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Newmont, Barrick, Still Lead Worlds Gold Producers
World Top 10 Gold Mining Companies in 2025

Newmont I 5
Barrick [ 3
Agnico Eagle Y 3.5
Polyus Y 3

AngloGold [ 2.6
Zijin Mining [ 2.6
Gold Fields [N 2.1

Kinross [ 2.1
Freepor-McMoRan [ 1.9 Million Ounces

L]
Northern Star Resources [y 1.6 Production 2025
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In this study, 1,238 stream-sediment samples from the Pariz and
Chahargonbad areas of southwestern Kerman Province were analyzed
to identify geochemical anomalies. The dataset was enhanced using
principal component analysis (PCA), independent component analysis
(ICA) and polynomial feature expansions, followed by normalization to
capture both linear and non-linear variability. Four anomaly—
background separation models were evaluated: Isolation Forest,
DBSCAN, Autoencoder and Variational Autoencoder (VAE). Model
hyper-parameters (e.g. the number of layers and neurons per layer) were
tuned via Bayesian optimization in Python using the Optuna library.
During tuning, the scoring metrics were reconstruction error for the
Autoencoder; likelihood-based reconstruction error for the VAE; the
anomaly score for Isolation Forest; and the mean distance of each
sample to the cluster core for DBSCAN. For spatial presentation,
samples were assigned to upstream drainage basins, and each sample’s
result was propagated to its upstream area; the outcomes were then
compared with known mineralization points across the region.
Systematic hyper-parameter tuning improved the detection of
geochemical signatures and highlighted zones with mineral potential.
Comparative analysis showed that robust feature engineering combined
with Bayesian optimization significantly enhances anomaly-detection
accuracy. These findings underscore the practical value of advanced
machine-learning techniques in geochemical exploration and provide a
framework for more targeted field investigations in mineral-rich regions.
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EXTENDED ABSTRACT

Introduction

Efficient recognition of geochemical anomalies
underpins mineral exploration and environmental
assessment. Rising data dimensionality and
nonlinearity challenge classical uni/ multivariate
thresholds and geostatistics, motivating machine-
learning (ML) and deep-learning (DL) approaches
that capture complex, multi-element signals and
integrate ancillary data [1]. Autoencoder-family
models have proven effective for weak, multivariate
anomalies using reconstruction-error criteria, and
adversarial ~ variants  further  enrich latent
representations. Yet performance hinges on feature
engineering and hyperparameter selection; prior
work often relies on defaults or ad-hoc tuning. This
study targets those gaps by: (i) expanding
geochemical features (PCA, ICA, polynomial
terms), (ii) optimizing IF, DBSCAN, AE and VAE
via Bayesian search, and (iii) validating anomaly
maps against known mineralization in a well-
endowed metallogenic belt (Sarcheshmeh—Meydouk
district).

Methodology and Approaches

Geological setting and data: The area lies within
the  Urumieh-Dokhtar ~magmatic arc, with
Oligocene—Miocene calc-alkaline intrusions hosting
world-class  porphyry  Cu  deposits  (e.g.,
Sarcheshmeh, Meydouk). A dataset of 1,238 stream-
sediment samples was compiled for multi-element
analysis.

Preprocessing and feature engineering: Outliers
were screened (interquartile-range criteria), element
values log-transformed and min-max normalized.
Correlation structure and hierarchical clustering
guided feature design. Five PCA and five ICA
components were appended, and second-order
polynomial terms were generated for Cu-correlated
elements to capture nonlinear interactions

Models and objective functions

- Isolation Forest (IF): tuned (estimators, max_
samples, contamination) to maximize average
decision-function score (higher = more normal),
sharpening separation from anomalies

- DBSCAN: tuned (g, min_samples, k) under a
composite objective balancing outlier fraction and

neighborhood-distance  compactness to form
geologically coherent clusters while isolating true
outliers.

- AE (deep): encoder—decoder with monotonically
contracting hidden sizes; Optuna minimized a
composite of mean reconstruction error and its
standard deviation to favor accurate and stable
reconstructions

-VAE: latent Gaussian prior (y, o) trained with MSE
reconstruction + B-KL divergence; layers, hidden
width, latent size, batch size, and output activation
were optimized for minimum validation loss
Bayesian optimization (Optuna) adaptively explored
hyperparameter spaces, improving efficiency over
grid/random search and providing consistent, data-
specific configurations. Model scores were
aggregated to catchment outlets (SCB) to generate
anomaly probability classes for mapping and
validation against 39 known mineralized points.

Results and Discussion

Optimized configurations and
performance

Bayesian tuning yielded clear performance gains
across all detectors.

- Isolation Forest: high-anomaly area 21%, capturing
10/39 occurrences.

- DBSCAN: 47% area, 24/39 occurrences.

- Autoencoder (AE): 36% area, 24/39 occurrences -
the best balance of precision (compact footprint) and
recall of known mineralization.

- Variational Autoencoder (VAE): 42% area, 24/39
occurrences.

Spatially, the AE geochemical anomaly map outlines
coherent belts coincident with known porphyry
systems and prospective intrusive centers. Feature
augmentation  (PCA+ICA+polynomial  terms)
consistently lifted signal-to-noise and stabilized
training, especially for deep models.

comparative

Model-specific behavior

IF favored compact delineations but under-captured
weak, diffuse halos. DBSCAN effectively separated
dense background clusters from dispersed outliers
but inflated high-anomaly areal extent at tuned
¢/min_samples. AE/VAE reduced over-
generalization while preserving mineralization hits;
AE slightly outperformed VAE in footprint control
under the chosen B and architecture

Journal of Economic Geology, 2025, Vol. 17, No. 4

DOI: 10.22067/econg.2025.1157


https://doi.org/10.22067/10.22067/econg.2025.1157

Javandel et al.

Application of Deep Learning-Based Multi-Class Anomaly Detection in Geochemical Exploration ...

Conclusions

1) Robust feature engineering coupled with Bayesian
hyperparameter optimization substantially improves
unsupervised geochemical anomaly detection.

2) Among tested models, the Autoencoder provides
the most favorable precision—recall trade-off for the
Pariz—Chahargunbad dataset, capturing 24/39 known
occurrences within a 36% high-anomaly footprint.

3) VAE and DBSCAN achieve comparable recall but
at larger footprints (42-47%), whereas Isolation
Forest is conservative but misses a portion of known
targets.

4) SCB-based spatial propagation yields
interpretable maps aligned with drainage-mediated
signal transport.
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Fig. 1. A: Position of study area in Urmiyeh Dokhtar magmatic arc, and B: Simplified geological map of the Pariz and

Chargonbad area
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Table 1. Statistical parameters of the target elements in stream-sediment samples of Pariz and Chargonbad area

Element min gl median g3
B 2.00 21.00 30.00 45.00
Ba 15.00 308.00 418.50 531.00
Co 2.00 18.00 25.00 35.00
Cr 7.00 58.00 83.50 128.00
Cu 2.00 46.00 61.00 82.00
Mo 0.10 1.00 2.00 2.00
Ni 2.00 35.00 50.00 80.00
Pb 2.00 13.00 19.00 32.00
Sn 5.00 5.00 5.00 5.00
Zn 2.00 68.25 94.00 131.00

max mean std skew kurtosis
241.00 36.05 25.57 2.49 10.64
4650.00  431.60 223.05 5.94 103.50
247.00 27.87 15.82 3.66 37.07
1200.00 11353 102.38 3.61 21.34
1200.00 77.92 90.33 7.87 78.92

52.00 2.03 2.56 10.57 161.20
1200.00 64.64 59.17 7.14 113.36
389.00 27.28 33.51 6.05 49.63
171.00 10.40 14.71 5.06 36.94
752.00 110.87 73.68 2.79 13.40
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Fig. 5. Results of isolated forest modeling for Pariz and Chargonbad area performed with different hyperparameter values
relative to the objective function or mean decision function, where the higher the mean value of this function for a model,
considering our assumption that most samples are normal, the better the model performs. A: Graph showing the effect of
number of decision trees on objective function value, B: Graph showing the effect of max-samples on objective function

value, and C: Graph showing the effect of Contamination value on objective function value
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Table 2. The selected values for the Isolation Forest model parameters are based on Bayesian search in Pariz and
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Parameter
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Table 3. The selected values for the DBscan model parameters are based on Bayesian search Pariz and Chargonbad area

Parameter Value
eps 21.25
Min_samples 195
k 2

DBSCAN_GeochemSpatial - 'eps’ vs. Objective
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Fig. 6. Results of DBSCAN modeling in Pariz and Chargonbad performed with different hyperparameter values in
relation to the objective function (Equation 17). A: Graph showing the effect of distance value on the objective function,
B: Graph showing the effect of min-samples on the objective function, and C: Graph showing the effect of k value on the
objective function
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Table 4. The selected values for the Autoencoder model parameters are based on Bayesian search on Pariz and

Chargonbad data

Parameter Value
n_layers 2
hidden_dim 64
Latent (latent_dim) 16
hidden_activation elu
Output activation Tanh
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Table 5. The selected values for the VAE model parameters are based on Bayesian search on Pariz and Chargonbad

Parameter

Value

n_layers
hidden_dim
Latent or dimension
of the bottleneck

hidden_activation
Output activation

1
1024
128

Tanh
Linear
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Fig. 7. The output map resulting from the Isolation Forest model in Pariz and Chargonbad area with optimized
hyperparameters, along with mineralization points, shows that 21% of the study area falls into the high anomaly class.
However, only 10 mineralization points are located in the high anomaly class, while the remaining 29 points fall into

other classes.
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Fig. 8. The output map resulting from the DBSCAN model in Pariz and Chargonbad with optimized hyperparameters,
along with mineralization points, shows that 47% of the study area falls into the high anomaly class. In this class, 24
mineralization points are located, while the remaining 15 points fall into other classes.
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Fig. 9. The image of the autoencoder network structure used in this study for anomaly-background separation in a multi-

class setting in Pariz and Chargonbad
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Fig. 10. The output map resulting from the Autoencoder model in Pariz and Chargonbad area with optimized
hyperparameters, along with mineralization points, shows that 36% of the study area falls into the high anomaly class. In
this class, 24 mineralization points are located, while the remaining 15 points fall into other classes.
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Fig. 11. The output map resulting from the VAE model in Pariz and Chargonbad with optimized hyperparameters, along
with mineralization points, shows that 42% of the study area falls into the high anomaly class. In this class, 24
mineralization points are located, while the remaining 15 points fall into other classes.
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Fig. 12. The image of the VAE network structure used in Pariz and Chargonbad area in this study for anomaly-background
separation in a multi-class setting
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Table 6. Percentage of areas covered by the high anomaly class and the number of known mineralized points in this

class in Pariz and Chargonbad area

Percentage of areas
covered by high anomaly  mineralized points in the

Model

Number of known

class high anomaly class
Isolation forest 21% 10
DBscan 47% 24
36%
Autoencoder 24
Variational Autoencoder 42% 24
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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. 1. Regional geological map of Fe-P-Mn deposits of Bafq Mining District (BMD) (modified after Huckreide et al.,
1962; NISCO, 1980)
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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).
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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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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).

o FeKp
ad < FeKa
. P S

LI

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

oY


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 OLas 5 o

E b C 5 bdlcd G o 3 0515 K e S 3 Sl S 0o F S len Kl 1 g 55y Slo sls  peas B s A A S
S 5 ol S Dz S slaanki ] BF 5 Cl e 5 Sl (Ol S S (len (sla g 1 o 58y S (sla 2 5t
(Whitney and Evans, 2010) 31l 5 s 3l b S5 sl (e LSS e 5 G SLlwlS o3 gde ool G S 5 SlaaasT

(5,155 Q7 (ox8e iMag (sles (HEM (o5 & Gt (sl EEP e 55 D01 (S 1CAID ol o oLl

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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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
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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"”

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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Table 5. %80 isotopic compositions of hematite flakes and massive hematite in the Koushk Zn-Pb deposit area

Code Long. Lat. Rock type Vgi,%@) iv Slc
KH-12 55°45'34" 31°45727" hematite flakes -0.2+0.3
KH-13 55°4528" 31°4525" hematite flakes +3.0£0.3
KH-14 55°4525" 31°4526" hematite flakes +55+0.1
KH-15 55°45'30" 31°45'30" Massive hematitexmagnetite -1.8+0.2
KH-16 55°45'38" 31°45'33” Massive hematitetmagnetite -4.910.3
KH-17 55°45'30" 31°45'34" Massive hematitetmagnetite -3.1+0.00
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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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. Hematite flakes (Oligist)

. Metasomatite

. Patch like

. Banded Iron Formation (BIFs)
. Cryogenian

. Snowball Earth Events

. Dropstones

. Bafg Mining District (BMD)

. Proximal

. Distal

. Zipper basinal rift zones

. Scanning Electron Microscopy (SEM)

. Electron probe micro-analyzer (EPMA)
. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
. Pyrolysis

. Lower Cambrian volcano sedimentary sequence (LCVSS)
. Mechanical reworking

. Pebbles

. Sigmoidal striation

. Stoss

. Dome-shaped vent complex carbonates
. hexagonal bipyramid and/or hexagonal prisms
. Cuspate

. Syn Glacio-marine

. kenomagnetite

. LREEs

. Low grade metamorphism

. Neking down

. Fluid inclusion assemblages (FIA)

. Polycrystalline inclusions

. SEDEX type

. MVT type

. Break up of Rodinia

. Red Sea-type and East Pacific Rise rift
. Super-chondritic

. Quasi-super-chondriti

. Terrigenous clastic

. Jeadigo

. REEs

. Fe-oxyhydroxide
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The Bafq metallogenic district in the Kashmar-Kerman zone, or Posht-
Badam block, in the Central Iran structural zone, hosts large iron oxide-
apatite deposits hosted in Early Cambrian volcanic, subvolcanic, and
sedimentary rocks, as well as in Precambrian metamorphic rocks. The
proposed models vary from orthomagmatic to hydrothermal and
sedimentary. Different generations of apatite have been identified based on
their size, morphology, and paragenetic relationships with magnetite and
the host rock. Microthermometric studies were carried out on two main
generations of apatite (referred to as Ap-I and Ap-II) from the main stage
of mineralization, and on the late calcite, quartz and chlorite in the samples
from Chadormalu, Esfordi, and Gazestan deposits. For Chadormalu, the
homogenization temperature (Th) and fluid salinity for the liquid-vapor
(LV) fluid inclusions in Ap-I and Ap-II were determined to be 266-580 °C
and 138-460 °C, and 0.5-10.7 and 12.8-19.6 wt.% NaCl eq., respectively.
For Ap-I and Ap-II from Esfordi, the Th and salinity were between 167 to
>500 °C and 2.5-6.7 wt.% NaCl eq., and 165-464 °C and 9.8-23.5 wt.%
NaCl eq., respectively. The halite-bearing inclusions in Ap-II from Esfordi
yielded Th and salinity >500 °C and 36-37 wt.% NaCl eq. For Ap-II in
Gazestan, the Th and salinity were measured at 416 to over 500°C, and 19.8
to 25.8 wt.% NaCl eq, respectively. The late calcite coexisting with pyrite
from Gazestan yielded Th and salinity at 183-310 °C and 40-41 wt.% NaCl
eq. The eutectic temperatures (Te) for various inclusions were measured at
-21 to -53°C, implying the presence of complex ternary salts in the ore
fluids. The results suggest the involvement of two different fluids in the
evolution of the iron ore systems: a magmatic fluid, with relatively high
temperature (150 to >500 °C) and low-moderate salinity (0.5-25.8 wt.%
NaCl eq.), and a fluid with lower temperature (183-310 °C) but higher
salinity. The role of the two fluids is supported by the oxygen isotopic
composition of magnetite for the former and the sulfur isotopic composition
of pyrite for the latter.
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EXTENDED ABSTRACT

Introduction

The Bafq metallogenic district in the Kashmar-
Kerman Zone (Ramezani and Tucker, 2003) or
Posht-Badam Block (Haghipour, 1977b) in the
Central Iran Structural Zone embraces several
Kiruna-type magnetite-apatite deposits, including
Chadormalu, Choghart, Gazestan, and Esfordi (e.g.,
Samani, 1988; Daliran, 2002; Moore and Modabberi,
2003; Jami, 2005; Torab and Lehman, 2007; Stosch
et al., 2011; Heidarian et al., 2016; Heidarian et al.,
2017). The origin of the deposits is debated, with
models ranging from orthomagmatic (e.g., Foerster
and Jafarzadeh, 1994; Miicke and Younessi, 1994;
Mokhtari et al., 2013) to hydrothermal (Daliran,
2002; Moore and Modabberi, 2003; Jami et al., 2007,
Heidarian et al., 2017) and sedimentary, related to the
late Precambrian glacial event (Aftabi et al., 2009;
Mohseni and Aftabi, 2015). This study investigates
the physicochemical properties of ore-forming fluids
by fluid inclusion microthermometry on apatite and
several other nonmetallic minerals in selected
samples from Chadormalu, Esfordi, and Gazestan
deposits. The results are compared with published
fluid inclusion data and discussed, in an attempt to
tackle the source and evolution of the ore fluids.

Materials and methods

Mineralogical and paragenetic studies were
conducted on samples from ore and host rocks in
outcrops and drill cores from Esfordi, Chadormalu,
and Gazestan deposits. Some 20 samples were
selected for doubly-polished sections and fluid
inclusion petrography and microthermometry. The
experiments were performed at the Iranian Mineral
Processing Research Center (IMIDRO), utilizing a
Linkam TMHS 600 heating-freezing stage on a Zeiss
Axioplan-2 microscope. The stage was calibrated
with cesium nitrate (melting point 414°C, accuracy
+0.6°C) and n-hexane (melting point -94.3°C,
accuracy £0.2°C). The fluid inclusion studies were
focused on two main generations of apatite; limited
measurements were performed on actinolite, and late
chlorite, calcite, and quartz.

Results
Magnetite is the main ore mineral in the Bafq district,
partially replaced by hematite at surface and shallow

depths. Associated minerals include apatite,
actinolite, tremolite, diopside, albite, quartz,
dolomite, calcite, chlorite, talc, and minor sulfides
dominated by pyrite. Ore textures vary from massive
to breccia in central parts of the main ore bodies to
pegmatoid comb textures in the peripheral veins. A
banded, cumulate-looking ore texture with
alternating magnetite and actinolite-rich bands was
identified in Chadormalu (Fig. 8A). Two generations
of apatite, here referred to as Ap-I and Ap-II, were
identified in the selected deposits based on the
textures and paragenetic relations. The Ap-I occurs
mostly as euhedral to subhedral crystals of varying
sizes in the massive ore (Fig. 5A, C and G). The
Apatite-II occurs as coarse to pegmatoid crystals
commonly associated with magnetite in vein-type
ores with comb textures at the margins of the massive
ores and/or within the altered host rocks (Fig. 5B, D
and F).

Fluid inclusions were classified based on the phases
present at room temperature as: single-phase liquid
(L) (Fig. 6A and B), single-phase vapor (V) (Fig. 6C
and D), two-phase liquid-rich (LV) (Fig. 6E and F),
two-phase vapor-rich (VL) (Fig. 6H), three-phase
liquid-vapor-halite (LVH) (Fig. 6J and 1), and multi-
phase inclusions (LVHS) (Fig. 6K) where S stands
for unknown solid. The heating-freezing
measurements were performed mostly on the LV and
LVH inclusions in apatite, with limited experiments
on actinolite, dolomite, and late chlorite, calcite, and
quartz.

The Th values for the LV inclusions ranged from 138
°C to >500 °C (Table 2). For Chadormalu, the Th
values for the primary and secondary fluid inclusions
in Ap-11 from the vein-type ore ranged between 268—
454 °C and 138-217 °C, respectively. For the banded
ore, fluid inclusions in actinolite and in the late
dolomite and chlorite yielded Th values exceeding
500 °C, 280-330 °C, and 147-157 °C, respectively.
For Esfordi, the LV inclusions in Ap-lI and Ap-I1I
homogenized between 167—-350 °C and 165-464 °C,
respectively. For Gazestan, the Th values for the
vein-type Ap-I1l, and for the late calcite and quartz in
breccia ore ranged between 416 °C to >500 °C, 190—
270 °C, and 250-390 °C, respectively. For the LVH
fluid inclusions in the calcite, homogenization
occurred with halite dissolution between 290-330
°C; vapor disappearance occurred between 183-320
°C (Thd > Tvd). In contrast, for the LVH inclusions
in the Esfordi Ap-II, halite dissolution occurred
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between 274 to 291 °C, with vapor disappearance at
>500 °C (Tvd > Thd) (Fig. 11). In apatite from the
Choghart massive magnetite-apatite ore, halite-
bearing inclusions in Ap-I homogenized to the liquid
phase (Tvd<Thd), with halite dissolution occurring
between 418 and 430 °C. (Fig. 11) (Hosseini et al.,
2022).

A wide range of salinities, ranging from <1 wt.% to
~41 wt.% NaCl eq. was observed for fluid inclusions
in various minerals (Table2). For Chadormalu
banded ore, salinities were measured for the LV
inclusions at 1.7-14 wt.% NaCl eq. in dolomite, and
<1 to 2.4 wt.% NaCl eq. in chlorite. Higher salinities
at 12.8-19.6 wt.% NaCl eq. were found in Ap-II from
the vein-type ore. For Esfordi, the LVH inclusions in
Ap-1I yielded salinities at 36.1-37.1 wt.% NacCl eq.,
whereas LV inclusions displayed lower values at 9.8-
23.5 wt.% NaCl eq. In contrast, lower salinities (1-
6.7 wt.% NaCl eq.) were measured for LV inclusions
in Ap-I. For Gazestan, the LVH inclusions in calcite
from breccia ore yielded the highest salinities
recorded (40-41 wt.% NaCl eq.). Significantly lower
values (3.3-5.1 wt.% NaCl eq.), however, were
observed for the LV inclusions in quartz from the
breccia ore. Hosseini et al. (2022) for the LVH and
LV inclusions in apatite-1 reported 42.9- ~45 wt.%
NaCl eq. and 11.5-13.8 wt.% NaCl eq., respectively,
from the Choghart deposit.

Discussion

The fluid inclusion data suggest the involvement of
at least two distinct fluids in the evolution of the iron
oxide-apatite ore systems and associated wall rock
alteration/metasomatism in the Esfordi, Chadormalu,
Gazestan, and possibly other magnetite-apatite
deposits in the Bafq metallogenic district. An
evolving fluid source is reflected in the fluid
inclusion data from the two main generations of
apatite in Chadormalu, where a moderate- to high-
temperature fluid (266 to 580°C) with low salinity
(0.5 to 10.7 wt.% NacCl eq.) responsible for Ap-I in
the massive ore (Heidarian et al., 2017) evolved into
a lower temperature (268—454°C) but higher salinity
(~13-20 wt.% NaCl eq.) fluid involved in the
development of the pegmatoid Ap-II crystals in the
vein-type magnetite-apatite ore (this study). The
secondary LV fluid inclusions in the Ap-II crystals
yielded lower homogenization temperatures (138—
217°C) but the same salinities as in the primary fluid
inclusions, consistent with a cooling evolution trend.

Fluid evolution and multiple fluid sources is also
supported by the banded ore in Chadormalu where
actinolite developed in the presence of a high-
temperature fluid (>500°C), whereas dolomite and
chlorite in the same ore evolved through interaction
with fluids at lower temperatures, 280-330°C and
147-157°C, and variable salinities, 1.74—-14 and 1-
2.4 wt.% NaCl eq., respectively. The comparison
between massive and vein ore data reveals fluid
mixing and evolution from high-temperature, low-
salinity to low-temperature, moderate-salinity fluids
in the Chadormalu deposit.

At Esfordi, a low to high-temperature (167->500°C)
but low salinity (2.5-6.7 wt.% NaCl) fluid
contributed to the development of magnetite-rich
ore, while apatite-rich ore formed from lower
temperature (165 to 464°C) but higher salinity (36-
37 wt.% NaCl eq.) fluids. Ore formation in Gazestan
occurred from high-temperature and relatively saline
fluids, as Th and salinity data from the LV (416—
>500°C and ~20-26 25 wt.% NaCl eq.) and LVHS
inclusions (485— >500°C, and ~22-25 wt.% NaCl
eq.) in apatite from the breccia ore suggest. The
lower Th but higher salinity values at 183-310°C and
40-41 wt.% NaCl eq. recorded for the LVH
inclusions in the late calcite in textural equilibrium
with sulfides in the same ore sample suggests
involvement of a second fluid source in the evolution
of the ore system in Gazestan. Based on the lowest
dissolution temperature of halite (235°C) in calcite
fluid inclusions from the Gazestan breccia ore, and
apatite-I (418°C) from the Choghart massive
magnetite-apatite ore (Hosseini et al., 2022), the
minimum trapping pressure is estimated at 90 MPa
and 75 MPa, respectively. Considering a density of
2.7 g/em’, the minimum depth for ore formation in
Gazestan was 3.3 km; the apatite-I from Choghart
developed at depths of ~2.7 km (Fig. 14).

Results from this study suggest that a high-
temperature and low-moderate salinity fluid of
possible magmatic origin played a key role in
mineralization in the Chadormalu, Esfordi, and
Gazestan, and possibly other magnetite-apatite
deposits in the Bafq district. With time, the iron ore
system interacted with an evolved fluid of low-
moderate temperature and relatively high salinity,
leading to the development of sulfides and other late-
paragenetic minerals. The published sulfur isotopic
data for pyrite, ranging between +8.9 to ~ 25 %eo,
suggest a basinal brine origin for the evolved fluid.

Journal of Economic Geology, 2025, Vol. 17, No. 4

DOI: 10.22067/econg.2025.1155


https://doi.org/10.22067/econg.2025.1155

Esmaeili Zeini and Alirezaei The source of ore fluids in the Bafq district iron oxide-apatite deposits, Central Iran ...

Acknowledgements from the Iran Mineral Processing Research Center
The authors are grateful to the Chadormalu mining (IMPRC) for providing the microthermometry data
complex for providing facilities during field studies for this research.

in the Bafq district. We sincerely thank Ms. Aghajani

—————————————————————————————————————————————————————————————————————————————————
Journal of Economic Geology, 2025, Vol. 17, No. 4 DOI: 10.22067/econg.2025.1155

92


https://doi.org/10.22067/econg.2025.1155

YEYF-OARD 1 SSs SUILLE YAV S Ll L

YY) B AS domis VFF OF o)l IV o83

J,L;:lg’t:c{;

KA Ao https://econg.um.ac.ir

@ 10.22067/econg.2025.1155

Wb 2 (HBLd) 63 0 Ol 9l (35 4b CbT — T sl P35 53 HlwreBauils” Sl @z

Jlw s Lo

" o e dure @ Lo 5 e lows! Lo

uat;o\,@:‘ume,\?@;a@luwjpb c.,L{f..Sbch;@mwwdf}a);‘éﬁssﬁub‘
O O o iy g ol (e p sl oSl (DT 5 (bae glibnj 03,5 oluils”

o>

-

i OleM!

Oljen es 55 o Ol okl 095 )3 plalitiy &S5k 5 Ol 57— 505157 055 55 3L (1558 4 U
S (6358 Shes s 5 g smy (L tST GeKiw ;5 ST - aT S8 5 sla, LS
5SSl il Solime ol sladde .ol plS S8 s slaeKn 5 oty
LUyl JSs woIbl ull Sl T Calies (o s sl oddinlgiig 513 opl 6l o9
ot S50 G S35 Sl (gl 5 el Lalis Ol e i 5 & KL SS50L
(amlS 5 5w S ol alo o ST 5 D) ST s 55 (555 Jlms HLOLe (Sla oy 2 Jlws
el Ol 8 5 (63 ) il shayslar 3 1 pladigas 53 o8 13 Conglss 5 S IS LIS
4 shoysle ST LT 51U 55 5w - mle slasbobe sl Jw 558 5 (Ss Kan slos
V/FGAYA 5V VG /0 551 5 o dor y3 B9 BAYA 551 8 slo a3 0A 51 2 BYSP 5 5
K (sles (53 yiwl I ST 53 5w -l slasbobs sl plab s Uslee (555 Aoy
&y s plab K dslee 355 A FINE YD 5518 slowamy300s 31 i b VPV (g b s
.MTC..»JAgrlxbégaidzl.uuij}M}AY\'/OUQ/A}J\f&JLxA;-)A?f?U\‘iboﬁa“ st T
3318 o a0 1 e (K slos o sl ST LT s Sdla 5l slasboks
B9 o Kan (slos ot 8 53 11l T sl s s plab S Uslan (355 Ao YV B ¥F () 58
CodS (1 5 plab 65 Uslee (555 o3 YOIA B VVA (5555 5318 Sl p3 000 1 i b
éi.«id:bu@jjupﬂ G ¥ Lg)}_.il};|f@.§l_u4>.-)>'|"\~ G A @i&ﬁdb}&:ﬁﬁp)‘f.ﬁ
4 30,8 (Bl 53 —OF B =YY el Il (glasL0ke 3 S (slos i (S o510l plabs
Jlw 55 (285 bosls pl CewladSad odomy 5 552 4w Gaablu ) pudm osdaslis oS el Cws
S ARSI VL glos b ole 8 - LSl dlaw ¢S5 iaias o 0L (65l SIS wlel g 53 1y & slize
&J:w@;}uﬁvamu~/a>b}uur§6”_,z,<>tf@u4mmujtﬁuxo~
330l BV i ()5 Ll 1S Bl a3 T+ BAY) a8 Gles b Sl s 555 5 (plab
Jlw 51 S 385 055500 losls 5 Il Jlow (51 Cm8ln 0508 o 57551 (Slaonl el

.J}:'"_sﬁ ..«\:.iii' r}:

VEF/FIYA I8l s s
VBN E i S5k b

EAZATVEL SN WP

Sals” slaosly

Jbw HLOLe

ST - AT oS

3 pieal =0k 5 = gla
3 2556 4t

S 0l

J ghmn o g

2 (elen! L

m_esmaili@sbu.ac.ir =2

Ao ool 4 Skt

Wl sl sb0ke ol Ly (Bl 438 m O gl 638l 4l ST =0T T 15 53 SLaeKdlS o e VPP e ¢ L e 5 e (5 el
https://doi.org/10.22067/econg.2025.1155 AYV-AQ PNV (gsleamsl wlil


https://doi.org/10.22067/econg.2025.1155
https://doi.org/10.22067/econg.2025.1155
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://portal.issn.org/resource/ISSN-L/2008-7306
https://econg.um.ac.ir/
https://www.um.ac.ir
https://econg.um.ac.ir
https://econg.um.ac.ir
https://doi.org/10.22067/econg.2025.1155
https://doi.org/10.22067/econg.2025.1155
mailto:m_esmaili@sbu.ac.ir
https://doi.org/10.22067/econg.2025.1155
https://doi.org/10.22067/econg.2025.1155
https://orcid.org/0009-0006-8706-1579
https://orcid.org/0000-0002-6344-3111

e 65 o Ol 3B b ST - aT ST 13 s 5LaeKedls Jlw pte

sl de 5 ) el

s (et al. 2005; Pollard, 2006; Knipping et al., 2015
LBl ol bt gy S S W5 0 bty i !

(Tornos et al., 2024)
Ramezani and ) ol S — o215 055 53 3L )56 4l
> (Haghipour, 1977b) elsbeiy &5 b | (Tucker, 2003
)3 Sl pdir Olje (555 0 Oal ol 055
5 63 sl 0 i csle ol Aile by 187 ¢ 5 T - K
Samani, 1988; Daliran, 2002, Moore and ) ot 5

Modabberi, 2003, Jami, 2005; Torab and Lehman,
2007; Stosch et al., 2011; Mokhtari et al., 2013;

«(Heidarian et al., 2016; Heidarian et al., 2017
5 poely 5SS Ao ST 5wl sla s sl LS
S SlaS ol 5 e85 sl oSS Glaslis,
Samani, 1988; Yaghubpour and Mehrabi, ) « ..
ssb el ol (B s A S 2) (1997; Rajabi, 2012
o g S = g 2018, Ol n SR 3 ks
(s gl 5 (6355 glaos g glsa & glaeKw I b
5 ST Kiw o ( SKivanls § o b oy K
S35 53 Slace pame 53 maS Hllie 4 5 ey
JSCis ST 5 € (s 10 ol 655555 55
sloas b 3l asl ool o, Lils Jal) 5,50 o diled
Foerster and Jafarzadeh, 1994; ) @L‘.fuj:j 3 ilisee
i (Miicke and Younessi, 1994; Mokhtari et al., 2013
Daliran, 2002; Moore and Modabberi, 2003; ) .l &
Jami et al., 2007; Heidarian et al., 2017; Heidarian et
el s Sl Ollide o) bdas 0 55wy 5 @l 2018
(Aftabi et al., 2009; Mohseni and Aftabi, 2015) -y
3550 3 e Sl b sla,LoLs e el o] |
o3 dher 1 5LaeKaslS gladln gles - S8 sla Sis
38 e Lt s LT glo s oS 5 5 S s

.(Roedder, 1984; Bodnar, 2003)

EVIE-TY
(Geijer, 1931) Gy , I8 & CsbT- s gl Luls
5 (Ti02 <1 WE9) 0l oS o (sla,LuilS” 51 25 8 &
(A1) =2 520 = oS LS LT, 5k sl
bl s Gla SISl 0 g (g 3 5 S 5281 - 50 )
Hildebrand, 1986; Williams et al. 2005; ) s s o 48
SLaS ol (2T oge b 5l a5 (TornOs et al., 2024
JEJTJ\@b;,ﬁj\,mamjuwctgul‘;u
O Kiaygy & p.(Barton, 2014) & lets 1Sa5 s b
9 e Sl s olgml 5 de Olge 41, Uy 8 ol gla,Lusls
G Mo — s = AT ST 5 sl ilS 05 5
Williams et al. 2005; Barton, 2014; Skirrow, ) &les S
Sl 09,5 53 a5 Jleals Jlow Lite 5 i Jue (2022
AT A ST § sl S 51 e S 5
st B 0y 9SSl gl 8 Lt S -
Barton and Johnson, 2000; Perring et al., 2000; ) !
X8 3,50 55 (Williams et al. 2005; Barton, 2014
33 i3 28 g5 s dlS s SLadilS Sl oSl 5 15
G 53 el a5 2y e S S 5 gL
i 5k 5 il ol Ll 5 oa SLaslS Jlw ¢ LS e
Jow 6 b S8k e JIFE-P 51 e ST e o
Spslse 5l b 5 (LF Sl az A WYL Ly SLEL
33 V0 bl 5y gl b e SIS w Olde a8 uaL
Hildebrand, 1986; ) cul o5 5" (s 3La SIS Jows (slacKin
(e, b5, (Nystroem and Henriquez, 1994
b (oS slwam s Frr B¥ ) o gio slos ol § VL
(Sl Dsd (S LGLE Sl e yn ¥ 5l mS) o
V3 5 ol oaT 5l e Olige sladSn 53 5 2
) ST - A TunS T 3 caa Slalols 55 5 anud LS
Parak, 1975; Hitzman et al., 1992; ) (Ules, T 4o
Barton and Johnson, 1996; Sillitoe, 2003; Williams

DOI: 10.22067/econg.2025.1155

af

¥ ooylad (\Wo,yos\Fe ¥ (oslaisl wL.&wA)


https://doi.org/10.22067/econg.2025.1155

e 65 o Ol 3B b ST - aT ST 13 s 5LaeKedls Jlw pte

Lo 5 5 heelad

SSMS'E
|

B

b2
o, WILS
-\ V/’f{
z LS
ir; S ¢
21 ¥ <
%‘ * e
g
3
bl
)
S
A
z
2
=
S
=3
7z
i
&
<
-
_.\\
Y
Cenozoic
Recent alluvium . <z
s
Cretaceous

- Limestone, sandstone and shale

Triassic and Jurassic

55M5'E

and

Ordovician_Permain

- Limestone and Sandstone

1e (Triassic)

Cambrian

Kilomsters

Intrusive rocks
- Diabasic to dioritic dykes

- Quartz porphry, leucogranite

i Granit to granodiorite

- Sarkuh Complex (Porphyroblastic mica-shists,marble interlayers) - Gabbro- diorite

e and d: e)

[ wila Fonmation(L

- Zaigun and Lalun Formations(Shale and sandstone)

,dolomite

- Dolomite to dolomitic limestine, Rhyodacite snd andesite flows and tuffs,dolomitic li o

Late Ncoproterozoic

P,
=

-+ —+ Rahmat abad Series{Dol

shale with inter

s
i

hiat

——= Chapedony plex (gnei: tites,

with gypsef

> = H o

Fe-Mn Ore
SEDEX-Pb-Zn Ore
city

10A Ore

Fault

(cvsu)

to basic volcanic and intrusive rocks )

~# Boneh Shurow Complex(Mica-Shists, Granitic gneiss, amphibolite, dolomitic marble interlayers

Tashk Formation{ Graywacke,arkosic sandstone,slate,volcaniclastic tuffs with basalt interlayers,weakly metamoephosed}

ev\_.'ﬂa)l_w‘-s_wl._&w)mB}‘_gjfjnQ‘J.L‘):QLA;—J“_&KQJ‘))J&L@‘J}é?bb@l’ﬂbLo‘ﬂ‘)‘ebl_wcj]adg.A.\ p
Hushmandzadeh, ) sl jaias sa 5l 4 ;5 - 8T 5 ST 5 S0 2T = AT A8 (s LdlS e 2l b Gl 4t

ol b (Haghipour, 1977a) 5 > 5 (1969

Fig. 1. A: A sketch map of Iran showing the location of the Bafq metallogenic district in the Kashmar-Kerman Zone
(KKZ) in Central Iran, and B: Simplified geological map of the Bafq district showing distribution of the Iron Oxide-
Apatite, Fe-Mn, and SEDEX-Pb-Zn deposits (modified after Haghipour, 1977a; Hushmandzadeh, 1969)

DOI: 10.22067/econg.2025.1155

10

¥ oylad MV 6553 OFrF (3Ll wlid e


https://doi.org/10.22067/econg.2025.1155

e &5 o Ol ¢33k 4l ST - T AT 13 s SlaeSsls” o e

sl de 5 ) el

a3 /Y 85 531 8 Sl a3 /¥ Ogd abai | 0 s
b gla o 695 b HLOLs Sla vy 1 ASple]
03531 SIS 535 5 AT SeilS L sljen csUT

el 5158 5 ol 0y IS (eSS L S

(b imo ) )
Slaas sz 3l 03 18 Gladpes; b 3L 1556 4l
35 o Sl Slaldlan Jols &S5 55 055 (S
54 oo il $SaU s~ ST Ll 5 plsbty
1969; 1974;)
op! (Haghipour, 1977b; Ramezani and Tucker, 2003

Hushmandzadeh, Haghipour,
palS gy — i T Ay b g Lads sazes
Slapl L &8 Liloukds o, (Ramezani and Tucker, 2003)
3, sl L 5Ls «(Huckriede et al., 1962) 5355 5 955 s -
5+ (Samani, 1993) welw &L 5 (Borumandi, 1973)
Jols ol sy — Slid 5Tty L s e Ll
SliiisTaes 5 (olsTH3T sl 5 03108) SlaissT clae&n
(ST K (e g5 b ol o JITESIS 6SKCslo b oSl
ol il / 5 s VOl 5 Kt s ¢ s
e o394 =y | .(Ramezani and Tucker, 2003)
G S ol Ol 0T Sl 25T aas 5 Slta T
Ramezani and ) ceul 3L 1536 4ob 55 colT -cxfe
S gy = Slaa T a1y () JSCs) (Tucker, 2003
b i b Bl el g 5 O adate 5o
S Jslas 0 25 0 0l 05 303 g3y S5
el ol Sod 5y 5,5 655 0 01l 3 0 5 0
s .(Haghipour, 1974; Soheili and Mahdavi, 1991)
Haghipour, 1977a; ) o5 v nShaS U ey o1 melS
4 aslsl 53 .ol sl B 2 (Ramezani and Tucker, 2003
(63 sl 5 Ol & glayslr o5 e it ne S0 S5 5

ol o..o\:»dk:ébj?

CSLT 5 odas sb 4 &8 b Lobe iy Sla )
1) SLeSdls Il (550 5 0 Kos slas el sukiplon
~FO LA 5l 8 Sl a3 A s BVFD w5
\,G_.Um;@uu;u;,\frw&mw@,uﬁ
o Kozl 5 ol 8 albls oSG 0 s s glaks] b &
Jami et al., 2007; Heidarian et al., ) c—ul oslac—us

2017; Mehrabi et al., 2019; TaleFazel and Rostami,
slacily s «llas -yl 45 .(2020; Hosseini et al., 2022

milonzyy G e ST ell g by G5 S
cshoyalar Sla)lils 51O jae slaaisod 53 cdl—w 5L0Ls
S S 555 b e LT ol Jus 53 Ol 8 5 (63, 5kl
Glaosls ol ol o 5 SRl Sl olbas — G
S 5 e 0dd izte (glaodls b b pu) o ol odeT e 4
Coms 3530 aneKdlS i 1 g 4 bt Coa

el 45 8 ) 5

o (95
Sl 51 (615 2 505 5 ks Slaetalin w0l p SEns3 o)
4 gl ] SLolIS" 5 mla (5la0 oy 3 Ol e K
S 505 .l S3L 5 ol S gl )y shate
St Ol 8 5 eyl (53 5l b3 55 LT S
5 KK Gla ) 1 Sl S — 19 gade Yo Sl A s
53 b god Slas i dbiag Jlw SlasL0LA (6 20 90 55 S
o lo3T 53 minles jy (Sla gn sy oSl 0 b me | Jgdr
SSaST 4 Ol otme 3l sn 55T p Dl S e b B S
oS 5 Ela #0  THMSB00 s o yis o 5 p S somis
213 Y=k oS T s Sy Sn ol oL
3 E Sl a3 480 52148 o8aus 5l s Al
S Il b il § sla ytalasT 53 domio v uly Ol
i~/9¢3>géﬁ;gj|ﬁj4wﬁwwswuﬁyuﬁ

—Ol bl b le o la 53T s 531 8 Sl 4o

DOI: 10.22067/econg.2025.1155

AV

¥ ooylad (\Wo,yos\Fe ¥ (oslaisl wuwﬁ)


https://doi.org/10.22067/econg.2025.1155

e &5 o Ol ¢33k 4l ST - T AT 13 s SlaeSsls” dbw pte

e 5 5 el

GO (sla ) 4S” 33L 4l Ol S 5 (635 piasl ol sl (sla )Ll 1 i (eSS bk yoi Lol sla S350 Jou

Table 1. Major characteristics of the various ore samples from the Chadormalu, Esfordi, and Gazestan deposits Bafq
district, used for fluid inclusion petrography. Samples selected for microthermometric studies are shown in italic.

Ore deposit/ ) ) Minor Trace Texture/
sample code Major: minerals minerals minerals Ore type structure
Chadormalu
CHM Mag, Act Ab, Tr, Cal, Chl Py, Hem Magnetite-Actinolite ore Massive
CHM-05-3 Mag, Ap - Hem Magnetite-Apatite ore Massive
CHM-07 Mag, Ap - Hem Magnetite-Apatite ore Massive
CHM-016 Mag, Dol, Act, Chl, Ab, Qe Py, Bt, Ttn Magnetite ore Banded
Cal, Tlc
CHMO-017A Mag, Ap Py, Cal Hem Magnetite-Apatite ore Vein
CHM-018 Mag, Ap Py, Cal, Ep Hem Magnetite-Apatite ore Vein
Esfordi
Coarse apatite crystal Ap - Mz Pegmatoid-disseminated  Pegmatoid-
texture Apatite disseminate
ESF-02 Ap, Hem, Mag Cal, Qtz Ep Apatite-Hematite ore Massive
ESF-07 Ap, Hem, Mag Cal, Qtz Ep Apatite-Hematite ore Massive
ESF-019 Ap, Act Hem, Mag, Tr, Cal Apatite ore Massive
Gazestan
GA Ap, Mag Cal - Magnetite-Apatite ore Vein
RS-44-140 Mag, Ap Chl, Ab Hem, Srp, Py Magnetite-Apatite ore Breccia
RS-46-35.5 Mag, Ap, Cal, Py Chl, Ab Hem, Ccp Magnetite-Apatite ore Massive
RS-46-60 Ap, Cal, Py, Mag Chl, Srp Hem, Ccp Magnetite-Apatite ore Massive
RS-47-175 Mag, Ap, Cal Chl, Ab, Hem, Srp, Py~ Magnetite-Apatite ore Breccia
RS-47-189 Mag, Ap, Cal Chl, Ab, Hem, Srp, Py ~ Magnetite-Apatite ore Breccia
RS-47-228 Mag, Ap Chl, Srp, Fe-Oxide, Cal  Magnetite-Apatite ore Breccia
RS-51-67 Mag, Cal, Chl Ap, Py, Ccp Fe-Oxide, Srp, Magnetite ore Massive
RS-51-160 Mag, Cal, Ap, Chl Ab, Py Srp, Fe-Oxide Magnetite ore Vein
RS-52-236 Mag, Ap, cal C(:)I(,idibl Fe Py, Ccp Magnetite-Apatite ore Vein

Abbreviation for minerals from Whitney and Evans (2010): Ab: Albite, Act: Actinolite, Ap: Apatite, Bt: Biotite, Cal: Calcite,
Chl: Chlorite, Ccp: Chalcopyrite, Dol: Dolomite, Ep: Epidote, Hem: Hematite, Mag: Magnetite, Mnz: Monazite, Py: Pyrite,
Qtz: Quartz, Srp: Serpentine, Tlc: Talc, Ttn: Titanite, Tr: Tremolite
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Fig. 5. Images of apatite at various scales in the studied deposits from Bafq district. A: Magnetite-apatite ore containing

apatite-1, from the margin of the massive magnetite ore, Chadormalu deposit, B: The occurrence of apatite-11 in the vein-
type magnetite-apatite ore, Chadormalu deposit, C: Iron oxide-rich ore containing apatite-1 as small, needle-shaped and
white crystals, Esfordi deposit, D: Apatite-magnetite ore, Esfordi deposit. Brecciated apatite-1 is cemented by magnetite,
hematite, and quartz, E: Large, euhedral crystals of apatite-1l, Esfordi deposit, F: Vein-like accumulations of purple-
apatite-11 in the host rhyolitic rock, Esfordi deposit, G: Fine-grained apatite-I, disseminated in the massive magnetite ore,
Gazestan deposit, H: Apatite-11 and magnetite in magnetite-apatite veins along the margin of the massive magnetite ore,
Gazestan deposit, and I: Brecciated magnetite-apatite-calcite ore in andesitic host rock, Gazestan deposit. Abbreviation
after Whitney and Evans (2010) (Ap: Apatite, Mag: Magnetite, Hem: Hematite, Cal: Calcite).
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Fig. 6. Microphotographs of fluid inclusions in apatite and calcite from Chadormalu, Gazestan, and Esfordi, Bafq district.

L: liquid, V: vapor, Ha: halite, S: solid. A and B: Single-phase liquid (L) fluid inclusions in: Purple, fine-grained apatite-
Il in the altered green-looking host rock, Esfordi deposit (A). Space-filling Calcite in brecciated magnetite-apatite-calcite
ore, Gazestan deposit (B), C and D: Single-phase vapor (V) fluid inclusions in: Purple, fine-grained apatite-11 in the
altered green-looking host rock, Esfordi deposit (C). Calcite in brecciated magnetite-apatite ore, Gazestan deposit (D). E,
F and G: Two-phase liquid-vapor (LV) fluid inclusions in. Apatite-I from magnetite-apatite ore, Esfordi deposit (E and
F). Space-filling Calcite in brecciated magnetite-apatite-calcite ore, Gazestan deposit (G), H: Vapor-rich two-phase fluid
inclusions (VL) in apatite-1 from magnetite-apatite ore, Esfordi deposit, | and J: Three-phase fluid inclusions (LVH)
consisting of liquid, vapor, and halite, respectively, in purple, fine-grained apatite-11 in the altered green-looking host
rock, Esfordi deposit, and Space-filling Calcite in brecciated magnetite-apatite-calcite ore, Gazestan deposit, and K:
Multi-phase fluid inclusions (LVHS), in fine-grained, purple apatite-11 in the altered green-looking host rock, Esfordi
deposit
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Fig. 7. Microphotographs (PPL) of fluid inclusions assemblage in apatite from Bafq district ores A: Primary fluid
inclusions in apatite-11, showing coexistence of two-phase vapor-liquid inclusions (VL) with two-phase liquid-vapor
inclusions (LV); magnetite-apatite vein-type ore, Chadormalu deposit, B: Coexistence of two-phase liquid-vapor
inclusions (LV) with vapor inclusions (V) in apatite-1; apatite-hematite ore, Esfordi deposit, C: Coexistence of primary
and scattered LV and V inclusions, as well as trails of secondary fluid inclusions in the fine-grained, purple apatite-I1 in
altered green-looking host rock, Esfordi deposit, and D: Primary fluid inclusions across growth zones and as scattered
bodies, as well as secondary fluid inclusions across healed fractures in the fine-grained, purple apatite-11 in altered green-
looking host rock, Esfordi deposit
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Fig. 8. Images of specimens of selected ore from Bafq district for microthermometric studies. A: Banded ore consists of
alternating magnetite-rich and actinolite-rich bands, Chadormalu deposit, B: Brecciated magnetite-apatite-calcite ore in
the andesitic host rock, Gazestan deposit, and C: Magnetite-apatite-pyrite-calcite ore sample, Gazestan deposit.
Abbreviation after Whitney and Evans (2010) (Act: Actinolite, Tr: Tremolite, Ab: Albite, Chl: Chlorite, Tlc: Talc, Ap:
Apatite, Mag: Magnetite, Dol: Dolomite, Bt: Biotite, Ttn: Titanite, Py: Pyrite, Cal: Calcite).
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Table 2. Microthermometric data for fluid inclusions in various minerals from Chadormalu, Esfordi and Gazestan

deposits Bafq district

Salinity
Salinity
Sample Host. Tm haii wt.%.
P FIType 0 Triee (CCoveeeTe (°C) ((“:)' " Theo)  wi% (
NaCl) CaCIZ)
Chadormalu
CHM-016 LV(P) Dol  -9to-1  -30to-21 280-330  1.7-139
LV(P) Chl  -0.4t0-05 -30to-21 147-157  0.7-24
LV(P) Act >500
CHM-017 LV(P)  Ap-ll 268-454  12.8-196
LV(S)  Ap-ll  -16.2t0-6.7 -351t0-40 138217 134-189
VLP)  Ap-ll -12t0-7.8 460
Esfordi
ESF-07 LV(P) AP-| 167-350  2.5-6.7
-4210-05  ~-30
VL(P) AP-1 ) 418-530 3.34
Ap.a LV(P) Ap-lI 165-464  9.8-235 2.21-9.9
-2491t0-66  ~-45
LVH(P)  AP-II 274-291 510-520  36.1-37.1
Gazestan
LV(P) Cal 190-270
RS-51-67 LV(P)  Ap-ll >500
LVH(P)  cal 183-320  39.9-40.9
LV(P AP-I| 416> 8-25.
(P) so0.330 4163500 19.8-25.8
RS-46-35-d  LV(P) Qz -2 ~-30 250-390  3.9-5.1
LVHS(P) AP-Il  -20 ~-40 485->500 22.3-24.8

*Abbreviations after Whitney and Evans (2010) (FI: Fluid Inclusion; Min: Mineral; P: Primary; S: Secondary; Dol:
dolomite; Chl: chlorite; Act: actinolite; Ap: Apatite; Di: Diopside; Cal: Calcite; Qtz: quartz).
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Fig. 9. Frequency histograms of eutectic temperatures for two-phase liquid-rich fluid inclusions (LV) in non-metallic
minerals in iron oxide-apatite ores from the Bafq district, Choghart data from Hosseini et al., 2022
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Fig. 10. Frequency histograms of total homogenization temperatures, and salinities form Bafg-Saghand district, A and B:
Chadormalu, C and D: Esfordi, E and F: Gazestan deposits
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Fig. 11. Tne-Tva diagram (after Lecumberri-Sanchez et al., 2012) T.q: vapor disappearance temperature; Thq: halite
dissolution temperature. For halite-bearing fluid inclusions in various minerals associated with iron-oxide ore in the
Esfordi, Gazestan, and Choghart deposits. Data for Choghart from Hosseini et al., 2022. The black lines with numbers
show the Salinity contour.
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Fig. 12. Salinity versus homogenization temperature of fluid inclusions for samples from the Gazestan, Chadormalu, and
Esfordi. Data from Choghart (Hosseini et al., 2022) Chadormalu (Heidarian et al., 2017) and Lak-e-Siah (TaleFazel and
Rostami, 2020) deposits are shown for comparison. Halite saturation curve, critical temperature curve, and the L+V+H,
L+V, and V+L domains are after Bodnar et al. (1985) and Wilkinson (2001)
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The formation and mineralization conditions of the Cheshmeh Gasaban
gabbroic massif in Hamedan have been studied using the chemistry of
biotite and clinopyroxene minerals. In terms of petrography, biotite,
plagioclase, and clinopyroxene minerals are the most important rock-
forming minerals, and amphibole, chlorite, muscovite, zircon, and
sericite are visible as minor minerals in microscopic sections. The
chemical composition of most of the biotites studied is in the range of
coexistence with muscovite in calc-alkaline igneous rocks and is within
the range of magnesian and primary biotites. The tectonic origin of the
rocks in the studied area is related to the magmatic arc. The
clinopyroxenes studied are also of the diopside type and are located in
the Quad range. Based on geothermobarometric surveys, it can be said
that the gabbro in question was formed at a temperature of over (691°C)
and a pressure of about 0.7 MPa. Due to the low SiO,/Al,Os ratio, these
rocks are subalkaline, and due to the low TiO content, the magma
forming the rock is in the calc-alkaline range. The mass in question is
located in the orogenic zone and the nature of the magma is calc-
alkaline. Considering the importance of halogens and their fundamental
role in the transport of minerals and metals, the study of their chemistry
in biotite shows that mineralization has not occurred in these masses due
to the lack of chlorine and fluorine and the high AI" content. These
factors are among the most important reasons for the lack of fertility in
the gabbros of Cheshmeh Gasaban in Hamedan.
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EXTENDED ABSTRACT

Introduction

Iran is a paradise for geology, with numerous
metallic and non-metallic mineral resources. The
country has multiple structural-sedimentary zones,
one of which is the Sanandaj-Sirjan zone. In terms of
dimensions, this zone has a length of approximately
1,500 kilometers and a width ranging from 150 to
200 kilometers. The orientation of this zone follows
a northwest-southeast trend. In the Sanandaj-Sirjan
zone, metamorphic phenomena, magmatism, and
tectonic activities occur continuously and in
harmony with globally recognized tectonic phases at
their highest intensity. For this reason, this zone is
considered the most unstable a the petrology of
gabbroic rocks in Cheshmeh Qasaban, Hamadan, has
been studied, but the ore mineralization of zinc has
not been investigated.nd, in other words, the most
dynamic tectonic region in Iran. The Sanandaj-Sirjan
zone can generally be divided into three sections:
northern, central, and southern. The study area is
located in the central part of this zone. In an earlier
study gabboeic rocks of the Cheshmeh Ghasaban in
north SSZ yield late-Jurassic U -Pb zircon SHRIMP
ages of 166.5 £ 1.8 Ma. The aim of this paper is
determinated of mineralization using the minerals
chemistry for the cheshmeh ghasaban rocks from
hamedan, Iran. By analyzing the chemistry of these
rocks, the physicochemical properties of the magma
and its ore-forming potential have been examined.

Materials and Method

Major Elament composions of biotite, clinopyroxen
and plagioclase in selected gabbroeic were
determined by EMPA (Jeol — JXA 8200) at potsdom
university, Germany, the operational conditions 20
Kv, accelerating voltage and 20 nA specimen
current. The analytical spot diameter was set 1 pum.
keeping the same current conditions. Natural and
synthetic standard were used for calibration. Ferric
iron contents in ferromagnesian minerals are
calculated using stoihciometeric criteria.

Results

The mineral chemistry of biotite and clinopyroxene
from the Cheshmeh Ghasaban gabbro (Hamadan)
was investigated to constrain geochemical evolution,
tectonomagmatic setting, geothermobarometry, and

ore-forming potential. Biotites are predominantly
magnesium-rich, low in Ti, and commonly coexist
with muscovite within calc-alkaline igneous
assemblages, consistent with a primary magmatic
origin. Clinopyroxene compositions support an arc-
related, calc-alkaline magmatic affinity. Halogen
chemistry shows a clear deficiency of Cl; combined
with high tetrahedral Al (Al") in biotite and low
inferred fluid activity from biotite—hornblende
chemistry, this precluded effective metal transport
and hydrothermal mineralization. Overall, despite a
tectonic setting favorable for arc magmatism, the
Cheshmeh Ghasaban gabbro is geochemically
infertile due to low halogen contents and limited
fluid flux.

Discussion

The mafic rocks of Cheshmeh Ghasaban, Hamadan,
are classified into two groups: olivine and gabbro.
The absence of olivine crystals in the gabbros and the
ratio of clinopyroxene and plagioclase minerals,
from the perspective of their modal composition,
represent the major differences between these two
groups. The crystallization sequence of minerals in
the gabbros of this region follows this order: olivine,
clinopyroxene, plagioclase, phlogopite, brown
amphibole, and biotite, which reflects their textural
characteristics. Various methods have been proposed
for examining the geomorphology of an intrusive
body. One approach for assessing pressure-
temperature (P-T) conditions in biotites is the
method introduced by Henry et al. (2005), which has
been employed to study the formation and
crystallization  conditions of the gabbroic
intrusion.Factors such as the composition of the
parent magma, the available foci, and the total
amount of biotite present affect mineralization. To
determine the type of mineralization, the
relationships between AI" and the molar ratio of
Mg/(Mg+Fe) in biotite of various granitoids in Japan
have been used, along with determining the phase
type and comparing it with gabbroic rocks from
Cheshmeh Ghasaban, Hamedan. Since the total
aluminum content in biotite is more than 2.3, it is in
the sterile range. Magmatic mixing and the amount
of water in magma are also factors affecting
mineralization. In general, the halogen content (F,CI)
of biotite can be used to investigate magmatic
indicators and associated hydrothermal fluids.
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Determination of physicochemical indicators of magma, tectonic setting and mineralization potential of ...

Halogens, especially volatile elements F and Cl, play
an important role in magmatic and hydrothermal
mineralization systems. Therefore, it is of great
importance to study and evaluate the fugacity of
halogens in igneous and hydrothermal mineralization
systems. In general, the halogen content (F,Cl) of
biotite can be wused to investigate magmatic

indicators and associated hydrothermal fluids.
Halogens, especially volatile elements F and Cl, play
an important role in magmatic and hydrothermal
mineralization systems. Therefore, it is of great
importance to study and evaluate the fugacity of
halogens in igneous and hydrothermal mineralization
systems.
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Fig. 1. Geological Context. A: Simplified geological map of Iran (after Eshraghi and Mahmoudi Gharai, 2003). The
Sanandaj-Sirjan zone is indicated in yellow. The red square is the Alvand plutonic complex, B: Geological map of the
Alvand plutonic complex (after Eshraghi and Mahmoudi Gharai, 2003; Saki et al., 2020). The yellow star indicates the
studied metatexite migmatite and the sampling locality, and C: SE-NW panoramic view of the Alvand plutonic complex.
Alvand granite, Cheshmeh Ghasaban gabbros and hornfels of the Alvand thermal aureole are also indicated.
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Table 1. Analysis of Cheshmeh Ghassaban biotite mineral, calculated number of cations based on 11 oxygen atom.

Mineral Gs-1 Gs-2 Gs-3 Gs4 Gs5 Gs-6 Gs-7 Gs-8 Gs-9
Sample Bt Bt Bt Bt Bt Bt Bt Bt Bt
Sio2 34.9 374 37.1 36.7 37.3 37.2 36.5 322 39.00
TiO2 243 3.08 011 0.08 001 0.04 3.25 208 130
Al203 1437 1659 1895 1946 1866 20.11 20.20 20.09 21.99
Cr203 0.08 000 000 000 001 0.00 0.00 0.00 0.00
FeO 21.20 16.05 14.88 1472 1517 2333 17.43 20.78 12.49
MnO 0.04 0.03 0.06 0.03 0.04 0.14 0.06 0.07 0.01
MgO 101 1476 16.88 16.47 16.46 1795 1340 1565 18.49
CaO 0.02 0.00 0.00 0.04 0.33 0.04 0.17 0.07 0.00
Na20 0.22 0.18 0.31 0.33 0.28 0.00 0.20 0.09 0.38
K20 9.53 9.47 9.62 9.46 9.57 9.03 9.36 4.12 9.00
Totals 96.92 99.08 97.26 97.21 97.69 98.99 96.73 9293 96.72
Cations per 11 oxygen atoms
Si 1.025 2738 2686 2670 2821 2197 3546 3.263 1.600
Ti 0.054 0.169 0.006 0.004 0.001 0.002 0.238 0.158 0.174
Al 3.228 3428 3.616 3.668 3.662 3.908 3.223 3.211 3417
Cr 0.002 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Fe(34) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe(2+) 0.520 0.980 0.901 0.895 0959 1571 0S416 1.759 1.857
Mn 0.001 0.002 0.004 0.002 0.003 0.010 0.005 0.006 0.002
Mg 1442 1607 1821 1786 1.854 2154 1941 2361 4.901
Ca 0.001 0.000 0.000 0.003 0.027 0.003 0.018 0.008 0.000
Na 0.013 0.025 0.043 0.047 0.041 0.000 0.038 0.018 0.131
K 0.357 0.882 0.888 0.878 0.000 0.000 0.000 0.000 0.000
Totalsls 1144 983 956 995 936 9.84 9.42 9.78 11.08
Fe2/(Fetot) 1.000 1.00 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Al/(Al+Fe3+Cr) 1.000 1.00 1.000 1.000 0.999 1.000 1.000 1.000 1.000
Na/(Na+K) 0.035 0.28 0.035 0.046 1.000 0.000 0.031 0.032 0.060
Mg/(Mg+Fe2) 045 062 045 066 066 0.57 0.57 057 0.72
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Fig. 4. A: Composition of Cheshmeh Ghassaban biotites in graph (Nachit et al., 2005), and B: Composition of Cheshmeh
Ghassaban micas on the triple graphs (Albuquerque, 1973) (Al203-FeOtot-MgO)
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Fig. 5. A: Composition of Cheshmeh Ghassaban biotites in graph from Foster (1960), and B: plot of studied Cheshmeh
Ghassaban biotites in tectono-magmatic graph
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Table 2. Analysis of pyroxene mineral Cheshmeh Ghassaban area, calculated number of cations based on 6 atoms.

Mineral Gs-1 Gs9-2 Gs-3 Gs4 Gs-5 Gs-6 Gs-7
Sample Px Px Px Px Px Px Px
SiO: 52.7 50.0 515 55.04 534 526  53.6
TiO2 0.03 0.03 0.05 0.01 0.01 0.02 0.03
Al203 0.33 0.47 1.58 0.76 0.14 0.15 0.42
Cr203 0.03 23.0 017  0.90 0.01 0.00 0.03
FeO 7.56 6.48 729 22.28 8.58 9.22 17.9
MnO 0.25 0.15 019 0.69 0.33 032 049
MgO 145 145 146  19.53 14.3 13.7 20.3
CaO 24.9 23.0 24.8 0.90 24.6 24.7 3.24
Na20 0.07 0.58 0.09 0.08 0.07 012 047
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.04
Totals 100 100 100 99.34 100 100 99

Cations per 8 oxygen atoms

Si 1.97 1.60 157 2040 1.97 197 165
Ti 0.00 0.02 0.06  0.000 0.00 0.00 0.03
Al 0.01 0.16 0.05 0.033 0.00 0.00 042
Cr 0.01 0.52 0.04 0.026 0.00 0.00 0.03
Fe(*") 0.23 0.17 0.18 0.69 0.26 028 0.32
Fe(*") 0.00 0.00 0.00 0.022 0.01 0.01 0.09
Mn 0.79 0.68 0.65 1.07 0.79 0.758 0.70
Mg 0.98 0.77 079 0.36 0.97 097  0.95
Ca 0.53 0.57 0.50 0.60 0.50 0.90 0.0
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 1976 1.600 1574 2040 1973 1978 1.04
Totals 4.01 4.02 3.83 393 4.02 402 512

Mg/(Mg+Fe2) 081 087 049 054 081 077 063
Fe2/(Fetot) 076 055 36 129 0703 0765 0.76

Al/(Al+Fe3+Cr) 0.204 0.203 0.132 0.234 0.072 0.089 0.58
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Table 3. Geothermobarometery based on Ti available in biotite (Wu and Chen, 2015) Cheshmeh Ghassaban area

Sample P Gp T (C)
Gs29-1 0.7 672
Gs29-2 0.7 568
Gs29-3 0.7 756
Gs29-4 0.7 578
Gs29-5 0.7 678
Gs29-7 0.7 774
Gs29-7 0.7 690
Gs29-8 0.7 724
Gs29-9 0.7 740
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Table 4. Geothermobarometery based on Ti available in biotite (Henry et al., 2005) Cheshmeh Ghassaban area

- T(C),
Simple XAI(M1) T (C) XAI(M2)
Gs29-1 705 767
Gs29-2 688 674
Gs29-3 657 655
Gs29-4 657 689
Gs29-5 736 786
Gs29-6 626 690
Gs29-7 696 715
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Fig. 7. A: Tectonically setting of gabbroic rocks base of clinopyroxenes composition (Sun and Bertrund, 1991), and B:
Tectonically setting of gabbroic rocks base of clinopyroxenes composition (Sun and Bertrund, 1991)
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Fig. 10. A: Separation of mineralized biotite using weighing percent changes F against Cl in biotites of gabbroic rocks,
and Relationship between the aluminum saturation coefficient Al,03/(CaO+Na,03+K,0) and the AlT value of biotite to
determine the possible mineralization (Uchida et al., 2007)
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The Rezvan iron deposit is located in Kerman province, 28 km northeast of
Rafsanjan. This deposit is located in the Central Iran Zone and in the Poshte
Badam block. Stratigraphically, the host rock units belong to the Late
Proterozoic Rizou series. The rock units from bottom to top include shale,
sandstone, limestone, basaltic tuff and lava, stromatolite limestone, white
quartzite, and massive dolomite. Iron mineralization has occurred in a specific
stratigraphic horizon as stratiform and stratabound. Considering the structure,
texture, and mineralogy, the orebodies have a layered facies at the top and a
vein-veinlet facies at the bottom. The main minerals of the ore include
magnetite, oligist/specularite, pyrite and chalcopyrite. Based on field
observations, hand sampling and microscopic studies, the important structures
and textures identified in the deposit include massive, banded, brecciated, vein-
veinlet, disseminated and replacement. Chloritization and epidotization in the
host and footwall tuff units are the most widespread alteration and other minor
alterations are silicic and sericitic. Based on studies of structure, texture,
mineralogy, alteration and precedence and delay of mineral veins in the
footwall, three main phases of mineralization can be recognized in the Rezvan
deposit. The first phase, in the form of first-generation veinlets, are mainly
composed of quartz (with minor amounts of pyrite) and is siliceous in nature,
which probably indicates lower temperature and higher pH conditions of the
fluid. The second phase, which is the main phase, consists mainly of magnetite
with pyrite, epidote, chlorite and phlogopite and sometimes vermiculite,
hornblende and actinolite, and indicates higher temperature and lower pH. The
third phase, in the form of third-generation carbonate ore-bearing veinlets,
contains some magnetite, pyrite and sometimes oligist/specularite and silica,
which seems to have lower temperature than the previous phase and higher pH
and Eh. Based on lithogeochemical studies, according to the normalized
diagram to chondrite, the europium anomaly is negative, indicating formation
of the ores in a shallow and oxidizing environment. Based on geochemical
studies on stringer, massive and banded ore facies, the amount of Zn, V, Ni, Co,
Mn and As elements increases from the stringer section towards the massive
and banded facies, while the amount of Sr and Ti elements decreases. The ore
samples of the Rezvan iron deposit are geochemically within the range of
volcanic-sedimentary deposits.
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EXTENDED ABSTRACT

Introduction

Access to the area is via the Rafsanjan asphalt road
towards Zarand. This area is located 2 km north of
the Odarj village. The Rezvan mine is located in the
northern part of the 1:100,000 Davaran map (VVahdati
Daneshmand et al., 1995). This exploration area is
located in the Central Iran Zone and in the Poshte
Badam block in the Central Iran zone (Alavi, 1991).
A detailed scientific study of the iron mineralization
of this area has not been conducted, which is major
aims of this research.

Materials and methods

For geological, mineralogy, and alteration studies in
the study area, in addition to field studies, 8 thin
sections for petrographic studies of host and
associated rocks, 4 polished sections, and 34 thin-
polished sections were prepared and examined. In
addition to microscopic studies, 3 samples from
alteration zones were also selected and studied by X-
ray diffraction (XRD) to detect some altered
minerals. Also, to conduct geochemical studies of the
host rock units of mineralization, 24 samples were
sent to Zarazma Company for Inductively coupled
plasma mass spectrometry (ICP-MS), and the results
were examined.

Result and discussion

Iron mineralization in the Rezvan region of
Rafsanjan occurred in the Rizou series with a Late
Proterozoic age range, which mainly involves felsic
tuffs and basaltic lava units with carbonate
interlayers at the top of the sequence. Iron
mineralization occurred in specific stratigraphic
horizons, mainly in tuffaceous units and to a very
small extent in the granitoid intrusion. The orebodies
are layered in nature and have a vein-veinlet facies in
the lower part, and massive and bedded ore facies at
top. In the vein-veinlet/stringer facies, the ore-
bearing veins-veinlets are accompanied by chlorite-
epidotic and siliceous alterations. The massive ore

facies forms the high-grade part of the deposit, and
the banded facies involves alternations of iron oxide-
rich and iron oxide-poor layers within tuff units. The
main ore structures and textures include massive,
banded, brecciated, vein-veinlets, disseminated and
replacement. The main minerals of the ore include
the primary minerals of magnetite, pyrite and some
chalcopyrite and oligist/specularite, and the
secondary minerals such as hematite and goethite.
Based on lithogeochemical studies on the stringer,
massive and banded facies, the amount of Zn, V, Ni,
Co, Mn and As elements increases from the stringer
section towards the massive and banded facies, and,
however, the amount of Sr and Ti elements decreases
from the stringer facies towards the banded facies.
Based on lithogeochemical studies, according to the
normalized diagram to chondrite, the europium
anomaly is negative, indicating formation of the ores
in a shallow and oxidizing environment. Various
evidences, including the type of host and associated
rocks, the morphology of ore bodies, the structure,
texture, and mineralogy of ore and alteration,
indicate that iron mineralization in the Rezvan
deposit in the Rizou series was similar to the
volcanic-sedimentary iron deposits that were
deposited during the Late Proterozoic period due to
the activity of submarine hydrothermal systems. The
volcano-sedimentary iron deposits and banded iron
formations, which are the largest sources of iron, are
widespread throughout the world (e.g. Hou et al.,
2014; Wu et al., 2015; Wu et al., 2016). In addition
to other types of iron deposits, Iran is also prone to
volcanic-sedimentary iron deposits (Nabatian et al.,
2015). Similar deposits involve the iron
mineralization in the Hormuz series on Larak Island
(Alizadeh Fard and Mousivand, 2023) and the iron-
celestite-manganese mineralization of Kuhe Rig
(Mahdevari et al., 2021).
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Fig. 1. A: Location of the Rezvan (Star) deposit on the map of geological-structural zones of Iran (Alavi, 1991), and B:
Location of the Rezvan (Star) deposit, northeast of Rafsanjan in the Satellite image (from Google Earth, Landsat 8). AZ:
Alborz belt, FZTB: Folded Zagros zone, EIB: East Iran belt, KDZ: Kopeh Dagh zone, LB: Lut block, MZ: Makran zone,
PBB: Poshte Badam block, SSZ: Sanandaj-Sirjan zone, SZ: Sabzevar block, YB: Yazd block, AMA: Alborz magmatic
assemblage, EIMA: Eastern Iran magmatic assemblage, UDMA: Urumieh-Dokhtar magmatic assemblage

Fig. 2. View of the Rezvan iron deposit (view to the north)
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Sl 5 -8 5 ol () o3le LUl g i 5 olid SIS (2l (Lo (sla ) il
JS8) ca slhanS, -5 gl Jols 51368 o )lust 0l SLilS 5 13418 oyt i 015 o ¢0b e K b Sikae
3 (D-A JS2) &y o 5SS (C-A ) S «(B 5 A-A S ale VY w ol 5148 sls jaseis Olgsy ol

DOI: 10.22067/econg.2025.1160 Foslad WV o,95 AP F (oaliamdl Laliliya)

0


https://doi.org/10.22067/econg.2025.1160

i}i) S 02 RS —LSJL:..L'ZJT JAT &b@l{ ula.....a, d;&dw LQ‘_,.A) UAT)L..;K

Ql)&w ERPIES)

VLA J8) Cl e BB Ol Sl s slanS
3e 5 518 5 JSaze sl e laanS 5 Do) 50 4 Il Jo
36 o5 Jeol s i Y (AR JSE) Sl s b
PRI TP PRIV JOUNTCINE. g WS- JICIW B (L
IS ol S ST iy pm E Sns s (A 5 oy S
pmo Joi S8 5 &y o s Joui ¥ 5 (D 5 C B4
PRSI S e P P QP SOOI P

A sH G FE-1 o) el 58

}wéjbshgf@\(ﬁgjyj&\)w};ﬂds
.JJ}.&U»‘SAIJ*Ao:j:_“.?ujl.wjf:l{g}\}\):juﬁjj;
om Sl K8 5 a3 es 8 b a4 o548
Skt S dS ) Sl S a1y K 6 (gladabas
ol bl s odae gla SLw $5 ol kte e Slw din
— S 5 e gla S B el s 5al glaanS

A JSK8) dzes s
5 S B3 (bt S5 (il (sl gla oy oLl
—K,%,;K,J_gu‘@méugfjk‘u”m

it S e 5 KT gl 1C ¢ s wga 55 305 S ale B e o 1 old A Ol oo T SLilS Ko sladoly 51 oo goas 0 JKS
S8 (S D55 5l g F s lim o5 45 slanS 5= 5 Sy g 4 O E cailate j3 Cog 51 gld D XPL s sl 5 IS Lt

Slos 5 S 33 3 (plad il 5 s S 1S 51 e @505 5o H eglls (i il s el SATIG PPL s (o 3805 oo ot
Fig. 5. Images of the rock units of the Rezvan iron deposit, A: View of shale, B: Red sandstone in hand sample, C:
Limestone and shale alternation with the shale part completely chloritized in XPL, D: View of tuff in the area, E: Tuff in

the form of veinlets in the drill core, F: Image of lithic carbonate tuff in microscopic section in PPL, G: Dentate
stromatolite limestone, H: Hand sample image of white quartzite, and I: View of massive dolomite
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Fig. 6. Images of intrusive rocks in the Rezvan deposit, A: Syenite sill within the tuff units, B: Syenite sill with epidote
alteration in hand specimen, C: Syenite sill containing plagioclase, apatite and hornblende in microscopic section under
XPL light, D: Diabase dyke in hand sample, E: Diabase dyke with altered plagioclase and pyroxene under XPL light, and
F: Diabase dyke under PPL light. Abbreviations after Whitney and Evans (2010) (HIb: hornblende, PI: plagioclase).
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Fig. 7. View of layered orebodies within tuff: A, B, C: northern part of the deposit, and D: middle part of the deposit
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B: View of a lamellar magnetite-rich vein (Mag) in drill core, C: View of a pyrite vein (Py) in microscopic section, D:
View of a chalcopyrite vein (Ccp) in pyrite in this facies. Symbols from Whitney and Evans (2010) (Mag: magnetite, Py:

pyrite, Ccp: chalcopyrite).
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Fig. 9. Images of different generations of veinlets, A: First generation veinlets which are quartz, B: Image of first
generation siliceous veinlet cut by second generation chlorite-epidote veinlet, C: Image of first and second veins, D: First
generation veinlet cut by second generation veinlet, E: All three veins in the deposit, F: Third generation veinlet containing
oligist, G: Third generation veinlet containing second generation magnetite and third generation pyrite, H: Third

generation veinlet containing second generation magnetite and third generation pyrite, and I: Microscopic image of third
generation veinlet. Abbreviations after Whitney and Evans (2010) (Mag: magnetite, Py: pyrite, Olg: oligist).
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Fig. 10. View of the massive facies, A: View of the massive magnetite, B, C: massive magnetite in the drill core, and D:
massive magnetite in microscopic section. Abbreviations after Whitney and Evans (2010) (Mag: magnetite).
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Fig. 11. View of banded facies, A: View of magnetite bands in hand sample, B: banded magnetite in drill core, C and D:
magnetite bands in microscopic section. Abbreviations after Whitney and Evans (2010) (Mag: magnetite).
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Fig. 12. Images of chloritic, epidote, silicic and sericite alteration, A: chloritic alteration in the desert, B: chloritic
alteration in XPL light, C: chloritic alteration in PPL light, D: epidote alteration with calcite veins in the drill core, E and
F: epidote alteration in microscopic section, G: silicification, H: silicic alteration in microscopic section, and I: sericite
alteration in plagioclases. Abbreviations after Whitney and Evans (2010) (Chl: chlorite, Ep: epidote, Ser: sericite, Qz:

quartz, Px: pyroxene, Hlb: hornblende).
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Fig. 13. Images of the major minerals of the Rezvan mine, A: Magnetite in the drill core, B: Martitization of magnetite,
C: Specularite in the drill core, D: Hematite in microscopic section, E: Replacement of chalcopyrite by goethite in
microscopic section, F: Generation 1 disseminated pyrite in the drill core, G: Generation 2 veined pyrite in microscopic
section, H: Chalcopyrite in the drill core, and I: Chalcopyrite under microscope. Abbreviations after Whitney and Evans
(2010) (Mag: magnetite, Py: pyrite, Ccp: chalcopyrite, Olg: oligist, Hem: hematite, Mar: martite).
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Table 1. Comparison of Rezvan iron deposit with some of the volcano-sedimentary Fe deposits in Iran

Deposit
Lark Island  Dash Aghol Heneshak Gol Gohar Zidar Rezvan
Feature
Structural Sanandaj- Sanandaj- Sanandaj-
.. .. .. Central Iran Central Iran
area Zagros Sirjan Sirjan Sirjan
Age Late Middle Late
g Proterozoic Jurassic Triassic Paleozoic Eocene Proterozoic
Shale, Tuff, shale,
Lava and .
.. Dolomite, sandstone, sandstone,
rhyolitic . Conglomerate, .
Host and Sandstone shale, basaltic . limestone,
tuff, shale . dolomite, shale, .
country and carbonate  sandstone and siltstone, stromatolite
and . sandstone, tuff, .
rocks . tuffs crystalline gabbro and limestone,
evaporite . . marl, and shale .
. limestone diabase, dolomite
deposits
carbonate
. Magnetite,
. Hematite, g .
Magnetite, . . . hematite,
. Hematite, magnetite, Magnetite, . .
oligist/specu . . . Magnetite, oligist/specul
. magnetite, goethite, goethite, . .
larite, . ) . . . hematite, arite,
. . limonite, ramsdellite, limonite, . . .
Mineralogy hematite, . . . . pyrite, goethite, goethite,
. goethite and psilocybin, pyrite and . . .
pyrite and . . limonite pyrite and
. . pyrite and chalcopyrite .
limonite chalcopyrite
cryptomelane
Vein-veinlet,
Massive, . Layered, layered,
. . . Massive, Y . y .
Vein-veinlet, laminar, ) Banded, massive, massive,
. laminated, . . .
Structures brecciated, granular, . . granular, disseminated, brecciated,
. . disseminated,o . . .
and texture  massive and brecciated, massive and replacement, disseminated,
. pen-space
banded and vein- fillings replacement colloform, and and
veinlet g stockwork replacement
Alizadeh . . . Rajai
References Fard and Maghfouri et  Kazemi Rad et Babaki and Ghahra:n anloo Present
. al., 2019 al., 2013 Aftabi, 2006 research
Mousivand, and Fardoust,
2023 2015
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Table 2. Comparison of the Rezvan iron deposit with some of the volcano-sedimentary Fe deposits in the world

eposit . . . Rezvan
b Tianhu Machang Jinteshan Yuanjiacun
Featu
Late
Age Ordovician Neoarchaean Precambrian  Paleoproterozoic Proterozoic
Trachyte . Tuff, shale,
. y . Clastic
. . volcanic rocks, Clastic and . sandstone,
Schist, quartzite, sediments, .
basalt and carbonate . limestone,
Host and marble, . . carbonate units .
- andesite, basalt-  sediments along . stromatolite
country rocks  amphibolite and . . . . and volcanic .
. . gneiss, schist, with basaltic . limestone,
granitic gneiss . ) units .
migmatite and rocks . dolomite
. (greenschist)
granite
Vein-veinlet,
layered,
Layered, massive, shear,
Structures and Layered, . Layered and . .
banded, massive, Layered and disseminated,
texture banded, and . banded
. . vein, and banded and
vein-veinlet
stockwork replacement
Magnetite, Magnetite,
hematite, barite, Magnetite, hematite,
Magnetite, Magnetite, pyrite specularite, hematite, siderite, specularite,
Mineralogy hematite, pyrite, and hematite pyrite, specularite and pyrite and
chalcopyrite chalcopyrite, pyrite chalcopyrite
jasper, chlorite
and siderite
Present
References Wuetal., 2015  Sunetal., 1998 Hou et al., 2014
Wu et al., 2016 research
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1. X-ray diffraction (XRD)
2. Inductivity coupled plasma- mass spectrometry (ICP-MS)
3. feeder/stringer zone
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