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Received: 2026 March 22 display variations in host rocks, wall rock alteration, and ore texture/mineralogy, and geochemical
Accepted: 2026 June 09 attributes, reflecting the complexity of the ore forming processes and the ore fluid sources. Here, oxygen
Available online: 2026 June 22 and sulfur isotope composition of magnetite and pyrite, respectively, from various massive, vein-type,

breccia, banded, and cumulate ores are used to investigate the source and evolution of the ore-forming

Keywords: fluids in the Bafq district iron deposits. The 6'*0 values of magnetite from Chadormalu, Gazestan,

Oxygen isotope Mishdovan, Lak-e-Siah, and Se-Chahun deposits range from +0.7%o to +8.2%o. Massive and vein-type
Sulfur isotope magnetites exhibit lower 6O values, between 0.7-4.4%o, consistent with crystallization from high-
Magnetite temperature magmatic fluids. The 6'*0 value of +3.9%o for the banded ore at Mishdovan, interbedded
) with pyroclastic materials, indicates a significant contribution from high-temperature magmatic fluids.
Pyrite Magnetite from the cumulate ore in Chadormalu, yielded 5'*O value at +2.5%o implying formation under
Iron oxide-apatite deposits

Bafq

high-temperature magmatic conditions. In contrast, the higher 6'*0 values (up to +8%o) for magnetite
from the Gazestan and Lak-e-Siah banded ore suggest deposition from non-magmatic fluids, compatible
Central Iran with a sedimentary—diagenetic origin or sub-seafloor replacement. The §**S values for pyrite from
massive, brecciated, and vein-type ores range widely from +4%o to +30%o., indicating the involvement
of variable, dominantly nonmagmatic, sulfur sources. The broad ranges of oxygen and sulfur isotopic
compositions suggest a multi-stage evolutionary model for mineralization, with contributions from both
magmatic and non-magmatic fluid sources. This is supported by the fluid inclusion data, where wide
ranges of fluid salinity and homogenization temperature are reported from various IOA deposits in the
Bafq district, and even in individual deposits.

1. Introduction
The Bafq district in the Kashmar-Kerman belt, Central Iran deposits hosted mostly in Cambrian volcanic—sedimentary rocks

structural zone (Fig. 1) embraces several iron oxide-apatite (I0OA) and associated shallow felsic-intermediate intrusions. Magnetite is
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the main ore mineral. Pyrite is a common constituent occurring as
a late mineral phase replacing magnetite. The origin of ore fluids in
the Bafq district IOA deposits remains controversial. The proposed
models vary from orthomagmatic (Forster and Jafarzadeh, 1994;
Miicke and Younessi, 1994; Mokhtari et al., 2013) to magmatic-
hydrothermal (Daliran, 2002; Moore and Modabberi, 2003; Jami et
al., 2007; Heidarian et al., 2017, 2018), and glaciogenic, associated
with the Late Precambrian cryogenic events (Aftabi et al., 2009).
Stable isotope geochemistry has been a fundamental tool in
ore deposit studies, and has widely been used to investigate the
fluid and metal sources, ore fluid migration pathways, and physico-
chemical conditions of mineralization (Taylor, 1974; Ohmoto and
Rye, 1979; Ohmoto, 1986; Hoefs, 2018). Light element isotopes,
including oxygen and sulfur, are sensitive to temperature, fluid
composition, redox conditions, and fluid—rock interactions,
providing key information on ore-forming processes (Sheppard,
1986; Sharp, 2017). This study presents new oxygen isotope data
for magnetite and sulfur isotope data for pyrite from massive,
vein-type, breccia, cumulate, and banded ores from Chadormalu,
Gazestan, Mishdovan, Lak-e-Siah, and Se-Chahun deposits. The
results are integrated with data from published work on the IOA
deposits in the Bafq district and elsewhere to constrain the ore fluid

source and evolution.

2. Research methodology
This study is based on detailed field observation, systematic
sampling of exposed ores and host rocks, and examination of drill-
cores from selected deposits in the Bafq district. Comprehensive
petrographic and ore microscopy studies were conducted on a
large number of samples, from which representative magnetite-
and pyrite-bearing specimens were selected for oxygen and sulfur
isotope analysis. Mineral separation was carried out at Shahid
Beheshti University with crushing of small pieces of the samples
in silica mortar, followed by magnetic separation and hand-picking
under binoculars to secure high (>95%) purity. The mineral
concentrates were grinded in a small silica mortar to <200 mesh. The
samples were analyzed at the Stable Isotope Research Laboratory of
Arak University, Iran, using an Isoprime precision-IRMS. Oxygen
isotope compositions were determined on magnetite using high-
temperature pyrolysis, with CO gas analyzed by isotope ratio mass
spectrometry (IRMS), yielding analytical uncertainties better than
+0.3%o (10). Sulfur isotope analyses were performed on pyrite after
combustion at 1150 °C, with SO- gas measured by IRMS, achieving
a precision of £0.2%o. Two additional pyrite samples were analyzed
by State Key Laboratory of Geological Processes and Mineral
Resources (GPMR) at China’s University of Geosciences (Wuhan)
using a Nu Plasma II LA-MC-ICP-MS mass spectrometer and a
RESOlution-S155 193 nm excimer laser exfoliation system. The
details of the analytical technique are presented in Li et al. (2019).
The Bafq district is distinguished by extensive exposures of
Late Precambrian metamorphic basement complexes, known

as Chapedony, Boneh-Shurow, and Posht-Badam, composed

of various schists, gneisses, and granitoids (Hushmandzadeh,
1969; Stocklin, 1971; Haghipour, 1974; Ramezani and Tucker,
2003). This basement is overlain by Neoproterozoic to Triassic
volcanic and sedimentary rocks (Stocklin, 1971; Borumandi,
1973; Forster and Jafarzadeh, 1994). The Late Precambrian—Early
Cambrian is represented by the Tashk Formation consisting of
weakly metamorphosed sedimentary rocks (now phyllite, slate,
and quartzite) interlayered with volcanic materials (Ramezani and
Tucker, 2003). The rocks are overlain by a thick Cambrian volcanic-
sedimentary unit (Ramezani and Tucker, 2003), also referred to as
Rizu, Desu, Esfordi, and Saghand series or formations (Huckriede
etal., 1962; Borumandi, 1973; Samani, 1988). The Cambrian rocks,
composed of K-rich calc-alkaline mafic to felsic volcanic and
subvolcanic rocks, and limestone, dolostone, shale, and sandstone,
are the main host to the iron oxide—apatite (IOA) deposits in the
Bafq district (e.g., Samani, 1988; Jami, 2005; Torab, 2008). The
zircon U-Pb ages of rhyodacitic and dacitic subvolcanic rocks (528
+ 0.8 and 527 + 0.9 Ma) indicate an Early Cambrian age (Ramezani
and Tucker, 2003), consistent with the apatite and monazite U-Pb
ages (520-535 Ma) reported for the IOA ores (Torab and Lehmann,
2007; Stosch et al., 2011; Bonyadi et al., 2011; Nayebi et al., 2021).

The iron ores occur in sheets, lenses, pipes, veins, and irregular
bodies of variable sizes enclosed in altered host rocks (Figs. 2A—C),
and display massive, breccia, banded, comb, pegmatitic, and
disseminated textures (Figs. 2-A-H, 3-A-D, 4-A-G). The banded
ores display distinct features (Figs. 2-G-H; 4-A—-G). A cumulate-
looking ore texture consisting of alternate magnetite-rich and
silicate-rich bands or layers locally occurs in Chadormalu at the
margin of the main ore body (Fig. 4-A-B). In Gazestan, a banded
ore locally occurs consisting of magnetite- and silica-rich bands
closely associated with jaspilite (Fig. 4-C). In Mishdovan, the
ore consists of magnetite-rich bands interlayered with pyroclastic
materials (Fig. 4-D—E). A notable feature is the occurrence of lapilli-
sized magnetite embedded in pyroclastic materials. In the Lak-e-
Siah banded ore consisting of Magnetite-rich layers within rhyolitic

tuff host rocks, looking stratiform ore structure (Fig. 4-F-Q).

3. Results

A short description of the magnetite and pyrite samples from
selected IOA deposits in the Bafq district, as well as the results for
oxygen and sulfur isotope analysis, is presented in Table 1. The
measured 380 values for magnetite from Chadormalu, Gazestan,
Mishdovan, Lak-e-Siah, and Se-Chahun range from +0.7%o to
+8.2%o, consistent with the data from published work on the Bafq
district deposits (Fig. 6).

The massive and vein-type magnetite ores yielded lower 3'*O
values, compared to the banded ores, particularly those associated
with volcaniclastic or silica-rich units (Table. 1). When plotted
against established isotopic fields for igneous, orthomagmatic,
and hydrothermal magnetite (Troll et al., 2019), most data cluster
within the igneous to orthomagmatic domains, overlapping with

magnetite compositions from the Chilean Iron Belt and the Kiruna
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district, Sweden (Fig. 6). Combined 6'*0O—6°°Fe systematics further
indicate that most Bafq magnetites formed under high-temperature
magmatic to orthomagmatic conditions (Fig. 7). Published oxygen
and hydrogen isotope data from hydrous minerals associated with
the Bafq IOA deposits indicate a predominantly magmatic origin for
the ore-forming fluids, although local mixing with meteoric water
is evident in some deposits (Fig. 8). Pyrite is present as fine-grained
and euhedral-subhedral crystals within magnetite—apatite—calcite-,
apatite—magnetite—calcite—chlorite-, and apatite-magnetite—quartz—
calcite-bearing breccia cements, and also as disseminated grains in
diabase dikes crosscutting massive magnetite ore and older host
rocks (Fig. 5). Sulfur isotope composition of pyrite in the Bafq
district iron ores exhibits a wide range of 3**S values from +4%o to
+30%o, significantly wider than that reported from the Chilean IOA
deposits (Fig. 9)

4. Discussions

Integrated stable isotope data of magnetite and pyrite provide
constraints on the origin and evolution of the ore-forming fluids
in the Bafq district IOA ore systems. The Bafq iron ores display
a wide range of oxygen isotope compositions, between +0.7%o
to +8.2%o, reflecting variable physicochemical conditions during
ore formation. The 80 values for massive and vein-type ores
range between +0.7%o and +4.4%o, with most data points plotted
within the igneous and orthomagmatic fields (Fig. 6), suggesting
that ore formation occurred mainly from high-temperature fluids.
This interpretation is further supported by combined 5'*0O-6*Fe
systematics, with substantial overlap between the Bafq iron ores
and those from Sweden and the Chilean Iron Belt (Troll et al., 2019;
see Fig. 7).

The 6'*0 composition of the banded ores spans a wide
range, from +2.5%0 to +8.2%o, providing evidence for the
involvement of non-magmatic fluids. The Chadormalu and
Mishdovan banded ores yield 6'%0 values of +2.5%0 and +3.9%o
(Fig. 6), respectively. In Chadormalu, textural and mineralogical
evidence supports formation under high-temperature magmatic—
hydrothermal conditions. In Mishdovan, the association of iron
ores with pyroclastic materials, the presence of magnetite lapilli,
and the absence of subaqueous volcanic features (c.f. White
and Houghton, 2006) indicate a subaerial volcanic setting. The
880 value of +3.9%o is consistent with deposition from a high-
temperature magmatic fluid.

The higher 6'*0 values for the banded ores from Lak-e-Siah and
Gazestan are consistent with the nature of the ores (sedimentary-
digenetic or subseafloor replacement), or progressive fluid
evolution, enhanced fluid-rock interaction, and partial overprinting
during post-magmatic stages (c.f. Bilenker et al., 2016; Troll et al.,
2019). Oxygen—hydrogen isotope data from hydrous silicates and
apatite further indicate that early ore formation and metasomatic
reactions occurred under relatively closed-system conditions
dominated by magmatic fluids, whereas local shifts toward the

meteoric water field in some deposits reflects late-stage influx of
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externally derived fluids (Fig. 8; Afzali et al., 2016; Deymar et al.,
2018; Hosseini et al., 2022).

The wide range in the 6**S values for pyrite suggest variable
sulfur sources and evolving physicochemical conditions of the
ore fluids. The distinct shift towards more positive values can be
explained by contributions from seawater sulfate or interaction of
fluids with evaporites (e.g. Ohmoto and Rye, 1979; Barton and
Johnson, 1996). Pyrite in the Bafq district deposits occurs invariably
as a late mineral phase replacing magnetite. Sulfur was most likely
transported as oxidized species, but reduced during localized
redox reactions in the final stages of the ore formation. A possible
mechanism would be interaction between the oxidized sulfate-
bearing fluids and magnetite, causing martitization, partial sulfate
reduction, and replacement of magnetite by pyrite (Gow et al., 1994;
Barton, 2014; Heidarian et al., 2017(. Hypogene martitization of
magnetite has been reported from some Bafq district IOA deposits
(Heidarian et al., 2017; Mehrabi et al., 2019). The late development
of pyrite can be explained by progressive introduction of fluids of
external sources during the final stages of the evolution of the Bafq
district ore systems (cf. Ripley and Ohmoto, 1977).

Ore formation in an evolving magmatic-hydrothermal system
in the Bafq district is also supported by the fluid inclusion data
as well as the isotopic composition of the ore fluids. Esmaeili and
Alirezaei (2025, and references there in) reported a wide range
of fluid salinity and Th values from selected Bafq district IOA
deposits. The O-H isotope values calculated from the isotopic
composition of actinolite and phlogopite from Saghand-Anomaly,
as well as apatite from Gazestan, plot within or near the primary
magmatic water field (Afzali et al., 2016; Deymar et al., 2018),
suggesting a dominant magmatic fluid source during early stages
of ore formation and metasomatic reactions. In contrast, the O-H
isotope of apatite from Choghart shows a shift toward the meteoric
water line (Fig. 8), implying localized mixing between magmatic
fluids and externally derived waters during later stages in the ore

system evolution (Hosseini et al., 2022).

5. Conclusion

The integrated oxygen isotope data indicate that the Bafq IOA
deposits are primarily associated with high-temperature magmatic—
hydrothermal systems, with massive and vein-type ores reflecting
early orthomagmatic fluid activity. In contrast, banded ores record
more complex fluid evolution involving fluid-rock interaction
and episodic contributions from external fluids. Sulfur isotope
systematics of pyrite indicate late-stage input of externally
derived sulfur, likely related to seawater sulfate and/or evaporitic
sequences. Overall, stable isotope signatures, coupled with ore
texture/structure, and wall rock alteration suggest that the Bafq IOA
deposits developed in a dynamic magmatic—hydrothermal setting
spanning a broad crustal profile, from relatively deep- to shallow-
seated, through to submarine and subaerial environments. This was
associated with increasing contribution of non-magmatic fluids in

the evolution of the ore systems.
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Figure 2. Representative occurrences of iron ore bodies in the Bafq district deposits: A) Massive magnetite
ore body hosted by diorite, Chadormalu deposit, view to the east; B) Massive magnetite ore hosted by
rhyolite, Se-Chahun deposit, view to the east; C) Lenses of massive magnetite within altered volcanic
rocks, Gazestan deposit, view to the southeast; D) Hand specimen of brecciated ore composed of sodically
altered rock fragments cemented by magnetite and apatite, Chadormalu deposit; E) Drill core of brecciated
andesitic host rock cemented by magnetite + actinolite + apatite, Gazestan deposit; F) Magnetite—apatite
vein ore at the margin of magnetite ore lenses, Gazestan deposit; G) Sequence of welded tuff containing
magnetite laminae and layers overlying rhyolitic host rocks, northern wall of the main open pit, Mishdovan
deposit; H) Stratiform ore structure within rhyolitic tuff host rocks, Lak-e-Siah deposit, view to the southeast.

Abbreviations base on Whitney and Evans (2010) including: Ap: Apatite; Mag: Magnetite; Act: Actinolite.
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Figure 3. Photographs of the samples of massive and vein ores used for magnetite oxygen isotopic analysis; A) Massive magnetite-
apatite ore (CHM-04), Chadormalu; B) Massive magnetite-actinolite ore (SCH-ore), Se-Chahun; C) Vein-type magnetite-apatite ore
(GZ-011), Gazestan. D) Vein-type magnetite-apatite ore (CHM-017), Chadormalu.
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Table 1. Sample characteristics and oxygen and sulfur isotopic data for selected IOA deposits in the Bafq district.

Sample Sample . 8'30(%o) %S (%o)
Code  location MM GNOW):16  (VCDT): 1o Remarks
Chadormalu
CHM-04 Outcrop Magnetite 407 Massive magnetite-apatite ore consisting qf medium- to coarse-grained apatite in
.a matrix of fine-grained magnetite
CHM-016 Outcrop Magnetite 5 Banded magnetite ore consmtlng of'alte.rnate dark magnetite-rich and greenish
actinolite-rich bands.
CHM-017 Outcrop Magnetite 44 Vein-type magnetite-apatite ore cons1'st1ng of §uhedral coar'se-gramed apatite with a
.comb texture in a matrix of magnetite
CHM-03  Out crop Pyrite +14.5
A 4 Diabase dike containing disseminated pyrite crosscuts the massive magnetite ore
CHM-03  Out crop Pyrite * body and the adjacent host rock.
CHM-03  Out crop Pyrite +13.1
Mishdovan
MSH-07 Outcrop Magnetite +3.9 Banded magnetite ore comp.)osed of alternatlr}g bands. or layers of magnetite
.(hematite) and pyroclastic materials
Se-Chahun
SCH-ore  Outcrop Magnetite 34 Massive magnetite ore comppseq of ﬁnfe—gramed mggnetlte with minor apatite,
.actinolite, albite, and calcite
Lak-e-Siah
LSK-02  Outcrop Magnetite 481 Banded magnetite ore consisting of alterpatmg ﬁqe- to cogrse-gramed magnetite
layers with pyroclastic rhyolitic materials
LKS-01  Outcrop Magnetite 76 Banded magnetite ore cogs1st1ng of a!tematlgg' fine- to.coarse-gramed magnetite
.with pyroclastic rhyolitic materials
Gazestan
GZ-011  Outcrop Magnetite 4 Vein-type magnetite-apatite ore consisting .of pegmatoid apatite with comb texture
in a matrix of magnetite and late calcite.
RS-39- . Banded magnetite—silica ore characterized by alternating reddish silica (jaspilite) +
+
114 Borehole - Magnetite 82 pyrite + feldspar, and dark, fine-grained magnetite bands.
RS-39-62  Borchole Pyrite L1 Fine-grained pyrite in a magnetite- apatite- pyrite- calcite association cementing
the brecciated host rock.
RS-46- . Euhedral to subhedral pyrite in an apatite-magnetite-calcite-chlorite-pyrite
+
355 Borehole Pyrite 108 .association cementing brecciated host rock
RS-39-59  Borchole Pyrite 118 Fine-grained pyrite in an apatite-magnetite-quartz- calcite- pyrite association
cementing brecciated host rock.
Esfordi
ESF-016  Out crop Pyrite +13.6 Disseminated pyrite grains in a diabase dike crosscutting massive magnetite ore
EFS-016 Outcrop  pyrite +12.9 and older host rocks

VY.
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.(Py: Pyrite; Act: Actinolite; Tr: Tremolite; Ab: Albite; Scp: Scapolite; Chl: Chlorite; Cal: Calcite; Anh: Anhydrite

Figure 4. Photographs of the banded ore samples selected for oxygen isotope analysis of magnetite. A) Cut surface of
Chadormalu cumulate ore showing alternating magnetite-rich (black) and actinolite-rich (light green) bands. Sample from
the eastern border of the main ore body; B) Microphotograph of Chadormalu cumulate ore consisting of euhedral to
subhedral magnetite crystals, now enclosed in dolomite, quartz, biotite, and talc; C) Cut surface of a drill core from banded
jaspilitic ore from Gazestan deposit. Silica-rich bands are fractured and boudined; D) Alternation of dark (iron oxide-rich)
and light (welded ash matrix) laminae in a sample from Mishdovan banded ore. Ash particles, lithic fragments, and quartz
and feldspar crystals occur in both dark and light laminae. The laminae exhibit flow textures; E) XPL photo of Mishdovan
banded ore. Alternation of magnetite-rich and magnetite-poor volcaniclastic (welded ash) laminae within the banded ore.
Magnetite occurs as fine lapilli-size component associated with lithic fragments, and quartz and feldspar crystals in varying
proportions in both dark and light layers. F) Banded ore composed of magnetite layers and laminae within the rhyolitic
tuff host rock; G) Banded magnetite ore (sample LKS 02), Lak-e Siah deposit. Abbreviations base on Whitney and Evans
(2010) including: Ap: Apatite; Mag: Magnetite; Bt: Biotite; Dol: Dolomite; Tlc: Talc; Qtz: Quartz; Kfs: K-feldspar;
Py: Pyrite; Act: Actinolite; Tr: Tremolite; Ab: Albite; Scp: Scapolite; Chl: Chlorite; Cal: Calcite; Anh: Anhydrite.
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Figure 5. Representative samples of from Iron Oxide-Apatite ore that selected for sulfur isotopic
analysis. A) Brecciated ore from the Gazestan deposit containing andesitic host-rock fragments within
a magnetite-apatite-calcite-pyrite cement, borehole RS-46, at a depth of 35.5 m; B—C) Brecciated ore
from the Gazestan deposit with an apatite-pyrite-magnetite-calcite matrix; both samples from borehole
RS-39, at depths of 62 m (B) and 59 m, respectively; D) Photomicrograph XPL of a quartz-calcite
veinlet containing pyrite in a diabase dike sample from the Chadormalu deposit; E) Photomicrograph
XPL of massive apatite-actinolite ore from the Esfordi deposit, showing fine-grained euhedral pyrite
crystals in a carbonate matrix. Abbreviations based on Whitney and Evans (2010), including: Ap:
Apatite; Act: Actinolite; Mag: Magnetite; Py: Pyrite; Cal: Calcite; Tr: Tremolite.
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Figure 6. Variations of the magnetite 'O values in the Bafq district iron oxide—apatite
(IOA) deposits. Isotopic data from iron oxide-apatite deposits of Zanjan (Iran), the
Chilean iron belt and the Kiirunavaara and Gringesberg deposits in Sweden are shown
for comparison. See text for a description of igneous, orthomagmatic and hydrothermal
magnetites. Sources of data: Jonsson et al. (2013) [1]; Nystrom et al. (2008) [2]; Bilenker
et al. (2016) [3]; Troll et al. (2019); [5] Deymar et al. (2018); [6] MehdipourGhazi et al.
(2019); [7] Jami et al. (2007); [8] Ziapour et al. (2021); [9] Moor and Modabberi (2003);
[10] Majidi et al. (2021); [11] Mehrabi et al. (2019); [12] Talefazel and Rostami (2020),
and [13].Afzali et al. (2016).
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