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Introduction

The Bafg mining district (BMD) in the Kashmar-Kerman tectonic zone
hosts ~34 magnetite-hematite-apatite ore deposits with about 1500 Mt
of reserves in the central Iran (Torab, 2008). The mineralization has
predominantly occurred in the Early Cambrian volcano-sedimentary
rocks of Esfordi Formation. It consists of rhyolite, rhyodacite, spilitic
basalt, and dolostone, which are intruded dominantly by the Early
Cambrian granitoid intrusions (Torab, 2008). Metasomatism has not
only affected vastly the ore deposits and their host rocks, but it has also
controlled ore mineralization. This issue has caused ambiguity and a
paradox in determining the genesis of these ore deposits. In this research
study, sources of mineralization are determined in the Chogart
magnetite-apatite ore deposits. The results of this research study
constrain the genesis of the Choghart deposits. Moreover, they shed new
light on ore-forming processes in similar ore deposits of the Bafg mining
district.

Methodology
In this research study, 87 rock and ore samples were collected from the
Choghart magnetite-apatite ore deposits.
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Mineralogy characteristics of 10 apatite samples and
13 magnetite-apatite ore samples were determined
by wusing the LEO-1400 Scanning Electron
Microscope, with a voltage of 19-17 kV and a beam
diameter of 20 nA. Moreover, three apatite and three
albite samples were examined by using X-ray
powder diffraction in the Iran Mineral Processing
Research Center. Seventeen magnetite-hematite ore
samples were also analyzed using ICP-MS in the
Zarazma Company. For microthermometry, one
sample of the 1%-generation apatites was analyzed
for fluid inclusions in the Geological Survey and
Mineral Exploration of Iran.

Four apatite samples were studied by the O-H isotope
method in the Hungarian Laboratory in Hungary,
seven calcite samples were studied by the O-C
method in Ottawa, Canada, two apatite sample were
studied by the Nd-Sm method in Queensland,
Australia, and four apatite samples were studied by
the Inductively Coupled Plasma Mass Spectrometry-
Laser ablation method in Tasmania University in
order to determine the origin of the mineralizing
fluid.

Results

The petrography, geochemistry, and isotope studies
on the host rock and magnetite-apatite ores of the
Choghart deposit indicate wvarious forms of
mineralization, which is associated with extensive
metasomatism. The O-H and Nd-Sm isotopes on the
1%-generation apatites and the ratios of Sr relative to
Mn of these apatites demonstrate a sedimentary
origin, while the presence of ilmenite exsolution
texture in the 1%-generation magnetites shows a
magmatic origin of the ore-forming processes. In
addition, microthermometry of the fluid inclusions in
the 1%-generation apatites in the magnetite-apatite
ore and the evaluation of the O-C isotopes on the
paragenetic calcites with the 2"- and 3'-generation
albites of host albite-bearing metasomatites indicate
a combination of magmatic and high-temperature
hydrothermal processes. The results of 20°Pb/28U
and 2°°Ph/2%7Ph isotopic studies on the 1%-generation
apatites and 1%- and 2"-generation monazites
inclusions of the 1%-apatites illustrate that monazites
are younger than the apatites, which could indicate

separation of U-Pb by hydrothermal fluids or
formation of apatite ores during a separate
phenomenon.

Discussion

In this research study on the Choghart magnetite-
apatite ores and its albite-bearing metasomatic host
rocks, three generations of albites, two generations
of apatites, two generations of monazites and two
generations of magnetite have been identified. The
geochemical evaluation of the albites indicates lower
REE-Y-Ti of the 1%-generation albites, which are
sterile in terms of Th-U, compared to the 2"- and 3"-
generation albites. The O-C isotope analysis of the
paragenetic calcites demonstrated albitization due to
the magmatic and high-temperature hydrothermal
fluids. In addition, the O-H isotope studies on fluid
inclusions of the apatites demonstrate atmospheric
origin of the fluids, while the microthermometry
results of the apatite fluid inclusions indicate
magmatic and hydrothermal origins of these fluids.
On the other hand, presence of ilmenite exsolutions
in the magnetites and O-H isotope of the magnetites,
conducted by Moore and Modabberi (2003) and
Majidi et al. (2021) have shown the magmatic origin
of the fluids. The Nd-Sm isotopic results of 1°-
generation apatites, rhyolitic host rock, and iron-
apatite ores indicate different initial contents of their
Nd isotope ratios. The similarity of eéNd in the 1%-
generation apatites with phosphorite of the Soltanieh
Formation, along with Sr versus Mn amounts of the
apatites reinforce the idea that the apatites could have
been derived from these sedimentary phosphorites,
whose eNd contents increased due to the high-
temperature magmatic and hydrothermal fluids,
derived from the granitic intrusions, rhyolitic lavas
and magnetite melts. The 2°°Pb/%8U and 2°°Pb/>’Ph
dating demonstrate 490-561 million years for the 1°'-
generation apatites, 511-543 million years for the 1°'-
generation monazites, 503-528 million years for
most of the 2"-generation monazites, and 112-153
million years for a limited number of 2" generation
monazites. The different isotopic ages of the apatites
and monazites shows their formation during long-
term and extensive ore-forming processes during
later effects of hydrothermal and magmatic fluids.
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This has resulted in enrichment of apatites in REE,
formation of monazite inclusions along the fractures
and on the surface of the apatites.
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Fig. 5. Macroscopic images of different generations of albite in the albite-bearing metasomatites Choghart magnetite-
apatite deposit. A: the first generation albite, B: the second generation albite, C: the Different generation albite; and
microscope images of D: the first generation albite (PPL-10X), E: the second generation albite (PPL-10X), and F: the
third generation albite (XPL-10X). Abreviations after Whitney and Evans (2010) (Ab1l: first generation albite, Ab2:
second generation albite, Ab3: third generation albite, Ttn: titanite).
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Fig. 6. Macroscopic images of host albite-bearing metasomatites rocks of the Choghart magnetite-apatite deposit. A:
disseminated mineralization of the second generation albites in the magnetite with absence of magnetite inclusions in the
albite (depth 56 m), B: sharp boundary of the second generation albites with the magnetite and mineralization of second
generation albites disseminated in magnetite, C: disseminated mineralization of second generation albites and vein
mineralization of third generation albites associated with the albite bearing metasomatites adjacent to the magnetite
mineralization zones, D, E and F: vein type mineralization of second generation albites in the host metasomatite rocks
and the presence of second generation magnetites associated with the metasomatite processes. Abbreviations after
Whitney and Evans (2010) (Ab2: second generation albite, Ab3: third generation albite, Mag1.: first generation magnetite,
Mag2: second generation magnetite).
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Fig. 7. A, B, C, D, E and F: Electron microscopic images of different generations albites and the presence of turianite,

titanite and galena in the form of inclusions in the albite mineral Choghart magnetite-apatite deposit. Abreviations after
Whitney and Evans (2010) (Ab1: first generation albite, Ab2: second generation albite, Ab3: third generation albite, Gn:

galena, Thr: turianite, Ttn: titanite).
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Numbers on diagram representative for minerals which are listed in table 1.
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Fig. 10. A and B: Massive and vein type mineralization of first generation apatites, C and D: the bipyramdal crystals of
the first generation apatites in the magnetite ore and E, F and G: vein type and disseminated mineralization of second

generation apatites of the Choghart magnetite-apatite deposit
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Fig. 11. A to I: Electron microscope image of the first and second generation apatites with monazite mineralization in the
Choghart magnetite ore. Abreviations after Whitney and Evans (2010) (Apl: first generation apatites, Ap2: second
generation apatites, Hem: Hematite, Mag1: first generation magnetite, Mnz: Monazite).
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Fig. 12. A selected XRD pattern of second generation apatite in the Choghart magnetite-apatite deposit. Numbers on

diagram representative for minerals which are listed in table 1.
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Table 1. Selected results of XRD analyses of the apatites and albite-bearing metasomatites in the Choghart magnetite-
apatite deposit

3generation albite-bearing metasomatites

Second generation apatite

No batch x2 17 A-94-1 batch x3 18 E-94-5
Long. 355671 354723
Lat. 3508156 3508321
1 Riebeckite; Magnesiohornblende, ferroan Fluorapatite, syn; Monazite-(La)
2 Microcline Fluorapatite, syn; Allanite-(La); Monazite-(Ce)
3 Microcline Fluroapatite, syn; Britholite, syn
4 Microcline; Magnesiohornblende, ferroan Allanite-(Ce); Xenotime-(Yb); Monazite
5 Thorite; Uranoan Fluorapatite, syn; Monazite(Ce), syn; Britholite, syn
6 Thorite; Uranoan Fluorapatite, syn; Allanite-(Ce); Allanite-(La); Xenotime-(Y)
7 Albite, calcian, ordered Fluorapatite, syn; Allanite-(Ce); Allanite-(La)
8 Thorite; Uranoan Carbonate-hydroxylapatite; Bastnasite; Monazite(Ce)
9 Davidite-(Ce) Hydroxylapatite; Allanite-(La); Monazite-(Ce)
10 Brannerite; Davidite-(Ce) Allanite-(La); Monazite-(Ce); Monazite
11 Microcline; Magnesiohornblende, ferroan Fluorapatite, syn; Allanite; A_IIanite—(La); Monazite(Gd), syn;
Monazite(Eu), syn
12 Barnnerite Fluorapatite, syn; Monazite(Ce), syn
13 Uraninite, syn; Riebeckite Fluorapatite, syn; Alll\jllglr:;(ilt_ea?liali)%astna5|te; Britholite;
14 Davidite-(Ce) Fluorapatite, syn; Monazite(Ce), syn
15 Albite, disordered Fluorapatite, syn; Monazite(Ce), syn
16 Albite Hydroxylapatite; Monazite(Gd)
17 Microcline; Thorite; Riebeckite Chloroapatite; Allanite-(La)
18 Microcline; Thorite; Uranoan Fluorapatite, syn; Allanite; Britholite; Monazite; Monazite(Ce)
19 Brannerite Fluorapatite, syn
20 Microcline Allanite; Allanite-(La)
21 Albite, calcian, ordered Monazite(Ce)
22 Microcline Allanite-(La)
23 Microcline
24 Thorite; Uranoan
25 Brannerite; Uraninite, syn
26 Thorite
27 Thorite; Uranoan
28 Davidite-(Ce)
29 Uraninite, syn
30 Hematite; Riebeckite
31 Magnesiohornblende,_ferroan; Hematite;
Thorite
32 Hematite; Thorite; Uranoan
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Table 2. XRD analytical results of first generation apatites and albite-bearing metasomatite in the Choghart magnetite-

apatite
Sal\'}(‘)p'e A-94-2 A-94-11 Fsl Fs2
Long. 355114 355224 354857 354829
Lat. 3508102 3508130 3508425 3508421
3t generation albite- 2%t generation albite- first generation first generation
bearing metasomatites bearing metasomatites apatites apatites
Albite low Hydroxylapatite
Actinolite Quartz Carbonate-
Main Tremolite Calcite Fluorapatite fluorapatite
hase Microcline Talc Carbonate- Hematite
P Hematite Tremolite Hydroxylapatite Calcite
Calcite Hematite
Malachite Microcline
Barnnerite Monazite Monazite(La), syn Xenotime-(Y)
Rare Thori idi : Monazite(Gd), syn
hase orite Davi |te(pe) Xeno_tlme-(Y) Monazite(Ce). syn
P Barnnerite Monazite(Ce), syn y

Monazite-(La) syn
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Table 3. REE analytical results of albite-bearing metasomatites in the host Choghart magnetite-apatite deposit (ppm)

saRrﬁ(;)ITe AG12 AG17 AG13 Ch9-2 AG22 AG5 AG6 AG7 AG-8-S
1%t generation 2%t generation 3%t generation
albite-bearing albite-bearing albite-bearing Rhyolite
metasomatites metasomatites metasomatites
Long. 354081 355104 355178 355193 354606 355141 355173 355181 355168
Lat. 3508141 3508155 3508266 3508190 3508163 3508043 3508051 3508192 3508346
Trace element
K 8763 6932 773 170 100 68818 25324 8607 8127
U 0.8 0.1 7.1 6.7 9.3 222.2 221 2.4 2.1
Th 6.9 10.5 94.2 28.4 47.4 8580.2 1109 20.9 11.3
Ti 1885 698 6520 2411 2748 5379 1411 1005 2149
Zr 87 45 18 9 5 23 86 123 100
Nb 3.6 2 7 1 1 3.6 3.1 2.2 5.2
Ba 132 52 5 57 5 998 609 156 141
Pb 5 5 4 6 4 8 5 5 4
Sr 32.1 21 36 146.3 177.9 101.2 37.9 30.5 64.3
Rare earth element
Ce 83 76 517 1809 2403 83 71 30 46
La 22 20 220 804 1051 30 17 8 18
Nd 63.3 54.2 354 1157 1548 86.1 65.1 15.6 26
Pr 14.03 10.73 85 293 387 18.21 13.38 3.48 6.38
Sm 15.08 13.88 66 205 278 21.55 17.21 3.35 5.14
Eu 2.13 1.83 7.22 21.98 28.8 3.3 2.52 0.55 0.84
Gd 14.22 16.38 65.19 203.7 267.49 21.27 17.75 3.46 474
Tb 2.05 2.9 8.17 23.37 30.77 2.85 2.58 0.62 0.68
Dy 1451 17.26 56.95 156.94 207.53 19.8 18.79 4.23 4.68
Er 9.17 11.65 35.22 89.85 117.81 12.14 12.62 3.3 2.88
Tm 1.23 1.54 4.25 10.04 13.17 1.5 1.69 0.47 0.39
Yb 7.4 9.8 225 50.9 65.9 7.6 9.8 3.1 2.4
Hf 1.05 1.41 0.5 0.5 0.5 0.63 0.96 3.1 1.96
Lu 1.06 1.64 2.91 6.03 7.73 1.03 1.37 0.55 0.41
Y 87.8 91 327.9 895.3 1234.5 99.7 112.3 28.1 29.5
(La/Yb)n 2 1.38 6.59 10.65 10.75 2.66 1.17 1.74 5.06
(La/Sm)n 0.92 0.91 2.07 2.46 2.38 0.88 0.62 15 2.2
(CelYb)n 2.9 2.01 5.94 9.19 9.43 2.82 1.87 25 4.96
(Ce/Sm)n 1.33 1.32 1.87 2.12 2.08 0.93 1 2.16 2.16
(Eu/Yb)n 0.82 0.53 0.91 1.23 1.24 1.23 0.73 0.5 1
(La/Gd)n 2.04 1.42 2.81 3.29 3.28 2.84 1.76 1.08 2.14
(Gd/Yb)n 2.06 4.90 2.33 3.22 3.27 0.88 3.16 1.41 0.46
(CelCe*) 1.14 1.25 0.9 0.89 0.9 0.85 1.13 1.37 1.03
Eu/Eu* 0.44 0.37 0.33 0.33 0.32 0.47 0.44 0.49 0.52
S>REE+Y  338.03 330.22 1772.81 5726.61 7641.2  408.68 364.07 107.91 150
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Table 4. REE analytical results of the magnetite and hematite samples in the Choghart magnetite-apatite deposit (ppm)

Sample HS1 HS2 HS3 HS4 HS5 HS6 HS7 HS8 HS9 HS10

Hematite Magnetite

Long. 354952 354575 354631 354765 354736 354955 355064 354997 354953 354960
Lat. 3508620 3508604 3508545 3508582 3508441 3508244 3508312 3508115 3508388 3508361

La 61.2 81.2 135 64.4 113 26.2 33.3 48.4 43.8 43.4
Ce 134 180 300 143 252 56 715 106 95 94.6
Pr 15.7 20.8 30 16.5 25.3 6.54 8.14 12.4 11 10.9
Nd 54.2 72,5 123 57.8 102 23.1 28 43.3 38.5 37.9
Sm 8.02 10.7 18 8.63 14.8 3.7 4.26 6.55 5.7 5.6
Eu 0.7 0.9 1.64 0.79 1.35 0.37 0.39 0.63 0.5 0.5
Gd 7.7 10.1 16.5 8.02 14.2 3.42 4.04 6.04 5.3 5.3
Th 1.08 1.42 231 111 1.95 0.54 0.59 0.87 0.78 0.7
Dy 5.5 6.98 11.2 6.02 9.9 2.97 3.14 4.61 4.09 4.07
Ho 1.06 14 2.16 1.17 1.9 0.59 0.61 0.92 0.8 0.78
Er 3.1 3.79 6.12 3.11 5.14 1.72 1.84 2.61 2.32 2.31
Tm 0.42 0.54 0.8 0.48 0.71 0.26 0.26 0.37 0.35 0.33
Yb 247 3.06 4.76 2.52 4.18 1.54 1.54 2.16 1.98 1.88
Lu 0.39 0.47 0.72 0.41 0.61 0.24 0.24 0.34 0.29 0.28
Y 26.6 334 58.1 29 51 17.6 18.5 26.7 245 235

(La/Yb)n 16.7 17.89 19.12 17.23 18.2 11.47 14.58 15.11 14.92 15.56
(La/Sm)n 4.8 4.77 4.72 4.69 4.8 4.46 4.92 4.65 481 4.87
(CelYb)n 14.0 15.22 16.30 14.67 155 9.40 12.01 12.70 12.41 13.01
(Ce/Sm)n 4.0 4.06 4.02 4.00 411 3.65 4.05 3.91 4.00 4.07

(Eu/Yb)n 0.8 0.92 0.98 0.89 0.92 0.68 0.72 0.83 0.79 0.8
(La/Gd)n 6.6 6.72 6.84 6.71 6.65 6.40 6.89 6.70 6.84 6.77
(Gd/Yb)n 2.5 2.66 2.80 2.57 2.74 1.79 2.12 2.26 2.18 2.3
(CelCe™) 1.0 1.05 1.13 1.06 1.13 1.03 1.05 1.04 1.04 1.0
Eu/Eu* 0.2 0.29 0.29 0.29 0.28 0.32 0.29 0.3 0.3 0.3

>REE+Y  322.2 427.3 710.3 342.9 598 144.7 176.3 261.9 235.0 232.2
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Table 5. LA-ICP-MS point analytical data of the first and second generation of apatites in the Choghart magnetite-apatite
deposit (ppm)

Sample First generation apatite Second generation apatite
Rock sample FS1 FS2 FS3 FS4 FS5 FS6 FS7
Long. 354857 354829 354790 354773 354707 355012 354722
Lat. 3508425 3508421 3508324 3508303 3508444 3508302 3508399
Trace element
Sr 335.09 626.7 104.18 189.95 278.63 187.93 245.49
Mn 200.03 400.21 200.08 200.67 100.65 300.24 300.31
Th 13.29 10.53 44.64 16.47 27.49 54.64 21.64
u 1.01 2.21 2.7 2.63 2.26 2.91 1.64
Rare earth element
La 10334 1245.0 2183.3 1597.2 1234.3 1657.7 1056.2
Ce 2577.6 3669.3 42555 3557.1 2994.1 3656.0 2863.1
Pr 278.5 456.9 399.31 359.2 3255 3715 316.9
Nd 1003.2 1823.9 1258.2 1273.6 1212.9 1284.0 1163.1
Sm 170.6 359.6 159.86 198.9 211.3 186.2 1915
Eu 16.12 36.51 13.89 19.52 21.04 19.18 19.4
Gd 163.3 309.6 125.0 174.2 207.33 154.9 177.2
Tb 20.55 42.79 14.84 21.91 26.01 18.36 22.18
Dy 117.9 255.3 81.73 124.2 151.7 104.36 128.5
Ho 23.34 52.04 15.71 24.47 30.68 20.52 24.9
Er 63.48 137.3 42.60 68.41 83.93 56.71 66.41
Tm 7.55 15.87 5.08 8.03 10.12 6.91 8.07
Yb 41.2 88.99 28.05 45.83 54.86 38.06 43.9
Lu 5.40 11.55 3.59 5.80 7.30 4.86 5.6
Y 718.6 1584.7 485.16 761.5 932.32 643.0 782.5
(La/Yb)n 16.91 9.43 52.48 23.50 15.17 29.3 16.22
(La/Sm)n 3.81 2.18 8.59 5.05 3.67 5.60 3.47
(Cen/Yb)n 16.18 10.67 39.24 20.08 14.12 24.84 16.87
(Ce/Sm)n 3.65 2.46 6.42 4.31 3.42 4.74 3.61
(Eu/Yb)n 1.11 1.17 1.41 1.21 1.09 1.43 1.26
(La/Gd)n 5.29 3.36 14.59 7.66 4.97 8.94 4.98
(Gd/Yb)n 3.20 2.81 3.60 3.07 3.05 3.28 3.26
(CelCe*) 1.16 1.17 1.10 1.13 1.14 1.12 1.19
Eu/Eu* 0.30 0.33 0.30 0.32 0.31 0.35 0.32
SREE+Y 6241.1 10089.6 9072.0 8240.1 7503.6 82225 6869.9
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Table 6. LA-ICP-MS point analytical data of the first and second generation monazites, which are associated with the

first and second generation apatites in the Choghart magnetite-apatite deposit (ppm)

(PPM) &l s T

Sample first generation monazite second generation monazites
Trace element
Sr 97.64 172.9 36.99 32.9 73.45 162.4 162.1 70.47 61.45
Mn nd 100.7 100.3 100.4 nd 200.6 nd nd nd
Th 958.3 652.8 1107.0 1276.8 98269 1640.3 6237.0 13219 1169.3
U 100.6 48.51 19749 28458 13429 60.11 15866  60.77 36.45
Rare earth elemente
La 151412 118558 100483 104435 101573 117823 128922 144123 150395
Ce 253616 195924 236400 248178 245855 213139 253592 246051 257842
Pr 21600.1 16832.6 24945 28337 269445 17214 24835.8 20982.6 22305
Nd 58227 42760 85477 101737 95498 48280 75868 55726 59280
Sm 5170.9 3782.7 11228.3 14634.1 13866.1 4337.8 71714 48327 5433.2
Eu 446.9 288.5 890.44 131175 1159.0 2834 568.6 306.8 412.2
Gd 25745 1947.6 5806.4 8498.3 7623.8 22357 3983.0 2358.2 2769.8
Tb 195.2 163.7 374.0 5875 52255 17097 333.39 165.14 216.0
Dy 703.1 660.73 975.85 1603.6 1338.8 653.0 12347 617.8 785.4
Ho 88.52 90.11 7820 136.84 11552 89.47 18294  76.36  100.79
Er 144.96 167.33 8151  160.32 136.72 176.02 31898 129.14 166.8
Tm 10.94 15.54 4.83 8.33 7.85 13.76 25.97 9.35 13.3
Yb 37.39 64.36 12.67 22.19 22.79 59.96 93.05 35.53 47.88
Lu 3.14 6.22 0.66 1.44 1.49 5.01 8.11 2.51 4.14
Y 2385.3 2499.7 1716.7 3136 2641.2 24533 46254  2090.2 2730.2
(La/Yb)n 2730.1 1241.9 5347.1 3173.1 3004.9 13248 934.1 27347 21177
(La/Sm)n 18.42 19.72 5.63 4.49 4.61 17.09 11.31 18.76 17.41
(Ce/Yb)n 17545 787.4 4826.3 2893 27905 91947 70494 1791.2 13929
(Ce/Sm)n 11.84 12.50 5.08 4.09 4.28 11.86 8.53 12.29 11.45
(Eu/Yb)n 33.99 12.75 199.85 168.10 144.62 13.44 17.38 24.56 24.48
(La/Gd)n 49.14 50.86 14.46 10.27 11.13 44.03 27.04 51.06 45.36
(Gd/Yb)n 55.56 24.42 369.83 309.05 269.95 30.09 34.54 53.56 46.68
(CelCe*) 1.07 1.06 1.14 1.10 1.13 1.14 1.08 1.08 1.07
Eu/Eu* 0.37 0.33 0.34 0.36 0.34 0.28 0.33 0.28 0.32
YREE+Y 496618 383763 468475 512789 497306 406934 501765 477508 502502
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Fig. 16. Fluid inclusions of the first generation apatites in the Choghart magnetite-apatite deposit. A: primary (P),
secondary (S) and pseudo-secondary (PS) fluid inclusions, B, C, D and E: triple-phase (LVH), double-phase liquid
inclusions (LV) and mono-phase liquid inclusions (L), F: mono-phase (L) and double-phase liquid inclusions (LV) and
liquid and solid phase (LH), G and H: mono-phase vapor inclusions in association with double-phase (LV) and mono-

phase liquid (L) inclusions, and I: mono-phase vapor inclusions in association with triple-phase inclusions (LVH). (L:
Liquid, S: Solid, V: Vapor, OP: opaque)
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Table 7. Microthermometric data of fluid inclusions of first generation apatites associated with magnetite ore
mineralization zones in the Choghart magnetite-apatite deposit

Sample Size Te- Tm Ts- Th-Eq Wit%

code  'YPe Phase Fil (um) ShapeTm-ice oo Clatrit  hal ag  salinity Density
FS1I  L+V Vo078 10 oval -87 -515 259 1251 0.89
FS1  L+V Vi oo0ss 15 oval -8 51 250 1170 0.90
FS1  L+V L o065 12 oval -7.9 -51.7 248 1158  0.90
FS1  L+V L oss 11 oval -8.3 -50.4 239 1205 091
FS1  L+V L o079 10 oval -8.7 -50.6 239 1251  0.92
FS1 L+V+O L 098 22 oval -82 -51.4 241 1193 091
FS1 L+V+H L 094 20 oval +115 422 357 4295 101
FS1 L+V+0 L 092 25 oval -8 -51.3 238 11.70 091
FS1 L+V+O Vo093 27 oval -8.6 -53.7 229 1239 093
FS1 L+V+O Vi o08s 20 oval -7.8 -53.4 230 1146  0.92
FS1 L+V+H L o072 18 oval 418 370 4423 1.03
FS1  L+V L o081 15 oval -9 -51.9 299 1258  0.85
FS1  L+V L 069 10 oval -85 -53 300 1228 0.84
FS1  L+V L o067 14 oval -9.2 -53.2 304 1307  0.84
FS1  L+V L 073 20 amorphous -9.8 -52.4 315 1372 083
FS1  L+V Vo094 13 oval -9.4 -51.4 308 1329  0.84
FS1 L+V+H L 064 19 oval 420 378 4503 1.04
FS1  L+V L o073 15 oval -9 -50.2 286 12.85  0.86
FS1  L+V Vi o0g 18 oval -9.7 -52.6 310 1362 084
FS1  L+V L 061 12 amorphous -9.9 -50.3 328 1383  0.82
FS1 L+V+H L 089 15 oval 418 355 4267 101
FS1  L+V L 084 10 oval -9.2 -50.4 339 1307 0.79
FS1  L+V L 073 15 oval -9.6 -51.5 315 1351  0.83
FS1  L+V L o079 16 oval -94 -52.3 318 1329  0.83
FS1 L+V+H L 001 18 oval 430 353 4255 100
FS1 L+V+H L ogs 11 oval 422 377 4493  1.03
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Fig. 17. Histogram of melting temperature for A: the first ice melting, B: the last ice melting, C: Histogram of salinity
values of the mineralizing fluid, and D: The relationship between the ice melting points the salt types and content in the
mineralizing fluid, Choghart magnetite-apatite deposit (Shepherd et al., 1985)
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Fig. 18. Histogram of A: homogenization temperatures, B: density frequency of the studied fluid inclusions, and C:
schematic diagram of homogenization temperature-salinity for density determination, Choghart magnetite-apatite deposit

(Wilkinson, 2001)
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Fig. 19. A: location of fluid inclusion data on the homogeneity temperature-salinity diagram during evolution of the

involved fluids (Wilkinson, 2001), B: location of the

ore-forming fluid data on the diagram of salinity versus

homogenization temperature (Yermacov, 1965), C: location of fluid inclusion data on the diagram of salinity versus

homogenization temperature of the fluid inclusions from

the Choghart deposit. The diagram adopted from Wilkinson,

(2001), and D: diagram of pressure and depth versus homogenization temperature in determining the environment of the

Choghart magnetite-apatite deposit formation.
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Table 8. Results of stable O-H and O-C isotopes on the first generation apatites associated with first generation magnetites
and paragenetic calcites with second and third generation albites associated with metasomatites zone of the host Choghart

magnetite-apatite deposit (ppm)

S?gqnqu_ Rock type Long. Lat. (pH;g) dD do (D‘,:J;s;g
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 -
C-46 calcite 3507252 354844 - - -19.76 -4.11
C-47 calcite 3508176 355153 - - -19.72 -4.02
C-48 calcite 3508338 355181 - - -19.61 -3.98
C-49 calcite 3508128 355197 - - -19.72 -3.96
C-50 calcite 3508191 355136 - - -19.58 -4.08
C-51 calcite 3508291 355206 - - -19.61 -3.93
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Table 9. Results of Sm and Nd isotopes analysis on the magnetite-apatite ore, first generation apatite crystals and rhyolitic
host rocks of the Choghart magnetite-apatite deposit and phosphorites of the Soltanieh Formation (ppm)

Sample
no.

Sm Nd Wgm/MNG  43Nd/44Nd 12

(ppm)  (ppm) sigma ¢Nd(®)  Reference

Deposit  Rock type

Fsl1  Choghart  Apatitel 389.2 29515 0.143254 0.512169 6 -5.53

Fs2  Choghart  Apatitel 401.1 30323 0.163731 0.512221 4 -6.08

CH4 Choghart  Rhyolite 6.986 40.64 0.10391 0.512380 3 1.18  (Torab, 2008)

CH3  Choghart Mgggﬁge 1744 8922 011814 0512258 3  -2.14  (Torab, 2008)
Soltanieh . (Felitsyn and
SP-1 Em. Phosphorite  71.06  352.7 0.12187 0.512024 11 -6.90 Gubanov, 2002)
L®
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Fig. 20. A and B: Diagram of &80 versus 3D variation in the first generation apatite ore, Choghart magnetite-apatite
deposit (Huang et al., 2016)
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Fig. 21. A: determining the origin of first and second generation apatites in the Choghart magnetite-apatite deposit, using
Mn and Sr analysis (reference chart of Horgarth, 1989), B: Diagram of *Nd/***Nd versus *#’Sm/***Nd variation, and C:
diagram of eNd relative to P,Os content variation of the magnetite-apatite ore, first generation apatite crystals and rhyolitic
host rocks in the Choghart magnetite-apatite deposit and phosphorus of the Soltanieh Formation
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Table 10. U-Pb age assay results on the first and second generation monazites associated with first generation apatites of
the Choghart magnetite-apatite deposit

D7cor 1 11206 tlstd  2°Pb/ +1 2081 /232 +1 27pp/ +1
20ppBy  ster O PP Tepp 28y RSE% PP TN pSEo,  2%pp  RSE%

first generation apatite

207Pb/206pb

561 81 8.69 1.14 01151 131 0.0743 113 02325 195 0.2325

490 15 12.33 0.38 0.0811 3.1 0.0436 1.5 0.0786 5.3 0.0786
497 17 11.96 0.40 0.0836 3.3 0.0501 2.9 0.0906 7.0 0.0906
505 22 11.72 051 0.0853 4.3 0.0460 2.7 0.0938 8.0 0.0938
523 13 11.69 0.30  0.0856 2.5 0.0472 1.6 0.0685 6.6 0.0685
531 25 11.21 0.52 0.0892 4.6 0.0522 2.8 0.0887  10.9 0.0887

first generation monazite

511 16 12.13 0.39 0.0824 3.2 0.0247 1.5 0.0566 6.9 0.0566
512 18 11.89 42 0.0841 3.5 0.0246 1.7 0.0716 7.7 0.0716
513 15 12.09 0.36  0.0827 3.0 0.0262 1.7 0.0571 6.4 0.0571
518 20 11.94 0.45 0.0838 3.8 0.0154 1.8 0.0589 8.3 0.0589
526 24 11.62 0.52 0.0861 4.5 0.0273 2.8 0.0677 9.7 0.0677
529 23 11.41 049 0.0876 4.3 0.0269 2.7 0.0782 11.2 0.0782
533 33 11.35 0.71 0.0881 6.3 0.0269 2.5 0.0747 104 0.0747
540 19 11.56 0.42 0.0865 3.6 0.0274 1.9 0.0510 7.2 0.0510
543 23 11.32 049 0.0883 4.3 0.0254 1.8 0.0631 8.0 0.0631

second generation monazite

112 5 57.11 2.73 0.0175 4.8 0.0055 4.3 0.0493 17.1 0.0493
146 4 43.87 1.18 0.0228 2.7 0.0084 3.6 0.0477 9.4 0.0477
153 5 41.68 1.47 0.0240 3.5 0.0068 1.6 0.0483 9.0 0.0483
428 14 14.29 0.47 0.0700 3.3 0.0218 2.1 0.0715 6.5 0.0715
503 27 11.56 0.62 0.0865 5.3 0.0214 3.2 0.1073 119 0.1073
510 39 12.18 091 0.0821 7.5 0.0216 3.4 0.0549 286 0.0549
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Table 10 (Continued). U-Pb age assay results on the first and second generation monazites associated with first
generation apatites of the Choghart magnetite-apatite deposit

stj irr “PbTh sfelr “PDEPD sfjr 238 2'212 ZPOZ ZIDO% 2POb7 ZPOZ
first generation apatite
0.0455 1448 163 3069 312 1 13 0.01 0 0 0
0.0042 862 13 1163 105 3 45 00.003 0 0 1
0.0063 988 28 1439 133 13 16 0.006 0 0 0
0.0075 908 25 1504 151 2 27 0.01 0 0 1
0.0045 931 15 882 137 3 55 0.006 0 0 1
0.0096 1028 29 1398 208 2 22 0.01 0 0 1
first generation monazite
0.0039 494 8 475 152 122 5030 0.17 10 1 115
0.0055 492 8 975 157 94 3888 0.16 7 1 86
0.0036 522 9 495 140 110 2695 0.13 9 0 68
0.0049 309 6 564 180 64 2582 0.13 6 0 44
0.0066 545 16 860 202 60 1640 0.23 5 0 41
0.0088 537 14 1151 222 61 1322 0.17 5 0 33
0.0078 536 13 1062 210 36 1169 0.15 3 0 29
0.0037 546 10 241 166 69 4530 0.14 6 0 114
0.0051 508 9 712 171 84 2856 0.16 7 0 69
second generation monazite
0.0085 111 5 164 401 197 1107 0.27 4 0 7
0.0045 169 6 85 224 285 1277 0.13 6 0 10
0.0044 137 2 112 213 134 9827 0.13 3 0 71
0.0046 436 9 972 132 101 958 0.15 7 0 22
0.0128 428 14 1754 217 49 653 0.28 4 0 14
0.0157 433 15 408 641 17 6889 0.43 1 0 113
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Fig. 22. Concordia plot for U-Pb ages from apatites and monazites in the Choghart magnetite-apatite deposit
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Fig. 23. Diagram of 80 versus 8'3C variation of paragenetic calcites 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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