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1. Iron Oxide- Apatite (I0A)
2. Iron Oxide -Copper -Gold (I0CG)
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Fig. 1. Simplified geological map of the Chadormalou- Choghart basin (CCB) in the Posht-e-Badam Block, showing
the location of Fe and SEDEX deposits within this basin along with the location of study area (modified after Rajabi et
al., 2015). CF: Chapedony Fault, KbF: Kuhbanan Fault, KF: Kalmard Fault, NF: Naeini Fault, PF: Posht-e- Badam

Fault

1 - Isotope Ratio Mass Spectrometr (IRMS)
2. Cornell University
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Fig. 2. Geological map of the study area and the location of Lakehsiah deposits (Numbers 1, 2 and 3), (modified after

Houshmandzadeh et al., 2012)
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Fig. 3. Field images of ore and host rocks in the Lakehsiah 1 deposit. A: landscape of the rhyolitic, pyroclastic units and
exploitation site in the Lakehsiah 1 deposit (view to the E), B: Contact between iron ore and rhyolitic domes (view to
the SE). C: Trench in the Fe index near Lakehsiah 1 deposit, D: Chloritization and epidotization in green rocks unit, E:
Outcrop of the monzonitic unit adjacent the ore deposit, and F: Outcrop of rhyolitic pyroclastic units with flow
structure
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Fig. 4. Photomicrograph from Lakehsiah 1 ore in reflected light, A: Massive texture in Magnetite, B: Brecciated texture
in magnetite, C: Magnetite with martitization texture, D: Euhedral apatite within magnetite, E: Tremolite- actinolite and
magnetite Intergrowth, F: Tremolite-actinolite crystals bending and magnetite ore, and G: Replacement of magnetite by
goethite and formation of atoll texture. All images except F in in reflected light (PPL). Abbreviations after Whitney and
Evans (2010) (Mag: Magnetite, Ap: Apatite, Ter-Act: Termolite- Actionlite, Gth: Goethite).
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Fig. 5. Photomicrographs in transmitted light of alteration minerals in the Lakehsiah 1 deposit. A: Tremolite-actinolite,

clinopyroxene-calcite-magnetite mineral assemblage in sodic-calcic alteration, B: Replacement of biotite by chlorite, C:
Chlorite alteration as open space filling texture, D: Chlorite alteration as vug filling, E: Disseminated magnetite on and
around chlorite crystal, and F: replacement of epidote and chlorite after alkali feldspar. All images except B and D in
XPL. Abbreviations after Whitney and evans (2010) (Cpx: Clinopyroxene, Ter-Act: Tremolite-Actinolite, Ep: Epidote,
Afs: alkali feldspar, Chl: chlorite, Bt: biotite, Mag: magnetite, Cal: calcite, Ab: Albite).
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Fig. 6. Photomicrographs in transmitted light of alteration minerals in the Lakehsiah 1 deposit. A: Serisitic alteration in
the volcanic rocks, B: Serisitic alteration in diabase dykes, C: Silicic alteration as vein-veinlets in rhyolites, D: Vug
filling texture in silicic alteration (Chalcedony), E: Carbonate alteration in the rhyolites, and F: Replacement of calcite
after plagioclase in pyroclastic units. In cross- polarized light (XPL). Abbreviations after Whitney and Evans (2010)
(Ser: Sericite, Qz: Quartz, Mag: Magnetite, PI: Plagioclase, Afs: Alkali feldspar, Chal: Chalcedony, Cal: calcite).
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Fig. 7. Argillic alteration in the Lakehsiah 1 deposit
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Fig. 8. Quartz, kaolinite and anatase in X-ray diffraction pattern of argillic alteration in the Lakehsiah 1 deposit
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Fig. 9. Photomicrograph of various types of fluid inclusions images in quartz from the Lakehsiah 1 deposit. A: negative

crystal shape, B: Neckingdown in two- phase inclusions, C: Monophase liquid inclusions (L), D: Monophase vapor
inclusions (V), E: Three-phase and Two- phase liquid rich inclusions, and F: Three-phase with halite solid phase (H)
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Table 1. Microthermometric analysis results of fluid inclusions in quartz from the Lakehsiah 1 deposit

Host Fl Origin Size Te Tm- Tm- Thv- Salinity(wt.% Densi
mineral  type (nm) (°C) ice(°C) n(°C) L(°C) NaCl eq.) (gr/icm®)
quartz L+V P 6 -32.98 -18.14 - 387.25 19.91 0.729
quartz L+V P 7 -21.61 -12.34 - 412.61 16.34 0.742
quartz L+V P 5 -29.34 -9.46 - 232.94 12.87 0.798
quartz L+V P 5 -22.67 -5.97 - 217.14 9.53 0.873
quartz L+V P 8 -25.14  -11.97 - 354.14 15.37 0.929
quartz L+V P 6 -29.75  -14.31 - 405.34 18.14 0.784
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Table 1 (Continued). Microthermometric analysis results of fluid inclusions in quartz from the Lakehsiah 1 deposit

mineral Fltype  Origin (Splrzrf) ("Té) ic?é) h(T’né) LT(hé) ci,aw;'éyl(?ét) ([éi/rlzsrint%/)
quartz L+V P 7 -21.57  -9.37 - 286.14 13.17 0.768
quartz L+V P 10 -21.94  -6.49 - 412.37 14.35 0.862
quartz L+V P 6 -26.37  -6.91 - 300.47 10.41 0.789
quartz L+V P 5 -3141 575 - 267.24 8.92 0.863
quartz L+V P 9 -24.82  -11.94 - 365.14 16.17 0.781
quartz L+V P 6 -21.43 -15.33 - 428.12 19.27 0.931
quartz L+V P 6 -24.72  -14.68 - 388.14 18.24 0.873
quartz L+V P 5 -20.69 -10.65 - 298.34 14.29 0.899
quartz L+V P 8 -26.38  -5.29 - 382.14 10.74 0.819
quartz L+V P 9 -29.17  -6.48 - 400.37 11.32 0.773
quartz L+V P 10 -23.63 -19.1 - 376.29 21.61 0.784
quartz L+V P 6 -22.69 -12.72 - 376.49 16.87 0.814
quartz L+V P 5 -21.98  -6.69 - 279.34 10.09 0.729
quartz L+V P 5 -23.61 -9.14 - 253.39 13.29 0.749
quartz L+V P 6 -24.29  -6.27 - 245.97 9.49 0.899
quartz L+V P 5 -24.19  -8.49 - 268.33 12.11 0.892
quartz L+V P 5 -24.98  -6.37 - 249.69 9.61 0.867
quartz L+V P 5 -34.19 -10.46 - 385.27 14.39 0.897
quartz L+V P 6 -3259 -9.74 - 390.64 13.65 0.734
quartz L+V P 5 -28.87 -10.19 - 378.38 14.07 0.829

quartz  L+V+H P 8 -22.12  -16.37 354.24 43414 42.18 1.098
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Table 1 (Continued). Microthermometric analysis results of fluid inclusions in quartz from the Lakehsiah 1 deposit

mineral FIOPE Origin U I 60 (O veNacieq)  (grem)
quartz  L+V+H P 5 -26.64 -13.47 356.37  406.17 42.34 1.110
quartz  L+V+H P 5 -25.87 -16.17 359.68 399.15 43.36 1.108
quartz  L+V+H P 7 -29.31 -10.78 349.74  442.07 42.83 1.109
quartz  L+V+H P 9 -2451 -18.61 360.16 415.78 43.31 1.089
quartz  L+V+H P 9 -21.89 -11.57 370.27 437.19 44.78 1.005
quartz  L+V+H P 5 -22.35  -9.17  364.94 38431 43.48 1.057
quartz  L+V+H P 10 -28.79 -16.63 352.37  390.98 41.51 1.079
quartz  L+V+H P 7 -25.19 -14.76 360.19 417.94 42.35 1.098
quartz  L+V+H P 6 -23.46 -19.07 366.53 467.34 43.63 1.024
quartz  L+V+H P 8 -22.79 -13.46 357.17 436.47 42.29 1.059
quartz  L+V+H P 6 -27.32  -11.94 340.94 411.84 40.38 0.998
quartz  L+V+H P 6 -30.74 -18.17 355.17 390.35 41.52 1.097
quartz  L+V+H P 5 -21.98 -12.38 349.98 435.17 42.34 1.103
quartz  L+V+H P 9 -22.29 -10.98 356.12 425.91 42.81 1.087
quartz  L+V+H P 11 -27.84 -13.44 354.14  387.27 40.79 1.029
quartz  L+V+H P 8 -24.96 -16.19 351.97 437.25 40.16 1.004
quartz  L+V+H P 5 -28.64 -14.26 359.41  439.67 42.79 1.067
quartz  L+V+H P 12 -21.95 -17.83 352.17 41331 41.39 0.984
quartz  L+V+H P 6 -31.74 -13.46 362.67 457.16 43.34 1.054
quartz  L+V+H P 9 -29.17 -1591 360.34 408.43 44.54 1.046
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Fig. 10. Fluid inclusions histograms in the Lakehsiah 1 deposit. A: Homogenization temperature, B: salinity, C: eutectic

temperature, D: Final ice melting temperature
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Fig. 11. Homogenization temperature vs. salinity diagram in Lakehsiah 1 quartz mineral (Wilkinson, 2001), showing
mixing of a high temperature-salinity magmatic fluid with a low-salinity temperature fluid.
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Fig. 12. Vapor-phase Raman spectra in the fluid inclusions within the quartz mineral from the Lakehsiah 1 deposit. A:
Two-phase fluid inclusion, and B: Three-phase fluid inclusion. showing bands diagnostic of CO, (1265 cm™ — hot band,
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Table 2. 5180 and & Du2o(%o ) values in Lakehsiah 1 quartz mineral and calculated values of 880 for the fluid in

equilibrium with them

Mineral ¥Owmineral 8DH20 %0 ¥0rwig T (°C)
8%o 8%o

Quartz -2.13 -60.39 7.38 374

Quartz -3.34 -62.11 6.17 370

Quartz -4.71 -70.98 4.03 390

Quartz -3.36 -60.28 6.15 360

1000In aguartz-H20= -3.40+3.38(10°/T?) (Clayton et al., 1972)
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Fig. 13. 5'80 vs. 3D plot in order to determine the origin of effective fluid in mineralization in the Lakehsiah 1 deposit.
The andesitic volcanic vapor, felsic magmatic water, primary magmatic water, metamorphic water, and formation water
fields, Giggenbach (1992), Taylor (1992), Taylor (1974), Sheppard and Harris (1985), and Taylor (1997),
respectively
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Introduction

The Lakehsiah mining district is hosted in Early
Cambrian volcano-sedimentary units (CVSU) of
the Kashmar—-Kerman zone, Central Iran. The
Kashmar-Kerman belt is located between the Yazd
block in the west and the Tabas block in the east
and it is parallel to the Poshed badam, Tabas and
Kalmard faults in the north and Koh Banan and
Zarand faults in the south of the area (Ramezani
and Tucker, 2003). Compositions of the
volcanogenic rocks in this area vary from felsic to
mafic and include rhyolitic, rhyodacitic tuff and
spilitic lava and diabase. The sedimentary rocks
include dolomites, dolomitic limestones and
evaporites. Lakehsiah 1 deposit is one of three IOA
outcrops in the Lakehsiah district which have been
studied in this research.

Materials and Methods

The mineralogical study of alteration zones was
carried out by light microscope with transmission
light and X-ray diffraction (XRD) analysis, at the
Mineralogical Laboratory of Bu-Ali Sina
University and Iran Minerals Processing Research
Center, respectively. Fluid inclusion and Raman
spectroscopy studies were also performed to
determine temperature, composition and evolution
of the ore-forming fluid at the Institute of Earth
Sciences SAS, Slovakia. Stable isotope
geochemistry of quartz (O-H) was performed at the
Cornell University, USA.

Discussion
Iron deposits hosted in the Tashk Group show

hydrothermal alteration. The major minerals of the
Sodic-Calcic alteration are the crystals of calcic
amphiboles  (tremolite-actinolite),  pyroxene,
calcite, magnetite and apatite. Propylitic alteration
(chloritization and  epidotization) is very
widespread and affects volcanic and intrusive
rocks. It consists of chlorite, epidote, calcite, and
magnetite with minor amounts of sericite.
Silicification alteration, occurs as distal alteration
in both hanging wall and footwall host rocks,
forming fine-grained to coarse grained quartz
aggregates, veins and veinlets. Sericitic-argillic
alteration occurs mainly in intrusions. Feldspar
(plagioclase and K-feldspar) was altered to sericite
and clay minerals. Minor quartz occurs as veinlets
in this alteration zone. Na- Ca alteration in volcanic
and intrusion rocks is exposed in the center of the
area. Amphiboles mainly occur as replacements of
plagioclase. Plagioclases were altered to chlorite,
epidote, and calcite. Additionally, veinlets of
quartz-epidote-chlorite, chlorite-epidote, epidote-
quartz, quartz-calcite, calcite, chlorite-calcite, and
epidote-calcite are observed. Quartz and
carbonates (calcite) are widespread and veins of
these minerals crosscut all the rocks described
above.

Lakehsiah 1 deposit, hosted within high-silica
rhyolitic tuffs and domes, forms a steeply dipping
tabular lens and it includes massive magnetite +
apatite £ quartz + specular hematite + Fe-Mg
silicates.

Fluid inclusion Petrography
Four major types of fluid inclusions are observed
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based on proportions of vapor, liquid, and solid
phases present at room temperature in quartz
mineral. They are described as follows:
1-liquid-rich inclusions (L)

2-vapor-rich inclusions (V)

3-Two-phase liquid rich fluid inclusions (L+V)
4-three phase inclusions with halite solid phase as
daughter mineral (L+V+H). Study of inclusions
petrography shows that most of the inclusions
present within this mineral are primary in origin,
although secondary or pseudosecondary types have
been identified. They have different sizes (typically
5-15 pm). Fluid inclusion shapes are rounded,
elliptical, irregular, negative crystal shapes and
square.

Results

Microthermometry and Raman spectroscopy
Freezing and heating experiments were performed
on Types 3 and 4 fluid inclusions. Stretching of
inclusions was noted during heating of large fluid
inclusions in quartz from mineralized quartz veins.
In such samples, homogenization temperatures
range from 217-428 °C for type 3 and 384-467°C
for type 4.

Micro-thermometric data were obtained from both
Types 3 and 4 inclusions. The data obtained
revealed variation in salinity of the trapped fluids.
The final ice melting temperature in Types 3 and 4
inclusions varies from —4° to -18 and -9 to -19 °C
with a mode at around -12 °C. Final ice-melting
temperatures are lowest in the mineralized quartz
veins. The first melting temperatures in multiphase
Types 3-4 inclusions are also in a similar range
which varies from -21 to -34°C. Based on their
final ice melting temperatures, it varies between 10
to 27 and 40 to 44 wt. % NaCl equivalent for type
3 and 4 inclusions. T°C vs. salinity plots of
inclusions show mixing of magmatic hot fluids
with cold meteoric waters. Raman spectroscopy
revealed presence of 69 mol % N, and 31 mol %
CO; and 33 mol % N and 67 mol % CO- in types
3and 4 inclusions. These gases can be derived from
mantle degassing (Wang et al., 2018) and chemical

reactions during ascent of fluids.

H-O isotopes

Isotopic studies are among the most common
methods for identifying the primary composition of
ore-forming fluids in deposits (Barati and
Gholipoor, 2014). In the study area, five quartz
samples in quartz grains and veins were used for
H-O isotope analyses, with the aim of determining
the source(s) of ore-forming fluids. The D20 and
8180m20 Vvalues of the ore-forming fluids in quartz
samples vary from -60%o to -80%o, and -4.71%o to
-1.42%o, respectively. The above observations
reveal that the early ore-forming fluids are
magmatic in origin and is characterized by high
temperature and moderate to high salinity, and
gradually evolve to low temperature, low salinity
meteoric water. The Lakehsiah 1 Fe deposit is
associated with the magmatism induced by the
protracted  subduction. The decrease in
temperature, salinity and f(O,), as well as fluid-
rock interactions, are the main factors controlling
Fe deposition.
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