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Abstract

The objective of this research is to determine all processes in the magmatic evolution and related hydrothermal adtivities th
created the volcanic rocks and associated@raing systems of the Bafqining district. Several iron oxidapatite (IOA) deposits
were investigated in this area with a focus on the Sechahun ore deposit. TheiBiafg district is well known for hosting
significant IOA ore deposits with several million tons of iron ore aiith wome economic resources of rare earth elements. To
achieve the goals of this research, detailed petrographic, fluid inclusion microthermometry, and lithogeochemical stidies wer
obtained and supported by geological investigations at both local amthakgcales. Textural, mineralogical, and fluid inclusion
evidence indicates the ore genesis by fluid mixing. Magntgiiicothermal iron oxid@patite ore precipitated during circulation of
deuteric solutions within the host rocks at the early stage afralimation. The mesothermal iron oxide ore of the Sechahun deposit
was emplaced at the relatively shallow depths, while the-swgéaice epithermal hematifaspilite ore formed in a subaqueous
environment. The most likely source of iron oxiggatite mireralization would be a combined magmatic hydrothermal to convective
hydrothermal modelith magmatism originating from the upper mantle and related bimodal volcanism resulting in felsic volcanic
rocks. Rifting of the continental lithosphere during thelfe@ambrian was associated with emplacement of a highly fractionated
bimodalmagmas along the regiorfahcturefault lines, a major controlling factor for mineralization processes in the Bafq district.
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1. Introduction
The Poshe-Badam Block in Centratast Iranian
microcontinent is known as the main metallogenic

sedimentary sequence that are intruded by sodic
granitoids. UPb dating was used by Stosch et al. (2011)

province of Iran, hosting many ore deposits particularly
iron oxideapatite (I0OA), FeMn exhalative, and Zirb
sedimentary exhalative types (Rajabi et al. 2015).
Sechahn is one of the most important iron ore deposits
among 34 magnetic anomalies of the Bafg mining
district in the Poshé-Badam Block.

The Bafg mining district, containing several million

for inclusionfree apatites in the Bafg area; it indicates
an age range from 539 to 527 Ma, includingPb
zircon ages (528+1 Ma). Thearly Cambrian felsic
volcanic host rocks had also been dated by Ramezani
and Tucker (2003). Th-Pb dating of the monazite
regularly preserved in the center of apatite crystals in
the Choghart ore deposit indicates an age of 515+21 or

tons of iron ore and some economic REE resources, has529+21 Ma (Torab antlehmann 2007). Despite the

good potentiafor further international studies regarding
to metallogenesis of IOA and iron oxideppergold
(IOCG) ore deposits. The iron oxide ore deposits of the
Bafq district are known as the Kirwtgpe deposits due

to the same age of formation as related volcamd
plutonic host rocks (Daliran 2002; Gandhi 20083;
Daliran et al. 2009, 2010). According toRb LA-ICP-

MS age (Bonyadi et al. 2011), REIEh fluorapatite
from the Sechahun deposit formed at 510+8 Ma, at the
end of the main regional sodic magmatism E2#Ma).
Based on this age, the largeale sodic alteration and
magnetiteapatite mineralization occur in volcano
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numerous published reports, the age and origin of the
iron oxideapatite deposits of the Bafq mining district
have remained uncertain and controversial. Based on
Stosch et al. (2011), these Kiruhgoe iron oxide
apatite deposs formed within the felsic volcanic tuffs

and volcanesedimentary sequences in the Early
Cambrian.
Recently, the Kirundype deposits are generally

referred to as IOA (Williams 2010), orrich iron oxide
deposits (Groves et al. 2010). In addition tocaolic
rocks, other hosts of therith iron ore in the Sechahun
area are limestone and dolomite. There are alternate
layers of dolomite, hematite, and jaspilite in eastern
highlands of the Sechahun area. According to Mohseni
and Aftabi (2012), occurrencef dhese sedimentary
rocks together with keratophyres, diamictites,
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dropstones, and phosphorous in the Sechahun area, havi&kuhbanan and KuhBaviran major fault structures of

similarities with Rapitartype banded irophosphorous
formation rather than an incomplete IOCG ore model.
On the other hand, Bonyadit al. (2011) showed
convincingly that the Sechahun deposit is a member of
the 1I0CG group, reiterating that evidence of IOCG
affinities widely advanced for the Bafq mining district
(Barton and Johnson 1996; Williams et al. 2005; Jami et
al. 2007; Torab ahLehmann 2007; Daliran et al. 2010;

Central Iran. This magmatic arc hosts important Kiruna
type magnetitapatite deposits and stretches as a
narrow rift zone from RobaPoshiBadam in the north

to Bafq in the south (Stosch et al. 2011). Ramezani and
Tucker (2003)suggested that the Kashm@erman
volcanaplutonic arc represented an active continental
margin environment in relation to subduction under the
Central Iranian micrgplate and closure of the Preto

Stosch et al. 2011) and the Sechahun deposit. This is Tethys ocean in the Early Cambrian.

based on magnetiteapatite mineralogy and related
halos of hightemperature sodicalcic alteration

products that can be considered as an IOA member of during

the IOCG grap. Hitzman (2000) redefined the IOCG
class by dividing in two enthembers, i.e., the Kiruna
type iron oxideapatite deposits (IOA) and iron oxide
coppergold (IOCG) types. Extensive research by
Daliran (1990) and Daliran et al. (2009, 2010) shows
that mireralization in the Sechahun IOA deposit
occurred together with felsic magmatism of Early
Cambrian age. Besides the felsic volcanic rocks, gabbro
intrusions host the mineralization in some iron ore
deposits of the Bafq district, such as Esfordi and Chagas
(cf. Rajabi et al. 2015); in the Sechahun area as shown
later in the petrographic description, there are many
diabasic dykes intersecting the volcanic rocks. As
mentioned by Daliran et al. (2009), this diversity of
mineralization types is a result of the Itiustage
hydrothermalmagmatic processes and a -rigtated
volcanic activity implied a temporal relationship
between the magmatic system and -forening

Rajabiet al. (2015) explained that the PoesHBadam
Block in the Central Iranian micrcontinent broke up
the Late Neoproterozekearly Cambrian
continental baclarc rifting, parallel to convergence
(ProtoTethyan) along the continental margin
(Berberiam and King 1981; Hushmandzadeh 1989;
Samani 1998a; Daliran 1990; Talbot and Alavi 1996;
Rajabi et al. 2015).

Other researchers believe that the evolution followed
major rifting stages. The first stage, gyft phase
related to intrebasin extension, indated by coarse
grained detrital sedimentary rocks and bimodal
volcanism. Stage Il involved the deposition of
calcareous shale, siltstone, and carbonates. During this
phase, sedimentation processes were controlled by basin
subsidence and reactivation otthalfgraben faults. It

is believed that the magma erupted through a shallow
marine environment, while sediments had not
consolidated completely. As a result, a complex of
sedimentary units together with altered vitric tuffs and
volcanic rocks were create(Hushmandzadeh 1989).

processes. Rajabi et al. (2015) suggested that both IOA Finally, two types of uppermost Precambrian rock units,

and apatitegich deposits in Central Iran aepigenetic
and occurred within the syrift sequence of the Early
Cambrian volcansedimentary sequence (ECVSS).
Occurrences of some stratiform and stratabound ore

including riftogenic series and platfortype, cropped
out in the region (Samani 1998b). There are two distinct
parts known as Anomalies X and Xl at the Sechahun
mine (Fig 1).The CambrianTertiary platform covered

bodies in this area suggests these deposits formed byby limestone, dolomite, conglomerate, sandstone, and

sedimentaryexhalative activities shitly after the
sedimentation. This theory supports a direct genetic
relation between the ireoxide apatite deposits,
magmatic anomalies, and hydrothermal overprints.
Based on this opinion, magmatic differentiation is the
most reliable source of iron in ith district.
Hydrothermal alteration patterns and associated mineral

shale. The Precambrian basement in this area consists of
schist, gneiss, marble, and quartzite. The igneous rocks
with limited outcrops are granite, diorite, andbre
diorite. The Early Cambrian rocks containing oxide
apatite deposits are volcasedimentary sequences,
mostly with alternation of rhyolite and dolomite (Fig 1).

assemblages are concluded with overviews on the use of 3, Field investigationand Petrography

geochemistry and petrography. The fluid inclusions in
the Sechahun deposit are studied with the aim of
identification and separategional metasomatism from
hydrothermal circulation. It is followed by further
discussion about the magmatic differentiation processes
and hydrothermal overprint. This study concludes that
both magmatic (as direct crystallization in a liquid
solution) and kdrothermal processes had a role in ore
formation in the area.

2. Geological setting
The Bafg mining district is located in the middle of
KashmarKerman volcaneplutonic arc, between

A wide complex of volcanogenigedimentary,

metamorphic, and magmatic rocks participatedhe
geological structure ofhe Sechahun area. Based on

geologicalmapping(Fig 1) and field investigation, there

are three complexes éfrecambriarEarly Cambrian,
CambrianTertiary, and Quaternary rocks the area.
The Precambrian formations occur chiefly in south of
the Sechahun, northeast of the Bafq. They represent
foundation protuberances composed of rhyolite,
crystalline schist, gneiss, effusive gremcks, and
marble.
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Fig 1. Geological map of the Bafq mining district (modified after Ramezani and Tuckeri2088;and Lehmann 2007he IOA
deposits of Sechahun, Choghart, Gazestan, Esfordi, and Chagas are shown in the map.

Apatite also crystallizedforming granular textures.
The Infracambrian volcansedimentary rocks singled  Silica-bearing magnetite with quartz veins occur in
out among the Precambrian formations. They are known silicified zones (Fig 3¢)thismagnetite typés known as
as Rizu and Dezu series (Dalir2002. The rocks of the lowgrade ore. The carbonate rocks evidently
these series overlay the Precambrian units with a developed in mineralized zones (Fig 3d).
slightly significat unconformity. They include
sandstone, schist (phyllite), limestone, dolomite,
effusive with intercalations of conglomerateff, and
siliceousferruginous rocks. The main ore bodies consist
of black massive magnetite. Brecciated texduesulted
from changes in physical properties of the ore during
sedimentation or later tectonic activitHydrothermally
altered volcanic rocks known as the Green Rocks &7
(Torab 2008; Eslamizadeh 2017) predominate
especially along boundaries of the ore body (Fig 2).
The manetite ore has frequently altered to hematite at
the lower temperature conditionsnd occuss as veins
associated with effusive of acidic composition (altered
tuffs), felsic volcanic rocks with intercalations of
carbonaceous rocks, and green rocks (F)g/3aatite is
the main gangue mineral and widely scattered in
magnetite ore bodies or seen as interfimge(Fig 3b).

Fig 2. Green Rocks in contact with massive magnetite
and brecciated zone.
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Fig 3. a.Magnetitehematite vein in Green Rocks b. Interfingering growth of magnetite and apatite cb&ilitey magnetite
d. Development of carbonate rocks in the mineralization Al#aeviations as in table 1.

Table 1. The photomicrograph's abbréwaias, based on Siivola and Schmid (2007).

PI plagioclase Zo Zoisite Mc microcline
Ep epidote Px Pyroxene Hem hematite
Bi biotite Cal calcite Al albite

Act actinolite Qtz quartz Ttn titanite

Tr tremolite Chl chlorite Mag magnetite
Afs alkali feldspar Mar martite Op opaque

The pesence of the calcHmagnetite ore proves this
although metasomatic processesobscured this
composition. Mineralization generally occurs along
crosscutting faults on the flanks of an anticline
structure in the Sechahun deposit The young
Quaternary deposits crop out by the bouipebbly
polygenic formation that cemented by a loasayndy

4b). Mafic minerals are mainly represented by
tremoliteactinolitic amphiboles. Té& relics of
pyroxenes arecommonly preservedThese minerals
were mostly converted to amphibole, chlorite, and
calcite (Fig 4c).The rocks with a syenitic composition
have a mediunAgrained, granular and porphyritic
texture. Thechesshoard albite is the mdeldspar (55

material, gypsum, salts, sand, sandy limestone, and 60%) constituent (Fig 4d). The microscopic study of

conglomerate. Petrographic study of the surrounding
rocks d the Sechahun ore deposit indicates a
widespread complex of volcanogersedimentary,
metamorphic, and magmatic rocks.

The holocrystalline rhyolite, trachyandesite, and crystal
tuffs are themost abundant Early Cambrian igneous
rocks in the study area. €hironoxide apatite ore is
closely associated with these rocks, both spatially and
temporally. Other petrologic features in this area are the
low-grade metamorphic rocks (green rocks), carbonate,
and subvolcanic rocksas diabasic dykes thaitruded

into the older formations. Thellsshaped syenitic rocks
have lower volume than the silicigolcanic rocks
(rhyolite and rhyodacite). Photomicrographs of the
altered diabasic dykeare shown in Fig 4a.Basic
plagioclases and interstitial mafic minerals are mostly
subophitically intergrown. They altered to epidote,
zoisite, clinozoisite, calcite, sericite, and chlorite (Fig

thin sections shows that most of the sills plotted in the
ortho-syenites category and even can be considered as
albitite or saturated sodic syenite (Daliran 1990). The
Na,O amountbased o the XRF analysis, reach to 9.05
wt% in syenitic rocks (sample no. 17s in table 2).

The porphyritic acidic rocks are mainly composed of
quartz, feldspars, and a felsite groundmass of all these
minerals. The feldspar phenocrysts sedmseact to
new solutions and fluidghey occur as very fresh up to
totally altered and pseudomorphous crystals (Fig 4e, f).
The albite phenocrysts have chessboard twinning, and
some of them show a rim of alkali feldspar
interfingering with the albite ce (Fig 5a, c). The newly
formed albite and quartz resulted from albitization of
the primary feldspars and devitrification of volcanic
glass.
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Fig 4. Photomicrographs (cross polarized light, XPL) of: a. Diabasic textur&e$ dy Zoisite/Clinozoisite c. The relic of pyroxene
(diopside)d. Chessboard albite e. Sericitization of plagiocfaddicrocline

Replacement of Na for K in feldspars shown by the amphibole, epidote, hematite, and chlorite are the main
presence of albiténclusions in the Kfeldspar host. mineral assemblagérig 5b). Creation of chessboard
Sodiummigrates into the lattice as a distinct domain by albite is an evidence for metasomatism in this doat
creation of the perthitic texture. The structure can be hydrolysis of silicate minerals and influence of
turned back again to a-Hch domain in order to form hydrothermal fluids can be defined in volcanic rocks
microcline with further temperature decreasing (Pioaj that resulted from a widespread alteration. Volcanic
2009). All rock types inthe Sechahun area display gases (HCICO,, H,S) could provide the Hions and
intensive and pervasive alteration. It seems that the final acted as the major acidifying factors during the
stage of hydrothermal actiyihad an important role in processes of hydrothermal alteration (Pirajno 2009).
developing chemical alteration of rocks thaarlier The volcanic rocks ithe Sechahurdepositare related
metasomatism ithe Sechahurdepait. Sodic alteration to potassic alteration and have a pinkish color that is
is obvious from development of the chessboard texture mainly due to Kfeldspar occurrence, containing fine
and color changes due to K replacement by Na in grained hematite inclusions (Fig 5d).

perthite that leads to development of albitites. Albite,

Fig 5. Photomicrographs in XPL of: a. Chessboard twinning of albite b. Chessboard albite in the sodic alteratiofRrore
alkali feldspar around albited. Alkali feldspar (orthose) in thgotassic zone



