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The Koushk iron deposit is situated northeast of Bafq in Yazd Province,
within the Central Iran Structural Zone. Fe- mineralization in the Koushk
area is hosted by a rhythmic sequence of dolomite, jaspilite, rhyolitic tuff,
metasomatite, diorite sill and diabasic dyke with various ore structures.
Three generations of hematite mineralization have been identified: 1- shining
hematite flakes(oligiste) mineralization in a disseminated form associated
with the feeder zone, 2- hematite flakes vein mineralization associated with
carbonate cap, jaspilite, cherts and metasomatite, 3- patch-like
mineralization such as massive jaspilitic hematite. Geochemical
discrimination utilizing Fe/Ti-Al (Al+Fe+Mn), Fe-P, Co-Ni, V-Ti, V-Ni, and
Ni/(Cr+Mn)-Ti+V diagrams indicates an affinity with Banded Iron
Formations (BIFs). Specifically, in the Al/(Al+Fe+Mn) versus Fe/Ti
diagram, the Koushk ores plot within the fields of hydrothermal deposits
from the Red Sea and East Pacific Rise, as well as Neoproterozoic BIFs.
Furthermore, the Ti/V vs. Al diagram suggests that the hematite, jasperite,
and hematite flakes ores are analogous to unmetamorphosed to greenschist-
facies metamorphosed BIFs. The REE+Y patterns are characterized by
LREEs enrichment, low to moderate Y/Ho ratios, semi flat HREE profiles,
a near-zero to weakly negative Ce anomaly, and a pronounced positive Eu
anomaly. 3'*O values in massive hematite and hematite flakes are in
equilibrium with seawater and consistent with global BIFs, though they
indicate a higher degree of isotopic fractionation compared to typical
Algoma- and Superior-type BIFs. Microthermometric studies of fluid
inclousin indicate the role of fluid mixing and temperature reduction in iron
mineralization in the Kushk area and expressive the presence of
hydrothermal fluids with temperatures of 200-300°C for the origin of Fe-
oxy-hydroxides formed by seawater-basalt interaction and syn-glaciogenic
meltwater influxes.
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EXTENDED ABSTRACT

Introduction

BIFs are chemical sedimentary rocks, often
described as exhalative in origin, which are typically
thin-bedded or laminated and contain at least 15%
iron, and belong to Archean, Early Proterozoic and
Neoproterozoic time (Li et al., 2014a, Taner and
Chemam, 2015). Although Algoma-, Superior-, and
Rapitan-type BIFs have been extensively studied, the
global distribution and characteristics of Ediacaran-
aged BIFs remain comparatively poorly constrained
(Lan et al., 2019; Aftabi et al., 2021). A consensus
views BIFs as iron-rich chemical precipitates or
exhalates (Peter, 2003; Ohmoto et al., 2006).
Notably, Ohmoto et al. (2006) specifically proposed
a genetic model involving the mixing of submarine
hydrothermal fluids (at temperatures of 200-350 °C)
with ambient seawater.

Result
An comprehensive investigation of the ore
structures, petrographic features, geochemical

properties, and oxygen isotope compositions of iron
ore at Koushk area indicates the following points:
The mineralization is interpreted as an exhalative-
hydrothermal system of Ediacaran age, genetically
affiliated with BIFs. The ore is hosted within a
rhythmic sequence of dolomite, jaspilite, rhyolite-
rhyolitic tuff, and metasomatite, intruded by diorite
sills and diabasic dykes. Despite subsequent
chemical alteration, the primary banded, layered, and
intercalated structures of the BIF are largely
preserved. This interpretation is supported by
REE+Y systematics, which are consistent with a
primary depositional environment characteristic of
BIFs. 6'80 values of hematite fall within the range of
global BIFs and are in equilibrium with seawater.
Collectively, the evidence points to ore formation
from low-temperature hydrothermal fluids (200-
300 °C) in an oxidic oceanic setting, where iron was
mobilized through seawater-basalt interaction and
deposited as oxy-hydroxides, potentially influenced
by freshwater influxes from syn-glaciogenic
meltwater.

Materials and methods
A comprehensive sampling campaign collected 142
specimens from various rock units and geological

sections to represent the full spectrum of mineralized
and host rocks in the study area. To further
characterize the ore mineralogy, five samples of
hematite- and hematite flakes-bearing jaspilite were
analyzed using a SEM at Aria Electron Optics
Company, while the specific chemistry of hematite
was performed by EPMA method on one sample at
the Department of Earth Science, Shimane
University, Japan. For bulk-rock geochemistry, 11
samples were analyzed by XRF at Tarbiat Modares
University, Iran, and a separate suite of eleven
samples was processed for trace elements by ICP-
MS using a Perkin EImer NexION 300 instrument at
Zarazma Company Laboratory. Microthermometric
studies of fluid inclusions were performed on quartz
from one sample at Tarbiat Modares University, Iran,
and the oxygen isotope composition (6'*0) of six
hematite samples was measured at Arak University.

Discussion

The syngenetic volcano-sedimentary origin of the
Koushk hematite mineralization is evidenced by
primary hematite banding interlayered with
dolomite, rhyolitic tuff, and metasomatized units.
The bulk ore geochemistry shares key affinities with
Neoproterozoic glaciogenic BIFs. Fe/Ti versus
Al/(Al+Fe+Mn) diagram, the compositions plot
within the field defined by rift-related exhalative
hydrothermal deposits, such as those from the Red
Sea and East Pacific Rise, and fall within the 60-90%
range for metalliferous sediments. This genetic
model invokes the leaching of elements via seawater-
basalt interaction under anoxic conditions beneath a
global ice sheet, generating hydrothermal fluids
enriched in HiSiOs and Fe?', consistent with
mechanisms proposed by Lechte et al. (2019).
Hydrothermal activity generated proximal alteration
halos within the submarine basaltic and rhyolitic
rocks at temperatures of 350—450 °C (Galley, 2003).
As these fluids evolved and migrated into distal
zones, lower-temperature (100-250 °C) solutions,
enriched in Hi4SiO4 and Fe?" and associated with
chlorite, carbonate, and clay mineral assemblages,
were established (Galley, 2003). The low-T
(<250°C) exhalative hydrothermal fluids are more
enriched in total Fe?* (FeCly+FeCl+Fe?") (>1mM)
than the H.S, Cu, Zn, and Pb (<1mM), thus are of
typical BIFs fluids (Ohmoto et al., 2006). This range
of temperature has also been suggested for the
conversion of Fe-oxy-hydroxides to magnetite-
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hematite formed during post-diagenetic to
greenschist facies metamorphism (Spry et al., 2000;
Aftabi et al., 2021). Geochemical evidence,
including elevated Al:Os, TiO2, Zr, Th, and high
Co/Zn-Fe ratios (>1), points to a significant detrital
input from glaciogenic dropstones sourced from the
upper continental crust. While such detrital influx
can explain the lowered Y/Ho ratios in some BIFs
(Wang et al., 2018), ambient seawater also influences
these signatures, at times producing chondritic Y/Ho
values. Although incorporation of glaciogenic or
non-glaciogenic detrital materials can drive Y/Ho

ratios toward the average upper crustal value of ~28
(Tamehe et al., 2022), samples with low ratios reflect
the preferential scavenging of Ho over Y by co-
precipitating Fe-Mn oxyhydroxides (Bau and Dulski,
1996).
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Fig. 2. Geological map of the Koushk Zn-Pb deposit and the SW-NE cross section of the deposit (Rajabi et al., 2012)
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Fig. 3. Banded iron ore structures in the Koushk Zn-Pb deposit area. A to |: Macroband structure associated with
carbonate units, (Figures A to C View to the northwest and Figure D View to the northeast), J to O: Mesoband structure
associated with carbonate and rhyolite units, View to the north, G and H, quartz-carbonate vein-veinlet structures with
trace amounts of barite as a late phase have affected the hematite mesoband structure, M: Jaspilite bands have been

sheared under the influence of tectonic processes and Exhalative processes have caused hematite flakes mineralization
along the structural fracture. Abbreviations after Whitney and Evans (2010) (Brt: baryte, Cal: Calcite, Qz: Quartz).
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Fig. 4. Banded iron ore structures in area of the Koushk Zn-Pb deposit. A to E: Banded iron microband structures
associated with carbonate units, View to the northwest, F: Banded iron microband structures associated with metasomatite
units, View to the northwest, G: Banded iron crypto-nanobanding structures associated with carbonate units, View to the
northwest, H to K: Diamictite and dropstones of the Koushak deposit area associated with carbonate units and
metasomatites, View to the northwest, in Figures A to C Amphibole schist dropstones associated with carbonate units. In
Figures E and G: A poorly developed sigmoid groove is shown, In Figure K, sharper stoss chert units are shown,
Abbreviations after Whitney and Evans (2010) (Afs: alkali feldspar, Cal: Calcite, Chl: Chlorite, Ep: epidote, Qz: Quartz).

DOI: 10.22067/econg.2025.1163 Fopled VWV oy5 VPP (oalaml wlis

fv


https://doi.org/10.22067/econg.2025.1163

e DLl g5l T 3l $KeslS Sl layb0be omtwled s 5 05081 g 555 ) Al g ¢ oo ns Ol L

O‘)&A)W

5 oaddS 5L Ol S ccsles ol WaaS s

GBI 9 (5, 0Kw

=835 Sl 53 xS B Slen (5L ST Jou a
Gl S =Y s Ll HLulS sl 15 5 eSCi S
@Y (S b oS oS i 055 b Las e sl s Coles
el (3w Gl das o OLES Co w5 g Jliwl jyslie 5o
~& 5 e S5 Y (D b A-D JS8) col (gLl Sy g 4
S GleSadS L ks p Sl Elad s Coles slenS
AGA-F S KEJ 3CHA-Y JS8) Sl slayly s
Sy 4 d gl Jud 1355 o0 0 daliie ol 93 53 (5148, 5 Coilen
4093 Jri 3 ¢SS i Gy tia L/ 5 S b e a5
AL ol ol b 28 b STL cbeST ) 5
e b LSt gl os 5 Calen (G5l S5 Y 5 s
Ol () Gla s 5 4l S gl b Las e dsleasd
o ibge 5 Olid i ladssl ghyls 8 (I 6D -y JS2)
(B 5 A-A JS2) ol Cslan bl s

S5 sy BB 15 S SheSadS o
—oslen KSR wa e (S B
5335k gn odalin (5,15 aT &) o 4y LS Rl
cslaibie ol ) Shos sy Iy opl bl &,
MGG -y o) ol 0355 iy 503555 oo w03y 55
T sles e G Eel i ol slasl 5 (E-F S
-V S My JS) ok S8l - gl shizal 3 Syl
56185 gless @3lw S INGA-A IS2 5 FUD
s 41 AT G gy sdinz 0l LS b les (5Lt
SFUA- S o) cl Dl 5 e s ybs sl
Calemler 53 S — ST Oslze st Y (I GA-Y S
s A S il b F o gl VL Sl sasolss
o gl b alie ghyls 5 eakiw I 28 A& 5 aT

Vo Lao s S oS ol Aazea (Pettijohin, 1975) ol
Bt 1) Yoy e iSalis (slacKiu a8 L Aoy
o ) i SladisT Ol slse 5 HY oS b 55 6lias o
1y Sl sl Lane b o Sen (slaeSKwase 5 aeKiwo 4ls
el :Jf Slaanks 5 - 5 (Waltt, 2013) wias o LS i
o giaT ¢ i) 55 50550 S5 > sae&
Ogds Lol ¢ glaiasT e Late siasolis Yl (o8 5 St
dbé&%Q:,:@ff:d\a)léé\:’&qm%:j
alsd s 5 Ll (CUAF JS2) g en (o1 5 Si S
¥ S e S kT S IS i 15 S slae S
Lol s bab , Loty il 6l S e sl eSS 55 (C LA
3 Sl g 055U pdls 53 o S g ol ta T
Wl ot odalie (63 gial Ljli 53 i ) (S
L3l oy (5525 S 5 L ESals G83 ed
e S5 e Ll eoul g)lsT slagdiae I gl d
LBIF I &5 » a8 bl JSo i s 4 ol S
Ali et ) aal suiis Lo (ool 23138 5T Olg ol o o
o5 (@l 2010; Mazumder and Van Loon, 2012
Al (Sl a1y Sl Ol 5 gas 457 glouT Sl ey
laanlss 5 Loyl 555 LS sy U 8 i 555
$145 505 (K 3G E-F JS2) (Jlm ol bl s> g s
Ol ) Cand anw 5 b ( Pla b i glasl oSS
PRI B P YRR PTG g I PN SN - ] BTSN
JS—b 2,55 p e bl O 2 4 55 S Yzl
ot G 6 a5 (K-F JSK8) das o O 1y (65555
(Pettijohn, 1975) Ol & 4T alis (ol Al 7ty 4

sl o3 S )
WS ol el glaaS ) ol i Gl -4y (Sl sl
Slac s, (JSasS Lilas oSS glasly S
e ls s Glos s Cokular 5 CSlen ol bolw S

¢Sa S aikaie )3 (5l S5 56 oy ST ediasolis T .S

DOI: 10.22067/econg.2025.1163

A

¥ ooylad (\Wo,yos\Fe ¥ (oslaisl wuwﬁ)


https://doi.org/10.22067/econg.2025.1163

e DLl (g5l T 5l $KeslS Sl layb0be omtwled iy 5 05081 g 555 3 Al g ¢ gandi ns Ol L

O‘)&A)W

3ol el S sl (sl gyl 55 5 5 00l
13 Sist slge 55,5 /5 Los OF ol S 5 53 Sl i
Klein, ) b bos OT o50m 5 Saopbe sles 2 Lol on
F3bs o S s Slhcay oyly opl Kuls -1 .(2005
sl oS ot [ Canb ar 53 S5 S35 o
2olie 5 o)l SIS LAS Jlalgr 5 ) iy Ssles
SLadils 3 2 5 L s g0 (oS (bilodky 950855 osb b
3 adsl (S5ls s edasolsi bajlg 5o Csles ;)
(Gaucher etal., 2015) ol aT 4S5 0 — ST 4l

layls s Sl b/ s & o Sog o sy 54165 352
S 83 B (b s ST e o5 s 0 0L

Wl ok A5

SIS o e (g5 S a2 ol A
3 b Jols 58 5 Cilen cangs b LI 55 ek
sdalive (65w S5 51 s 5 Sl SIS L Olejon (Hlw S
ol STl gl e sy (F LA-F JSKi) s i o
a3 T e & das o Ol kw5 Cilen
Trendall, ) dled—s g 108wy 20 Yoo 31 Siw Gos b
Ol 4 S il b gliys Colon 3. m sl 2l 12002
Sl oS aas e 0l aT K 53 i ol ST
fatsn al 5035 LS/ len il 31 YL (FO2) 05T
Bau and Dulski, ) ol i LuST gV a5 siasolis
AT K 3 SUI sy il ol ose (1996

Ol 55 5 ol AT laslwilS & Cal s (6515

rj}ko(;.w“_;)\.&:;‘QJ).pm‘_;v‘b‘sv\fd.cdi.&;uﬂ}‘_g}))\.w\s):oquQ‘,)LJa.Jf‘_;‘é)}CﬂSL@&)LﬂGKD UA.Oﬁ

(S Ml ISP (o (PY (gld8 55 Cslen tHEM-FIK) ol s uLast (Whitney and Evans, 2010) jilsl 5 o5 51 b SIS (o bz
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Pyrite, Sp: Sphalerite).
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Abbreviations after Whitney and Evans (2010) (Afs: alkali feldspar, Cal: calcite, Ep: Epidote, Hem: hematite, Qz1: first
generation quartz, Qz2: second generation quartz, Qz3: third generation quartz, Ser: Sericite, Tur: Tourmaline).
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Fig. 7. A to C: Microscopic images of massive hematite mineralization, D to F: Banded iron oxide and chert, G to I: Gel-
like and Colloidal texture of hydromagnetite and hematite in the Koushk Zn-Pb deposit area. Abbreviations after Whitney
and Evans (2010) (Cal: calcite, Gth: Goethite, Hem: hematite, Jsp: jasper, Mag: magnetite, Hem-FIk: hematite flakes, Qz:

quartz).
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Fig. 8. A to F: BSE-SEM images of massive hematites and the presence of apatite and monazite inclusions in their
structure, G to I: Hematite flakes-bearing jaspilit, J to N: EDX images of apatite, hematite, monazite, organic matter and
silica inclusions in massive hematites and hematite flakes-bearing jaspilit in the Koushk Zn-Pb deposit area.

Abbreviations after Whitney and Evans (2010) (Ap: apatite, Brt: baryte, Cal: calcite, Hem: hematite, Mag: magnetite,
Mnz: monazite, Hem-FIk: hematite flakes, Om: Organic matter, Qz: quartz).
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Fig. 9. A and B: Macroscopic images of banded syngenetic hematitextmagnetite, carbonate and chert ore, View to the
northeast, C to E: Microscopic images of bands of hematite, magnetite, carbonate, mudstone and jaspilite, and F to I:
Fragments of quartz, chert, carbonates, volcanic rocks in rhythmic carbonates of the Koushk Zn-Pb deposit area.
Abbreviations after Whitney and Evans (2010) (Cal: calcite, Dol: Dolomite, Ep: Epidote, Gth: Goethite, Hem: hematite,
Mag: magnetite, Qz: quartz).
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Fig. 10. A to C: Microscopic images of association of elongated actinolite crystals with hematite ore in the rhyolites
hosting the Koushk Zn-Pb deposit. Abbreviations after Whitney and Evans (2010) (Act: Actinolite, Afs: alkali feldspar,
Cal: calcite, Chl: Chlorite, Ep: Epidote, Hem: hematite, Qz: quartz, Ser: Sericite).
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Table 1. Major oxides (wt. %) in hematite flakes ores, in the Koushk Zn-Pb deposit area

NO Hematite flakes
KH-1 KH-2 KH-3 KH-4 KH-5 KH-6 KH-7 KH-8 KH-9
Long. 55°4543" 554539" 55°4541" 55°4538" 554535 5545'37" 554528 55°4530" 554536"
Lat. 31°4521" 31°45'20" 31°4523" 31°4521" 31°4537" 31°4522" 31°4530" 31°45'35" 31°45'32"

SiO2 9.46 1.11 2.71 15.82 10.36 8.36 41.52 22.94 18.27
Al2Os 4.06 0.66 0.82 1.73 1.13 3.22 7.95 5.27 1.82
TiO: 0.15 0.05 0.05 0.13 0.1 0.15 0.19 0.14 0.01
Fe203 78.28 81.94 86.57 71.54 86.56 77.41 43.35 67.74 70.24
MnO 0.12 0.15 0.05 0.13 0.14 0.26 0.05 0.03 0.05
MgO 0.85 0.14 0.58 2.71 0.31 0.79 1.11 0.75 1.24
CaO 2.48 0.49 0.92 3.24 0.41 4.15 1.42 0.78 3.1
Na20 0.28 0.27 0.11 0.23 0.17 0.27 0.11 0.25 0.2
K20 0.4 0.05 0.12 0.29 0.12 0.4 1.82 0.94 0.05
P20s 0.82 0.59 0.37 0.42 0.3 0.53 0.69 0.22 0.41
SOs 0.62 5.66 2.57 0.16 0.21 0.69 0.11 0.04 0.54
Ba 0.72 8.95 421 0.11 0.23 0.92 0.05 0.25 1.63
L.O.l 1.76 0.85 0.75 3.39 0.95 2.77 1.45 0.88 1.86
total 100 100.92 99.84 99.89 100.99 99.91 99.82 100.21 99.42
Cl 0.021 0.035 0.02 0.072 0.019 0.024 0.032 0.023 0.032
\Y 0.006 0.008 0.009 0.007 0.005 0.013 0.007 0.004 0.006
Cu 0.022 nd nd 0.015 nd nd nd nd nd
Zn 0.016 0.013 0.012 0.014 0.015 0.024 0.04 0.054 0.07
Sr 0.013 0.241 0.105 0.004 0.007 0.017 0.004 0.08 0.06
Mo 0.008 0.01 0.007 0.003 0.003 0.008 0.001 nd nd
Sn 0.012 0.005 nd nd nd 0.007 0.004 nd nd
Pb 0.005 nd 0.009 nd nd nd 0.008 0.012 0.02
Zr 0.004 0.007 0.006 0.003 0.005 0.005 0.009 0.004 0.005
La 0.031 0.089 0.015 0.02 0.042 0.062 0.03 0.45 0.013
Rb nd nd 0.045 nd nd 0.002 0.004 nd nd
Ce 0.027 0.012 0.023 0.077 0.01 0.325 0.052 0.019 0.035
Ni 0.003 0.005 0.006 0.002 0.005 0.002 0.006 0.001 0.017
Co 0.006 0.009 0.005 0.005 0.012 0.008 0.006 0.001 0.006
Y 0.008 0.009 0.012 0.007 0.011 0.01 0.009 0.013 0.006

Cr 0.002 0.002 0.004 0.002 0.002 0.002 0.001 0.004 0.003
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Table 1 (Continued). Major oxides (wt. %) in hematite flakes ores, in the Koushk Zn-Pb deposit area

NO Massive hematite Global BIF
KH-10 KH-11 1 2 3 4
Long. 55°45'29" 55°45'49"
Lat. 31°45'31" 31°45'36"
SiO2 4.9 29.6 48.9 47.1 41.2 19.4
Al20s 1.41 4.87 3.7 15 472 2.38
TiO2 0.15 0.16 0.2 0.06 0.3 0.39
Fe20s 47.39 61.66 24.9 28.2 41.5 49.12
FeO - - 13.3 10.9 4.2 11.96
MnO 0.07 0.02 0.24 0.63 0.11 0.01
MgO 1.01 0.65 2 1.95 15 5.11
CaO 17.36 0.63 1.78 2.24 2.3 4.55
Na20 0.5 0.11 0.43 0.13 0.2 2.2
K20 0.15 0.94 0.52 0.2 0.5 0.19
P20s 13.64 0.41 0.23 0.08 0.4 1.71
SOs 9.06 0.19 1.57 0.2 0.45 0.19
Ba 0.52 0.74 0 0 0 0
L.O.l 3.52 0.68 3.13 0.8 3.16 4.7
total 99.68 100.65 100.9 93.99 100.54 101.91
Cl 0.146 0.018 - - - -
\% 0.008 0.007 0.0109 0.0042 0.003401 0.0059
Cu nd nd 0.001 0.004 0.005 0.01
Zn 0.335 0.015 0.002506 0.002653 0.003494 0.002213
Sr 0.064 0.003 0.00378 0.02863 0.04741 0.29994
Mo nd 0.002 0.0001 0.0001 0.0001 0.0017
Pb 0.028 0.01 0.000116 0.001441 0.000214 0.000882
Zr 0.005 0.004 0.0003 0.0002 0.0054 0.0088
La 0.067 0.022 - - - 0.04
Rb nd 0.003 - - - -
Ce 0.162 0.033 0.000352 0.000181 0.000907 0.080194
Ni 0.013 0.009 0.01 - - 0.01
Co 0.008 0.006 0.0041 0.0028 0.00125 0.004425
Y 0.021 0.009 0.000669 0.000918 0.001333 0.043364
Cr 0.001 0.002 0.012 0.011 0.006 0.003

1= Algoma type BIFs: (Maynard, 1983)

2= Superior-type BIFs:( (Maynard, 1983)

3= Rapitan-type BIFs: (Breitkopf, 1988); (Klein and Beukes, 1993); (Klein and Ladeira, 2004)
4= Ediacaran type-BIFs: (Babaki, 2004)
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Fig. 11. Major element variation diagrams in iron ore, in the Koushk Zn-Pb deposit area
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Table 2. EPMA point analyses results massive hematite ore at the Koushk Zn-Pb deposit area in wt.%

NO.

TR 2 3 4 5 6 7 8 9 10
Long. 55°45'43"

Lat. 31°45'36"

SiO: 0065 00423 002 00551 00529 00577 0.0671 00458 0.0404  0.052
ALO: 00912 01205 0174 01721 01298 0191 00931 01009 01157 0.1233
Fe:0: 89.7821 89.9891 89.7292 89.1301 89.7405 89.6942 89.5354 89.8533 89.4746 89.9193
TiO: 00113 00114 00015 00022 00155 00121 00115 00156 00133  0.0105
MgO 00302 00412 00439 00426 00414 00456 00409 00533 00468 0.0311
MnO 00854 00155 00842 01069 01073 0088 0089 00931 0051  0.0911
CaO 00125 00049 00415 00218 00042 00051 00598 00312 00456  0.0567
V00098 00108 00183 00105 00231 00285 00151 00095 00154 0.0167
Zn 02369 0126 01325 02501 02324 0223 01354 03265 04324 0.3321
Ni 0002 00113 00041 0031 00521 00457 00201 00151 0.0431  0.0534
Cr 00054 00097 00131 00032 00213 00117 0008 00054 0.0037  0.0041
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Table 3. ICP-MS results of major and trace element contents of hematite flakes and massive hematite ore at the Koushk

Zn-Pb deposit area

No Hematite flakes Massive hematite
KH-12 KH-13 KH-14 KH-15 KH-16 KH-17
Long. 55°45'34" 55°45"28" 55°45"25" 55°45'30" 55°45'38" 55°45'30"
Lat. 31°4527" 31°45"25" 31°45"26" 31°45'30" 31°45'33" 31°45'34"
Al 1519 10297 16397 2179 4478 1900
Ba 4105 79 78 108 2559 191
Ca 3023 5357 2977 >10% 21764 47048
Co 6.6 9.6 9.3 45.9 22.3 56.6
Cr 18 23 36 13 19 14
Fe203 35% 42% 37% 32% 43% 46%
Hf 11 1.3 1.8 1 0.9 0.9
K <100 3655 8422 <100 <100 <100
Mg 481 1566 2602 4990 1954 1148
Mn 75 158 176 2050 303 2968
Na <100 117 194 783 1067 213
Nb 19.8 5.7 12.2 10 8.4 6.2
Ni 7 13 12 102 123 132
P 674 391 588 >3% 3787 18631
Pb 46 44 46 70 214 193
Rb 3 27 48 3 5 1
S 911 <50 50 1472 5235 1700
Sb 1.7 34 3 1 11 11
Sn 10.8 8.4 8 1.7 17 33
Sr 55.8 20 233 241.2 3384 108.1
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Table 3 (Continued). ICP-MS results of major and trace element contents of hematite flakes and massive hematite ore

at the Koushk Zn-Pb deposit area

No Hematite flakes Massive hematite
KH-12 KH-13 KH-14 KH-15 KH-16 KH-17
Long. 55°45'34" 55°45"28" 55°45"25" 55°45'30" 55°45'38" 55°45'30"
Lat. 31°45"27" 31°45"25" 31°4526" 31°45'30" 31°45'33" 31°45'34"
Ta 0.8 0.2 0.5 0.5 0.5 0.5
Te <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Th 1.6 2 3.2 27.1 6.9 15.6
Ti 472 692 1008 321 294 627
U 3.7 6.7 8.4 1.6 1.3 15
\% 37 44 41 625 990 819
Zn 32 41 53 6879 1808 >3%
Zr 23 32 52 13 20 16
La 268 114 220 864 92 375
Ce 302 133 241 2018 202 849
Pr 22.31 11.75 18.34 222.56 22.12 93.94
Nd 57.2 33.7 49.3 771.8 78.7 330.4
Sm 6.1 4.8 6.6 111.4 11.6 46.4
Eu 3.75 1.71 2.62 12.38 1.66 4.85
Gd 5.47 4.3 5.64 100.72 9.5 40.5
Th 0.5 0.6 0.6 12.2 1.2 5
Dy 1.9 2.3 3 59.4 6.4 24.2
Ho 0.23 0.27 0.33 3.85 1.07 2.97
Er 0.7 0.8 1.3 304 3.2 11.8
Tm 0.2 0.2 0.3 3 0.5 13
Yb 0.29 0.53 1.05 21.72 2.48 8.33
Lu 0.1 0.2 0.2 2.8 0.4 1.1
Y 49 6.8 10.3 314.7 30 120.2
REE+Y 673.65 314.96 560.58 4548.93 462.83 1914.99
Y/Ho 21.3 25.19 31.21 81.74 28.04 40.47
Ce/Ce* 0.71 0.71 0.69 1.08 1.05 1.06
Eu/Eu* 1.98 1.15 1.31 0.36 0.48 0.34
Pr/Pr* 0.9 1.02 0.91 1.19 1.17 1.2

DOI: 10.22067/econg.2025.1163

4

¥ ooylad (\Wo,yos\Fe ¥ (oslaisl wuwﬁ)


https://doi.org/10.22067/econg.2025.1163

...Ql)lfli;lé,l};;,aTx;u&glfJguéu)liolfG?L;.ﬂmﬁ” O3S | 89 5) dalsd (ol e ) bl OHSKar 5

S35 Sl 3 gdme 3 (Slos 5 ilen 5 155 ilon SKilS DS 5 ol ol (Sl sime i 612 ICP-MS s ¥ Jguer oo
Sa S o

Table 3 (Continued). ICP-MS results of major and trace element contents of hematite flakes and massive hematite ore
at the Koushk Zn-Pb deposit area

No Hematite flakes-bearing jaspilit Global BIF

KH-18 KH-19 KH-20 KH-21 KH-22 1 2 3 4
Long. 5545'35” 55°45'13" 5545'43" 55°46'01" 5542'52"
Lat. 31°45'46"” 31°45'40" 31°45'13" 31°45'14" 31°45'19"”

Al 0.24 0.19 0.49 0.21 0.14 3700 15000 47200 23800
Ba 210 451 371 149 254 - - - -
Ca 13.54 17.61 3.52 8.36 9.76 - - - -
Co 8 4.5 7 9 8 41 28 12.5 44.25
Cr 23.2 20.15 315 36.2 21.8 118 112 60.8 334

Fe20s 11.37% 10.52% 18.36% 21.40% 20.80%

Hf 0.21 0.14 0.26 0.13 0.1 - - - -
K 0.17 0.1 0.15 0.09 0.08 - - - -
Mg 5.36 0.75 0.74 0.56 3.25 - - - -
Mn 3624 1836 2136 2554 4482 - - - -
Na 0.08 0.1 0.08 0.14 0.09 - - - -
Nb 0.71 1.35 0.97 1.05 0.54 1.9 3.05 4.35 3.56
Ni 31 27 34 33 18 103 37 16.59 5241
P 0.03 0.03 0.02 0.01 0.02 2300 800 400 17100
Pb 35 105 125 88 55 1.16 14.41 2.14 8.82
Rb 221 1.54 2.17 1.19 0.98 1.75 9.77 7.13 5.48
S 0.12 0.18 0.19 0.12 0.26 - - - -
Sb 3.1 2.84 3.86 3.4 3.9 1.36 nd 0.13 1
Sn 15.2 8.56 14.21 9.35 13.87 - - - -
Th 0.67 0.36 0.44 0.37 0.23 0.04 0.06 1.65 19.25
Ti 0.001 0.01 0.001 0.01 0.01 - - - -

1= Algoma type BIFs: (McClung, 2006); (Gutzmer et al., 2008); (Pecoits et al., 2009); (Wang et al., 2016), 2= Superior-
type BIFs: (Breitkopf, 1988); (Klein and Beukes, 1993); (Klein and Ladeira, 2004); (Baldwin, 2014), 3= Rapitan-type
BIFs: (Babaki, 2004); (Klein and Ladeira, 2004); (Jami et al., 2007); (Mohseni and Afatbi, 2015); (Atapour and Aftabi,
2017), 4= Ediacaran type-BIFs: (Miicke and Farshad, 2005)
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Table 3 (Continued). ICP-MS results of major and trace element contents of hematite flakes and massive hematite ore
at the Koushk Zn-Pb deposit area

No Hematite flakes-bearing jaspilit Global BIF

KH-18 KH-19 KH-20 KH-21 KH-22 1 2 3 4
Long. 5545'35" 55°45'13" 5545'43" 55°46'01" 5542'52"
Lat. 31°45'46" 31°45'40" 31°45'13" 31°45'14" 31°45'19"”

U 2.15 1.09 2.53 2.17 2.36 - - - -
\Y 11 13 27 18 21 109 42 34.01 59
Zn 120.2 278.5 475.3 136 554 25.06 26.53 34.94 22.13
Zr 6.3 3.5 9.6 6.8 3.5 2.69 1.98 53.5 87.75
La 38.5 154 21.2 19.33 35.25 2.7 1.15 419 390.08
Ce 47.26 8.36 16.7 13.05 45.27 3.52 1.81 9.07 801.94
Pr 2.55 0.53 1.33 0.99 2.44 0.64 0.22 0.37 97.83
Nd 3.11 4.55 7.09 4.88 9.05 2.03 1.06 4.88 349.95
Sm 1.67 0.47 1.86 1.23 1.14 0.5 0.22 111 67.94
Eu 0.74 0.22 1.07 0.96 0.71 0.37 0.11 0.12 7.64
Gd 0.75 0.24 0.88 1.14 0.55 0.58 0.31 0.46 67.22
Th 0.12 0.07 0.13 0.12 0.12 0.29 0.06 0.41 11.38
Dy 0.51 0.53 0.58 0.58 0.41 0.64 0.36 0.72 49.23
Ho 0 0 0 0 0 0.26 0.12 0.22 10.18
Er 0.31 0.18 0.31 0.26 0.21 0.44 0.27 0.68 26.01
Tm 0.06 0.05 0 0.07 0.04 0.3 0.05 0.38 4
Yb 0.45 0.28 0.36 0.27 0.26 0.43 05 1.14 17.97
Lu 0.04 0.03 0.03 0.04 0.02 1.14 0.06 0.48 2.44
Y 5 7 3 7 6 6.69 0.18 13.33 433.64
REE+Y  101.07 37.91 54.54 49.92 101.47 15.46 3756 233746 3453
Y/Ho - - - - - 25.32 76.15 60.32 42.58
Ce/Ce* 1.14 0.7 0.75 0.71 1.17 211 2.64 3.98 3.29
Eu/Eu* 2.02 2 2.56 2.48 2.74 0.69 0.42 0.15 0.11
Pr/Pr* 0.62 0.68 0.72 0.72 0.64 1.52 1.07 0.36 1.2

1= Algoma type BIFs: (McClung, 2006); (Gutzmer et al., 2008); (Pecoits et al., 2009); (Wang et al., 2016), 2= Superior-
type BIFs: (Breitkopf, 1988); (Klein and Beukes, 1993); (Klein and Ladeira, 2004); (Baldwin, 2014), 3= Rapitan-type
BIFs: (Babaki, 2004); (Klein and Ladeira, 2004); (Jami et al., 2007); (Mohseni and Afatbi, 2015); (Atapour and Aftabi,
2017), 4= Ediacaran type-BIFs: (Miicke and Farshad, 2005)
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Fig. 12. Discrimination diagrams iron ore at Koushk Zn-Pb deposit area. A: Fe/Ti versus Al/(Al+Fe+Mn) diagram.
Vertical lines stand for the percentage of metalliferous sediments §Bostrom, 1973; Peter, 2003), B: Al,03-SiO; diaﬂram
Wonder et al., 1988), for different BIFs, C: Al,Os-TiO, (El-Shazly et al., 2019), D: Fe,03-TiO», E: P-Fe, F: Zr-Th, G:
e-Co/Zn (Toth, 1980), H: Ni-Co (Bajwah et al., 1987), I: Ti-V, J: Ti/Fe-V/Fe, K: Ni/V, L: Ni/Ti-V/Ti, M: Ni/(Cr+Mng-
Ti+V (wt.%) (Loberg and Horndahl, 1983; Dupuis and Beaudoin, 2011; Huang and Beaudoin, 2019), N: Al+Mn (wt.%
Ti+V (wt.%) biplot (Dupuis and Beaudoin, 2011), and O: (Al+Mn) vs. (Ti+V) Discrimination diagrams (Nadoll et al.,

2014)
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Fig. 13. Variation diagrams in iron ores at Koushk Zn-Pb deposit area. A: P,0s-REE+Y (Al-bassam and Magna, 2018;
Marchig et al., 1982), B: Al,Os-Eu/Eu*chondrite (Lawrence et al., 2006), C: Pr/Pr*PAAS-Ce/Ce*PAAS, (Bau and
Dulski, 1996), D: chondrite normalized REE+Y patterns (Boynton, 1985), E: chondrite normalized Trace elements
patterns upper continental crust (Taylor and McLennan, 1985), F: Ti/V-Al (Lan et al., 2019), and G: biplot diagram of
[(MgO+Ca0+MnO)/Fe,0st-SiO2/Fe,Ost] in iron ores (Hagemann et al., 2016)
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Fig. 14. Fluid inclusions of the Quartz mineral associated with BIF mineralization horizons in the Koushk Zn-Pb deposit.
A and B: three-phase inclusions (LVS), Liquid-rich two-phase inclusions (LV), vapor-rich two-phase liquid inclusions
(VL) and Liquid-rich liquid-solid two-phase inclusions (LS); C to D: One-phase liquid inclusions (L) and One-phase
vapor inclusions (V) individually, and E to F: A boiling sequence consisting of one-phase liquid inclusions and one-phase
vapor inclusions shortcuts
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Table 4. Microthermometric data of fluid inclusions of Quartz mineral associated with BIF mineralization horizons in

the Koushk Zn-Pb deposit area

Sample Fluid inclusion type Phase Tutec Tice salinity Th V-L THH Density
Long. 55°45'35" Lat. 31°4524"

H 01 P L-V -12 15.96 183 0.97
H 01 P L-V-H 42.30 188 349 1.02
H 01 P L-V -17 20.22 185 1.02
H 01 P L-V -12.6 16.53 170 0.99
H 01 P L-V-H 37.00 119 285 11
H 01 P L-V -38 -17 20.22 165 1.05
H 01 P L-V-H 39.10 195 312 1.05
H 01 P L-V -12.6 16.53 175 1.01
H 01 P L-V-H 35.60 123 265 1.1
H 01 P L-V-H 39.30 169 314 1.03
H 01 P L-V -31.4 -12.5 16.43 120 1.04
H 01 P L-V -13.6 17.43 132 1

H 01 P L-V-H 34.10 149 241 1.09
H 01 P L-V -17 20.22 181 1.02
H 01 P L-V -30.5 -10.3 14.25 105 1.03
H 01 P L-V-H 33.80 136 235 1.1
H 01 P L-V-H 41.50 180 340 1.03
H 01 P L-V-H 38.00 152 298 1.06
H 01 P L-V -14.3 18.04 174.00 1.01
H 01 P L-V -10 13.94 282 0.9
H 01 P L-V -32.5 -9.3 13.18 225 0.95
H 01 P L-V -8.5 12.28 180 0.98
H 01 P L-V -8.9 12.73 215 0.93
H 01 P L-V -10.6 14.57 265 0.91
H 01 P L-V -6 9.21 210 0.9
H 01 P L-V -8.4 12.16 245 0.91
H 01 P L-V -34.1 -9.5 13.40 186 0.98
H 01 P L-V -5 7.86 150 0.98
H 01 P L-V -11.2 15.17 193 1

H 01 P L-V -9.7 13.62 213 0.93
H 01 p L-V -8.3 12.05 236.00 0.9
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Fig. 15. A: Melting temperature for the first ice melting of fluid inclusions associated with quartz mineral in the Koushk
ore deposit area, B: Melting temperature for the last ice melting, C: Salinity values of the mineralizing fluid, and D: The
relationship between the ice melting point and the salt type and content in the mineralizing fluid (standard diagrams after

Shepherd et al., 1985)
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Fig. 16. A: Histogram of homogenization temperatures of the studied fluid inclusions associated with iron mineralization
in the Kushk Ore Deposit Area, B: Histogram of density frequency of the fluid inclusions, and C: Schematic diagram of
homogenization temperature- salinity for density determination (Wilkinson, 2001)
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Fig. 17. A: Pressure and depth versus homogenization temperature in determining the environment of iron mineralization
in the Koushk area, B: Location of the ore-forming fluid data on the diagram of salinity versus homogenization
temperature (after Yermacov, 1965), C: Location of the plotted data on the homogeneity temperature-salinity diagram
during the evolution of the involved fluid inclusions (after Wilkinson, 2001), and D: Location of fluid inclusions data on
the diagram of salinity versus homogenization temperature. the diagram adopted from Wilkinson (2001)
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Fig. 19. A possible simplified reconstruction model of the Ediacaran BIF. A: Seawater , submarine mafic eruptions and
syngenetic terrigenous-chemical sedimentation in central Iran, B: Interaction between seawater and hot magma results in
generation of exhalative hydrothermal system under Snowball ice cover, causing depletion of free oxygen and increasing
the concentration of Fe*? and H4SiOy4 in the precursor shallow marine rift basin, C: Ice melting during interglacial period,
reoxygenation of the seawater, oxidation of ferrous iron to Fe-oxy-hydroxides, followed by syn-diagenetic deposition of
ferrihydrite [Fe (OH)s], hydro-magnetite [Fes (OH)s], chert and other sediments with drop stones during Ediacaran time,
D: post-diagenetic lithification of the submarine rhyolite rocks, diabase units and sediments to banded volcano-

sedimentary rocks (altered submarine rhyolite, diabase, sandstones, carbonates, cherts interlayered with BIF), followed
by folding and faulting, and E: The influence of metasomatism processes on BIFs and supergene oxidation and gossan

formation in carbonate caps
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