Vol. 15, No. 2, 2023, pp. 1-56

ISSN (Print): 2008-7306  ISSN (Online): 2423-5865

Journal of Economic Geology

KA i

https://econg.um.ac.ir

RESEARCH ARTICLE

REE-Y-Ti-Th mineralization

@ 10.22067/ECONG.2023.80748.1066

in the albite bearing metasomatite and

metasomatized rhyolite hosted in Choghart magnetite-apatite deposit, Central
Iran: Interplay of evaporitic brines, hydrothermal-magmatic fluids

Kiamars Hosseini *“©, Roghayeh Zabihi Khargh 2, Mohammad Hossein Moradian Bafghi 3

1 Ph.D. student, Department of Geology, Shahid Beheshti University Tehran, Tehran, Iran

2 M.Sc., Department of Geology, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran; Iran Minerals
Research and Processing Center, Tehran, Iran

$M.Sc., Iran Central Iron Ore Company, Bafgh, Yazd, Iran

ARTICLE INFO

ABSTRACT

Article History

Received: 22 January 2023
Revised: 04 March 2023
Accepted: 11 March 2023
Keywords

REE-Y-Ti-Th mineralization

metasomatism

evaporitic brine and hydrothermal
fluids

Choghart ore deposit

central Iran

*Corresponding author

Kiamars Hosseini
™ k_hosseini@sbu.ac.ir

Macroscopic, microscopic and geochemical studies carried out on
albite-bearing metasomatites and metasomatic rhyolites hosting the
magnetite-apatite deposit of Chogharat indicate the presence of three
generations of albite with different concentrations of REE-Y-Ti-Th, in
response to T-P reduction and chemical changes of the fluids and the
ratio of fluid to rock. The geochemical analysis of the low Ca/Na fluids
shows a deficiency in REE-Th mineralization in the white albites, while
in the fluids with medium Ca/Na, the REE mineralization (REE>Th) has
occurred in the pinkish albites. In contrast, fluids with high Ca/Na
indicate Th mineralization (Th>REE) in the red albites. The stable
isotopes of C-O on the paragenetic calcites show REE-Y-Ti-Th
mineralization of albites due to High-T hydrothermal fluids. Otherwise,
the stable O-C isotopes of the Ghoghart apatites and stable isotopes of S
in the ore deposits of the BMD verify the role of evaporitic brines and
fluid-rock interaction on the mineralization. The presence of calcite and
titanite, associated with the calcic-amphiboles and clinopyroxenes, Ca-
inclusions in the thorite structure and Ca-content of the thorites, indicate
thorite mineralization from the Co3% and Ca?* fluids due to low activity
of the chlorine. According to this study, the source of metasomatism is
mainly evaporitic brines with a minor amount of magmatic and related
hydrothermal fluids. Mineralization is the result of interaction of the
magmatic and hydrothermal fluids of the Late Ediacaran- Early
Cambrian plutonic/ subvolcanic intrusions with the evaporitic brines,
derived from the synchronous evaporitic sequence.
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EXTENDED ABSTRACT

Introduction

Metasomatism  often causes the extensive
mineralogic and chemical changes of rocks (Enjvik
et al., 2018). Alkaline metasomatism, as one of the
most important mineralization processes, could be
classified to the high-temperature and medium- to
low-temperature types (Zhao, 2005). High-T and
medium- to low-T alkaline metasomatism are
associated with the Nb-Ta-Li-Br and U-REE
mineralization, respectively. The mean array of U,
Th, and REE of the associated ore deposits of alkali-
metasomatism is not high, but because of their
relatively high tonnage are considered important
prospecting goals that usually form in the faulted
area and in relation to the deep regional structures
(Zhao, 2005; Cuney and Kyser, 2008). Until now
different sources of metasomatic processes are
suggested for the Ghoghart magnetite-apatite in the
BMD (e.g. Khoshnoodi et al., 2017; Aftabi and
Mohseni, 2020; Bonyadi and Sadeghi, 2020; Aftabi
et al., 2021; Majidi et al., 2021). In addition,
association of Ti with this type of ore deposits is less
reported and associated with U(Th), REE, Ti is
considered a rare phenomena in the ore deposits of
this district, not reported yet. In this research, the
nature of REE-Y-Ti-Th mineralizing fluids in the
Ghoghart deposit would be studied.

Research method

After field studies, 44 samples of the Ghoghart host
metasomatic rhyolites are selected for petrographic
microscopy out of 63 collected samples. For
complementary mineralogical studies, 24 samples of
the 3-generation albite-bearing metasmatites are
studied by the Scanning Electron microscopy, model
LEO-1400 with 17-19kV, ray dim. 12 and 20 nA and
12 samples of different-generation albites are
analyzed XRD by the Philips Xpert pro in the Iranian
mineral processing center and 9 samples are
analyzed by the Raman spectrometer of Senterra
2009 model of the Germany Brucker Co. with
penetration depth of 2um, spectral width of 200-
3500 cm?, wavelength of 785 nm, CCD detector and
resolution> 3 cm™ in the nano-electronic Lab of the
Tehran University. Furthermore 22 samples of
metasomatites with different generations of albites
are analyzed ICP-MS at the Zarazma Lab, Iran. To

constrain the source of mineralizing fluids, O-H
isotopic analysis of 4 apatite samples are performed
at the Hangaria Lab, Hungry. After petrography of
fluid inclusion on the 1-generation calcite of albite-
bearing metasomatites, 8 selected samples of calcite
are analyzed in the Ottawa University Lab., Canada.

Results

The macroscopic, microscopic, and geochemical
studies on the host albite-bearing metasomatites and
metasomatic rhyolites of the Ghoghart magnetite-
apatite deposit show extensive and intense effect of
alkali-metasomatic and hydrothermal processes,
associated with the sodic, sodic-calcic, potassic, and
late carbonatex quartz alterations. The REE-Y-Ti-Th
mineralization is related to the sodic-calcic
alteration, which is shown as the 2- and the 3-
generation albites. Intimate association of this
mineralization with the related albites reveal their
common genesis and follow the spatial pattern of the
sodic, and sodic-calcic alterations. The REE and
incompatible REE patterns show a common pattern
of the LREE enrichment to the HREE, which is the
characteristic of subduction zone magmas, in all
samples. The stable O-H isotopes of the paragenetic
calcite with the albites show albitization and REE-Y-
Ti-Th mineralization due to the HT-hydrothermal
fluids. The stable O-H isotopic study on the 1-
generation apatites of the Ghoghart magnetite ore
rocks display the role of evaporitic brines and rock-
fluid interaction on the ore formation. Mixing of
magmatic and HT-hydrothermal fluids with these
evaporitic brines caused mineralization and
associated alteration in the Ghoghard deposit.
Moreover, stable sulfur isotopes show evaporitic
brines as the main source of mineralizing fluids with
minor effect of magmatic fluids. Infiltration of the
hot oxide brines enriched in the REE-Y-Ti-Th, P, and
Ca + Fe, caused the weak sodic alteration (> 170 °C)
and sodic-calcic alteration (> 280°C) of the host
rocks, which was associated with extensive
deposition of the magnetite-albite, low-grade
magnetite-scapolite, and high-grade magnetite-
actinolite. In the late stage of sodic-calcic alteration,
magnetite-apatite (280-245°C) has formed. The
potassic alteration after the former aforementioned
mineralization phases (> 280°C, ~ 200°C) and then
the sericite, chlorite, and epidote assemblage is
formed by the LT-hydrothermal fluids (180-250°C)
as the last stage of mineralization (Bonyadi and
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Sadeghi, 2020). Microtheremore data of the fluid
inclusions of the calcites, related to the albite-bering
metasomatites, and 1-generation apatites confirm the
recorded alteration temperatures.

Association of the calcite, titanite with the calcic-
amphiboles and clino-pyroxene (actinolite and
augite), Ca-inclusions in the thorite structure and Ca
content of the thorites (CaO ~ 2.3%) indicate
deposition of the thorites from the Ca?" and Cos*
bearing carbonate fluids due to the low-activity of Cl
in the REE-Y-Ti-Th mineralization zones.
According to this study, fluids with low-content of
Ca/Na, did not cause or were associated with minor
REE and Th mineralization (white 1-generation
albites). The fluids with medium amount of Ca/Na
caused the REE mineralization (REE>Th, 2-
generation pale pink albitities) whereas the high
Ca/Na content fluids was associated with the Th
mineralization (Th>REE, 3-generation dark pink
albites). The Th deposition occurred under the Eh
and ph changes and also the fluid/rock ratio, revealed
by the exsolution evidences; In fact, the increase of
ph has occurred due to the expelling of CO, from the
mineralizing fluids along the fractures.This
phenomena had a considerable effect on deposition
of the Th-bearing carbonate complexes. The ph
increase of the mineralizing fluid was associated
with silica content of the fluid as the silicic acid that
caused deposition of the Th-silicates.

Discussion and conclusion
Subduction of the Prototethys under the central
Iranian  crustal  blocks during the late

Neoproterozoic-Early Cambrian caused an extensive
granitoid magmatism that was accompanied by
deposition of the equivalent evaporitic-volcaniclastic
deposition (Esfordi Formation) in the extensional
back-arc basins (Ramezani and Tucker, 2003). The
edicaran-lower Cambrian Fe-P mineralization in the
BMD shows a genetic relation with these granitoids,
related volcanic rocks, and associated synchronous
evaporitic-volcaniclastic deposits. In fact, the
intrusive and subvolcanic intrusions, as a thermal,
engine caused heating of the evaporitic brines of the
synchronous adjacent basins. The most important
characteristic of these brines is their high Na/K and
CI/S content. These hot alkali-enriched, sulfur-
oxide brines leached their passing host rocks and
transferred the REE-Y-Ti-Th elements. The result
was sodic and sodic-calcic metasomatism with REE-
Y-Ti-Th mineralization. The results of this research
constrain the mainly evaporitic brines with a minor
amount of magmatic and related hydrothermal fluids
as the source of metasomatism. In fact,
mineralization is the result of magmatic and
hydrothermal fluids of the Late Ediacaran- Early
Cambrian plutonic/ subvolcanic interaction with the
evaporitic brines, derived from the evaporitic
sequence (Esfordi Formation).
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Fig. 1. A and B: Distribution of magnetite oxide—apatite deposits in the Kashmar-Kerman volcanic-plutonic belt (after
Mirzababaei et al., 2021; Ramezani and Tucker, 2003), and C: Geological map of the bafgh-Saghand (modified after
Haghipour and Pelissier, 1977; Ramezani and Tucker, 2003)
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Fig. 2. Simplified geological map of the Choghart magnetite-apatite deposit (modified after Dehghani Firouzabadi, 2011)
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Fig. 3. A: A view of the choghart magnetite-apatite deposit pit along with magnetite-apatite mineralization zones, host
elbitite-bearin metasomatites and rhyolites (view towards southeast), and B: The host rhyolites and metasomatized
rhyolites of the Choghart magnetite-apatite deposit (view to the north)
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Choghart magnetite-apatite deposit (XPL-10X). Abbreviations after Whitney and Evans (2010) (Amp: amphibole, Cal:

calcite, Ep: epidote, Kfs: alkali feldspar, Qz: quartz, Ser: sericite).
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Fig. 5. A and B: The host albite-bearing metasomatites in the Choghart magnetite-apatite deposit are crosscut by the

diabasic dykes and brecciated shear zones.
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Fig. 6. A to D: Pictures taken of the first generation albitite-bearing metamorphisms in the Choghart magnetite-apatite
deposit and the inclusion of the second generation actinolite veins by the first generation albitites and vice versa, which
shows that these veins are young relative to each other, Abreviations after Whitney and Evans (2010) (Abl: first
generation albite; Actl: first-generation actinolite; Act2: second-generation actinolite; Chl: chlorite; Ep: epidote, Gt:
goethite; Hem:hematite; Mag2: second-generation magnetite).
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Fig. 7. Macroscopic images prepared from albite-bearing metasomatic rocks hosted by the Choghart magnetite-apatite

deposit. A and B: vein mineralization of second-generation albites with the absence of magnetite inclusions in albite, C,
D and E: mineralization of second and third generation albites diffuse and veined and the presence of pyrite mineralization
in these albite-bearing minerals, F: albite patches of third-generation albites, G and H: first and second-generation calcites
associated with albite-bearing minerals, and I: agate vein mineralization associated with albite-bearing minerals,
Abbreviations after Whitney and Evans (2010) (Ab2: second generation albite, Ab3: third generation albite, Act1: first
generation actinolite, Act2: second generation actinolite, Aug: agate, Call: first generation calcite, Cal2: second
generation calcite, Chl: chlorite, Ep: epidote, Mag2: second generation magnetite, Py: pyrite, Qz: quartz).
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Fig. 8. A to I: Microscopic images of the first-generation albite-bearing metasomatite in the Choghart magnetite-apatite
deposit (XPL-10X). Abbreviations after Whitney and Evans (2010) (Ab1: first generation albite, Amp1: first-generation
amphibole, Amp2: second-generation amphibole, Call: first generation Calcite, Cal2: second generation Calcite, Cpx:

Clinopyroxen, Ep1: first-generation epidote, Ep2: second-generation epidote, Kfs: alkali feldspar, Ser: sericite, Mag2:
second generation magnetite, Zrn: zircon).
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Fig. 9. Ato I: Microscopic images of the second-generation albite-bearing metasomatite in the Choghart magnetite-apatite
deposit (XPL-10X). Abbreviations after Whitney and Evans (2010) (Ab2: second generation albite, Ampl: first
generation amphibole, Amp2: second generation amphibole, Call: first generation calcite, Chl: chlorite, Kfs: alkali
feldspar, Mag2: second generation magnetite, Ser: sericite, Ttn1: first generation titanite, Ttn2: second generation titanite,
Thr: thorite).

DOI: 10.22067/ECONG.2023.80748.1066 Vooled A0 o) VP Y ((golaBl cwlid e

v


https://doi.org/10.22067/ECONG.2023.80748.1066

e JslS Ol e ‘_;zl.e'f: clcdgy s b T 6h6:L€JJf: 5, REE-Y-Ti-Th i; 58 Ol an S

DdlS 53 T L Lo e 03 Js S sl 5 S S i 55 5 b 5 5T lasslg Ss shkise et DAL TS
ACL WJyl Js T ADL) Cl sas L1 (Whitney and Evans, 2010) sl 5 =5 3l sl o33 Ol Sl T -2

(pss Jous e Mag2 oo sl Epec, 15 Ch 033 Joi SIS TACE2 (Jg) s o 1S
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(2010) (ADb1: first generation albite, Actl: first-generation actinolite, Act2: second-generation actinolite, Chl: chlorite,
Ep: epidote, Mag?2: second-generation magnetite).
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Fig. 11. A to D: Microscopic images of the second and third generation albite-bearing metasomatite in Choghart
magnetite-apatite deposit (PPL-10X) and the presence of titanite and thorite minerals along the dissolution surfaces.

Abbreviations after Whitney and Evans (2010) (Ab2: second-generation albite, Ab3: third-generation albite, Cal: Calcite,
Kfs: alkali feldspar, Qz: quartz, Ser: sericite, Thr: thorite, Ttn: titanite).
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Fig. 12. A to D: Electron microscope images of the first generation albites and the presence of magnetite, hematite,
titanomagnetite, molybdenum, minerals containing silver and pentlandite as inclusions in the albite mineral in the
Choghart magnetite-apatite deposit, in figure A potassium feldspar is replaced by elbite. Abbreviations after Whitney and
Evans (2010) (Abl: first generation albite, Ag: silver, Hem: hematite, Kfs: alkali feldspar, Mag: magnetite, Mol,

molybdenum, Pn: pentlandite, Ti-Mag: titanomagnetite).
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Fig. 13. A to F: Electron microscope images of the second and third generation albites and the presence of magnetite,
second generation titanomagnetite, galena, monazite, thorite and Wolframite as inclusions in the second and third
generation albite minerals associated with albite bearing metasomatites in the Choghart magnetite-apatite deposit.
Abbreviations after Whitney and Evans (2010) (Ab2: second-generation albite, Ab3: third-generation albite, Cal: Calcite;
Gn: galena, Kfs: alkali feldspar, Mag2: second-generation magnetite, Mnz: monazite, REE Oxide: Oxides of rare earth
elements, Si: Silic, Thr: Thorite, Ti-mag: titanomagnetite, Wol: Wolframite.
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Fig. 14. A to D: Electron microscope images of second generation magnetites associated with albitite metasomatites and
the presence of thorite minerals as inclusions on the surface of second generation magnetite and second generation
actinolite in along the dissolution surfaces in the Choghart magnetite-apatite deposit. Abbreviations after Whitney and
Evans (2010) (Act2: second-generation actinolite, Cal: calcite, Gn: galena, lIm: ilmenite, Mag2: second-generation
magnetite, Qz: quartz, Rt: rutile, Thr: thorite, Ttn: titanite).
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Fig. 15. A to H: EDX spectrum of thorite, magnetite, titanomagnetite and the presence of tungsten, silver, chromium, and
nickel phases in different generations of albite-bearing minerals in Choghart magnetite-apatite deposit
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Fig. 16. A and B: Selected XRD patterns of first and second generations of albite bearing metasomatite in the Choghart

magnetite-apatite deposit
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bearing metasomatite in Choghart magnetite-apatite deposit. Abbreviations after Whitney and Evans (2010) (Act:

actinolite, Call: first generation Calcite, Cal2: second generation Calcite, Kfs: alkali feldspar, Mag3: third-generation

magnetite, Qz: Quartz, Ttn: titanite).
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Calcite, Kfs: alkali feldspar, Mag3: third-generation magnetite, Qz: Quartz, Ti-mag3: third-generation Titanomagnetite,
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Fig. 19. Macroscopic and microscopic images prepared from shear zones in albite-bearing metasomatites hosts of
Choghart magnetite-apatite deposit. A: S-C fabric in the first generation albite-bearing metasomatites and the presence of
shear structures, filled by the amphibole veins; B and C: the microscopic images of the shear zones, porphyroclasts, and
ductile microstructures (XPL) D to G: alignment of the amphiboles in the shear zones (XPL), H and I: Crushing of the
titanites and their replacement by the amphiboles (PPL). Abbreviations after Whitney and Evans (2010) (Ab1: first-
generation albite, Act: actinolite, Amp: amphibole, Cal2: second generation calcite, Kfs: alkali feldspar, Qz: Quartz, Ser:
sericite, Thr: thorite, Ttn1: first generation titanite).
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Fig. 20. Microscopic thin sections prepared from metasomatite and alteration stages in the host rock of Choghart
magnetite-apatite deposit. A and B sodic metasomatite (XPL), C to F sodic-calcic metasomatite (XPL), G: Potassic
alteration (XPL), H and I: carbonatezsiliceous alteration (XPL). Abbreviations after Whitney and Evans (2010) (Ab1:
first generation-albite, Ab2: second-generation albite, Ab3: third-generation albite, Amp: amphibole, Call: first-

generation calcite, Cal2: second-generation calcite, Hem: hematite, Kfs: alkali feldspar, Qz: quartz, Ser: sericite, Thr:
Thorite, Ttnl: first generation Titanite, Ttn2: second generation Titanite).
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Table 1. Specifications of the Raman spectrometer during analysis of first, second and thrid generations of albite bearing
metasomatite in the Choghart magnetite-apatite deposit

Resolution Spectral Range LaserPower Integration Time Aperture
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Fig. 21. A to C. Selected Raman spectrum of the first, the second and the third generations of albite bearing metasomatite

in the Choghart magnetite-apatite deposit
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Fig. 22. The paragenetic sequence of minerals in the albite-bearing metasomatites of the Choghart magnetite-apatite

deposit
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Table 2. The major, minor and rare earth elements analysis using ICP-MS method on firstand second generation albite-
bearing metasomatite in the Choghart magnetite-apatite deposit. The values are in ppm.

Second generation albite-

Firstgeneration albite-bearing metasomatite ; -
bearing metasomatite

Major and minor element

Cs <0.5 0.6 0.6 0.6 <05 <05 0.6 1.3
Rb 16 19 41 12 51 31 61 27
Ba 132 60 545 33 418 209 1022 161
Th 6.97 11.36 28.26 11.01 14.3 26.1 43.84 42.43
Hf 1.05 1.72 1.36 1.12 6.1 1.7 1.02 0.5
U 0.8 0.1 0.96 0.1 2 1.8 2 0.7
Nb 3.6 2.3 1.8 2.3 5 1 4.7 3.7
Ta 0.4 0.51 0.48 0.53 0.9 0.2 0.51 0.77
Pb 5 4 2 2 5 17 6 2
Sr 321 18 26 22 33 43 36.3 30
P 152 62 22 20 200 200 159 2949
Zr 87 28 40 35 223 265 53 17
Ti 1885 1007 446 671 5410 1240 2055 1334
K 8768 5091 27718 959 26100 17200 32752 8660
Rare earth elements
La 22 26 16 19 26.9 315 14 48
Ce 83 100 44 60 85.6 117 56 100
Pr 14.03 16.23 5.03 9.2 12.6 17.3 10.35 11.63
Nd 63.3 79.7 29.8 46.5 57.4 74.8 48.9 46.9
Sm 15.08 20.45 8.51 10.99 15 17.7 12.96 8.01
Eu 2.13 2.51 1.31 1.74 1.94 2.11 2.01 1
Gd 14.22 24.54 12.47 12.98 14.3 16.8 12.55 9.16
Th 2.05 4.39 2.68 2.21 2.3 2.8 1.76 1.46
Dy 14.51 25.35 18.37 13.66 135 17.3 11.93 9.2
Er 9.17 16.62 13.99 9.2 8.1 10.1 7.52 6.38
Tm 1.23 2.21 1.63 1.16 1.3 1.55 1 0.84
Yb 7.4 12.4 8.9 6.6 8.2 10 5.8 4.4
Lu 1.06 2.4 1.4 1.28 1.27 1.49 0.88 0.85
Y 87.8 114.5 105 58.3 80 99 71.7 453
Eu/Eu* 0.44 0.34 0.39 0.45 0.41 0.37 0.48 0.36
(La/Yb)n 2 1.41 1.21 1.94 2.21 2.12 1.63 7.35
(La/Sm)n 0.92 0.8 1.18 1.09 1.13 1.12 0.68 3.77
(Ce/Yb)n 2.9 2.09 1.28 2.35 2.7 3.03 2.5 5.88
(Ce/Sm)n 1.33 1.18 1.25 1.32 1.38 1.6 1.04 3.01
(Gd/Yb)n 1.55 1.59 1.13 1.58 1.40 1.35 1.74 1.68
(Eu/Yb)n 0.82 0.58 0.42 0.75 0.67 0.6 0.99 0.65
Sum_REE 249.18 332.8 164.09 194.52 248.41 320.45 185.66 247.83
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Table 3. The major, minor and rare earth elements analysis using ICP-MS method on second and third generation albite-
bearing metasomatite in the choghart magnetite-apatite deposit. The values are in ppm.

Second generation albite- bearing Third generation albite-
metasomatite bearing metasomatite

Major and minor element

Cs 0.6 0.8 0.7 0.8 0.8 0.7 0.7 0.7
Rb 17 40 43 31 87 72 27 29
Ba 87 359 297 281 702 479 251 178
Th 130.82 45.98 115.17 128.54 6610.7 1176.8 460.3 1583.8
Hf 1.56 0.97 0.74 1.26 1 0.58 0.5 11
U 2.8 0.6 1.9 15 176.3 24.8 6.6 30.9
Nb 1.8 4.2 4.4 3.6 12.2 5.1 2 2.6
Ta 0.43 0.8 0.76 1.44 1.29 0.33 0.46 0.57
Pb 6 5 4 5 11 5 3 2
Sr 27 38 27 30 26.2 54.2 44 36
P 51 82 11 63 150 146 501 148
Zr 42 28 19 38 25 22 13 26
Ti 393 1486 2252 1331 4985 4782 314 1248
K 4465 15002 17379 10061 32865 40135 9622 10030

Rare earth elements

La 22 17 24 20 27 15 16 43
Ce 73 53 75 69 86 48 43 136
Pr 12 7.28 1161 10.62 20.85 9.74 5.33 21.02
Nd 59.5 38.3 58 52.3 99 47 28.4 93.1
Sm 14.83 10.52 15.39 13.04 24.69 12 6.93 20.57
Eu 2.24 1.67 2.07 1.67 3.68 1.78 0.92 2.7
Gd 16.81 15.29 18.83 14.73 25.98 11.22 8.79 23.43
Th 2.61 3.31 3.42 2.59 3.53 1.62 1.57 4.01
Dy 14.92 20.75 20.01 15.07 24.77 11.32 0.88 22.65
Er 9.85 12.95 12.75 9.63 15.76 6.66 6.16 15
m 1.3 1.61 1.66 1.29 2.02 0.9 0.81 1.98
Yb 7.7 7.3 8.9 7.1 10.9 55 4.4 11.8
Lu 1.54 1.35 1.6 1.34 1.56 0.82 0.77 2.08
Y 61.5 91 94.3 65.5 1195 58.5 45.4 112.7
Eu/Eu* 0.43 0.4 0.37 0.37 0.44 0.47 0.36 0.38
(La/YDb)n 1.93 1.57 1.82 1.9 1.67 1.84 2.45 2.46
(La/Sm)n 0.93 1.02 0.98 0.96 0.69 0.79 1.45 131
(Ce/Yb)n 2.45 1.88 2.18 2.51 2.04 2.26 2.53 2.98
(Ce/Sm)n 1.19 1.22 1.18 1.28 0.84 0.97 15 1.6
(Gd/YDb)n 1.76 1.68 1.70 1.67 1.92 1.64 1.61 1.60
(Eu/Yb)n 0.83 0.65 0.66 0.67 0.96 0.92 0.59 0.65

Sum_REE 238.3 190.33 253.24 218.38 345.74 171.56 132.96 397.34
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Table 4. Major, minor and rare earth elements analysis using ICP-MS method on metasomatized rhyolite in the Choghart
magnetite-apatite deposit. The values are in ppm.

Metasomatized rhyolite

Major and minor element

Cs 0.7 0.8 0.6 0.7 0.7 0.7
Rb 24 58 16 35 19 26

Ba 130 421 29 197 71 93
Th 25.65 12.02 92.55 20.03 12.42 18.79

Hf 0.88 0.92 0.5 1.12 2.88 1.82

U 1.6 0.2 14 0.1 3 0.1

Nb 3.1 5.5 27.9 2.2 3.9 1.8
Ta 0.6 1.15 3.93 0.7 0.7 0.46

Pb 5 5 6 3 5 4

Sr 42 32 19 35 51 33

P 310 59 3564 64 107 84

Zr 31 28 14 37 67 39

Ti 1049 2526 22541 841 1282 869
K 8289 21606 3599 14683 4958 9668

Rare earth elements

La 22 29 40 31 33 50

Ce 59 83 119 102 64 172
Pr 8.11 12.91 17.78 15.17 6.81 29.03
Nd 41 61 86.3 69.3 31.2 125.3
Sm 9.84 14.69 22.12 15.4 7.15 26.94

Eu 1.38 2.05 2.65 1.98 1.18 3.17
Gd 10.51 15.48 29.22 15.84 8.85 30.53
Th 1.74 2.46 4.97 2.63 1.63 4.88
Dy 10.44 13.66 27.51 14.98 10.22 28.17
Er 6.65 8.56 18.06 9.56 6.94 17.66
Tm 0.95 1.17 2.31 1.27 0.94 2.08
Yb 5.3 6.7 13.3 7.8 5.2 12.5
Lu 1.03 1.25 2.31 1.36 0.95 2.34
Y 447 59.9 139.1 74.1 48.4 121.7
Eu/Eu* 0.41 0.42 0.32 0.39 0.45 0.34
(La/Yb)n 2.8 2.92 2.03 2.68 4.28 2.7
(La/Sm)n 1.41 1.24 1.14 1.27 2.9 1.17
(Ce/Yb)n 2.88 3.2 231 3.38 3.18 3.56
(Ce/Sm)n 1.45 1.36 1.3 1.6 2.16 1.54
(Gd/Yb)n 1.6 1.86 1.77 1.63 1.37 1.97
(Eu/Yb)n 0.74 0.87 0.57 0.72 0.65 0.72
Sum_REE 177.95 251.93 385.53 288.29 178.07 504.6
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Fig. 23. A: The chondrite-normalized Rare-earth element distribution patterns diagram ( Boynton, 1984) and B: Primitive
mantle-normalized trace element patterns from ( Sun and McDonough, 1989) in the metasomatized rhyolite and albite-
bearing metasomatite host of Choghart magnetite-apatite deposit.
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Fig. 24. A to I: Correlation trend of LREE+Y, Sc, Ti, U and Th in the albite-bearing metasomatites and metasomatized
rhyolites host of Choghart magnetite-apatite deposit
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Fig. 25. A to I: Correlation trend of Y REE, Y, P, Sc, Sc+Y, Rb, K, U and Th in the albite-bearing metasomatites and

metasomatized rhyolites host of Choghart magnetite-apatite deposit
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apatite deposit
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Fig. 27. Fluid inclusions of the first generation of crystalline calcite paragenetic with the albite-bearing metasomatites in
the Choghart magnetite-apatite deposit. A and B: three-phase inclusions, C and D: Liquid-rich two-phase inclusions (LV),
E and F: vapor-rich two-phase inclusions (VL), G: One-phase liquid inclusions individually and sequentially, H: One-
phase vapor inclusions, and I: A boiling sequence consisting of one-phase liquid inclusions and one-phase vapor

inclusions shortcuts.
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Table 5. Results of the stable O-C isotopes on the first generation calcite paragenetic with the second and the third
generation albites associated with metasomatites zone host of Choghart magnetite-apatite deposit (ppm)

Sample Wtused Ampl.44 Delta 3C
nar?”ne —  Rock type Long. Lat. mg m (\F/Jol 9 do (%o)vpdb
C-46 calcite 3507252 354844 0.621 9125 -19.76 -4.11
C-47 calcite 3508176 355153 0.625 9205 -19.72 -4.02
C-48 calcite 3508338 355181 0.557 7778 -19.61 -3.98
C-49 calcite 3508128 355197 0.563 8070 -19.72 -3.96
C-50 calcite 3508191 355136 0.610 8317 -19.58 -4.08
C-51 calcite 3508291 355206 0.596 8723 -19.61 -3.93
C-52 calcite 3508135 355220 0.572 8353 -19.58 -4.23
C-53 calcite 3508150 355663 0.523 7752 -19.52 -4.23
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Fig. 28. Diagram of 80 versus 8*3C variation of first generation calcite paragenetic with second and third generation
albites in the metasomatites zone of the host Choghart magnetite-apatite deposit (Allen and Wiggins, 1993)
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Table 6. Results of the stable O-H on the first generation apatites associated with first generation magnetite in the

Choghart magnetite-apatite deposit (ppm)

Sample_

H20

18
name Rock type Long. Lat. (ppm) dD d*o
FS-1 apatite 354857 354829 247 -58.1 -7
FS-2 apatite 3508425 3508421 216 -58 -7.1
FS-3 apatite 354857 354829 351 -61.7 -6.5
FS-4 apatite 3508425 3508421 351 -61.7 -6.5
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Fig. 29. A and B: Diagram of 60 versus 5D variation in the first-generation apatite ore, Choghart magnetite-apatite

deposit (Huang et al., 2016)
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