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Fig. 5. Apatite mineralization related to different zones. A: apatite in vein zone (4X-XPL), B: apatite in massive zone
(10X-XPL), C: apatite in disseminated zone (10X-XPL). Apl: generation 1 apatite, Ap2: generation 2 apatite, Ap 3:

generation 3 apatite
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Fig. 7. Microscopic images of different types of apatite. A: association of the 1, 2 and 3 generations of apatite in a rock
sample, B: generation 2 apatite, C: generation 1 apatite. Apl: generation 1 apatite, Ap2: generation 2 apatite, Ap 3:

generation 3 apatite.
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mineralization (10X- XPL). Mt: magnetite, Hem: hematite, Act: actinolite.
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Table 1. Selective results of XRD analyses of volcanic rocks from Esfordi mining district

Samplecode BH1 BH2 BH4 BH6 BH7
Rhyolite tuff near Rhyodacite near tuff  Dolerite dike with Amphibolite near Carbonaceous
Sample . .. . . DA
o mineralization zone amphibole veins phosphate masses rocks with silica
typ and hematite veins
X 370902 370527 371015 370554 370726
Y 3516627 3516425 3516540 3516599 3516590
Hydroxy-apatite, Fluoro-apatite, Fluoro-apatite Fluoro-apatite, Chlor-apatite
Main phase chlor-apatite carbonate-fluor- Chlor-apatite
apatite
Albite, flogopite, Microcline, Fluoro-  Actinolite, Biotite, bornite, Hematite, quartz,
quartz, pyrite, apatite, orthoclase, pyroxene, chlorite, pyroxene, calcite, chlorite, calcite,
Trace : . L . . . . . . . . .
hase hematite, calcite, sanidine, albite, covelite, hematite, ferribergite, covelite, bornite, fluorite,
P microcline boracite quartz, hematite, garnet, biotite hematite, chlorite muscovite,
elite
Vitiotritomite, Parsonsite Parsonsite,monazite, Tritomite, monazite,
Rare phase . L e
melanocerite tritomite vitiotite
BH1
600 Hydru:y-?w!ite
400 Ouartz
l Chiotapatite
A i Tritomite (Ce) Pantlantite
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Fig. 9. A selected XRD graph of rhyolitic tuff adjacent to Esfordi apatite mineralization.
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Table 2. EPMA point analyses results of types 1 and 2 apatites from Esfordi in wt%. bdl: below detection limit

Sample type __Apl-1 Apl-2 Apl-3 Ap2-1 Ap2-2 Ap2-3
X 370985 370985 370985 370946 370946 370946
Y 3518292 3518292 3518292 3518332 3518332 3518332
CaO 54.61 55.19 55.57 53.16 51.53 53.56
P,0; 41.90 41.90 42.19 41.06 41.60 41.28
Na,O bdl bdl bdl bdl bdl bdl
SiO, 0.24 0.52 0.40 0.80 0.05 0.10
MnO 0.04 0.02 bdl bdl 0.01 bdl
SrO 0.07 0.01 bdl 0.02 0.01 0.02
Y,0; bdl 0.07 0.09 0.09 0.14 0.11
La,0, 0.43 0.03 0.04 0.46 0.44 0.38
Ce,05 0.65 0.13 0.09 0.95 1.15 0.84
Nd,0; 0.20 0.06 0.13 0.48 0.37 0.38
Pr,0; 0.13 bdl 0.10 0.15 0.03 0.03
SO; 0.33 0.02 0.02 0.16 0.15 0.14
F 3.45 3.46 3.77 3.43 322 3.53
Cl 0.31 0.14 0.10 0.73 0.72 0.73
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Fig. 10. Strong negative correlation between REE and CaO in Esfordi apatite.
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Fig. 11. A: Apatite 1 mineralization in relation to iron oxide-rich cores (10X-XPL), B-D: Apatite 2 mineralization in
relation to hydro minerals amphibole, chlorite and epidote (4X-XPL), E-F: late mineralization of calcite and quartz
(10X-XPL). Mt: magnetite, Hem: hematite, Ap 1: apatite 1, Ap 2: apatite 2, Ap3: apatite 3, Amp: amphibole, Ep:
epidote, Chl: chlorite, Qz: carbonate.
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Fig. 12. Paragentic sequence in Esfordi deposit
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Table 3. Selective XRF results of major and trace element contents of rock samples from the Esfordi area
Sgomdile Epl Ep2 Ep3 Ep4 Ep6 Ep7 Ep9 Epl2 Epl4 Epl5
Rl Ryodacite  Andesite Lheeiva Andesite  Ryiolite  Trachyte Ryolite = Ryodacite Trachyte Trachyte
type Y andesite Y Y Y Y vt Y
X 370452 369987 370825 370725 370929 371022 370422 370401 370127 370025
Y 3518914 3519027 3519344 3517524 3517337 3516492 3516398 3516395 3516593 3516602
Wt%
Sio, 69.9 53.7 57.6 52.4 71.1 60.7 71.3 70.9 60.1 62
TiO, 0.1 3.5 2.7 1.2 0.23 0.14 0.21 0.16 0.19 0.18
Al 04 10.4 10.8 9.5 12.9 12.6 10.4 11.5 10.6 12.1 11
Treo 2.2 10.5 11.5 8.6 2.3 10.9 2.08 5.9 10.9 8.5
MgO 1.2 5.9 6.8 8.4 0.68 23 23 1.01 0.21 0.87
CaO 4.2 53 2.2 6.1 0.79 2.41 0.6 1.3 1.7 2.7
Na,O 0.56 4.6 3.7 2.05 5.2 0.36 0.36 0.46 0.31 0.34
K,O 7.6 2.9 2.8 0.83 2.6 7.4 8.2 6.9 10.3 8.5
P,0s 0.3 0.89 0.93 0.12 0.6 0.3 0.6 0.4 0.2 0.1
S 0.1 0.9 0.9 0.32 0.32 0.23 0.7 0.1 0.1 0.3
L.O.I 2.5 2.7 1.5 5.9 3.8 4.5 3.8 23 3.1 34
Total 99.4 100 99.8 99.3 99.9 99.8 100 99.9 99.5 99
ppm
Cl 27.7 345 21.9 87 35.7 76.8 36 87.3 37.8 90
Ba 1306 772 627 660 612 550 466 1072 165 3105
Sr 70.5 747.9 739 399.8 47.5 32.4 243 35.4 242 76
Cu 10.2 47.4 533 50 9.6 9.5 13.6 11.4 31.5 9.2
Pb 22.8 153 16.3 10.4 4.6 5 4.2 4.6 7.2 3.6
\'% 22.2 204 221.4 197.8 33 25.2 28 29.5 114.3 352
Zr 85.9 580.6 501.7 80 189.3 144.9 153.6 139.1 125.7 155.5
Y 54 33.8 533 35.8 14.6 4.6 9.7 6.3 100.3 13.6
Rb 127 78.5 83.4 22.5 48.9 162.9 96.6 133.9 15.7 144.4
U 19.2 13.3 17 8.4 1.7 34 14.3 10.8 15.9 8.5
Th 6.1 14 16.7 12.6 21.1 7.9 10.2 11.8 16.5 16
Nb 5.4 1.9 2.8 9.9 15.2 3 3.2 6.2 18.6 4.6
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Fig. 14. Classification of rocks from the Esfordi area using A: Winchester and Floyd diagram (Winchester and Floyd,
1977), B: TAS diagram (Cox et al., 1979).
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Fig. 15. Determination of geochemical nature of Esfordi rocks, A: Jensen (Jensen, 1976), B: Irvine and Baragar (Irvine
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Table 4. Rare earth element analytical results for the Esfordi samples

Hematite Iron-apatite Magnetite

Sample ore Apatite ore Rhyolite ore Amphibolite
X 370739 370782 370804 380874 370848 370901
Y 3518423 3518392 3518418 3518418 3518338 3518306
ppm
La 133 4420 3650 2970 148 10.5
Ce 405 6920 6630 4600 370 234
Pr 24.8 495 449 318 14.8 1.43
Nd 111 1750 1670 1120 57.8 5.78
Sm 24.1 186 196 126 9.36 1.14
Eu 2.71 19.9 18.1 13.2 0.74 0.18
Gd 21.2 180 197 125 8.4 1.12
Tb 2.59 22.2 24.8 14.4 0.79 0.18
Dy 11.7 108 122 64.8 2.92 1.15
Ho 2.12 22.8 26.1 124 0.6 0.26
Er 531 60.1 67.6 30.5 1.04 0.75
Tm 0.87 8.85 10.2 4.17 0.15 0.14
Yb 5.29 42.8 50 19.9 0.67 0.90
> LREE 700.61 13790.9 12613.1 9147.2 600.7 42.43
>HREE 49.08 44475 497.7 271.17 14.41 4.5
LREE/HREE 5.703 52.77 42.60 126.87 2.06 12.88
La/Yb 25.14 103.27 73 149.24 220.89 11.66
La/Sm 0.041 23.76 18.62 23.57 15.81 9.21
La/Gd 6.30 24.56 18.53 23.76 17.62 9.38
Gd/Yb 0.19 4.20 3.94 6.28 12.54 1.24
Ce/Ce” 1.70 1.13 1.25 1.14 1.90 1.45
(Eu/Eu*)N 0.37 0.33 0.28 0.32 0.26 0.49
YREE 305.86 2829.66 2797.17 2046.6 899.09 4428
100000
O Hematite /A Apatite + Iron-apatite
X Ryholite <> Magnetite 7 Amphibole
10000 =
2 3
= iy
k= \
E 1000 /
o — -5 -
w N \ 7 3 =
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E 5 7 L = = S -~
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((Boynton, 1985)

Fig. 16. Normalized REE distribution patterns in different types of ores and host rocks in Esfordi deposit (normalizing
values from Boynton, 1985).
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Introduction

Iron-apatite ore deposits well known as Kiruna
iron type formed in association with calc-alkaline
volcanism from Proterozoic to Tertiary (Hitzman
et al., 1992). Liquid immiscibility in an igneous
system was proposed to explain the formation of
the iron oxides accompanying apatite in
mineralized zones (Forster and Jafarzadeh, 1994;
Daliran, 1999). The mode of ore formation
however, is a matter in debate. Bafg region in
Central Iran is one of the greatest iron mining
regions in Iran with 750 million tons of reservoir.
The majority of the iron deposits contains apatite
as minor mineral and underwent metamorphism-
alteration in varying degrees. The mode of
formation and geological setting of Esfordi iron-
apatite deposit in this region with an average of
13.9 wt% apatite are discussed using geochemical
and mineralogical data along with field
description.

Materials and methods

Fifty-three samples of mineralized zones and host
rocks collected from 7 cross sections were studied
by conventional microscopic methods. Seven
representative samples were determined by XRD
at Department of Physics, Shiraz University.
Fifteen and six samples were also analyzed for
major and trace elements using XRF at Binaloud
Co. lIran, and ICP-MS at Labwest Minerals
Analysis, Australia, respectively. Microprobe
analyses were carried out on apatite in Geo
Forschungs Zentrum Telegrafenberg at Potsdam
University, Germany.
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Results

Field observation shows that igneous host rocks in
Esfordi were intensively altered by hydrothermal
fluids. The ores are surrounded by wide altered
halos. Petrographic investigation indicated that
the most important alterations are of potassic,
carbonatitic and silicification types. Magnetite
and apatite occur as major minerals, accompanied
by minor hematite and goethite in the mineralized
zones. Rare Earth Element (REE) minerals are
present as minor phases in the ores. Three apatite
mineralization  types (vein, massive, and
disseminated) were recognized. Petrographic data
represent three apatite generations: stage 1 which
is recognized in the massive and disseminated ore
types, stage 2 occurred in brecciated zones and
stage 3 which is formed by dissolution and
redeposition of the 1 and 2 apatite types in vein-
shaped bodies. The correlations among major
elements and SiO, correspond to magmatic
differentiation. Cerium is the most abundant REE
in the studied samples. Similar REE distribution
patterns were observed in the apatite, magnetite
and host rhyolite. Electron Probe Micro Analysis
(EPMA) shows that the apatites are of
fluoroapatite type, enriched in LREE. Low
content of Sr was detected in apatites of Esfordi.
Low Cd and Na concentrations but high U and Th
values were also detected in the studied ore
samples.

Discussion

Esfordi iron-apatite deposit is located NE of Bafq,
Yazd Province, and in the Central Iran structural
zone hosted by mainly Infracambrian rhyolites.
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Field evidence such as flow structure of ore and
dendritic texture of some minerals, e.g., actinolite
reveal the magmatic origin of iron-apatite deposit.
The trends of major element concentrations in
ores from different rocks are consistent with
magmatic origin of the ores. The absence of
sulfides shows an oxidized condition of magma at
the time of ore formation. Low Sr in the apatite
however, rejects any carbonatitic magma at
Esfordi (Belousova et al., 2002). Similar REE
distribution patterns in the apatite, magnetite and
host rhyolite indicates the same origin for them.
Cerium concentration in the ores from Esfordi is
also consistent with magmatic ore types and
negatively sloped REE distribution pattern and
negative Eu anomaly resemble to the Kiruna type
iron-apatite deposits (Hsieh et al., 2008). Low Cd
and variable Th/U in the apatite along with low
Na are contradicting with  sedimentary
environment  (Jami, 2005; Alves, 2008). The
Esfordi deposit probably formed in an extensional
arc-related setting associated with syn-collision
granitoids.
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