e, 4h,
and 5f, g). The sodic and Fe alterations occur as a pre-mineralization
stage (Table 1). The K and hydrolytic alterations are accompanied
by each mineralization stage (stage I, IIT, and IV). The silicification
tully developed with stage Il and IV (Table 1). The highly developed
alteration types in the mine are sodic, silicification, and Fe being
traced over several hundred meters around the mine (Fig. 2).
The K and hydrolytic alterations extend over one-two hundred
and fifty meters around ore bodies, respectively (Fig. 2). Also, all
alteration types have a close temporal-spatial relationship with

deformation arrays in the mine.

4.2.1. Sodic and Fe alterations

The sodic and Fe alterations (Na-Ca-Fe) constitute albite,
chlorite, ankerite, goethite, calcite, and hematite mineral phases
as replacement forms of the meta-dolomite (Table 1). The mineral
assemblage of the Fe alteration comprises goethite and hematite
(Table 1). These two alteration types developed as a pre-
mineralization stage (Table 1), and their intensity increase toward
the center of the shear zone and vicinity of the ore bodies. In
some localities in the mine, the intensity of the sodic alteration is
characterized by the greenish and white colors of the meta-
dolomite due to the more abundant of the chlorite or albite minerals
respectively. The Fe alteration is characterized by brown color
in the mining area caused by more abundant of the goethite
mineral, and its intensity steadily increases toward the vicinity of
the ore bodies. Both sodic and Fe-rich alteration types have a close
temporal-spatial relationship with D; deformation textures-
structures similar to the stage I mylonitic ores.

4.2.2. K and hydrolytic alterations

These two alteration types occur with each stage of the
mineralization as replacement forms of the host rock. The K
alteration mineral assemblage constitutes potassium feldspar
(K-feldspar) and sparse biotite, and hydrolytic alteration consists
of sericite mineral (Table 1; Figs. 5f and e). Each mineralization
stage is characterized by early K and late hydrolytic alterations
(Table 1). The early K-feldspar and biotite minerals are altered
to sericite and Fe-oxides phases, respectively (Fig. 5f). Both K
and hydrolytic alterations with the stage I and III are displaying
D, deformation textures and structures with a close temporal-
spatial relationship with deformation arrays (Fig. 3e). However,
the K-rich and hydrolytic alterations with stage IV mineralization
occur at the selvage of the mineralized veins, displaying D,
deformation textures (Table 1). Also, these two alteration types
overprinted on the sodic alteration, and albite-chlorite are replaced
by sericite and Fe-oxides phases, respectively.

4.2.3. Silicifications

The silicification of the ore and meta-dolomite well developed
through to stage Il and IV. The early development of this alteration
with the ore bodies and host rock occurs with the stage IT barren
quartz veins. Also, this alteration developed with stage IV
mineralization at the selvage of the mineralized veins. The
silicification with the meta-dolomite host rock and ore bodies is
characterized by fine quartz grains (grain size reduction) and
porphyroclasts as well. Also, the overprinting of this alteration
on the K and hydrolytic alterations, cause the elimination of the
textural evidence.

https://doi.org/10.1007/s12303-019-0050-7
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5. ANALYTICAL METHODS

EPMA performs on the thin-polish sections of the Heneshk
magnetite ore for obtaining concentrations of the major and
trace elements including Si, Al, Fe, Mn, Ti, Mg, V, Cr, Zn, and
Ni (Table 2) at Activation Laboratory in Ancaster, Ontario,
Canada. Measurements were conducted by JEOL microprobe
and electron gun, operated at an accelerating voltage of 15 kV
and varying spot size from 5 to 10 microns with ZAF (Z =
atomic number correction. A = absorption correction. F =
characteristic fluorescence correction) matrix correction on
the fifteen magnetite grains (Table 2). Wavelength spectrometers
(WDS) are used to detect the X-ray counts from the surface of
the samples, and the WDS counts X-rays signals for only one
element at a time. The counting times performed for these
elements are 30 and 15 seconds for peak and background,
respectively. The Smithsonian Magnetite (UNSM 114887) was
utilized as a standard in this analysis. The detection limit in this
method is £0.01 wt% (100 ppm). Stoichiometric criteria were
used for Fe** estimation in this method (Table 2).

Sulfur stable isotope analysis was conducted on the representative
sulfide minerals. Five chalcopyrite samples were selected from
crushed magnetite ore under a binocular microscope by hand
picking. Then, these ore samples were pulverized in an agate
mortar and sent to the Activation Laboratory (Act Lab),
Ancaster, Ontario, Canada for the further analytical procedure.

Morteza Mizan and Xiao-Wen Huang

In the lab, pure BaSO, and sulfide samples were combusted to
SO, gas under ~107 torr vacuum and then the gas was inlet
directly from the vacuum line to the ion source of a VG 602
Isotope Ratio Mass Spectrometer (Ueda and Krouse, 1986).
Quantitative combustion to SO, was achieved by mixing 5
mgs of each sulfide sample with 100 mgs mixture of V,05 and SiO,
(with 1:1 weight ratio). The reaction was carried out at 950 °C
for 7 minutes in a quartz glass reaction tube. Pure copper turnings
were utilized as a catalyst to ensure the complete conversion of
SO; to SO, gas. Internal Lab Standards (Sea Water BaSO, and
Fisher BaSO,) ran at the beginning and end of each set of samples
(typically 25), to normalize the data as well as instrumental
errors. In this article, all results are reported in the per mill (%o)
notation relative to the international CDT standard. Typically,
the precision and reproducibility of this method is better than
0.2 per mill (n = 10 internal lab standards).

6. RESULTS
6.1. Magnetite Mineral Chemistry

EPMA conducted on the fifteen individual magnetite grains
from the early Fe-oxide assemblage of the stage I mineralization
(Tables 1 and 2). These euhedral magnetite crystals have no sign
of compositional zoning, replacement textures (e.g., mushketovite)
or mineral inclusions. The concentrations of the SiO,, Al,Os,

Table 2. Major and trace elements Electron probe microanalysis (EPMA) of the fifteen individual magnetite grains

Amalye OB 0 % AN ) b0 (e ) ) Ay T RT O Toul
Samples
H-1 0.81 0.00 0.06 0.01 87.36 0.00 0.05 0.00 0.00 n.d. 74.50 25.33 100.77
H-2 0.92 0.00 0.00 0.04 88.48 0.02 0.02 0.10 0.00 n.d. 74.14 25.06 100.30
H-3 0.51 0.04 0.03 0.00 90.47 0.02 0.05 0.11 0.03 n.d. 73.43 24.51 98.73
H-4 0.66 0.00 0.06 0.00 92.32 0.00 0.00 0.00 0.00 n.d. 68.21 31.59 100.52
H-5 1.09 0.00 0.07 0.00 91.84 0.01 0.00 0.00 0.00 n.d. 68.08 31.57 100.83
H-6 0.68 0.00 0.05 0.03 89.67 0.00 0.04 0.00 0.00 n.d. 73.73 24.77 99.29
H-7 1.60 0.00 0.21 0.00 91.30 0.07 0.00 0.03 0.00 n.d. 67.80 31.46 101.17
H-8 0.28 0.12 0.06 0.00 93.73 0.00 0.00 0.13 0.00 n.d. 68.50 30.72 99.79
H-9 0.04 0.00 0.03 0.00 94.96 0.00 0.11 0.00 0.00 n.d. 68.83 30.87 99.87
H-10 0.11 0.01 0.00 0.00 85.39 0.00 0.14 0.03 0.00 n.d. 75.21 25.75 101.25
H-11 0.44 0.00 0.03 0.00 83.62 0.00 0.00 0.04 0.00 n.d. 66.68 31.76 98.95
H-12 1.12 0.00 0.10 0.00 94.46 0.02 0.00 0.00 0.00 n.d. 68.67 31.61 101.51
H-13 0.2 0.03 0.03 0.00 98.59 0.02 0.14 0.00 0.02 n.d. 69.76 31.20 101.23
H-14 0.36 0.16 0.14 0.00 90.53 0.01 0.01 0.02 0.04 n.d. 67.64 31.31 99.70
H-15 1.47 0.05 0.15 0.06 84.02 0.00 0.00 0.00 0.00 n.d. 66.65 31.61 99.99
Average 0.67 0.03 0.07 0.01 90.45 0.01 0.04 0.03 0.01 - 70.12 29.27 100.26
Maximum 1.60 0.16 0.21 0.06 98.59 0.07 0.14 0.13 0.04 - 75.21 31.76 101.51
Minimum 0.02 0.00 0.00 0.00 83.62 0.00 0.00 0.00 0.00 - 2451 24.51 98.73

Abbreviation: n.d. = not detected.
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FeO, MnO, TiO,, MgO, V,0;, Cr,03, ZnO, and NiO were measured
and represented in Table 2. Among these oxides, SiO,, AL,O;,
and FeO are consistently detected with the magnetite (Table 2).
Conversely, the concentration of the V,0; has not detected,
and concentrations of the other oxides including MnO, TiO,,
MgO, Cr,03, ZnO, and NiO are occasionally detected with
magnetite (Table 2). The average concentrations of the SiO,,
TiO,, AL,O3, Cr,03, MgO, MnO, ZnO, and NiO are 0.67, 0.03,
0.07, 0.01, 0.01, 0.04, 0.03, and 0.01 wt%, respectively (Table
2). The minimum values of the SiO, and FeO oxides are 0.02
and 83.62 wt%, respectively (Table 2). Furthermore, the
minimum value of the TiO,, Al,O;, Cr,03, MgO, MnO, ZnO,
and NiO is zero (Table 2). In fact, among the fifteen magnetite
grains, only several grains have detectable concentrations of
these elements (Table 2). Among the fifteen-magnetite, nine
grains have concentrations of the Zn and Mg elements (Table
2). Ten, eight, six and four magnetite grains have concentrations
of the Mn, Ti, Cr, and Ni elements, respectively (Table 2). In
general, these magnetite grains are pure and have low
concentrations of the major and minor elements as well.

6.2. Sulfur Stable Isotope Analysis

The metamorphic processes (from low to high metamorphic
grades) cannot change or affect the pristine isotopic ratios of the
sulfide minerals (Corriveau and Spry, 2014). Based on this, five
representative chalcopyrite samples including Hg, Ho, Hyo, Hj3,
and H, from the stage I mineralization sulfide mineral assemblage
(Table 1) were selected for sulfur stable isotope analysis. The
mineral isotopic ratios (8*S,,eras (cpry) for Hg, Ho, Hyg, Hyp,
and H;, samples are +41.3, +41.2, +40.8, +40.5, and +41.1
respectively. Based on petrography studies on the Heneshk deposit,
sulfate minerals not accompanied stage I sulfide mineral assemblage.
In this conditions, the precipitations of the sulfide minerals occur
in a reduced condition (Baker and Andrew, 1991; Ohmoto and
Goldhaber, 1997; John et al., 2003) with negligible fractionation
between sulfide minerals and 3*Sy; s mineralizaed fluid and we
can utilize the 8*Sy; 5 = 8”S,,,ra1 approximation for calculation
the %Sy ¢ mineralized fluid (Ohmoto and Goldhaber, 1997).
Also, in this reduced condition, we can use &%S~&"Sy
approximation (Ohmoto and Ray, 1997). Therefore, based on two
approximation as discuss above, we can use 8*SES & 8S,,,ierai
approximation (Ohmoto and Goldhaber, 1997). Furthermore,
the effects of the temperature on the fractionation factor between
chalcopyrite and the 5*Sy;, s mineralized fluid is less than 0.7%o
(1000 Incc) in a temperature range between 0 to 1000 °C (Liand
Liu, 2006). So, considering the effect of the temperature, our
extended range of 8™Sy simineralizaed fiuid) 15 between 39.8 to
40.6%o.

7. DISCUSSION

7.1. Syn-deformational Mineralization of the Heneshk
Deposit

The interpretation of the deformation textures-structures evidence,
textural interrelationships, and mineral phase equilibria propose
the syn-deformational formation of the ore and gangue minerals
in the Heneshk deposit. Based on petrographic studies, there
are two types of textural evidence, indicating pre-syn or syn-
deformational formation of the ore and gangue minerals. The
deformation textures including mylonites, S=C structures, folding,
vein textured clasts, rootless folds, and foliation indicate the pre-
syn deformational formation of the pre-mineralization stage
and stage I-III mineral assemblages. Similarly, these textures
including veins textured clasts, and folding of the ore and gangue
minerals interpret as pre-syn deformational indicators in Orogenic
Gold Deposits (OGDs) (Goldfarb et al,, 2005). One of the strong
indicators of syn-deformational mineralization is the implosion
breccia structures, filling with stage I magnetite. Clearly, the
implosion breccia structures are formed during syn-deformational
processes (plastic deformation) by a high-pressure fluid, flowed
into the opening structure, at the time of formation (in step or in
a fault) and minerals begin to precipitate in the structure (Vernon,
2004). In Heneshk deposit, these structures fill with euhedral
magnetite (stage I) in the goethite rich matrix, indicating the
presence of a high-pressure Fe-rich fluid (mineralized fluid) at
the time of the plastic deformation (mylonitization event) causes
the formation of the magnetite. Hence, the implosion breccias
indicate the syn-deformational mineralization event for stage I
mineral assemblage.

The textural interrelationship of the Heneshk deposit including
overprinting relationships of the plastic and brittle textures-
structures are the identical to the mylonitic terranes, proposing
the syn-deformational formation of the deposit during metamorphism.
The mylonitic terranes are characterized by overprinted brittle
deformation textures-structures on plastic deformation textures-
structures (Passchier and Trouw; 2005). Plastic deformation textures-
structures including mylonites, S=C structures, folding, implosion
breccias, and rootless folds develop in the high temperature-
pressure environments with the general characteristic of abundant
replacement and scarce open space filling textures (Guilbert and
Park, 1986; Vernon, 2004; Passchier and Trouw; 2005). Conversely,
in brittle deformation regime, textures including late tensional
vein systems develop in the low temperature-pressure environments
relative to the plastic deformation with the general characteristic
of abundant open space filling and scarce replacement textures
(Guilbert and Park, 1986; Vernon, 2004; Passchier and Trouw,
2005). The plastic deformation (D,) textures-structures with the
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general characteristic of abundant replacement and scarce open
space filling textures and brittle deformation (D,) textures-
structures with the general characteristic of abundant open
space filling and scarce replacement textures, in the Heneshk
deposit are the identical to the mylonitic terranes. Also, the
overprinted brittle (D,) on the early plastic (D) deformation
textures-structures in the Heneshk deposit is the identical to the
mylonitic terrane. Overall, this identical pattern and consistency
between the depositional and deformation textures proposed
syn-deformational mineralization in the Heneshk deposit.
Furthermore, another means for investigations of the syn-
deformational formation of the Heneshk deposit is mineral
phase equilibria interrelationships. The mineral assemblage of
the Heneshk deposit can consider as mineral phase equilibria
during the metamorphism. From this point of view, the ore and
gangue minerals are Silicate-Carbonate-Oxides (SCO) mineral
phase equilibria (Eqgs. 1-4; Frost, 1991). From the SCO mineral
phase equilibria, during metamorphism in greenschist or lower
amphibolite facies, different mineral assemblages including
greenalite, minnesotaite, grunerite, and fayalite phases can form
in the oxidized condition relative to the FMQ (Fayalite-Magnetite-
Quartz) buffer similar to the Banded Iron Formation (BIF) with
same ore and gangue mineral assemblages (Eqs. 1-4; Frost, 1991).
The equations for forming of these mineral phases are represented
below. These equations are a series of continuous reactions in
which temperature and fO, are increase and decrease relative to
the FMQ buffer, respectively (Frost, 1991). Based on the SCO
mineral phase equilibria, mineral assemblage of the Heneshk
deposit, and metamorphic grade in Dehbid district (lower amphibolite
facies), mineral phases including greenalite, minnesotaite, grunerite,
and fayalite must form in this condition. The absence of these
phases indicates that the SCO mineral phases were not coexisting
during the prograde metamorphism, to attain an equilibrium.
So, mineral assemblage of the Heneshk deposit had not formed
before the metamorphic event in late Triassic or in the prograde
metamorphism. As discussed below, stage I mineralization
formed at 300 °C and 10 km in depth (~2.8 kb) and based on previous
studies by Alric and Virlogeus (1977) and Houshmandzadeh et
al. (1975), the maximum pressure during peak metamorphism
in Dehbid was 5 kb. So, rationally different mineral phases
including quartz and clay minerals should form in the different
stages (time intervals) without coexisting during the retrograde
metamorphism in a decreasing temperature and pressure
environment (300 °C and ~2.8 kb). In this condition, different
mineral phases have not enough time to achieve a new equilibrium
for the formation of the new mineral phases in a decreasing
temperature-pressure regime (Egs. 1-4). So, this result proposes
syn-deformational formation and development of the different
stages and mineral assemblage in Heneshk deposit in the time

https://doi.org/10.1007/s12303-019-0050-7

interval of the D, to D, deformation regime during the retrograde
metamorphism.

6Fe,0; (Hematite) + 8SiO, (Quartz) + 8H,O (vapor)

= 4Fe;Si,05(OH) 4 (Greenalite) + 30,, (1)
2Fe;O, (Magnetite) + 8SiO, (Quartz) + 2H,O (vapor)

= 4Fe;5i,0,o(OH), (Minnesotaite) + 20,, ()
14Fe;0,4 (Magnetite) + 485i0, (Quartz) + 6H,O (vapor)

= 6Fe;Sig0,,(OH), (Grunerite) + 70,, (3)

2Fe;0, (Magnetite) + 35i0, (Quartz) = 4Fe,SiO, (Fayalite) + O,.
4)

7.2. Temperature-Pressure Range during the Miner-
alization

Based on the textural evidence, overprinting relationships, and
mineral phase equilibria, as discussed above, stage I mineralization
in the Heneshk deposit formed during the deformational processes
(mylonitization event) and retrograde metamorphism. Strong
textural evidence such as the deformed quartz-feldspar minerals,
quartz recrystallization, and presence of the rare biotite mineral
during the mylonitization of the stage I-II can use as a powerful tool
to constrain the temperature-pressure range of the mineralization
environment during the mylonitization event. Occurrence of
the quartz-feldspar grain size reduction in mylonitic terranes
indicates that deformation occurs at approximately 300 to 450 °C
and 10-15 km in depth (Vernon, 2004) and recrystallization of
quartz grains with ~2.8 to ~2.9 um range in size occur at 300 °C
in these terranes during deformation (Passchier and Trouw; 2005).
So, textural evidence in Heneshk deposit such as the quartz-
feldspar grain size reduction and recrystallization of the quartz
grains with approximately 2.8 to ~2.9 pm range in size, as coronas
of porphyroclasts indicate that mylonitization-mineralization event
should occur at approximately 300 °C and 10-15 km in depth.

Another strong evidence is the presence of comparatively rare
biotite as a critical mineral phase of the K-alteration in the stage
I mineralization. In one hand, in metamorphic conditions and
in an equilibrium involving ferric iron in silicates (biotite) and
magnetite-hematite, there is a tendency for partitioning of Fe**
in magnetite-hematite into the silicates, at the expense of these
oxides without any change in the oxidation state (Frost, 1991).
On the other hand, the occurrence of the rare biotite in Heneshk
deposit reflects the lack of partitioning of Fe’* in the biotite as
the expense of the magnetite-hematite ore in the retrograde
metamorphism (stage I). Also, in OGDs, biotite begins to emerge
in mineral assemblages at approximately 300 °C and 10 km in
depth (~2.8 kb) (Groves, 1993). According to the partitioning and
emerging of the biotite, it is rational that the ideal environment
(temperature-pressure range) for the growth of the biotite (stage
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I alteration facies) as the expense of the magnetite-hematite ore
was not provided and it was at the edge of the temperature range for
biotite formation (300 °C). As a result, we consider the temperature-
pressure range of the stage I mineralization environment in the
Heneshk deposit at approximately 300 °C and 10 km in depth.

7.3. Magnetite Mineral Chemistry of the Heneshk
Deposit

The magnetite mineral chemistry of the stage I mineralization,
economically the most critical stage, in the Heneshk deposit
(more than 95 vol. percent of the ore bodies) is in accordance
with metamorphic magnetite. We use a modified Dupuis and
Beaudoin (2011) diagram by Nadoll et al. (2014), to compare the
mineral chemistry of the Heneshk deposit with other deposit types.
Six magnetite grains with elemental concentrations of the Ti, Al,
and Mn (Hs, Hg, Hy, Hy3, Hyy, and Hy5; Table 2; Fig. 6) are plotted
on the diagram. The data with zero value were not utilized for
this comparison due to the unacceptable results on the diagram
(Table 2). The designated area of these points on the diagram is
in accordance with IOCGs and BIFs (Fig. 6). Furthermore, the
upper, lower, and average elemental concentrations of the Mg,
Al, Ti, Ni, Cr, Mn, and Zn are plotted on the diagram, proposed
by Nadoll et al. (2014) for distinguishing the different hydrothermal
magnetite types (Fig. 7). The average concentrations of all elements
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Fig. 6. The EPMA of the Heneshk magnetite deposit are plotted on
the modified diagram of the Dupuis and Beaudoin (2011) by Nadoll
et al. (2014). The location of the six analyses of the Heneshk mag-
netite (stage 1) with elemental concentrations of the Ti, Al, and Mn
(Hs, Hg, Hio, Hy3, Hyg, and Hys) are displayed on the diagram. Other
data cannot plot on the diagram due to the zero values of the Ti, Al,
and Mn elements.
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are in accordance with Ag, Pb, Zn hydrothermal magnetite,
representing the metamorphic magnetite (Fig. 7). The Ag, Pb,
Zn hydrothermal magnetite is represented the occurrence of the
magnetite in Coeur d’ Alene mining district, Idaho, USA, during
the metamorphic event (Leach et al., 1988; Constantopoulos,
1994; Eaton et al., 1995; Fleck et al., 2002; Nadoll et al., 2014).
The lower limits for elemental concentrations of the Heneshk
magnetite merely can compare with BIFs due to the very low
concentrations of these elements (zero value) (Fig. 7). In general, the
elemental concentrations of the Heneshk magnetite are very
low, and we can consider the Heneshk magnetite as a pure
magnetite. Only metamorphic magnetite is too pure and has
very low elemental concentrations, especially for the Ti element
(Frost, 1991). So, economically-volumetrically, the most critical
mineralization stage in Heneshk deposit (Stage I) is in accordance
with the metamorphic magnetite and IOCG, and due to the
very low elemental concentrations, it has an overlap with BIFs
magnetite as well.

7.4. Partitioning of Elements in Magnetite Phase during
Mylonitization

As discuss above, the Heneshk magnetite mineral chemistry
of the stage I mineralization only can compare with the Ag, Pb,
Zn hydrothermal magnetite and due to the very low elemental
concentrations, the quantitative data on this magnetite have a
considerable overlap with BIFs magnetite in the Dupuis and
Beaudoin (2011) and Nadoll et al. (2014) diagrams. This overlap
can explain by Dare et al. (2014) diagrams, classifying magnetite
based on temperature ranges of mineralized fluids. These
temperature ranges, control of the elemental substitutions cause
for fairly similar elemental concentrations in one group (Dare et
al.,, 2014). The Ag, Pb, Zn, hydrothermal and BIF magnetite are
classified by Dare et al. (2014) as the low-temperature magnetite,
forming with a maximum temperature limit of 300 °C with fairly
similar elemental concentrations. As discussed above, stage I
mineralization of the Heneshk deposit approximately formed in
the 300 °C, similar to the Ag, Pb, Zn hydrothermal magnetite during
metamorphism. So, we expect similar elemental concentrations
for the Heneshk magnetite and the BIF as well. However,
maximum elemental concentrations for the Ni, Cr, Zn, Al, and
slightly Ti are high and can compare with the magmatic-hydrothermal
magnetite. Elements such as Ni, Cr, and Zn with higher
concentrations are the most compatible elements in magnetite
mineral structure and their substitution mainly control over a
change in the temperature ranges between different geological
environments (Dare et al.,, 2014; Nadoll et al., 2014). Therefore,
by considering the temperature range of the stage I mineralization
in Heneshk deposit (300 °C, low-temperature environment)
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Fig. 7. The EPMA data of the Heneshk magnetite deposit are plotted on the Nadoll et al. (2014) diagram.

and proposed elemental concentrations for the magnetite in this
temperature range by Dare et al. (2014) and Nadoll et al. (2014),
the higher elemental concentrations of the Ni, Cr, Zn, Ti, and Al
can relate to the higher pressure (10 km in depth, ~2.8 kb) of the
mineralization environment. This higher elemental concentration
may indicate the higher pressure of the mineralization environment
lead to the higher elemental substitutions in magnetite mineral
structure, especially for the most compatible elements in magnetite
structure such as Ni, Cr, and Zn. Also, the incompatible
elements in the magnetite structure, such as Si (Dare et al,, 2014)

https://doi.org/10.1007/s12303-019-0050-7

should have a lower concentration relative to the compatible
elements, even in a high-pressure environment. However, the
Heneshk deposit recorded the highest concentrations of the
Si element as well. These concentrations only can compare
with skarn magnetite deposits (0.1-6 wt% Si) with unknown
substitution mechanism for this element (Dare et al., 2014). It is
possible the Si concentration also related to the higher pressure
of the mineralization environment as we proposed for other
relatively compatible elements. Finally, the unusual lack of any
traceable concentrations of V element possibly related to the
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primary low concentration of this element in the mineralized
fluid as well.

7.5. Source of the Sulfur and Precipitation Mechanism

Based on the sulfur stable isotope data, paleo-evaporates are
only sources of the sulfur component of the Heneshk deposit
with Thermochemical Sulfate Reduction (TSR) mechanism for
mineral precipitations. The Sy, spineraiizacd fuid) Of the Heneshk
deposit is between +39.8 to +40.6%o. In fact, this range is heavier
than any paleo-evaporates ever formed through the geological
time from the sea water sulfate (~+34%o, reported by Claypool
etal., 1980). Therefore, the sulfide minerals such as chalcopyrite
and pyrite must form through a very specific precipitation
mechanism from a sulfate source. Isotopically, only TSR mechanism
can explain that the generation of the heavier sulfide minerals
from a relatively heavy sulfate source (Ohmoto and Goldhaber,
1997; Peevler et al., 2003). So, the sulfide minerals in the Heneshk
deposit must form from a sulfate source by TSR mechanism.
These paleo-evaporates must leached from the older rock strata
in Dehbid region including the Silurian or upper Devonian-
Lower Carboniferous rock sequences. In conclusion, the sulfur
component in the Heneshk deposit does not relate to none of
the magmatic source or syngenetic deposits such as BIFs due to
the heavier sulfur source than sea water sulfate.

7.6. Constraint on Genesis of the Heneshk Deposit

Different geological line of evidence in the Heneshk deposit
including the textural evidence, the SCO mineral phase equilibria,
the magnetite mineral chemistry, and the contribution of the
paleo-evaporates are in accordance with a metamorphogenic
ore. Evidence such as the implosion breccia textures-structures,
the sulfur isotope data, and the magnetite mineral chemistry indicate
that the stage I mineralization formed during the metamorphism in
late Triassic. This stage constitutes more than 95 volume percent
of the ore bodies cause of the present value of this deposit,
economically. The approval of this genesis for the stage I
mineralization has two important consequences: (1) Stage III
mineralization is part of the D; deformation regime identical to
the stage I mineralization with a metamorphic origin during an
ongoing deformation regime. (2) The stage IV mineralization
with the same ore mineralogy and the alteration types similar to
the stage I and III mineralization formed in the retrograde
metamorphism after the D, deformation regime in a tensional
tectonic regime (the D, deformational regime). In conclusion,
mineralization in the Heneshk deposit occurred in a deformation
regime during the metamorphic event in the late Triassic in
Dehbid district.

Furthermore, the critical genetic aspects of the Heneshk deposit
including the source of the mineralized fluid, the fluid convection,
and the possibility of the mass transfer in a metamorphic environment
and a shear zone should occur in a similar way to the proposed
mechanisms for forming new mineral phases in a metamorphic
environment. The mineralized fluid in the Heneshk deposit
during the metamorphism should have originated from the Silurian
and upper Devonian-Lower Carboniferous strata caused by
the physical (e.g., dewatering of the pore water) and chemical
devolatilization of the pore fluids, clay minerals, carbonates, and
other possible sources. The physical and chemical devolatilizations
are the main mechanisms for producing fluids in metamorphic
environments from rock sequences (Roedder, 1984). Presumably,
the generated mineralized fluid, actively circulated through the
pile of the rock sequences and the shear zone, forming the Heneshk
mineral assemblage during metamorphism by leaching the ore
components from rock strata. The presence of the active or less
active circulated fluids into the shear zone is proposed by Etheridge et
al. (1983) and other studies indicate the considerable mass
transfer in shear zones during metamorphism (Vernon, 2004).
So, based on the proposed mechanisms for forming new minerals
in metamorphic environments, the occurrence of the Heneshk
mineral assemblages and critical genetic aspects of the mineralization
can fully justify during the metamorphic event in Dehbid district.

7.7. Commonalities of the Heneshk Deposit with I0CGs

The Heneshk Fe + Cu deposit has the unequivocal geological
key characteristics of IOCGs. The first, IOCGs have structural
controls on mineralization (Williams et al., 2005; Groves et al.,
2010; Barton, 2014) and they are stratabound in nature (Barton,
2014). Mineralization in the Heneshk deposit including two ore
bodies and concomitant alterations bound to the meta-dolomite
host rock and a shear zone as stratabound ore bodies and
paragenetic stages are displaying temporal-spatial relationships
with deformation arrays (D;, D,) in a shear zone, reflecting
structural controls on the mineralization. In the second place,
the transforming extensional tectonic setting or extensional tectonic
regime into the compressional tectonic regime (e.g., Andean
IOCGs) is considered as a frequent tectonic setting for IOCGs
and these deposits are accompanied by the coeval magmatism
(bimodal volcanism and intrusions) (Groves et al., 2010; Barton,
2014) (e.g., felsic intrusions in the South Australia, Pollard, 2006
and SE Missouri, Nold et al., 2014). The tectonic setting of the
Heneshk deposit was a rifting setting, transformed to a continental
magmatic arc (compressional tectonic regime) during the Late
Carboniferous to early Jurassic time interval (Berberian and King,
1981; Verdel et al., 2011; Alirezaei and Hassanzadeh, 2012; Richards,
2015; Davoudian et al., 2016; Hassanzadeh and Wernicke, 2016)
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similar to the IOCGs. Also, the characteristic of this time interval
in Dehbid district is bimodal volcanism and coeval A type felsic
intrusions with the Kowli-Kosh complex similar to the IOCGs.
Moreover, the mineralogy and magnetite geochemistry of the
IOCGs and Heneshk deposit are similar in every aspect. IOCGs
contain low Ti (< 1 wt%) abundant magnetite-hematite (namely
specularite) with abundant chalcopyrite and pyrite as common
sulfide phases (Williams et al., 2005; Groves et al., 2010; Barton,
2014). Also, some authors reported the presence of the mushketovite
with some typical and world-class IOCGs (e.g,, Oak Dam, Davidson
et al,, 2007; Raul-Condestable, De Haller and Fontbote, 2009;
Marcona-Mina Justa, Chen et al., 2010; Mantoverde, Rieger et
al,, 2010; Domingo, Daroch and Barton, 2011; Hamlin lake,
Forslund, 2012; deposits in Purcell rage, Galicki et al., 2012; El
Espino, Lopez et al., 2014) and others mentioned that mineral
phase as well (e.g., Williams et al, 2005 ; Chen, 2013; Barton, 2014).
The ore mineralogy of the Heneshk deposit comprises abundant
low Ti-magnetite (Table 2), chalcopyrite, minor hypogene martite,
mushketovite, and hematite (specularite) (Table 1) as the same
as IOCGs. Another critical characteristic of the IOCG deposit is
the hydrothermal nature of the mineralization, alkali metasomatism
(Na-Ca), hydrolytic (acid, H"), and K-rich alteration types (Hitzman
et al,, 1992; Williams et al., 2005; Groves et al., 2010; Barton,
2014). The replacement and open space filling textures reflect
the hydrothermal nature of mineralization (e.g., Guilbert and
Park, 1986; Taylor, 2009) and these textures are most typical
characteristics of the mineralization stages in the Heneshk deposit.
Also, the pre-mineralization sodic, simultaneous K and hydrolytic
alterations in the Heneshk deposit are identical to IOCGs. Furthermore,
another essential characteristic of the IOCGs is oxidized host
rock (Barton, 2014). The pre-mineralization Fe alteration of the
Heneshk deposit oxidized the meta-dolomite host rock similar
to the IOCGs. Finally, some of the world class IOCGs have a deep
crustal setting such as Cloncurry district, Australia (Williams et
al.,, 2005) and the Heneshk deposit has a similar deep-seated
setting. In conclusion, the Heneshk deposit and IOCGs are similar
in key aspects including the structural controls on mineralization,
stratabound nature of the mineralization, rifting setting transformed
to continental magmatic arc, coeval magmatism, mineralogy,
magnetite mineral geochemistry, hydrothermal nature of
mineralization, alteration facies, oxidize host rock, and mineralization
in the deep crustal setting (10 km in depth).

8. CONCLUSION

During the last decade, most of the researchers propose
magmatic origins for the most IOCGs and their concomitant
alteration types, worldwide. Among these studies, the role of
metamorphism in ore-forming processes for IOCGs receives
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scant attention due to the sparse geological evidence, supporting
this role. The line of evidence, supporting the contribution of
the metamorphic ore-forming components was established on
the stable or radiogenic isotopic data on the coexist mineral phase
with the ore such as quartz or sulfide minerals on a few deposits
and even is these cases, the contribution of the magmatic components
was always recorded. The mineral chemistry of the magnetite
usually does not recognizes as a means for explorational targeting
for IOCGs. Also, the most IOCGs are hosted by the metamorphic
terrane around the world, and the geological ore-forming
environments for the most IOCGs did not constrain, due to the
difficulties of unraveling the time interrelationships of the
mineralization and metamorphic event.

Based on the magnetite mineral chemistry, sulfur isotope
data, and textural evidence, the Heneshk IOCG deposit is a
metamorphogenic deposit and formed in the late Triassic
metamorphic event in deep-seated rocks. Our investigation
does not support any magmatic contributions in the critical
ore-forming event in this deposit (stage I). In other words, the
metamorphic processes can consider as the critical ore-forming
processes in the IOCGs. Also, the Heneshk IOCG deposit has
the most common key characteristics of the Andean IOCG
deposit such as mineral species and alteration types. However,
the Andean IOCG mostly related to the magmatic processes
rather than a metamorphic one. Our investigation reveals the
role of metamorphic processes in the formation of the sodic, K-
rich and hydrolytic alterations in the Andean IOCG type. Further,
our diagnostic textural evidence such as implosion breccia and
temporal-spatial relationships with deformation arrays had not
utilized before to constraint the genetic aspects and ore-forming
environments for other IOCGs, worldwide. So, the textural evidence
can utilize for unraveling the time relationships of mineralization
event and constrain the ore-forming environment in other
IOCGs with the metamorphosed host rock, worldwide.

Finally, our investigation represents the first mineral chemical
signature of low temperature-high pressure metamorphic magnetite
and mineral chemical behavior of the most and relatively least
compatible elements (Ni, Cr, Zn, Ti, Al, and Si) in such an
environment. Finally; despite the verylow Tiand high Si concentrations
of the mineral chemistry, the Heneshk magnetite signature can
utilize for distinguishing the fertile or barren IOCGs in the
metamorphic terranes in mineral exploration as well.
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