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In 2023, the deepest mineral exploration borehole in Iran (MDK-276), to a depth of 2036m, was
drilled at the center of the Miduk porphyry copper mine in Kerman. This allowed for a detailed
geological study of over 2 km of vertical extension of mineralization below the current mining level.

Based on this study, at least three intrusive phases were identified including a causative and a late

mineral porphyry intrusion with a granodioritic composition, and also post-mineral granular quartz

monzodiorite to monzogranite intrusions. A-type veinlets associated with potassic alteration are the
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types. This is followed by late chlorite-sericite and sericitic alteration along with the formation
of C-type veinlets leading to the hypogene enrichment of the primary mineralization through the
re-precipitation of copper as chalcopyrite, bornite, and chalcocite. As the achievements of this

research, the identification of a high-grade Cu and Au zone with high efficiency of mineral processing

in the deep central portions, and the recognition of the root zone of the deposit with barren intrusions

associated with calcic alteration 2000 meters below the current mining elevation (2300 meters)

promise continued cost-effective mine exploitation with increasing mining depth.

1. Introduction

Determining the maximum depth of mineralization and identifying
the root zone are critical for deep mine planning and exploitation
design in porphyry copper mines, requiring drilling to depths
greater than 1 km, as porphyry Cu deposits (PCDs) are typically
formed at depths of 1 to 6 km. Deep mining/drilling in major PCDs

(e.g., Chuquicamata, Escondida, Grasberg) reveals mineralization

extendingbeyond2 km, though economicore gradesrarely persistthat
deep (Dilles, 1987; Seedorff et al., 2008; Sillitoe, 2010). Typically,
hypogene ore zones span up to 1.5 km vertically, comparable to
their lateral extent (Sillitoe, 2010). Recent studies suggest the root
zone and its cupola lies ~1 km below the mineable base and includes

features such as intense stockworking, unidirectional solidification
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textures (USTs), quartz-filled miarolitic cavities with coexisting
fluid/melt inclusions + sulfide minerals, anastamosing texture of
graphic quartz-K-feldspar and biotite intergrowths, strong potassic,
sodic-calcic, sodic, calcic, and coarse-grained muscovite-quartz
(greisen) alteration, downward merging of porphyry dikes into a
porphyritic granitoid cupola, and also increasing groundmass grain
size in mineralized porphyry intrusions (Seedorff et al., 2008). The
Miduk porphyry copper mine, the third largest copper deposit in
Iran, is operated by the Shahr-e Babak Copper Complex under
the National Iranian Copper Industries Company. To update and
enhance the ore reserve estimate and average grade, five phases
of mine-site exploration program have been conducted since mine
development, including 320 boreholes totaling 178,030 meters. In
the fourth phase (2019), deep drilling down to 1000 meters led to
reclassification of Miduk from a small- to a large-size porphyry
copper deposit, with an updated ore reserve of 930 Mt at an average
grade of 0.7 wt.% Cu (cut-off: 0.2 wt.% Cu). In 2023, as part of the
fifth phase, the deepest exploratory borehole in Iran (no. MDK-276)
was drilled in the lowest current mining level (at 2353m asl.)
to a depth of 2036m. This provided a unique opportunity for us
to study 2 km of the hypogene zone in the center portion of the
deposit from an economic geology perspective with application in
supplementary mine-site exploration, and future mining as well as
mineral processing of this deposit.

The Miduk porphyry copper mine, located in the northern part
of the Kerman copper belt (Fig. 1), is part of a cluster including
numerous porphyry copper deposits and prospects with potential
for exploration of concealed mineralization beneath younger
volcanic and sedimentary cover (Fig. 2). Miduk is a copper-only
deposit with an ore reserve of ~930 Mt at 0.7 wt% Cu, mainly
hosted in a shallowly-emplaced (~2.5km), cylindrical-shaped
quartz diorite porphyry stock (P2) around 12.5 + 0.1 Ma (Mclnnes
et al.,, 2005), and Cu mineralization occurred ~270 kyr later, at
12.23 + 0.07 Ma (Taghipour et al., 2008; Fig. 3-a). Initially, the
deposit included both supergene and hypogene ore zones with the
average Cu grade ranged from 0.7 to 1 wt.%. The supergene zone,
with an average thickness of 50 meters, contained about 90 Mt of
sulfide ore with an average grade of 0.8 wt.% Cu has been mined
over the past two decades, therefore, what remains and is being
mined today is the hypogene zone. Before drilling borehole MDK-
276, geological modeling and ore-reserve estimating suggested
that the main hypogene zone formed a high-grade cylindrical body
(0.65-1.5 wt.% Cu) extending from 2540 to 1500 meters above
sea level. This zone coincides with the Miduk porphyry stock (Fig.
3-c). Previous studies have been identified five hypogene alteration
zones including magnetite-rich potassic, potassic, potassic-phyllic,
phyllic, and propylitic. Among these, potassic-phyllic alteration is
the most intense and widespread (Taghipour et al., 2008). Copper
mineralization is mainly found in the central and deeper portions
of the deposit, occurring as disseminations and stockwork veinlets.
Also, nine generations of veins and veinlets have been identified

include magnetite, quartz-magnetite, barren quartz, quartz-

magnetite-chalcopyrite-anhydrite, chalcopyrite-anhydrite, and
others (Taghipour et al., 2008). According to Yousefi Soorani et
al. (2022), hypogene enrichment in the deeper portions occurred
through partial to complete replacement of primary sulfide minerals
(i.e., pyrite and chalcopyrite) by bornite, which enhanced Cu grades

in the potassic-sericitic alteration zone.

2. Research methodology

Briefly, this study was carried out in four successive stages over
a 9 months period including core-logging over 2036m borehole,
low-resolution sample characterization using binocular microscope
(n=1828 selected samples), microscopic studies (n=330 polished
thin sections), and data processing of a large geochemical dataset
(n=2036 assay data for Cu and Au concentration). Integration of
all qualitative and quantitative data in current research leads to the
identification of intrusive phases, the identification of alteration
types, veinlets, and their generation, as well as root zone in the

Miduk mine.

3. Results

The main findings of current research could be summarized as
follows in terms of petrology, alteration, mineralization, and Cu—Au
geochemistry to better understand the deeper portions of the Miduk
deposit.

3.1. Petrology

At least three intrusive phases relative to mineralization time was
recognized: Theearly-mineral, the late-mineral, and the post-mineral.
The early-mineral phase with granodiorite composition, interpreted
as causative intrusion, comprises over 90% of the borehole
and displays granoporphyritic texture at depth (1940-1900 m;
Fig. 4-a) and porphyritic texture above 1900 m depth (Fig. 4-b-c).
It hosts all types of alteration and multiple generations of veinlets,
economic Cu and Au grades, and xenoliths of quartz diorite
(Fig. 5-f). The late-mineralization intrusion, is dark in color, and
has a fine-grained porphyritic texture. It is mainly observed in 500
— 130 m depth interval, although the deepest at which it appeared
weakly, was 1527m. It shows sharp to irregular contacts with the
early phase (Fig. 5-a-b-c). It is weakly altered and mineralized, and
it seems that intruded during the late stage of potassic alteration
and related veinlets. As a result, it has caused the dilution of
the ore grade in depth intervals in which it is observed. The
post-mineralization intrusions characterized by equigranular to
in-equigranular in texture and quartz monzodiorite-monzogranite in
composition, as well as calcic alteration and without mineralization
features occurred only at one hundred meters down the borehole
(2036—1940 m).

3.2. Alteration
Five types of hydrothermal alteration were identified in the deep
portion of the Miduk porphyry Cu deposit (Fig. 6): (1) potassic,

(2) potassic — chlorite—sericite, (3) potassic — chlorite—sericite —
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sericitic, (4) potassic — sericitic, and (5) calcic + chlorite—sericite.
Potassic alteration is the earliest and the most pervasive type,
affecting nearly throughout the borehole except for the one
hundred meters down the borehole. It is characterized by secondary
K-feldspar, biotite, anhydrite, and magnetite. The mineral
proportions appear to depend on the modal content of the early
felsic (e.g., plagioclase) and mafic (e.g., biotite) mineral phases.
Chlorite—sericite alteration commonly overprinted the earlier
potassic alteration, and mostly occurred as veinlet and open
space fillings. Therefore, this overprinting formed a combined
two-stage alteration which is called potassic — chlorite-sericite
type. This assemblage is observed between ~2000 m and 790 m
depth interval, and it was also weakly observed at the bottom of
the borehole, which was associated with calcic alteration. Calcic
alteration, recognized by calcite, epidote, and actinolite mineral
assemblage—only observed in one hundred meters down the
borehole overprinting post-mineral intrusions, and due to its
association with traces of chlorite—sericite alteration, it likely
formed after the chlorite—sericite and potassic alteration stages.
Its limited extent, weak intensity, and association with low Cu and
Au grades identify it as the root zone of the Miduk deposit. Thus,
the vertical extent of mineralization in Miduk mine is estimated
at ~2.5 km, near to ~300 m asl. Cumulative alteration composed
of potassic — chlorite—sericite — sericitic alteration, identified by
coexisting mineral assemblages (e.g., secondary K-feldspar, biotite,
anhydrite, chlorite, and sericite), is present from ~1850 m to 135
m depth of the borehole, indicating overprinting potassic alteration
phase by late chlorite-sericite — sericitic ones. Sericitic alteration,
characterized by intense sericitization of plagioclase, K-feldspar,
biotite and chlorite, and largely obliterated the mineral assemblages
of previous alteration. This alteration observed from surface to
~1910 m depth of the borehole, and where it happened so severely
(e.g., 1610-1625 m and 1324-1330 m depth intervals), color of the
host rock has changed to light gray, white, and/or pale green.

3.3. Mineralization

This study shows that the mineralization in the deep portions of
the Miduk deposit occurred as disseminated grains and multiple
generations of porphyry-style veinlets. These veinlets are best
developed in early (causative) intrusion, and are significantly
decreased in late and post-mineral intrusions.

The veinlets are divided into two main groups based on
mineralogy, cross-cutting and reopening relationships: (1) pre-
mineralization stage veinlets, and (2) mineralization stage veinlets.

Pre-mineralization stage veinlets categorized into three sub-
types including magnetite type (i.e., M-type), early biotite type (i.e.,
EB-type) and aplitic type. M-type veinlets are thin (<5 mm), and
composed of magnetite + biotite without quartz, sulfide minerals,
and alteration selvages (Figs. 7-a, 9-a). Some of these are reopened
by later quartz — sulfide veinlets. EB-type veinlets are the most
common veinlets, typically <4 mm width, consist of secondary

biotite and generally lacking quartz or sulfide minerals (Fig. 9-b).
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They often intersect or run parallel to aplitic veinlets, suggesting
close timing of their formation (Fig. 7-b). Reopening by younger
quartz-sulfide veinlets may introduce chalcopyrite and quartz into
these veinlets (Fig. 7-c-d). Aplitic veinlets are mainly comprised
of fine-grained K-feldspar and quartz mineral assemblage with
possible graphic texture, generally sulfide-free (Fig. 9-c), and may
be cut or reopened by later quartz-sulfide veinlets (Fig. 7-¢).

Mineralization stage veinlets are distinguished by consistent

presence of sulfides and quartz, and are classified into 2 main
sub-types based on mineral assemblage, cross-cutting and
reopening relationships: (1) A-type family veinlets and (2) C-type
family veinlets.
-A-type veinlets, representing the earliest sub-type of mineralization
stage veinlets, have a consistent paragenesis of quartz—anhydrite—
chalcopyrite and variable amounts of biotite, K-feldspar, magnetite,
bornite, and molybdenite.

A-type veinlets based on mineralogy and cross-cutting as well as
reopening relationships classified into five generations as follows:
A1l veinlets as the oldest generation and 8-30 mm width, are
characterized by quartz—anhydrite—biotite (+chlorite)-magnetite—
chalcopyrite (+bornite), often with a thick biotite selvage (Figs.
7-f, 9-d). A2 veinlets (with 2-5 mm width) are characterized by
quartz—anhydrite—chalcopyrite + biotite + K-feldspar + bornite +
molybdenite with a thin biotite selvage. They cut and reopened Al
and are themselves cut by A3 and A4 veinlets (Fig. 7-j-k).

A3 veinlets (with 2-8 mm width) show a similar mineral
composition to A2 but often associated with K-feldspar as veinlet
fill or alteration selvage. They are the most abundant among A-type
veinlets, and cut earlier A-type veinlets (i.e., Al and A2) and cut by
Ad-type veinlets (Fig. 8-a). A4 veinlets as the latest generation of
quartz-sulfide veinlets (with <5 mm width), have a simple mineral
composition including quartz—chalcopyrite (+anhydrite) and lack
alteration selvages. They cut all earlier A-type veinlets. A5 veinlets
are barren generation of A-type family veinlets, and are mainly
composed of quartz without alteration selvage. They formed at the
end of the potassic alteration, just before the formation of C-type
veinlets (Figs. 8-j-k-1, 9-p).

- C-type veinlets, are sulfide-dominated veinlets with little or
no quartz, and are subdivided into Cl-type and C2-type based
on chalcopyrite-pyrite ratios, alteration selvage mineralogy, and
crosscutting-reopening relationships. Cl-type veinlets contain
chalcopyrite (+ pyrite, bornite, quartz) with chlorite—sericite or
sericite-only selvages (Figs. 8-b-c, 9-j-k). In places, C1 selvages
have been overprinted by later white sericitic alteration, forming
a three-stage alteration sequence: potassic — chlorite—sericite
— sericitic, often with hematitization (Fig. 8-b-c). These quartz-
poor veinlets are abundant throughout the borehole and clearly
postdate all earlier veinlets (Figs. 8-f-g-i, 9-n-0). C2-type veinlets
are dominated by pyrite (+ chalcopyrite, quartz), and show intense
sericitic selvages with several mm to cm width (Figs. 8-d, 9-m).
Compared to C1-type, they have more pyrite, less chalcopyrite, and

more extensive sericitic alteration. Like C1-type, quartz is scarce or
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absent. The crosscutting-reopening relationships among all earlier
barren and A-type veinlets indicates that C-type veinlets are the
latest generation of veinlet mineralization in the studied borehole
(Fig. 8-e-h). Replacement of earlier chalcopyrite by secondary Cu-
sulfide minerals such as bornite and chalcocite was an interesting
and important phenomenon that most likely occurred as a result of

the reopening of A-type veinlets by C-type ones (Fig. 10).

3.4. Cu and Au geochemistry

The frequency distribution histograms of Cu grades in alteration
types (Fig. 11) show that 80.5% of the total samples (1014) have
<1 wt.% Cu; 18% range from 1-2 wt.%, and only 1.5% exceed
2 wt.% (max. 4.66 wt.%). The overall median value of Cu was
obtained 0.58 wt.%, increasing to 0.92 wt.% in 500—1200 m depth
interval of borehole (Fig. 14). The highest Cu grades occur in
potassic - sericitic (i.e., 0.08—4.66 wt.%, median value ~0.74 wt.%)
and potassic — chlorite-sericite - sericitic (i.e., 0.13-2.72 wt.%,
median value ~0.52 wt.%) alterations (Fig. 11-c-d). The lowest Cu
values appear in calcic + chlorite—sericite alteration in down of the
borehole (i.e., median value ~0.07 wt.%) (Fig. 11-e). Regarding
Au grade distribution, 93% of samples have <200 ppb Au, 5% of
samples have 200400 ppb, and only 2% exceed 400 ppb (i.c.,
max. 1881 ppb). Median Au value across the borehole was obtained
59 ppb, increasing to 114 ppb in the 500-1200m depth interval
where is Cu rich (Fig. 14). Like Cu, the highest Au median values
were obtained in potassic - sericitic (74 ppb), potassic — chlorite-
sericite - sericitic (54 ppb), and potassic alteration types (50 ppb),
respectively (Fig. 11-f-h-i). Strong positive correlations exist
between Cu and Au grades in potassic and potassic — chlorite-sericite

zones when compared to other alteration types (Fig. 12).

4. Discussions

This study revealed at least three intrusive phases in the deep portion
of the Miduk deposit: (1) early or syn-mineral granoporphyritic to
porphyritic granodiorite, (2) late-mineral fine-grained porphyritic
granodiorite, and (3) post-mineral granular quartz monzodiorite-
monzogranite intrusions. The early phase as causative and host
intrusion has shown a granoporphyritic texture in deep part of
the studied borehole, and its texture changed to more typically
porphyritic texture in shallower parts. This textural variation with
depth has also been reported in other porphyry copper deposits
(Seedorft et al., 2008; Ambrus, 1977; Carten, 1986; Carten et al.,
1988). In contrast, the late-mineral intrusion characterized by finer-
grained porphyritic texture and sharp to irregular contact with the
early phase was emplaced at the end of potassic alteration stage
leading to dilution of Cu and Au per grades. Its similar composition
to the early intrusion phase suggests a single magmatic source for
both. The rapid intrusion and emplacement of the late phase into
pre-cooled causative intrusion probably led to the fine-grained
porphyritic texture. In many porphyry Cu-Au deposits, late
porphyry intrusions have typically been similar in composition and

texture to the primary phase or have shown only minor differences

(Sillitoe, 2010), and the emplacement of these late porphyry phases
within the porphyry copper orebody has resulted in the formation
of low-grade cores (e.g., Santo Tomas II, Philippines; Sillitoe and
Gappe, 1984). The post-mineral granular quartz monzodiorite
to monzogranite intrusions appeared only at the bottom of the
borehole. Such deep and barren intrusions have been observed in
systems like Santo Tomas II and Jaca (Richard H. Sillitoe, pers.
comm., 2025). Its granular texture could be attributed to magma
cooling at great depth, and they have not had a chance to reach the
surface.

Five types of hydrothermal alteration were identified in the deep
portion of the Miduk deposit including potassic, potassic — chlorite—
sericite, potassic — chlorite—sericite — sericitic, potassic — sericitic,
and calcic + chlorite—sericite. Potassic alteration is the earliest and
most widespread. Its intensity in identified porphyry phases match
typical patterns described for porphyry copper deposits (Sillitoe,
2010). In some depths, it is overprinted by chlorite—sericite
alteration associated with specularite and martitic magnetite similar
to other porphyry systems (Sillitoe, 2010). At greater depths, calcic
alteration appeared in post-mineral intrusions associated with the
lowest Cu and Au grades representing the root zone of the deposit
like Panguna and El Teniente (Ford, 1978; Cannell et al., 2005),
Koloula and Island Copper (Chivas, 1978; Perello et al., 1995;
Arancibia and Clark, 1996), and also reported near cupolas and
below ore zones in Yerington and Ann Mason, USA (Einaudi, 1970;
Proffett, 1970). As a result, the vertical extent of mineralization
in Miduk mine estimated ~2.5 km, near to an elevation of +300
m asl. Sericitic alteration has been observed across the borehole,
and in some depths, it has completely overprinted earlier potassic
alteration. This type of sericitization could be considered late-stage
and related to meteoric hydrothermal fluids (Ossandon et al., 2001).

This study showed that mineralization occurred both as
disseminations and veinlets. Based on mineralogy and cross-
cutting/reopening relationships, veinlets formed in two main
stages: pre-mineralization (including magnetite, early biotite and
aplitic veinlets) and mineralization stage (Fig. 13). Magnetite
veinlets (M-type) as the earliest veinlets like what observed in Batu
Hijau (Clode et al., 1999) and Bajo de la Alumbrera (Ulrich et al.,
2001) formed under high temperature (>650°C), high pressure, and
oxidizing conditions of hydrothermal fluids (Arancibia and Clark,
1996; Ulrich et al., 2001; Taghipour et al., 2008). Due to mutual
cross-cutting relationship with aplitic veinlets, the EB-type veinlets
probably formed near-simultaneous with aplitic ones at high
pressure and temperature (>650°C; Cernuschi et al., 2023). Aplitic
vein-veinlets, commonly occurred in low-grade or barren cores
beneath the ore zone like Haquira East (Cernuschi et al., 2023)
and in other studies (Seedorff et al., 2005; Kirkham and Sinclair,
1988) probably formed in high temperatures (>650°C) and low H2S
hydrothermal environment. The lack of Cu sulfide minerals along
with the pre-mineralization veinlets could be attributed to very high
temperature of the hydrothermal fluid responsible for the formation

of these veinlets, and the lack of reducing sulfur in such a fluid may
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explain the absence of chalcopyrite with these veinlets (Cernuschi
et al., 2023). The most prominent veinlets of mineralization stage
in deep portion of Miduk deposit belonged to the A-type family and
the C-type family veinlets. Based on veinlet mineralogy and cross-
cutting relationships, five distinct generations (i.e., Al to AS) of the
A-type veinlets were identified similar classifications have been
reported in other porphyry copper deposits such as Batu Hijau (Clode
etal., 1999), Bingham (Redmond and Einaudi, 2010), and Encuentro
(Osorio, 2017). Al-type and A2-type veinlets due to having high
temperature minerals such as biotite and magnetite, probably formed
under high-temperature conditions (~650-550°C), with oxidizing
fluids rich in Fe, K, and Mg. (Arancibia and Clark, 1996; Ulrich
et al., 2001). The A2-type veinlets with biotite selvages have also
been reported from El Salvador (Gustafson and Quiroga, 1995) and
Butte (Rusk et al., 2008). With decreasing fluid temperature (550—
500°C), biotite content dropped, and K-feldspar became dominant
in A3-type veinlets. Due to further cooling of the magmatic ore
fluid and its depletion in Fe, K, and Mg, it was enriched in Cu, Fe,
and S, and then formed A4-type veinlets (Redmond and Einaudi,
2010; Osorio, 2017). A5 veinlets as the final generation of A-type
veinlets likely formed at the end of potassic alteration, when the
magmatic ore fluid was depleted of the metals. Similar to barren
AS5-type veinlets have been reported in Batu Hijau (Clode et al.,
1999), Haquira East (Cernuschi et al., 2012), Butte, and Bingham
(Rusk et al., 2008; Porter et al., 2012). The C-type veinlets as the last
generation of mineralized veinlets in the deep portion of the Miduk
deposit formed after potassic alteration and during chlorite-sericite
and sericitic alteration (Cernuschi et al., 2023). Based on alteration
mineral assemblage associated with C-type veinlets, it seems that
the ore fluids responsible for formation of the C1-type veinlets were
acidic, and meteoric in origin. This could have been created during
the intrusion of the late fine porphyritic phase, which acted as a
heat source, warming the descending meteoric waters and creating
convection currents. These fluids could be caused hypogene leaching
and remobilization of previously deposited Cu and Au (Brimhall,
1980), leading to formation of Cl-type veinlets. The estimated
formation temperature of these veinlets is between 375°C and 450°C
(Monecke et al., 2018; Cernuschi et al., 2023). Some features such
as chlorite + sericite selvage and replacement of biotite by chlorite
and sericite are consistent with these conditions (Dilles and Einaudi,
1992; Monecke et al., 2018). Such fluids also reopened the earlier
A-type veinlets, leading to deposition of new chalcopyrite as cement
of brecciated early quartz-sulfide veinlets and also replacement

both newly formed chalcopyrite and earlier sulfides with bornite,
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chalcocite, and covellite (Cernuschi et al., 2013; Driesner and
Heinrich, 2019; Dilles and John, 2021). This process is an example of
the hypogene enrichment at 500 to 1200 m depth interval associated
with increased Cu and Au grades during potassic-sericitic alteration
in the studied borehole. Finally, as Cu and Au concentrations in the
ore fluid decreased over time—due to earlier enrichment—and Fe
and S levels increased (released from primary and secondary sulfides
during replacement), the late-stage C2-type veinlets rich in pyrite and

poor in chalcopyrite were formed.

5. Conclusion

This study identified evidence of the mineable base and root zone
features in the deep portion of the Miduk porphyry copper deposit.
These include a change in texture of the causative intrusion to
granoporphyritic texture at 1900—1940 m depth interval associated
with low Cu and Au grades, calcic alteration at the bottom of the
borehole (from 1940 to 2036m), and the abundance of thin biotite
and aplitic veinlets. Therefore, the vertical extent of mineralization
is estimated to reach about 2.5km, down to an elevation of 300m
asl., close to the root zone. The significant decrease in Cu (and
Au) grade in parts of the borehole, especially over the upper parts
of the borehole (i.e., from surface to a depth of 500m), has been
associated with the more extensive intrusion of the late fine-grained
porphyritic phase. Pre-mineralization barren veinlets have been
formed during potassic alteration of high-temperature (>650°C),
oxidizing, and sulfur-poor hydrothermal fluids. In contrast, Cu
mineralization occurred with the formation of A-type family quartz
veinlets, consistent with the shallow emplacement of the deposit.
These veinlets formed from magmatic fluids over temperature
600—450°C. The late-stage mineralization involved C-type veinlets
formed during chlorite—sericite and sericitic alteration. These were
caused by heated, non-magmatic meteoric fluids with acidic nature
at temperatures below 450°C. These fluids triggered hypogene
enrichment through leaching and redistribution of earlier Cu
mineralization. During this process, new generation of chalcopyrite
was deposited, and both the newly formed and earlier chalcopyrite
were replaced by bornite and chalcocite. This enrichment
significantly increased Cu and Au grades in 500-1200m depth
interval. Findings derived this study, emphasizing the abundance
of chalcopyrite replacement textures by bornite, chalcocite, and
covellite in the deep and central portion of the Miduk deposit,
as well as the lack of significant evidence of pyrite replacement
by copper sulfides, promise high efficiency in future mineral

processing with increasing mining depth.
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Figure 1. Kerman porphyry copper belt and the location of Miduk deposit and other porphyry deposits in the northwestern part
of the belt (Zurcher et al., 2019).
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Figure 2. Geological map of the Shahrebabak porphyry copper exploration zone, and the location
of the Miduk mine and other porphyry copper deposits in the area. The presented Ar-Ar and Re-Os
ages indicate the age of alteration and mineralization in each deposit, respectively. Abbreviations:
Bt = Biotite, Hb = Hornblende, Mb = Molybdenite (Shafiei Bafti et al., 2022).
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Figure 3- a) Simplified geological map of the Miduk mining area (modified from Outomec,
1992). b) Vertical cross-section of the mineralization and alteration zones in the Miduk mine
(from Yousefi Soorani et al., 2022). c¢) Vertical copper grade zoning over 1000 m at Miduk
mine (unpublished data, Miduk Copper Mine Operations). d) Horizontal copper grade zoning
at Miduk mine (unpublished data, Miduk Copper Mine Operations).
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Figure 4. Images of drill core samples representing the intrusive phases identified in the studied borehole from the Miduk deposit; with

two microphotographs presented for each phase alongside the corresponding core sample. a) Syn-mineralization intrusion with granodiorite
composition and granophyritic texture (Sample MP-62/1936.8m). b) Syn-mineralization intrusion with granodiorite composition and
relatively coarse-grained porphyritic texture (Sample MP-92/1893.3m). ¢) Syn-mineralization intrusion with granodiorite composition and
medium-grained porphyritic texture (Sample MP-166/1785.5m). d) Post-mineralization intrusion with quartz monzodiorite composition and
inequigranular texture (Sample MP-1/2035.5m). e) Post-mineralization intrusion with monzogranite composition and inequigranular texture
(Sample MP-14/2021m). f) Post-mineralization intrusion with quartz monzodiorite composition and relatively equigranular texture (Sample
MP-55/1951.5m). Abbreviations: Am = Amphibole, Bt = Biotite, Kfs = K-feldspar, P1 = Plagioclase, Qtz = Quartz.
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Figure 5. Images of drill core samples along with corresponding microphotographs of intrusive phases in the studied
borehole from the Miduk deposit. a) Late-stage intrusion with granodiorite composition and fine-grained porphyritic
texture (1), in sharp contact with syn-mineralization intrusion (2) (Sample MP-581/1288m). b) Sharp contact between
the syn-mineralization intrusion (1) and the late-stage intrusion (2) (Sample MP-646/1245.5m). c) Sharp contact
between the syn-mineralization and late-stage intrusions, forming a chilled margin (Chm) at the contact (Sample MP-
1742/208.5m). d) Lack of development of aplitic veinlet into the late-stage intrusion phase (Sample MP-590/1280m).
e) Injection of a quartz dioritic mafic tongue (1) with granular texture into the post-mineralization intrusion (2) (Sample
MP-46/1969.8m). f) Presence of a quartz diorite xenolith with equigranular texture within the causative (or syn-
mineralization) intrusion (Sample MP-1728/235.5m). Abbreviations: Am = Amphibole, Anh = Anhydrite, Bt = Biotite,
Kfs = K-feldspar, P1 = Plagioclase, Qtz = Quartz, Ser = Sericite.
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Table 1. Summary of petrographic characteristics of the intrusive phases identified in borehole MDK-276, Miduk porphyry copper mine.
Abbreviations: Am = Amphibole, Bt = Biotite, Kfs = K-feldspar, Pl = Plagioclase, Qtz = Quartz.
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Figure 6. Images of drill core samples (a-j) and microphotographs (k-t) of the alteration types identified in the studied borehole from the
Miduk deposit. a) Potassic alteration dominated by secondary K-feldspar (Sample MP-906/103 1m). b) Potassic alteration dominated by
secondary biotite (Sample MP-909/1029.4m). c¢) Potassic alteration dominated by magnetite (Sample MP-1478/524.7m). d—e) Potassic
— chlorite—sericite alteration (Samples MP-356/1561.3m and MP-157/1795.2m, respectively). f-g) Three-stage potassic — chlorite—
sericite — sericitic alteration (Samples MP-117/1848.6m and MP-1686/280.1m, respectively). h) Potassic — sericitic alteration (Sample
MP-1257/721.4m). i) Intense potassic — sericitic alteration with two types of sericites (Sample MP-341/1573.6m). j) Calcic alteration
(Sample MP-16/2015.4m). k) Potassic alteration dominated by secondary K-feldspar (Sample MP-1489/514.4m). 1) potassic alteration
dominated by secondary biotite (Sample MP-1312/671m). m) Potassic — chlorite—sericite alteration (Sample MP-120/1846.5m).
n) Potassic — chlorite—sericite alteration with specularite formation (Sample MP-82/1912.6m). o) Three-stage potassic — chlorite—

sericite — sericitic alteration (Samples MP-728/1171.1m and MP-585/1285.6m, respectively).
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Figure 6-p) Three-stage potassic — chlorite—sericite — sericitic alteration (Samples MP-728/1171.1m and MP-

585/1285.6m, respectively). q) Potassic—sericitic alteration (Sample MP-707/1187.2m). r) Intense potassic—sericitic
alteration (Sample MP-1242/736.6m). s) Calcic alteration (Sample MP-16/2015.4m). t) Calcic + chlorite—sericite
alteration (Sample MP-45/1970.3m). Abbreviations: Act = Actinolite, Anh = Anhydrite, Bt = Biotite, Cal = Calcite, Chl
= Chlorite, Ep = Epidote, Kfs = K-feldspar, Ser = Sericite, Spec = Specularite.
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Table 2. Summary of veinlet types identified in borehole MDK-276, Miduk porphyry copper mine.
Abbreviations: Anh = Anhydrite, Bn = Bornite, Bt = Biotite, Ccp = Chalcopyrite, Chl = Chlorite, Kfs = K-feldspar, Mag = Magnetite,

Mo = Molybdenite, Py = Pyrite, Qtz = Quartz.

. . . . . Mineralogy of veinlet Associated
Veinlet group Veinlet type Mineralogy of veinlet filling At by e e
Magnetite (M-type) Mag + Bt None Potassic
Pre-ml;z:ilzatlon Early biotite (EB-type) Bt None Potassic
Aplitic Kfs - Qtz None Potassic
Al Qtz — Anh — Bt — Mag — Ccp (+ Chl — Bn) Biotite, or None Potassic
A2 Qtz — Anh — Ccep (+ Bt — Kfs — Bn — Mo) Biotite Potassic
g;tnyi}l); A3 Qtz — Anh — Kfs — Cep (£ Bt — Mo — Mag) K-feldspar, or None Potassic
— + 1
Mineralization A4 Qtz — Ccp + Anh None Potassic
stage A5 (barren) Qtz (£ Anh — Kfs — Bt) None Potassic
cl Cep (+ Py — Bn - Qtz) Chl.orlte-.serlclte./ . Potassic - Chlorlte—
C-type sometimes just Sericite sericite
family Sericite / sometimes
+ 3 Qi
C2 Py (£ Cep — Qtz) Chlorite-sericite Potassic - Sericitic
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Figure 7. Images of drill core samples representing the types of veinlets identified in the studied borehole from the
Miduk deposit. a) M-type veinlets (Sample MP-1332/661.9m). b) An EB veinlet cut by an aplitic veinlet, with parallel

development of the EB veinlet along the outer margin of the aplitic veinlet (Sample MP-642/1247m). c) An EB veinlet
cut by an A3 veinlet (quartz—K-feldspar—anhydrite—chalcopyrite-magnetite) (Sample MP-1528/486.3m) An EB veinlet

reopened by an A4 veinlet (Sample MP-37/1986.5m). e) An aplitic veinlet reopened by a barren AS veinlet (Sample

MP-639/1249.5m). f) An A1 veinlet (quartz—biotite—anhydrite-magnetite—chalcopyrite) with a biotite selvage (Sample

MP-1407/599.3m). g) An Al veinlet (quartz—anhydrite-biotite-magnetite—chalcopyrite) without alteration selvage
(Sample MP-1297/678.7m). h) An A1l veinlet (quartz—anhydrite—biotite—magnetite—chalcopyrite) cut by a barren A5

veinlet, which is in turn reopened by a C1 veinlet (chalcopyrite—sericite) (Sample MP-1315/669.6m).
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Figure 7- i) An A2 veinlet (quartz—anhydrite—chalcopyrite) with a thin biotite selvage parallel to the veinlet walls (Sample MP-

214/1684.6m). j) An A2 veinlet (quartz—anhydrite—chalcopyrite with biotite selvage) cut by A3 veinlets (quartz—anhydrite—

chalcopyrite with K-feldspar selvage), with the A3 veinlet itself cut by a C1 veinlet (chalcopyrite with sericite selvage)

(Sample MP-1312/671m). k) An A2 veinlet (quartz—anhydrite—chalcopyrite with biotite selvage) cut by an A4 veinlet (quartz—
anhydrite—chalcopyrite) (Sample MP-185/1752.25m). 1) An A3 veinlet (quartz—anhydrite—K-feldspar—chalcopyrite) with a

K-feldspar selvage (Sample MP-1537/468m).
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Figure 8. Images of drill core samples representing the types of veinlets identified in the studied borehole from the Miduk
deposit. a) An EB veinlet reopened by an A3 veinlet (quartz—K-feldspar—anhydrite-biotite—chalcopyrite), and both cut
by an A4 veinlet (quartz—anhydrite—chalcopyrite) (Sample MP-676/1211m). b) A C1 veinlet (chalcopyrite—pyrite with a
chlorite—sericite selvage) with hematitization of magnetite probably alongside late-stage white sericite alteration (Sample
MP-132/1825.65m).c) A quartz—pyrite veinletreopened by aC1 veinlet (chalcopyrite—calcite—specularite with achlorite—sericite
selvage), with hematitization of magnetite probably during late-stage white sericite alteration (Sample MP-130/1826.8m).
d) C2 veinlet (pyrite—quartz with a sericitic selvage) (Sample MP-674/1214.1m). e) An aplitic veinlet is reopened by a C2
veinlet (pyrite—quartz with a sericitic selvage) (Sample MP-684/1203.5m). f) An A2 veinlet (quartz—anhydrite—chalcopyrite
with a biotitic selvage) cut by a C1 veinlet (chalcopyrite—pyrite with a sericitic selvage) (Sample MP-1404/601.6m). g) An A2
veinlet (quartz—chalcopyrite with a biotitic selvage) reopened by a C1 veinlet (chalcopyrite—pyrite with a sericitic selvage)
(Sample MP-512/1367.1m). h) An A3 veinlet with K-feldspar banding cut by C2 veinlets (sericite—pyrite) (Sample MP-
1548/459.5m).
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Figure 8- i) An A3 veinlet (quartz—K-feldspar—anhydrite—chalcopyrite) reopened by a C1 veinlet (chalcopyrite with a sericite + chlorite
selvage) (Sample MP-1562/441.2m). j) An A5* veinlet reopened by a C1 veinlet (chalcopyrite with a pale green sericite alteration selvage),
and the chalcopyrite in the C1 veinlet replaced by bornite and chalcocite during late-stage white sericite alteration (Sample MP-1717/244.4m).
k) A barren AS veinlet reopened by a C1 veinlet (chalcopyrite—chlorite—sericite), and the chalcopyrite in the C1 veinlet replaced by bornite
during late-stage sericitic alteration (Sample MP-1681/289.1m). 1) A barren A5 veinlet reopened by a C1 veinlet (chalcopyrite—sericite), and

the chalcopyrite in the C1 veinlet replaced by bornite during late-stage sericitic alteration (Sample MP-1219/764.2m).
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Figure 9. Microphotographs showing the types of veinlets identified in the studied borehole from the Miduk deposit. a) M-type
veinlet (Sample MP-1569/431.2m). b) EB-type veinlet (Sample MP-48/1966.6m). c) Aplitic veinlet with micrographic texture
formed by intergrowth of quartz and K-feldspar (Sample MP-691/1201.4m). d) A1 veinlet with a relatively thick biotitic selvage
(Sample MP-1509/501.3m). e—f) A1 veinlet without biotitic selvage in transmitted and reflected light, respectively (Sample MP-
1569/431.2m). g) A2 veinlet with a thin biotitic selvage (Sample MP-1285/692.1m). h) A3 veinlet (Sample MP-1521/492.4m).



AE=01 :(F) PO <1 Fol (o pgle/ gl S g blis 031 jpBIlS a1/ ... SS90 (5318 197 Uuo 320 518 6 (516 424 :MDK-276 ,3L5SI eoleS

oo PS¢ ¥ 1000 g - 8" s W Y T
Gy0) Ad g5 S, (.S sn LS ) adllan 3550 GlE 55 oks Gllid GlaanS ) g1l Opme oSy S sl 4 IS sl
2502 o s e $LiE LC g 5 xS 5 (k-1 .(MP-1729/234.8M & yo3) Cuy ym s IS sL2z LCI & 5 ,(j .(MP-1320/666.4m
L 5 A2 455, 0z 30 (0 (MP-728/1171.1m % 503) oo o slik LC2 & 8 5 (m (MP-1586/409.4m 4 303) Sl 555 5 5550
xS 3 bou g AS 5 o8 5 0556 (p (MP-1275/707.1m % 503) C1 455 5 Lo 5 A3 455, 00534 (0 .(MP-707/1187.2m 4 503) C1 xS,
(gl M=K ooy 5=Chl W SIE=Cep (i 5=Bt (2 5=Bn (o, Ll=ADh g Lz s (MP-1729/234.8m 4 503) C1
s pu=SET (5 S=QUZ o2y =Py (=2Ke=Mag
Continued from Figure 9. Microphotographs showing the types of veinlets identified in the studied borehole from the Miduk
deposit. i) A4 veinlet (Sample MP-1320/666.4m). j) C1 veinlet with chlorite—sericite selvage (Sample MP-1729/234.8m).
k-1) C1 veinlet with sericitic selvage in transmitted and reflected light, respectively (Sample MP-1586/409.4m). m) C2 veinlet
with sericitic selvage (Sample MP-728/1171.1m). n) An A2 veinlet is reopened by a C1 veinlet (Sample MP-707/1187.2m).
0) An A3 veinlet reopened by a Cl veinlet (Sample MP-1275/707.1m). p) A barren A5 veinlet reopened by a C1 veinlet
(Sample MP-1729/234.8m). Abbreviations: Anh = Anhydrite, Bn = Bornite, Bt = Biotite, Ccp = Chalcopyrite, Chl = Chlorite,
Kfs = K-feldspar, Mag = Magnetite, Py = Pyrite, Qtz = Quartz, Ser = Sericite.
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Figure 10. Closed-up microphotographs showing multiple stages of hypogene enrichment phenomenon with
the replacement of chalcopyrite by bornite, and bornite by chalcocite and covellite. a) Three to four enrichment
stages, including brecciation of pre-existing pyrite within a barren A5 veinlet due to the late over-pressured Cu-
rich fluid, followed by secondary chalcopyrite precipitation in the resulting open spaces, and later replacement of
chalcopyrite by bornite, then bornite by chalcocite and covellite (Sample MP-1717/244.4m). b) Three enrichment
stages through the introduction of a late Cu-rich fluid as chalcopyrite into a barren A5 veinlet, followed by its
replacement by bornite, and subsequently by chalcocite (Sample MP-1048/892.4m). ¢) Two to three enrichment
stages, with chalcopyrite in an A3 veinlet replaced by bornite, followed by replacement of bornite by chalcocite
and covellite (Sample MP-1170/794.1m). Abbreviations: Bn = Bornite, Cc = Chalcocite, Ccp = Chalcopyrite,
Cv = Covellite, Py = Pyrite
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Figure 11. Histogram showing the frequency distribution of copper and gold grades across different alteration zones identified throughout

borehole MDK-276 in the Miduk porphyry copper mine.
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Continued from Figure 11. Histogram showing the frequency distribution of copper and gold grades across different alteration zones identified

throughout borehole MDK-276 in the Miduk porphyry copper mine.
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Figure 12. Relationship between Cu and Au grades in different alteration zones throughout the

studied borehole.
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Figure 13. Proposed paragenetic sequence and estimated formation temperatures of vein-veinlets in the deep portion of

the Miduk porphyry copper deposit.
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Figure 14. Depth-related variations of lihology, alteration, and Cu — Au grades in borehole MDK-276, Miduk porphyry copper mine (Cu and

Au assays were carried out at 2-meter intervals throughout the borehole).
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