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The Sar-e-Yazd Cu (Mo) deposit is located in the Naein-Jiroft magmatic belt or Kerman belt. It is in the southern part of the
Cenozoic Saveh-Nain-Jiroft magmatic belt of Iran. This deposit is spatially associated with Oligocene shallow porphyritic
porphyries intruded into dacite porphyry to porphyritic quartzdiorite and middle Eocene volcanoclastic rocks. Hypogene ore
minerals include chalcopyrite, magnetite, pyrrhotite, molybdenite, bornite and pyrite occurring as veinlets and dissemina-
tions mostly in the both intrusive rocks. Hydrothermal alteration from inside to outside is marked by potassic, carbonate alter-
ation, an extensive phyllic assemblage and irregular zones of propylitic (actinolite, epidote and chlorite sub-zone) and clay
assemblages with no consistent zoning patterns. The study of faults in the area reveals that, in general, they align with the
pre-existing joints in the structure of the Sani Abad syncline. These faults are attributed to ancient fractures within the
right-lateral shear system between the Anar and Dehshir right-striking faults. Three sets of faults are recognized in the east-
ern Mehriz area (Sar-e-Yazd region): 1— longitudinal direction joints (or tension faults), along with early intrusions and the
first group of dykes with WNW-ESE extension, are attributed to old T, fractures in the shear system. However, the second
group of later dykes, often intruded in a N—S direction, is attributed to tensile fractures in the T, shear system, 2 — cross direc-
tion joints (or expansion faults) and 3 — diagonal direction joints (or shear faults; the late intrusive, branches of the epithermal
Cu-Fe and the Pb-Zn apophyse intruding aligned with these faults direction. The veins shows two main trends: a- tension
splitis related to T4 and tensile fractures (epithermal Cu-Fe veins) and b- the pennant vein pattern is related to R/R’ diagonal
fractures. Fractures with the NW-SE trend (R), which are mostly filled by iron oxides, are younger and don’t have an effective
role in mineralization and it seems that the fractures with the R’ shear system have been effective in the placement of intru-
sive. The total average of the highest metallic mineralization is enriched in supergene zone at each boreholes (BH): BHo;,
BHos, BHos and BHz3. Cu: 3881 ppm, Mo: 43.7 ppm, Pb: 13390 ppm, Zn: 18250 ppm and Ag: 6.7 ppm in the 25 to 58 m depth.
Fluid inclusion studies indicate a wide range of homogenization temperatures in the veinlets and phyllic porphyritic
quartzdiorite alteration, ranging from 136°C to 542°C, with salinities of 4-62 wt.% NaCl equivalent. The coexistence of
vapour-rich inclusions (F3 type) with high salinity and liquid-rich inclusions (F2 type) with similar Th values provides strong
evidence for boiling. Parts of the copper content in the solution could be deposited as a result of boiling processes as chalco-
pyrite which was the major mineral at the Sar-e-Yazd deposit (similar to porphyry copper deposits). The analysis of borehole
samples indicates a moderate correlation between Cu and Mo, suggesting porphyry Cu (Mo) deposits in Sar-e-Yazd. Cu also
shows a strong correlation with Pb, Zn, and Ag, which are key indicator elements of these deposits. Finally based on the dis-
tribution and zoning of the main metal ores, the porphyry mineralization of Sar-e-Yazd shows a significant resemblance to
the Cu-Mo mineralization in the Mineral Park deposit in Arizona.
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INTRODUCTION porphyritic intrusive rocks (Cox, 1986). The formation process in-
volves multiple stages of hydrothermal alteration, creating a core

of disseminated ore minerals surrounded by successive enve-

Cu porphyry deposits are significant sources of copper,
formed from hydrothermal fluids originating from a large magma
chamber several kilometres below the Earth’s surface (Sillitoe,
2010). These deposits are characterized by disseminated cop-
per minerals within a large volume of rock, often associated with
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lopes of altered rock (Shanks Il et al., 2012). Porphyry copper
systems are mainly developed at convergent plate margins, in-
cluding continental margin and island-arc settings (Sillitoe,
2010), where subduction of oceanic crust is related to arc-type
magmatism that generates most of the hydrous, oxidized upper
crustal granitoids genetically related to ores. In these magmatic
arcs, deformation can be very complex, and porphyry copper de-
posits can form in a variety of tectonic settings (Richards, 2009).
They are economically important due to their large size and the
relatively low copper concentrations required for profitable ex-
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traction (Singer, 1995). In addition to copper, these deposits of-
ten contain valuable by-products like Mo, Au, and Ag. In this
work, we present data on the main geological features of the
Sar-e-Yazd Cu (Mo) deposit. Considering that no detailed and
comprehensive study has been done, the authors intend to dis-
cuss ore formation conditions using a multidisciplinary approach.
This includes fieldwork, logging drill cores, microscopic inspec-
tions, and geochronology to conduct a more detailed investiga-
tion into the geology, hydrothermal alteration, fluid inclusion
study, geochemistry and the relationship of mineralization with
fault structures. The Sar-e-Yazd Cu (Mo) deposit is character-
ized by porphyry-style mineralization and is located within the
Naein-Jiroft magmatic belt (NJMB) or Kerman copper belt (KB)
in the southern part of the Cenozoic Saveh-Naein-Jiroft mag-
matic belt (SNJMB) of Iran (Fig. 1). Iran’s significant porphyry
copper belts can be categorized into three magmatic belts
(Karimpour et al., 2021): 1 — Saveh-Naein-Jiroft magmatic belt
(SNJMB): this belt is a significant geological formation that has
been proposed as a replacement for the previously recognized
Uromieh-Dokhtar magmatic belt, particularly noted for its pre-
dominance of Miocene age igneous rocks (Karimpour et al.,
2021), 2 — Lut block: this belt dates from the Eocene to
Oligocene, and 3 — Qaradagh or Arasbaran Belt: this belt is also
significant (Fig. 1). These deposits are associated with Tertiary
granitoids. The Saveh-Nain-Jiroft magmatic belt extends from
Saveh to Jiroft with a NW-SE trend and hosts the most signifi-
cant porphyry copper deposits in Iran. Notable deposits between
Saveh and Naein include Dalli, Kahang, Darreh Zereshk, and Ali
Abad, have been identified as originating from the early to middle
Miocene. However, the most important and largest porphyry
copper deposits in Iran are concentrated between Naein and
Jiroft, an area also known as the Kerman copper porphyry belt.
The granitoids and volcanic rocks in this zone range from the
Paleocene to Pleistocene and are related to the Neo-Tethyan
subduction zone (Agard et al., 2005, 2011; Omrani et al. 2008;
Sarjoughian and Kananian, 2017). The porphyry deposits in this
section are mostly Oligocene-Miocene in age (Shafiei, 2010;
Aghazadeh et al., 2015). The Naein-Jiroft or Kerman copper belt
is one of Iran’s most promising copper zones. Over 200 deposits
and signs of copper minerals have been identified in this belt
(Ghorbani, 2013). To date, 20 known copper deposits with evi-
dence of porphyry have been discovered in that region
(Ghorbani, 2013). Sarcheshmeh, the largest porphyry copper
mine in Iran, is located in this section. The Sar- e-Yazd Cu (Mo)
deposit is situated 4 km south of Sar- e-Yazd village, 5 km east of
Mehriz, and 24 km south of Yazd (Fig. 1). In the report on the
completion of exploration activities at Sar-e-Yazd, focusing on
the Mehriz mining area and geological mapping, Moayyed
(2019) provides a comprehensive overview of the undertaken
exploration activities. The report outlines the methodologies em-
ployed in geological mapping, including field surveys and sam-
pling techniques, which were utilized to assess the mineral po-
tential of the region. The maximum depth of boreholes in the
Sar-e-Yazd porphyry deposit is 776 m. Mineralization at Sar-
e-Yazd occurs mainly in porphyritic granodiorite and dacite por-
phyry to porphyritic quartzdiorite rocks. The zoning pattern and
distribution of alteration assemblages and fluid inclusion studies
make the Sar-e-Yazd Cu (Mo) deposit similar to other known
porphyry systems in the NJMB or Kerman copper belt (KB), in-
cluding the world-class Sarcheshmeh (Waterman and Hamilton,
1975), Meiduk (Alirezaei et al., 2013), and Daraloo
(Alimohammadi et al., 2015). However, the age of the
Sar-e-Yazd porphyry deposit (Oligocene), based on geological
mapping (Moayyed, 2019) is distinctly older than the middle to
late Miocene reported for most porphyry Cu deposits south of the
Sar-e-Yazd Cu (Mo) deposit (Sarcheshmeh and Meiduk). A sim-

ilar Oligocene age has been recently reported for the Bon-
dar-e-Hanza porphyry (Mohebi, 2015) and Takht-e-Gonbad cop-
per deposit (Hosseini et al., 2017) in the NJMB or Kerman copper
belt. These two deposits and the Sar-e-Yazd deposit occur to-
wards the southern margin of the KB and imply a discrete epi-
sode of copper mineralization, likely before collision.

GEOLOGICAL SETTING

REGIONAL GEOLOGY

As mentioned above, the Sar-e-Yazd Cu (Mo) deposit, lo-
cated to the east of Mehriz, is situated within the Yazd block of
Central Iran, and is influenced by the Cenozoic magmatism of
the Naein-Jiroft Magmatic Belt (NJMB) in the Zagros Orogenic
Belt. Based on Alavi (1994 ) the southeastern Zagros Orogenic
Belt in Iran consists of three parallel tectonic subdivisions, from
north-east to south-west: 1 — Urumieh-Dokhtar Magmatic As-
semblage (ADMA); 2 — Sanandaj-Sirjan Zone (SSZ); 3 —
Zagros Fold-Thrust Belt (ZFTB). The Urumieh-Dokhtar Mag-
matic belt is an ensialic intrusive-extrusive complex, con-
structed by subduction of the Neo-Tethyan oceanic lithosphere
underneath the Iranian terranes in a continental island arc set-
ting (Berberian et al. 1982; Shahabpour, 2007). However, as is
shown in Figure 1 based on new research by Karimpour et al
(2021), due to the evidence of lack of magmatism between
Saveh to the extent of Takab and absence of air magnet anom-
aly the name of UDMA was changed to Saveh-Nain-Jiroft mag-
matic belt (SNJMB) and magmatism of Urumieh to Takab is a
continuation of the western Alborz magmatic belt (AMB). As de-
picted in Figure 1, Sar-e-Yazd porphyry Cu (Mo) deposit is an
unknown porphyry copper deposit of Iran, located in the
Saveh-Naein-Jiroft magmatic belt (SNJMB). The main mag-
matic activities of the SNJMB are related to the Tertiary period.
The magmatic activities started from the Paleocene and contin-
ued until the end of the Pleistocene (Alavi, 2007; Chiu et al.,
2013; Hosseini et al., 2017; Fazeli et al., 2017). These igneous
rocks include both intrusive and volcanic units.

During the middle Eocene period, igneous activities peaked
and were followed by extensive volcanic activity, which is visible
throughout the belts (Alavi, 2007). Based on the characteristics
of magmatism and mineralization, SNJMB can be divided into
two distinct belts: 1 — Saveh-Naein Magmatic Belt (SNMB),
which mainly consists of non-adakitic barren I-type magnetic
granitoids, 2 — Naein-Jiroft Magmatic Belt (NjMB) which hosts
porphyry copper deposits. The Miocene granitoids of this belt
are magnetite series and I-type adakite. Geochemically,
adakitic volcanic rocks are similar to the fertile adakitic
granitoids of NJMB, but these units lack any mineralization.

LOCAL GEOLOGY

The oldest observed rock units in the southwest of Mehriz
are part of the Jurassic Shemshak formation and the Shir-Kuh
granite batholith, as noted by Nabavi in 1972. The Shemshak
formation is primarily characterized by a sequence of sedimen-
tary rocks that offer insights into the geological history and
palaeoenvironment of the Jurassic period. This formation plays
a crucial role in understanding the stratigraphic evolution in the
region. On the other hand, the Shir-Kuh granite batholith exem-
plifies igneous activity from the same era, indicating significant
geological processes such as volcanic activity and tectonic
movements that contributed to the region’s current geological
framework. The Jurassic Shemshak formation exhibits signifi-
cant geological characteristics due to its interaction with the
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Fig. 1. Paleogene magmatism is the most voluminous magmatic episode in Iran and includes the Saveh-Naein-Jiroft
magmatic belt (SNJMB), Lut magmatic belt (LMB) and Alborz magmatic belt (AMB)

The location of the Sar-e-Yazd porphyry Cu (Mo) deposit in the Naein-Jiroft magmatic belt (NJMB) or Kerman porphyry belt (KB)
a part of Saveh-Naein-Jiroft magmatic belt is between the Sanandaj-Sirjan zone (SSZ) and the Central Iranian zone (CIM),
NJMB or Kerman porphyry copper belt is located between two important faults of Dehshir or Naein-Baft and Nayband (NBF). The
Dehshir and Anar faults limit the studied area from the east and west

Shir-Kuh granite batholith. This granite batholith, which intruded
into the surrounding sedimentary rocks, has led to contact
metamorphism in the Shemshak formation. In the southwest of
Mehriz, the early Cretaceous formation is observed to uncon-
formably overlie the Shir-Kuh granite batholith, indicating a sig-
nificant geological relationship between these two formations.
This unconformity suggests a period of erosion or non-deposi-
tion that occurred between the formation of the granite batholith
and the deposition of the Cretaceous sediments. The Creta-
ceous sedimentary series in this region is divided into three dis-
tinct parts: the lower Sangestan formation, the middle Taft for-

mation, and the upper Darreh-Zanijir formation. The Sangestan
formation is a significant geological formation characterized pri-
marily by its clastic sediments, which include various types of
rock fragments such as conglomerate, sandstone, shale, silt-
stone, and oolitic limestone. In the area, a thick sequence of
Sangestan sediments is exposed, resting unconformably on
the Jurassic Shir-Kuh granite or the contact metamorphic
Shemshak formation. The Taft formation includes organic mat-
ter-rich shale, siltstone, limestone and dolomite. The Darreh-
Zanijir formation comprises of shale, chert-bearing bedded lime-
stone and marl rocks, overlies concordantly on the Taft forma-
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Fig. 2. Simplified geological map of the Sar-e-Yazd area and cross section (A-B) in N-S direction (redrawn and
modified after Moayyed, 2019)

The locations of the Sar-e-Yazd Cu (Mo) deposit is shown in the central part of the map and is indicated by some boreholes

tion. In the eastern part of Mehriz (Sar-e-Yazd area), the out-
crops are primarily composed of Cenozoic volcanic and
volcanoclastic sequences. These Cenozoic rocks are intruded
by a shallow dacite porphyry to porphyritic quartzdiorite and
porphyritic granodiorite in the Sar-e-Yazd area (Figs. 1 and 2).
The Cenozoic in the Nain-Jiroft Magmatic Belt (NjMB) is divided
into two important volcanic and plutonic parts. The Naein-Jiroft
Magmatic Belt (NJMB) region is generally characterized by vol-
canic activity during the Upper Cretaceous and Eocene peri-
ods, and plutonic activity during the Eocene-Oligocene and
Middle Miocene periods. These geological events coincide with
the Pyrenean and Styrian orogenic phases, which are consid-
ered to have stimulated preheated areas due to prior volcanic
activity (Stocklin, 1968). The most considerable Cenozoic rock
units in the Mehriz area are the Kerman conglomerate and the
Eocene volcano-volcanogenic sequence. Regionally, volcanic
rocks sequence consists of andesite, basalt and andesitic ba-
salt as well as volcanoclastic rocks (lethetic tuff, acidic crystal
tuff, sandy tuff, tuff breccia, and ignimbrite), the age of which is
Eocene (Moayyed, 2019; Fig. 2). Also based on the field stud-
ies of the current research, in the central area, in the periphery
of the Cu (Mo) Sar-e-Yazd deposit outcrops are mainly of Ter-
tiary age. Outcrops consist of Eocene volcanics and volcano-
clastics as well as Oligo-Miocene dacite porphyry to porphyritic
quartzdiorite and late diabasic dyke, which cut across earlier

rocks. Volcanoclastic rocks consist of stratified green carbonate
tuff, lithic andesitic tuff, argillic crystalline tuff, and stratified red
silty calcareous tuff Volcanics are quartz andesite porphyry that
form the summit of the peaks. The emplacement of intrusive
rocks and the formation of dykes within geological units have
significantly influenced their structural dynamics and mineral
composition. As these intrusive formations penetrate existing
rock units, they create new pathways and voids, facilitating
changes in mineralization processes. In particular, the mineral-
ized silica veins within these units have expanded due to the in-
creased heat and pressure associated with the intrusions
(Figs. 2 and 3). Subsequently, later, hidden porphyritic grano-
diorite intruded inside this earlier suite, becoming visible in
depth of borehole, and is the main agent of mineralization in the
Sar-e-Yazd area (Harati and Moayyed, 2020; Fig. 3).

CHARACTERISTICS OF REGIONAL FAULT STRUCTURES
IN THE SAR-E-YAZD AREA

The studied area is significantly influenced by two right- lat-
eral strike-slip faults: Anar (160/85 N) and Dehshir (150/85 N),
which define its north-east and south-west boundaries. These
faults play a crucial role in shaping the geological dynamics of
the region, leading to the formation of a right-rotating shear sys-
tem (Fig. 4A). The Sani Abad syncline has been created in the
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Simplified geology from surface to ~0.8 km below surface. Scale is approximate.
Age of lithology units based on Figure 2; drawn of these columns is based on the
Moayyed, (2019) petrography in the Sar-e-Yazd area)

north-west direction with axial line 130 N in this shear system.
The study of faults in the Sar-e-Yazd area demonstrates a sig-
nificant correlation with the pre-existing joints found within the
Sani Abad syncline structure. Geological investigations reveal
that the faults observed in this region align with the ancient joint
patterns, suggesting that the tectonic history of the area has
played a crucial role in shaping its current geological frame-
work. The consistency of these faults with the older joints indi-
cates a complex interplay between past geological events and
more recent fault activity. This relationship provides valuable in-
sights into the structural evolution of the Sar-e-Yazd area and
enhances our understanding of regional tectonics. Recent stud-
ies have identified three significant faults in the eastern Mehriz

area, specifically in the Sar-e-Yazd region, through a combina-
tion of satellite imagery and field observations. These faults in-
clude: 1 — Longitudinal Joints: these release or tension faults
are oriented in the 130/90 N direction. They represent the pri-
mary tensile stress direction, indicating the presence of
extensional tectonic forces in the region, 2 — Cross Joints: also
known as expansion faults, these joints are oriented in the
45/90 N direction. They accommodate extensional strain and
facilitate the expansion of the rock mass in response to tectonic
stress and 3 — Diagonal Joints: these include oblique, double,
or shear faults with orientations of 160/80 N and 20/80 N (as il-
lustrated in Fig. 4B). They form due to shear stress, resulting in
complex fault interactions that accommodate both horizontal
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Fig. 4. Satellite images showing the location of the Sar-e-Yazd deposit and the major faults of the area relative to the
Mehriz area

| — longitudinal faults (WNW), Il — diagonal faults (NNW and NNE), Ill — cross faults (NE)

and vertical displacements. Figure 4B highlights the structural
patterns that demonstrate the interplay between the tectonic
settings, the ancient syn-folding fractures (faults) within the
Sani-Abad syncline and later region’s shear system formation.
Additionally, it illustrates the relationship between these syn-fol-
ding fractures and the emplacement of dikes, hydrothermal
veins, and porphyry copper deposits. The significant ancient
fractures and the region’s shear system formation are pivotal in
understanding geological processes, particularly in the intru-
sion of igneous bodies, the emplacement of dykes, and the for-
mation of mineralization veins. In the Sar-e-Yazd area which of

syn-folding fractures include different type of intrusion, dykes
and veins that: | — longitudinal fracture or fault (parallel to the
Zartoshti fault): the early dacite porphyry to porphyritic
quartzdiorite intrusions and the first group of diabasic dykes of-
ten intrude into longitudinal fractures resulting from folding.

Il — the diagonal fracture or fault (parallel to the Qarbal-
Biz-Behrok and Mehriz-Behrok faults and diagonally with the
Darreh Zanijir fault): the late porphyritic granodiorite intrusion of
intrusive, branches of the epithermal Cu-Fe vein and the Pb-Zn
apophyse intruded parallel to these faults. Finally Il — cross
faults that align parallel to the fault valleys on the southwestern
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side of the Sani-Abad anticline have significantly impacted the
geological landscape, particularly in the displacement of
Eocene volcanic rocks. These faults play a crucial role in the
structural changes of the region’s rock formations. The uplift
and subsidence of rock formations in the Sar-e-Yazd area are
significantly influenced by the movements and displacements
of these faults (Fig. 4). It is worth mentioning that there are two
groups of dykes in the region, each exhibiting distinct orienta-
tions due to variations in the shear system formation: first group
of dykes as mentioned above with WNW extension are attrib-
uted to old T, fractures by Storti et al. (2006); shear system, but
the second group of later diabasic dykes are often intruded with
N-S direction that they are attributed to tensile fractures in the
T4 shear system. However the pattern of veins is directly related
to the regional stress, so the study of veins in the region, reveals
two main trends: (1) tension splits associated with T, and tensile
fractures, which play a crucial role in the mineralization system
of the region, and (2) the pennant vein pattern, which is linked to
R/R’ diagonal fractures. Fractures with a NNW trend (R), mostly
filled with iron oxides, are younger and do not play a significant
role in mineralization. In contrast, fractures aligned with the
NNE (north-northeast) trend of the R’ shear system have been
instrumental in geological processes related to the emplace-
ment of intrusive rocks in the region. This aligns with Saric’s
(1973) theory on the emplacement of porphyritic intrusions. Ac-
cording to studies conducted on geological formations, the de-
layed intrusion of intrusive rocks has notably increased at the
tension centres located between diagonal faults. This phenom-
enon has led to the development of a horst and graben struc-
ture in these areas. The Eocene sequence has experienced
significant geological changes due to the interaction of com-
pressive and tensile forces within the region. The operation of
faults, which primarily occur in a compressive-tensile manner,
has played a crucial role in shaping the structural integrity of the
Eocene rock formations.

LITHOLOGIES

Geological maps and lithological information obtained from
logging drilling cores play a crucial role in characterizing the ge-
ology of the Sar-e-Yazd area. The outcrops in this region pre-
dominantly belong to the Eocene epoch, comprising andesite
interlayered with tuff. During the Oligo-Miocene period, dacite
porphyry, porphyritic quartzdiorite, and porphyritic granodiorite
intrusions, along with subsequent diabasic dykes, penetrated
the Eocene volcanic and volcanoclastic rocks. Together, these
formations define the general geological framework of the re-
gion (Harati and Moayyed, 2020).

VOLCANOCLASTIC ROCKS

The volcanoclastic rocks in the Sar-e-Yazd area are com-
posed of four predominant types of tuff: stratified green carbon-
ate tuff, lithic andesitic tuff, argillic crystalline tuff, and stratified
red silty calcareous tuff (Figs. 5 and 6). The Intrusion of
intrusives within these units has altered the surrounding rocks,
leading to the expansion of ore-bearing silica veins.

Stratified green carbonate tuff is a distinctive geological
formation characterized by its composition, which includes
granular and semi-rounded quartz grains, along with fragments
of primary minerals. The primary minerals within this tuff are
predominantly fine and disseminated plagioclase that have un-
dergone alteration to calcite, sericite, and clay minerals. Ferro-
magnesian minerals have altered to amphibole, pyroxene, and,
ultimately, garnet to epidote. These components generally oc-
cur as pyroclastic grains welded together by tuff. Additionally,

some calcite is present in the matrix. The abundance of granu-
lar quartz, calcite, sericite, epidote, and plagioclase fragments,
along with the alteration of ferromagnesian minerals to epidote,
indicates that the sample belongs to a calcite-sericite field. The
green colour is mainly due to the presence of epidote (Figs. 5A,
B and 6A).

Breccia siliceous andesitic tuff is a type of volcanic rock
distinguished by its unique mineral composition and textural
features. This tuff primarily consists of fine-grained plagioclase
that has undergone alteration to form sericite, a process that
enhances its stability and texture. Additionally, the rock con-
tains quartz, present as fine-grained and disseminated crystals,
which contribute to its overall resilience and structural integrity.
It also includes small fragments separated from the primary
large porphyry andesite lithic. This composition indicates that it
is indeed a breccia siliceous andesitic tuff (Figs. 5A and 6B).

Argillic crystalline tuff is a distinctive geological material
characterized by its rich composition of clay minerals, sericite,
epidote, and quartz. These constituents predominantly appear
in the form of microcrystals and disseminated grains. These
components are welded together by tuff in a massive shape,
showing a fine ash vitric tuff texture. The hand sample has a
green colour and a shelly fracture (Figs. 5B and 6C).

Stratified red silty carbonate tuff is a unique geological
formation, notable for its pale-red colouration and distinctly thin-
ner layers compared to other rock types. Under microscopic ex-
amination, this tuff is composed of primary quartz grains with
varied shapes, disseminated oxidized pyrite, calcite, and frag-
mented pieces of primary altered minerals. The matrix com-
prises calcite and some sericite, which result from the alteration
of primary minerals into carbonate cement. The oxidation of py-
rite to iron oxides imparts a red-brown hue to the sample (as de-
picted in Fig. 6D). Small laminations can be seen throughout
the sample. Based on the texture and mineralogy, the sample is
a stratified red silty calcareous tuff in the mineralization region
of the Sar-e-Yazd deposit, indicated by the presence of primary
granular quartz minerals with various shapes, abundant calcite,
fine laminae, fused texture, and traces of primary minerals
(plagioclase; Figs. 5C and 6D).

VOLCANIC ROCKS

Based on Harati and Moayyed (2020), volcanic rocks con-
sist of lavas with basaltic, andesitic and basaltic-andesitic com-
positions, which are placed obliquely on the set of volcano-
clastic rocks mentioned above (Fig. 5D and E):

Basalt is a widely occurring type of volcanic rock, distin-
guished by its dark green to black colouration, a characteristic
attributed to its mineral composition. The primary mineral con-
stituents of basalt include plagioclase, clinopyroxene, and oliv-
ine. While plagioclase and clinopyroxene crystals remain unal-
tered, olivine phenocrysts exhibit alterations to anthophyllite,
carbonate, and occasionally iddingsite. Additionally, chlorite
and carbonate are observable in the rock matrix. The texture of
basalt is microlithic porphyritic, and it has undergone weak
propylitic alteration (refer to Fig. 5E).

Andesite. Andesitic rocks are characterized by a greenish
grey colour and their main minerals are plagioclase and amphi-
bole. Accessory minerals include zircon, apatite and opaque
minerals. The plagioclase phenocrysts have slightly altered to
sericite and the amphibole phenocrysts have also been trans-
formed into carbonate, chlorite and iron oxides. Accumulations
of secondary quartz, chlorite and carbonate can be seen in the
rock matrix. Their texture is microlithic porphyritic and they have
undergone weak to moderate propylitic-sericite alteration
(Figs. 5E and 6E).


https://civilica.com/doc/1471858/
https://civilica.com/doc/1471858/
https://doi.org/10.1016/j.jsg.2005.09.004

8 Fayeq Hashemi et al. / Geological Quarterly, 2025, 69, 11

sl AStratified red silty
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porphyritic quartzdiorite

Fig. 5. Field photographs of the studied volcanoclastic, volcanic and intrusive rocks in the Sar-e-Yazd Cu (Mo) porphyry deposit

A-C - volcanoclastic tuff: A—outcrop of stratified green carbonate tuff, breccia siliceous andesitic tuff, B — argillic crystalline tuff, C — stratified
red silty carbonate tuff composed of altered glass shards, plagioclase, and opaques; D, E — the volcanic rocks: D — lavas with basaltic compo-
sition, E — an outcrop of quartz andesite porphyry; F — subvolcanic dacite porphyry to porphyritic quartzdiorite. Geological hammer used for
scale is 50 cm long
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Fig. 6. Microphotographs of the studied volcanoclastic, volcanic and intrusive rocks in the Sar-e-Yazd Cu (Mo) porphyry disposit

Thin section photomicrographs of: A — stratified green carbonate tuff; B — breccia silliceoes andesitic tuff; C — fine ash vitric tuff texture in the
argillic crystalline tuff; D — laminated texture according to the layering of tuff material in different sizes, part of the rock contained scattered
quartz, sericite and Fe-oxide; E — quartz andesite porphyry; F — dacite porphyry to porphyritic quartzdiorite. Mineral abbreviations after Whit-
ney and Evans (2010) used are: primary minerals: Pl — plagioclase, Am — amphibole and secondary minerals: Qtz — quartz, Ser — sericite, Chl
— chlorite, Cal — calcite, Ep — epidote
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Basaltic-andesite. Basaltic-andesitic rocks represent an
intermediate composition between the two previously dis-
cussed groups. Their primary mineral components include
plagioclase, clinopyroxene, and amphibole, accompanied by
minor minerals such as zircon, apatite, and opaque minerals.
Notably, plagioclase phenocrysts in these rocks frequently un-
dergo alteration to carbonate and sericite, while clinopyroxene
phenocrysts are replaced by chlorite, carbonate, and iron ox-
ides. Similarly, amphibole crystals are transformed into carbon-
ate and iron oxides. Additionally, these rocks often contain xe-
noliths of internal igneous rocks exhibiting a microgranular tex-
ture. These microgranular xenoliths, with a microdioritic compo-
sition, are interpreted as host rocks entrapped during the as-
cent of magma from the Earth’s interior to the surface. The tex-
ture of basaltic-andesitic rocks is described as hyalomicrolytic
porphyritic, and they typically experience weak to moderate
propylitic alteration, as well as minor sericitic alteration.

INTRUSIVE ROCKS

Surface investigations revealed a notable geological fea-
ture: a porphyritic intrusion exhibiting compositional variation
from dacite porphyry to porphyritic quartzdiorite, as shown in
Figure 5F. Within this intrusion, coarse-grained and character-
istic plagioclase were observed in a microlithic matrix com-
posed of finely altered plagioclase, sericite, and quartz. The
mentioned plagioclases had been completely altered into clay
minerals. Granular quartz, characterized by medium-sized
crystals and occasionally exhibiting an alugoidal texture, is ex-
tensively disseminated and aggregated within the matrix. Addi-
tionally, sericite, which forms as a result of the alteration of pri-
mary minerals, is also prevalent (Figs. 5F and 6F). Also the
presence of large plagioclase crystals with a porphyritic texture
in a microlithic context, along with abundant quartz and sparse
ferromagnesian minerals (such as amphibole and pyroxene),
suggests that this sample represents dacite porphyry to por-
phyritic quartzdiorite in the studied area (Fig. 6F). However, re-
cent exploratory excavations have uncovered a significant geo-
logical feature beneath the initial layers. At deeper levels, an
additional intrusion characterized by porphyritic granodiorite
has been identified. Finally intrudes of polymetallic and epither-
mal veins into the old porphyritic intrusive and volcanoclastic
rocks. The phenomenon of subsurface intrusion of intrusives,
particularly those that lack surface outcrops, exhibits fascinat-
ing geological characteristics. It is hypothesized that branches
of porphyritic granodiorite intruded into and intersected the
pre-existing dacite porphyry, resulting in the formation of what is
now identified as porphyritic quartzdiorite. This interaction un-
derscores a complex history of magmatic activity, wherein
younger intrusion of intrusives penetrated older geological
structures, significantly altering the local geology. The Group 2
dykes, recognized for their mineralized content, are likely prod-
ucts of these dynamic magmatic processes. The intrusive of
porphyritic granodiorite has been observed in some boreholes
(BHz3, BH,4, and BHys5) and at great depths (more than 400 m;
Harati and Moayyed, 2020). These two porphyritic intrusion of
intrusive in the BHy4 had a clear boundary and xenoliths with
microdiorite composition were observed inside the porphyritic
quartzdiorite. Polymetallic veins, distinguished by their rich de-
posits of multiple metals, are commonly observed on the pe-
riphery of the Sar-e-Yazd porphyry system and have historically
been the focus of extensive mining activities. These veins fre-
quently exhibit mineralization composed of iron, lead, zinc, and
copper. Additionally, studies of diabasic dykes in the region
highlight their significant interactions with the surrounding
volcanoclastic rocks and intrusive formations. These dykes,

which intrude into the volcanic material along a WNW—-ESE ori-
entation, often result in the formation of alteration halos along
their margins. Such alteration processes are attributed to hy-
drothermal activity, driven by the heat and mineral exchange
occurring between the dykes and the surrounding rocks.

HYDROTHERMAL ALTERATIONHYDROTHERMAL
ALTERATION

Alteration and mineralization were analysed through de-
tailed studies of the mineralogy and petrography ofdrilling core
and outcrop samples collected from various locations and host
rocks within the Sar-e-Yazd Cu (Mo) porphyry deposit. Hydro-
thermal alteration, a significant geological process affecting
magmatic and adjacent volcanoclastic rocks, can be predomi-
nantly categorized into three main stages: (1) an early-stage
potassic or K-silicate alteration core forms at the centre of the
system during the initial evolution of the porphyry deposit, (2) a
peripheral halo of propylitic alteration surrounding the potassic
zone develops, and (3) late-stage alterations occur, character-
ized by sericitic (phyllic) and clay alterations (Fig. 7). No particu-
lar patterns are ascribed to the distribution of the hydrothermal
alteration, which is mostly spatially associated with the porphy-
ritic granodiorite and dacite porphyry to porphyritic quartzdiorite
and regional structures. However, the alteration zoning ob-
served in drill core samples demonstrates a systematic distribu-
tion, distinguished by distinct zones arranged sequentially from
the core outward: potassic, propylitic (actinolite, epidote and
chlorite sub-zone; as Holliday and Cooke, 2007 classification),
sericitic or phyllic and clay alteration (have cores of silicic and
advanced argillic alteration surrounded by advanced argillic,
argillic, and propylitic alteration assemblages). The boundaries
between these alteration zones are highly irregular, presenting
challenges for detailed mapping.

EARLY-STAGE

POTASSIC ALTERATION

At the Sar-e-Yazd Cu (Mo) porphyry deposit, potassic alter-
ation is closely associated with porphyritic granodiorite intru-
sions. This alteration is typically localized and spatially re-
stricted. The subsequent overprinting by sericitic alteration fur-
ther confines the spatial extent of the potassic alteration.
Potassic alteration forms during the early stages of the porphyry
system’s evolution and is enveloped by a propylitic alteration
halo. Drill core samples indicate that this alteration predomi-
nantly occurs at depth, particularly at intervals of 250-270 m
and 685 m. Notably, itis not exposed at the surface. Potassic al-
teration is characterized by K-feldspar, biotite, and sericite min-
erals (Damian, 2003), and formed near the mineralized zone.
The potassic alteration zone in the Sar-e-Yazd was identified by
secondary biotite, plagioclase, and quartz with porphyritic tex-
ture (Fig. 7A and B). As well as the traces and signs of potassic
alteration at great depths in the samples obtained from bore-
hole 26 (at 685 m) showed that biotite was neoformed and
turned into chlorite and epidote.

PROPYLITIC ALTERATION

In the studied area, the propylitic halo extends laterally for
~1 km from the potassic core, forming a distinctive green halo
observable in the outermost regions. This halo is notably exten-
sive, affecting not only the porphyritic granodiorite but also the
dacite porphyry and the porphyritic quartzdiorite, as confirmed
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Propylitic—actinolite

Propylitic—chlorite

Fig. 7. Photographs (A-D) and photomicrographs (E-H) texture, minerais and hydrothermal alterations related to early stage of
porphyry Sar-e-Yazd Cu (Mo) deposit

A —slab of potassic alteration; plagioclase and secondary biotite dispersed in K-feldspar and quartz groundmass and three propylitic hydro-
thermal alteration subfacies [actinolite (B), epidote (C), and chlorite zones (D)] that occurred around the potassic-altered rocks. Photomicro-
graphs of minerals of the hydrothermal alterations (polarized light); E — hydrothermal secondary biotite (Sec. Bt), quartz and altered
plagioclase (PI) from an A-type veinlet of the potassic alteration in a dacite porphyry to porphyritic quartzdiorite drill core sample; three
sub-zone propylitic hydrothermal alteration (F, G and H) in the dacite porphyry to porphyritic quartzdiorite; F — actinolite sub-zone:
act-epi-chl-py-ab-cb, G — epidote sub-zone: epi-chl-py-ab-cb+hm and H - chlorite sub-zone: chl-py-ab-cb. Abbreviations after \Whitney and
Evans (2010): primary minerals: Pl — plagioclase, Py — pyrite and secondary minerals: Sec. Bt — secondary biotite, Ac — actinolite, Qtz —
quartz, Chl — chlorite, Cal — calcite, Ep — epidote
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by analyses of drill core logs. The characteristic hydrothermal
minerals are divided into three subzones (Fig. 7C, D and E): 1 —
inner, high-temperature  actinolite  subfacies (actino-
lite-epidote-chlorite-calcite-pyrite-magnetite-hematite-chalcopy-
rite); 2 — moderate-temperature epidote subfacies (epidote-
chlorite-calcite-pyrite-hematite-chalcopyrite); and 3 — outer,
low-temperature chlorite subfacies (chlorite-calcite-pyrite-
prehnite-zeolites). This alteration occurs at high temperature
and the presence of chlorite and epidote indicates temperature
condition ranging from 220 to 340°C (Lagat, 2009). Mapping
propylitic assemblages can therefore provide a useful vector to-
ward the central, high-temperature mineralized and potassic al-
tered core of a porphyry deposit.

CARBONATE ALTERATION

Carbonate alteration, classified as a subtype of propylitic al-
teration associated with sulphide minerals, is prominently ob-
served at the Sar-e-Yazd deposit. This alteration, characterized
by calcite as the dominant mineral, occurs locally in two main
forms: as scattered patches of calcite + pyrite + quartz + chalco-
pyrite and as sulphide-bearing calcite veinlets within the
granodiorite bodies and volcanoclastic rocks. Evidence from
cross-cutting relationships (Fig. 9C) indicates that carbonate al-
teration developed during the later stages of the hydrothermal
system’s evolution.

LATE-STAGE CLAY ALTERATION

The Sar-e-Yazd porphyry Cu (Mo) deposit displays a range
of late-stage alteration assemblages, prominently including
phyllic, argillic, and advanced argillic alterations. The phyllic al-
teration is characterized by quartz, sericite, pyrite, and chalco-
pyrite, whereas the argillic alteration comprises quartz,
kaolinite, illite, and pyrite. In comparison, the advanced argillic
alteration is defined by the presence of quartz, alunite, kaolinite,
and pyrite. These clay-rich assemblages are typically fault-con-
trolled, exhibit upward-flaring geometries, and overprint the ear-
lier potassic and propylitic alteration assemblages (Fig. 8).

PHYLLIC ALTERATION

Sericite and quartz mineral assemblage indicate phyllic al-
teration, formed by the complete replacement of the
plagioclase by sericite and of the mafic minerals by quartz
(Damian, 2003). Phyllic alteration implies low pH (acidic) condi-
tions (Lagat, 2009). Phyllic alteration often includes networks of
stockwork fractures (Sinclair, 2007). These alteration may be
subdivided into two different types (Sillitoe, 2010): an uncom-
mon, early variety that is greenish to greenish-grey in colour
and a later, far more common and widespread, white variety.

In the Sar-e-Yazd porphyry deposit, just the white variety
phyllic or sericitic alteration affects both the magmatic and
volcanoclastic rocks. In the dacite porphyry to porphyritic
quartzdiorite, it overprints the potassic and propylitic alteration
and locally results in the complete replacement of plagioclase.
Sericite forms acicular to prismatic aggregates, which are ac-
companied by disseminations and veins of quartz and pyrite
(Fig. 8A). The K-feldspar replacement by sericite is generally
controlled by the distribution of micro-fractures. In these cases,
only the relic crystal habit of K-feldspar remains, forming vugs
of different sizes (Fig. 8A and F). In this alteration, quartz and
sericite expand around the veins and replace all primary silicate
minerals. Plagioclase altered to sericite and mafic minerals
(amphibole and biotite) changing to chlorite.

ARGILLIC AND ADVANCED ARGILLIC ALTERATION

Argillic alteration is characterized by the formation of the
clay minerals such as illite, kaolinite, muscovite, and montmoril-
lonite (Damian, 2003), and is a low-temperature episode
(Lagat, 2009). In the near-surface environment (<1 km below
the palaeosurface), lateral flow of acidic fluids along permeable
horizons produce thick, extensive domains of clay alteration
that are referred to as lithocaps (Sillitoe, 1995, 2010; Chang et
al., 2011). Lithocaps are typically characterized by cores of
silicic and advanced argillic alteration, surrounded by advanced
argillic, argillic, and propylitic alteration assemblages. At the
Sar-e-Yazd porphyry deposit, geological studies have identified
significant mineralogical alterations, particularly in feldspar, to a
depth of 47 min borehole 26 (BHy). In this area, feldspar shows
localized alteration to clay, and the entire rock has been trans-
formed into an assemblage comprising hematite, clay minerals,
and quartz. Kaolinite, a prominent phyllosilicate mineral with a
layered structure and a composition primarily of aluminum sili-
cate, is frequently observed alongside illite. These minerals are
typically found at depths of 30 to 50 m below the surface. In re-
gions affected by steep fractures, kaolinite and illite are often
overprinted by silicic-argillic alteration, which is dominated by
silica and argillaceous materials (Fig. 8B, C and G). Advanced
argillic alteration has been identified at a depth of 684 m, featur-
ing K-alunite, which constitutes less than 10% of the entire ad-
vanced argillic zone, along with aluminum-phosphate-sulphate
minerals such as kaolinite (Fig. 8D and H). At the surface, ad-
vanced argillic alteration is characterized by residual quartz,
commonly referred to as “vuggy quartz” (Fig. 8E). This style of
alteration is typically buff or gray in colour, serving as a visual in-
dicator of the geochemical processes involved. It is frequently
accompanied by the presence of late-stage dickite, a clay min-
eral closely associated with hydrothermal systems, which oc-
curs within fractures in the rock. In general, the shallow alter-
ation represents a supergene zone over the deposit. Siliceous
ledges occur within the quartz- kaolinite zone at shallow depths,
generally in the dacite porphyry to porphyritic quartzdiorite (Fig.
8B). The surface exposures (Fig. 8E) and information from
above 770-m elevation suggest that the siliceous ledges are
preferentially developed around the periphery of the
Sar-e-Yazd porphyry deposit, particularly top of dacite porphyry
to porphyritic quartzdiorite on the surface. However, it is sus-
pected that ledge development simply penetrated more deeply
around the system margins, thereby leading to earlier erosional
removal of the ledges that once capped the central parts of the
system.

ORE MINERALIZATION

The Sar-e-Yazd Cu (Mo) deposit exhibits significant ore
mineralization within a porphyry system characterized by a di-
verse geological setting. This mineralization is primarily hosted
by dacite porphyry and porphyritic quartzdiorite, as well as
volcanoclastic rocks that are present at the surface. Addition-
ally, the underlying geology includes porphyritic granodiorite
(>400 m), which plays a critical role in the overall mineralization
process (Fig. 9). At the surface, the metallic mineralization is al-
most totally oxidized. The oxidation zone has a maximum depth
of 40 to 50 m. The hypogene mineralization at the surface is re-
stricted to the dacite porphyry to porphyritic quartzdiorite, and in
the drill core samples, it is well exposed below the oxidized zone
to an unknown depth. Volcanic rocks and shallowly emplaced
porphyry systems (<1 km depth) are typically poorly mineral-
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Fig. 8. Slab and photomicrograph of minerals and late-stage hydrothermal alterations of Sar-e-Yazd porphyry deposit

A - phyllic alteration; quartz, sericite and pyrite are the major constituents of this hydrothermal alteration; B, C — slab of argillic and silica al-
teration; D — slab of advanced argillic alteration; E — dacite vuggy residual quartz/silicification top of the dacite porphyry to porphyritic
quartzdiorite. Photomicrograph (cross polarized light) of F — phyllic alteration (quartz-sericite-pyrite); G — argillic and silica alteration; H —
Quartz and tabular alunite (Alu + Qtz) in the advanced argillic alteration. Abbreviations after \Whitney and Evans (2010): primary minerals: Pl
— plagioclase, Py — pyrite and secondary minerals: Alu — alunite, Qtz — quartz, Ser — sericite, Kao — kaolinite, Fe-oxide — hydroxide
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Fig. 9. Photographs of textures in the Sar-e-Yazd Cu (Mo) deposit porphyry system

A — veinlet from a drill core sample of the porphyritic quartzdiorite containing; M1-type sericite-pyrite-molybdenite veins (S1), M2-type weak
quartz * magnetite-pyrite veins (S2), A-type quartz-magnetite-pyrrhotite-bornite-pyrite, chlorite-epidote-rich veins (S9) and
quartz-chlorite-rich veins (S10) in the potassic alteration; B — B-type sulphide-bearing, granular quartz-dominated veinlets (quartz-pyrite-
molybdenite-chalcopyrite, S4 associated with potassic-propylitic boundary alteration; C — calcite and sometimes quartz breccia by infiltration
D1-type pyrite-quartz vein (S5) within white propylitic-carbonate alteration, cross-cut by D2-type late carbonate-quartz vein with base-metal
sulphides (pyrite-chalcopyrite-bornite; S6 or S8); D — pyrite veins (S11), quartz veins (S12), sericite-quartz veins (S13), pyrite-sericite veins
(S14) and vesuvianite (Idocrase)-epidote veins (S15), in the propylitic-phyllic boundaries alteration; E — pyrite-quartz veins (S5), D1-type py-
rite-quartz-sericite-calcite veins (S7), pyrite veins (S11), quartz veins (S12) and quartz-calcite veins (S16) in the phyllic alteration; F —
Stockwork of quartz-sericite-calcite-pyrite vein (large; S7), a lot of quartz veins (S12) and calcite vein (they are younger; S17) associated
sericitic alteration

ized, because fluids exsolved at low pressure are mostly
low-density vapour (with only small volumes of high-density
brine or even solid salt) that have little capacity to transport met-
als (Cline and Bodnar, 1991; Muntean and Einaudi, 2000). In
contrast, most porphyry Cu deposits form at depths of 2 to 5
km, from supercritical saline fluids or liquids coexisting with
higher density vapours that can efficiently transport Cu, Mo, Au,
and other metals (Cline and Bodnar, 1991; Redmond et al.,

2004; Landtwing et al., 2005; Rusk et al., 2008). These fluids in
turn are derived from volatile-saturated magmas originating in
the underlying source magma chamber at depths ranging from
5 to 10 km, as previously described. In the Sar-e-Yazd area,
geological assessments reveal that the subsurface characteris-
tics of the region play a significant role in influencing the extent
of mineralization. At depths of less than 1 km, the geological
composition appears to be less favourable for the accumulation
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Table 1

Characteristics of various vein types from Sar-e-Yazd Cu (Mo) deposit, as documented by inspection of drill cores, and thin-pol-

ished sections

Gustafson

Vein type: and Hunt Wall rock Geometry Cross-cutting relations and characteristic

mineralogy (1975) alteration features

equivalent

S1: Ser+ Py + _ Di;contingous, r)on-planar veins- _ _ _ _

Mol M1 type Potassic veinlets without internal This vein system is cut by all other vein types

symmetry
. Discontinuous, non-planar veins-
|§2' Qiz + Mag + M2 type Potassic veinlets without internal This vein system is cut by all other vein types
Y symmetry
Potassic Discontinuous, non-planar veins-
S$3: Qtz + Mag + overprinte veinlets without internal
Bn £ Py + Ccp A type by phyllic and symmetry; Qtz as anhedral, This vein system is cut by all other vein types
calcite sugary aggregates,
1-10 mm thick
Contiguous veins; sharp, parallel
Potassic- and accordance walls; with This vein type is most common, a represents the
S4: Qtz + Py + B type propylitic internal symmetry, mostly main stage of copper mineralization in the Sar-e-
Ccp £ Mol = Mag yp boundary, sulphide in central part; grey to Yazd deposit (sulphide-bearing, granular quartz-
phyllic transparent medium Qtz; 4 to 10 dominated veinlets)
mm width
Propylitic- Planar veins mainly composed of Cross-cut by late carbonate-quartz vein with
S5: Py + Qtz D1 type . base-metal sulphide (pyrite- chalcopyrite -
carbonate Py and minor Qtz borni
ornite (Py-Ccp-Bn)
This vein system commonly occurs in the
marginal parts of the porphyritic granodiorite;

S6: Py +Ccp D2 tvoe Propylitic- Planar veins mainly composed of | Ccp and Bn is a minor to trace constituent;

Bn = Qtz £ Cal yp carbonate Py and minor Ccp and Bn sericite locally occurs as thin rims, <1 mm thick.
S6 veins cut all other vein types and are offset
by S8 type veins
This vein system commonly occurs in the

S7: Qtz + Ser + D3 type Phvllic Planar veins mainly composed of | marginal parts of the porphyritic granodiorite; S7

Py + Cal P Y Py veins cut all other vein types and are offset by
S8 type veins

Ecl)?\?iiij\i{;!ncfc\ggrr;iigggfnzr:;tture The calcite veins cut all other vein systems; they

S8:Cal+Ccp ¢ o ’ . are distinguished by the common occurrence of

Carbonate fillings. Py as euhedral grains, - f
Py £ Qtz £ Bn encompassed by Ccp. The veins Ccp as scattered patches in the veins. The wall
. ) rocks to the veins are intensely calcitized
grow thicker outwards

S9: Chl + Ep Potassic, and Sg::llgtz oyvihgﬂ?gﬂz:]:;vems- These type of veins cut all other vein systems.

$10: Qtz + Chl propylitic lack of ore minerals

symmetry

S$11: Py,

S1zQu Propylitic-

$13: Ser + Qtz, h ﬁ.y Continuous, non-planar veins- S15 has secondary copper minerals vesuvianite

S$14: Py + Ser, E yie veinlets without internal (Idocrase) and others lack of ore minerals, S15,

S$15: Ves + E oun.danes, symmet S16 and S17 veins cut all other vein systems

P hyllic ymmetry y
$16: Cal + Qtz phy

$17: Cal

Abbreviations after Whitney and Evans (2010): Qtz — quartz, Mag — magnetite, Ccp — chalcopyrite, Py — pyrite, Bn — bornite, Mol — molybde-
nite, Cal — calcite, Ves — Vesuvianite, Ser — sericite, Ep — epidote, Chl — chlorite

of valuable minerals. This is further supported by variations in
copper and molybdenum grades at different depths, as indi-
cated by chemical analyses that will be elaborated upon in the
subsequent sections.

HYPOGENE MINERALIZATION

The mineralization at the Sar-e-Yazd deposit is character-
ized by various forms, including disseminations, aggregates,
veins, and veinlets, which play a critical role in elucidating the
geological attributes of the region. Significantly, several vein
types identified at this site exhibit marked similarities to those
extensively documented in typical Porphyry Copper Deposits
(PCDs), as outlined in key studies (e.g., Gustafson and Hunt,
1975; Muntean and Einaudi, 2001; Sillitoe, 2010).

The mineralogy and cross-cutting relations of the veins
were investigated by inspection of drill cores and thin-polished
sections. The various vein types at Sar-e-Yazd are shown in
Figure 9 and their characteristics are described in Table. 1. In
general, three main assemblages are present in Sar-e-Yazd: 1
— pyrite + chalcopyrite + molybdenite + magnetite associated
with potassic and potassic-propylitic boundary alteration
(Fig. 9A and B), 2 — pyrite + chalcopyrite + bornite related to
propylitic and propylitic-phyllic boundary alteration (Fig. 9C and
D) and 3 — pyrite + chalcopyrite associated with sericitic alter-
ation (Fig. 9E and F).

Magnetite is associated with the potassic alteration, form-
ing M-type veinlets that crosscut the potassic-altered dacite
porphyry to porphyritic quartz diorite (Figs. 9A and10A, C). Ad-
ditionally, chalcopyrite occurs within magnetite, typically found
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Fig. 10. Reflected light microscopy image of the minerals in the Sar-e-Yezp Cu (Mo) deposit porphyry system

A — chalcopyrite occurring within magnetite typically found in the deeper parts of porphyry system (potassic-propylitic boundary); B — hema-
tite within pyrrhotite results from hydrothermal fluids rich in oxygen interacting with pyrrhotite, leading to the formation of hematite; C — mag-
netite in chalcopyrite with pyrrhotite and pyrite in the calcite and sometimes quartz breccia; D — occurrence of bornite and pyrite in potassic
alteration; E, F — the formation of very small molybdenite inclusions in pyrrhotite typically occur in high temperature; G — tabular specularite
crystals with open space filling primary texture, have filled pores between brecciated fragments of host rock in the hydrothermal veins around
the centre of porphyry system in the Sar-e-Yazd deposit; H — galena in an apophyse located ~3 km from the centre of a porphyry system. Ab-
breviations after Whitney and Evans (2010): Mol — molybdenite, Ccp — chalcopyrite, Po — pyrrhotite, Hem — hematite, Mag — magnetite, Py —
pyrite, Bn — bornite, Spe — specularite, Gn — galena
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in the deeper parts of the porphyry system (Fig. 10A). It is also
present in chalcopyrite as subhedral to euhedral inclusions
(Fig. 10C).

Pyrrhotite a sulphide mineral, is commonly encountered in
diverse geological settings, particularly within A- and B-type
veins. Recent studies suggest that pyrrhotite is predominantly
found at depths exceeding ~200 m in these vein systems
(Fig. 9A and B). The formation of hematite within pyrrhotite is at-
tributed to the interaction between oxygen-rich hydrothermal
fluids and pyrrhotite, a common iron sulphide mineral. This in-
teraction triggers a chemical reaction that transforms the iron
sulphide into hematite, an iron oxide (Fig. 10B). The presence
of hematite suggests an oxidizing environment. It is often found
in the outer zones of porphyry systems where fluids have inter-
acted with the surrounding rocks and become more oxidized.
Pyrrhotite also is intergrown with pyrite, magnetite and chalco-
pyrite (Fig. 10C).

Pyrite is the most abundant sulphide mineral within the
Sar-e-Yazd deposit porphyry system, occurring in intergrowths
with chalcopyrite, pyrrhotite, bornite, and magnetite. Locally, it
hosts rounded inclusions of chalcopyrite and euhedral inclu-
sions of magnetite. It occurs as disseminations or intergrowths
of anhedral to euhedral grains, with sizes varying from 25 to
300 um and from 300 pm to 2 cm, respectively (Fig. 10C and D)
and also pyrite forms veinlets (up to 3 mm in size) in many parts
of the deposit.

Chalcopyrite is the second most abundant sulphide min-
eral and is predominantly associated with potassic alteration. It
frequently occurs in conjunction with other sulphides, including
pyrite, magnetite, and pyrrhotite (Fig. 10A, C and E). It occurs
as disseminated grains (<200 pym in size), irregular aggregates
(<300 pm in size), and rounded inclusions (<20 pym in diameter)
in pyrite. Chalcopyrite also forms thin veinlets (<0.5 cm in width)
along with pyrite inclusions (10-20 um in size).

Bornite often forms through potassic alteration in the
Sar-e-Yazd porphyry system. This process can lead to the de-
velopment of rounded bornite inclusions within pyrite, with these
inclusions ranging in size from 15 to 100 ym (Fig. 10D).

Molybdenite is frequently associated with chalcopyrite and
pyrrhotite within potassic alteration zones. It typically occurs as
small, disseminated lamellar grains, generally less than 30 pm
in length. This association is commonly observed in potassically
altered dacite porphyry and porphyritic quartz diorite, where the
alteration process has led to notable textural and mineralogical
maodifications (Fig.10E and F). The formation of molybdenite in-
clusions in pyrrhotite typically occurs at high temperatures, of-
ten associated with the potassic and phyllic alteration zones of
porphyry systems.

Specularite a variety of iron oxide commonly found in min-
eral deposits, plays a significant role in interpreting the geologi-
cal conditions of epithermal veins. Its presence serves as an in-
dicator of specific oxidation states and fluid flow dynamics
within the mineralization system. Typically observed in the pe-
ripheral zones surrounding the central parts of these veins,
specularite forms under conditions of elevated acidity and re-
duced temperature, reflecting the diverse environmental condi-
tions during ore formation. At the Sar-e-Yazd deposit, spe-
cularite has been identified as veins within the peripheral areas
encircling the central region of the porphyry system (Fig. 10E).

Galena is usually associated with late-stage mineralization
events. It can be found in veins that form during the later stages
of the hydrothermal system’s evolution. In Sar-e-Yazd porphyry
system galena in an apophyse located ~3 km from the centre of
a porphyry system (Fig. 10F).

SUPERGENE MINERALIZATION

The supergene profile at Sar-e-Yazd is relatively thin, in
common with those developed over most deposits in the
Saveh-Naein-Jiroft belt. The leached capping is typically thick-
est over the core of the system, where it is hosted by the upper-
most parts of the advanced argillic zone. All pyrite and other sul-
phide minerals, including any contained copper, have been
completely removed from the oxidized rock. The acidic solu-
tions generated by the pyrite oxidation produced an unquanti-
fied amount of supergene kaolinite, although most of this is im-
possible to distinguish from the preexisting hypogene compo-
nent.

ENRICHED SUPERGENE SULPHIDE ZONES

Acid leaching by downward solutions plays a pivotal role in
the formation of enriched supergene sulphide zones and the
development of leached and oxide zones key outcomes of
supergene processes in the Sar-e-Yazd area. However, the in-
tensity of these processes is generally lower compared to simi-
lar deposits. Evidence of a well-developed supergene enrich-
ment zone or significant accumulation of secondary minerals is
limited in the Sar-e-Yazd field. It appears that most of the cop-
per leached from the oxidized zone was lost to the palaeo-
ground-water system. Nonetheless, chemical analyses reveal
that the central area, situated just beneath the oxide leached
zone, displays weak enrichment in several metallic elements,
including Cu, Mo, Pb, Zn, and Ag, as detailed in subsequent
sections.

LEACHED ZONE AND OXIDE ZONE

The fractured and crushed zones of quartz stockwork rep-
resent significant geological features that enhance the potential
for acidic solution penetration. These zones exhibit increased
porosity and permeability, facilitating the movement of acidic
solutions through the rock. As these solutions percolate into the
quartz stockwork, they promote chemical weathering pro-
cesses, leading to the dissolution of minerals and alteration of
the surrounding rock matrix. This interaction plays a crucial role
in the development of supergene oxidized zones, where chemi-
cal weathering concentrates valuable metal oxides and sec-
ondary minerals.

At the Sar-e-Yazd deposit, supergene oxidized zones are
identified by the presence of oxide- hydroxide aggregates and
copper carbonate minerals. In surface outcrops and drill cores
from depths of 1 to 47.65 m, quartz sulphide veins have been
transformed into red-brown iron oxides (Fig. 8B, C and G).
Overall, the products of the supergene processes in the oxi-
dized zone include iron oxides and hydroxides, copper carbon-
ates, and argillic minerals, such as kaolinite.

GEOCHEMISTRY OF ORE MINERALIZATION

In the central area of the porphyry system at the Sar-
e-Yazd deposit, significant insights into the geochemical char-
acteristics of the ore have been obtained through detailed stud-
ies. These investigations primarily rely on sampling from explor-
atory boreholes, which provide essential lithogeochemical data.
In the study area, a total of 26 exploratory boreholes were
drilled by Zarandishan Yazd Company, utilizing geological, al-
teration, and surface lithogeochemical data to evaluate the re-
gion’s mineral potential (Fig. 11A). The drilling of these bore-
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Fig. 11. Location of exploratory boreholes in the Sar-e-Yazd deposit

A — A area marked in red (as shown in Fig. 2), this area highlights the exploratory boreholes and B area marked in blue, this area also contains
exploratory boreholes; B — close-up view focuses on the exploratory boreholes in the centre of the porphyry system within the A area
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holes plays a critical role in understanding subsurface condi-
tions and identifying valuable resources. It is noteworthy that
the boreholes do not follow a regular drilling network; instead,
they were drilled randomly and irregularly in locations where the
likelihood of encountering mineralization was higher. Specifi-
cally, in the central area of the porphyry system (referred to as
area A), 10 boreholes have been drilled (Fig. 11B). From these
boreholes, only the geochemical data related to boreholes
numbered BH01, BH02, BH03, BH04, BH05, BHog, BHog, BH10,
BH1s, BH14, BHqs, BH®, and 8 samples from borehole BHys are
available, with one representative lithogeochemical sample
taken per meter in each borehole. Geochemical analyses of
boreholes BHy¢, BHg3, BHo4, BH1s, BH,3, and 8 samples from
borehole BHys at depths of 701 to 708 m, which are located pre-
cisely in the central part of the deposit and have the highest
signs of mineralization, were therefore examined in this study
(Fig. 11B). These analyses were conducted using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) by
the Iranian Mining and Mineral Industries Development and
Renovation Organization (IMIDRO). These analyses focused
on elements such as copper, molybdenum, lead, zinc, and sil-
ver, as well as minor and some rare elements (Table 2). De-
tailed logging of exploratory borehole number 26, located at the
center of the Sar-e-Yazd porphyry system, has provided valu-
able insights into alteration zoning and mineralogical character-
istics. The findings from the borehole studies reveal that miner-
alization follows a zoned pattern, becoming progressively dis-
tinct with increasing depth. Along with leaching-oxidized zones,
supergene enrichment and hypogene mineralization, the grade
of metallic elements shows variations (Table 2). Subsequently,
each metallic element is analysed and discussed in detail. Fi-
nally, the ore zoning from the surface to depth is thoroughly ex-
amined. A detailed account of the geochemical characteristics
and grade variations of key elements, including copper, molyb-
denum, lead, zinc, and silver, within the exploratory boreholes is
presented. This analysis is based on the chemical data from 6
drill cores from holes around the dacite porphyry to porphyritic
quartzdiorite intrusive (BHo1, BHos, BHos4, BH23) and BH4g and
BH,s, located on top of this intrusive body in the central part of
the Sar-e-Yazd porphyry deposit. This area is locally under the
oxide leached zone and is enriched in Cu, Mo, Pb, Zn, and Ag
(Table 2). The highest metal concentrations at BHy, (a depth of
32 to 42 m) is 1620 ppm Cu and 1.9 ppm Ag at depth of 32 m,
74 ppm Mo at the depth of 33 m, 3017 ppm Pb and 6501 ppm
Zn at the depth of 34 m, BHg3 (3168 ppm Cu and 3416 ppm Pb
at 49 m depth, BHq4 (a depth of 55 to 58 m) is 4142 ppm Cu,
43.7 ppm Mo, >3% Pb and 2.6 ppm Ag at depth of 56 m, BH4s (a
depth of 01 to 201 m) is 106 ppm Cu, 1.6 ppm Mo, 27ppm Pb
and 0.4 ppm Ag, BH; drilling core on top of the intrusive body
show the highest metal concentrations in the hypogene miner-
alization zone at depth of 701 to 708m, 18962 ppm Cu,
29393 ppm Pb, >3% Zn and 58 ppm Ag at the depth of 705 m
and 29.6 ppm Mo at the depth of 706 m and BH,3, 6597 ppm
Cu, 13.4 ppm Mo, 17127 ppm Pb, >3% Zn and 15.7 ppm Ag at
the depth of 25 m. The enrichment of base and precious metals
within the Sar-e-Yazd porphyry system is strongly linked to hy-
drothermal alteration processes and the spatial distribution of
metallic minerals formed through both supergene and
hypogene mineralization. On the near surface (in the enriched
supergene sulphide zones), the highest grades of Ag, Cu, Mo,
Pb and Zn are mainly associated with the intense sericitic alter-
ation and oxidized D-type veins on the northeastern side of the
dacite porphyry to porphyritic quartzdiorite at Sar-e-Yazd.
Strong anomalies of certain metals in zone BHy¢ highlight their
notable presence in hypogene mineralization associated with
porphyritic granodiorite stocks at depths of 701—-708 m. Finally,

based on the chemical analyses of 6 drill cores samples taken
meter by meter (Table 3), the central area of the Sar-e-Yazd
porphyry deposit is locally weakly enriched in Cu (avg:
529 ppm), Mo (avg: 8 ppm), Pb (avg: 926 ppm), Zn (avg: 698
ppm), and Ag (avg: 2.3 ppm).

STATISTICAL ANALYSIS OF CORRELATION COEFFICIENTS
IN THE SAR-E-YAZD DEPOSIT

The data in Table 4 presents the correlation coefficients of
the main metallic ores, calculated from the average values of all
samples collected from each exploratory borehole. The results
indicate a moderate positive correlation between copper and
molybdenum, a characteristic feature of porphyry copper-mo-
lybdenum deposits. Additionally, copper exhibits a strong posi-
tive correlation with lead, zinc, and silver, which are known as
trace and indicator elements in such systems. These elements
also show strong positive correlations with one another, align-
ing with the expected geochemical associations in porphyry
copper-molybdenum deposits. To further investigate element
behaviour across different mineralization zones, samples from
two closely spaced boreholes (BHy1 and BHyg) in the centre of
the Sar-e-Yazd porphyry system were analysed (Table 3). This
analysis focused on the leached- oxidized, enriched sulphide
(supergene), and hypogene mineralization zones, as well as
their relationship with depth. A total of 135 samples were exam-
ined from borehole BHy1, covering depths from 1 to 35 m, corre-
sponding to the leached-oxidized zone (1-31 m) and the en-
riched sulphide zone (32-35 m). Additionally, eight samples
were analysed from borehole BHjys (701-708 m) for the
hypogene zone. The results of the correlation analysis in these
mineralization zones will be discussed in detail in the following
sections.

OXIDE-LEACHING ZONE

The lowest copper grade in the oxide-leaching zone is a crit-
ical metric for evaluating the feasibility of mining operations in
copper-rich regions. According to the data presented in Ta-
ble 4, the average copper grade in this zone is ~190 ppm. This
lower copper grade, compared to the hypogene zone, reflects
the dissolution and downward mobility of copper into the lower
part of the deposit (enriched zone). Notably, the correlation co-
efficient between copper and lead, as well as iron, in this zone is
negative. With molybdenum, it should be at least negative to
neutral, but it shows a very weak positive correlation, indicating
the different geochemical behaviour of copper with these ele-
ments, especially lead and iron (Table 4). This is because, in
this zone, anions with large ionic radii like molybdenum are im-
mobile, and lead and iron exhibit the same behaviour. In con-
trast, copper and zinc are mobile and dissolve in this zone, so
they should have at least a slight positive correlation, but they
do not show a specific pattern and have a neutral correlation. In
this zone, the relationships between molybdenum and other el-
ements are characterized by varying correlation coefficients.
Specifically, molybdenum exhibits a positive correlation coeffi-
cient with lead, indicating that higher concentrations of molyb-
denum tend to coincide with increased lead concentrations.
This suggests a potentially linked presence or shared source
for these two elements within the zone. In contrast, the correla-
tion between molybdenum and iron is neutral, signifying the ab-
sence of a significant linear relationship; changes in molybde-
num concentrations do not consistently correspond with varia-
tions in iron levels. Finally, the correlation between molybde-
num and zinc is slightly positive, reflecting a weak tendency for
zinc concentrations to increase alongside molybdenum, though
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Table 2

Trace elements contents of analysed samples from central part of Sar-e-Yazd porphyry deposit

Element Cu (ppm) Mo (ppm) Pb (ppm) Zn (ppm) Ag (ppm)
Detection limit 1 0.5 1 1 0.1
BH01-001 12 1.7 33 157 0.32
BH01-002 166 9.4 113 305 0.45
BHO01-003 77 115 53 137 0.36
BHO1-004 293 13 273 778 0.26
BH01-005 105 49 127 280 0.61
BHO1-006 130 29.1 202 218 0.81
BH01-007 163 96 45 277 0.48
BHO1-008 176 39 75 221 0.44
BHO01-009 131 6.1 116 180 0.36
BHO01-010 201 257 47 136 0.34
BHO01-011 202 412 217 581 0.54
BHO1-012 263 12.4 32 183 0.45
BH01-013 258 85.9 39 181 0.56
BHO1-014 262 61.8 126 253 0.79
From1to31mof | BHO1-015 234 203 36 174 0.66
the leached-oxidized | BHO1-016 352 1.8 27 155 0.44
section BHo; BHO1-017 51 19 98 0.35
BHO01-018 131 251 56 183 0.39
BHO1-019 273 26 32 173 037
BHO01-020 224 29 108 289 0.47
BHO01-021 119 12.6 108 318 0.38
BHO1-022 160 34.9 207 664 0.61
BHO01-023 234 16 65 261 04
BHO01-024 223 19.8 75 260 0.55
BHO01-025 105 371 145 415 0.46
BHO01-026 112 22.2 65 179 0.36
BHO01-027 54 263 41 242 0.37
BHO01-028 84 94 79 299 0.32
BH01-029 153 16.4 34 166 0.33
BHO01-030 417 22 64 133 0.61
BHO01-031 380 382 48 186 0.48
BHO1-032 1620 40 214 480 1.9
e s~ e s
section of BHo, BH01-035 104 716 704 1136 0.45
BH26-701 1567 247 >3% 2437 47
BH26-702 29 1.01 345 418 0.32
BH26-703 29 1.74 349 475 0.35
CF)][‘t’rr]‘; L?/;;‘;;?g M BH26-704 18962 58 29393 >3% 58.2
St e BH26-705 155 86 5042 3936 0.44
BH26-706 263 296 3865 3426 0.36
BH26-707 109 17 3170 4633 0.45
BH26-708 3958 19.7 >3% 11296 206
Table 3

Trace elements contents of analysed samples from central part of Sar-e-Yazd
porphyry deposit (Total average for each BH)

Element Depth (m) | Cu (ppm) | Mo (ppm) | Pb (ppm) | Zn (ppm) | Ag (ppm)
Detection limit 1 0.5 1 1 0.1
BHO1 001-135 220.58 19.36 130.66 319.54 0.44
BHO3 001-086 154.51 4.63 100.34 282.15 0.43
BHO3 001-140 142.49 6.66 68.96 152.41 0.50
BHO04 001-061 372.20 14.45 22.18 56.77 0.39
BHO04 001-190 269.62 13.01 37.67 125.34 0.39
BH18 001-071 36.23 1.15 27.30 38.03 0.38
BH18 072-201 177.53 2.06 28.31 108.30 0.43
BH23 001-076 261.21 4.52 971.26 1397.72 1.55
BH26 701-708 3134.00 11.61 7060.67 3803.00 15.97
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Table 4

The correlation coefficients of elements using the Pearson method, based on the logarithm of lithogeochemical data
in the centre of the Sar-e-Yazd porphyry system

Ag Cu Mo Fe Pb Zn
Ag -
All exploratory borehole in the l?/lz 2‘51 _28 —
centre of the Sar-e-Yazd porphyry Fo - 50 - 66 28 —
system (708 samples) Pb '95 .84 '25 32 —
Zn .91 .80 .24 .36 .96 -
Leached-oxidized zone Ag -
(depth 1 to 31 m) of exploratory Cu .25 -
borehole BHy, in the centre of the Mo 46 27 —
Sar-e-Yazd porphyry system Fe —11 -.02 -10 -
(31 samples) Pb 27 —.05 12 23 -
Zn .03 -.01 .10 .18 .85 -
Secondarily enriched zone (depth Ag -
31 to 35 m) of exploratory Cu .81 -
borehole BHo1 in the centre of the Mo —-99 72 —
Sar-e-Yazd porphyry system Fe 85 99 77 -
(5 samples) Pb 42 17 —.54 —.09 -
Zn 45 -12 -.57 —-.05 .99 -
Hypogene zone Ag -
(depth 701 to 708 m) Cu .78 -
of exploratory borehole BHz in Mo 23 -10 -
the centre of the Sar-e-Yazd Fe 10 02 63 -
porphyry system (8 samples) Pb .89 62 42 19 -
Zn 72 .97 -.07 .06 .63 -

this relationship is not strong enough to be considered defini-
tive. In this zone, the correlation coefficient of lead with zinc is
expected to be slightly negative to neutral; however, it is ob-
served to be positive. Lead also shows a moderately positive
correlation with iron (0.23). Similarly, zinc exhibits a moderately
positive correlation with iron (0.18). The correlation coefficient
between molybdenum and silver in the oxide-leaching zone is
strongly positive (0.46). In the hypogene and supergene zones,
lead and zinc demonstrate a moderately to strongly positive
correlation (0.63). However, in the oxide-leaching zone, their
correlation is anticipated to be at least slightly negative, but it is
instead positive-possibly due to the very weak weathering pro-
cesses affecting the deposit. Overall, in the oxide-leaching
zone, which overlaps with the argillic alteration zone, the corre-
lation between indicative elements such as copper and molyb-
denum decreases, while the correlation of elements typical of
porphyry deposits, including lead, zinc, and silver, becomes
more prominent. Based on the results obtained from this zone,
the degree of weathering in the Sar-e-Yazd porphyry system
appears to be minimal. This conclusion is supported by the ob-
servation that the underlying enriched zone is poorly devel-
oped, indicating a lack of significant weathering processes. The
limited extent of weathering is further evidenced by the detec-
tion of only ~4 m of higher anomaly compared to the ox-
ide-leaching zone, suggesting minimal alteration of the parent
material.

SUPERGENE ZONE

The study of copper mineralization reveals significant varia-
tions in copper grades across different zones within the
Sar-e-Yazd porphyry system. Notably, the secondary enriched
sulphide zone displays a pronounced contrast in copper con-
centrations, with an average copper grade of 0.07%. In compar-

ison, the hypogene zone, characterized by lower levels of sec-
ondary enrichment, exhibits the highest average copper grade
of 0.31% (Table 4). Although 0.07% represents a very low sul-
phide enrichment, the higher copper grade in this zone com-
pared to the leached-oxide zone (0.019%) suggests partial sec-
ondary sulphide enrichment and confirms the formation of sec-
ondary sulphide minerals, such as covellite and bornite. In this
zone, molybdenum has an average grade of 56 ppm. Due to
the limited data available for both the enriched and hypogene
zones, it is not possible to determine the exact molybdenum
grade. However, the secondary enriched zone demonstrates a
higher molybdenum grade compared to the hypogene zone,
which has an average grade of 11 ppm. The average grades of
lead, zinc, and iron in this zone are 1000 ppm, 2000 ppm, and
3.4%, respectively.

In the secondary enriched sulphide zone, the correlation co-
efficient between copper and molybdenum, lead, and zinc is
negative, while it is positive with iron. The correlation coefficient
between copper and lead is weakly negative, which is not unex-
pected, as lead is immobile in the leached-oxide zone due to its
geochemical behaviour. Therefore, the weakly negative corre-
lation between copper and lead in the secondary enriched sul-
phide zone may reflect the relatively minor impact of weathering
processes on the geochemical separation of these elements.
Additionally, the correlation coefficients between molybdenum
and lead, molybdenum and zinc, and molybdenum and iron are
negative. A strongly positive correlation (0.99) is observed be-
tween lead and zinc, while the correlation of lead with iron is
very weakly negative (—0.09; Table 4). Similarly, the correlation
between zinc and iron is very weakly negative (—0.05). Interest-
ingly, the correlation between molybdenum and silver in the
secondary enriched sulphide zone is strongly negative (-0.99),
in contrast to the positive correlation observed in the
leached-oxide zone.
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HYPOGENE ZONE

In the hypogene zone, the average grades of various met-
als exhibit notable values: copper averages 0.3%, molybdenum
is found at 11.6 ppm, while lead, zinc, and iron show grades of
>1.2%, >0.7%, and 4.4%, respectively. In this zone, copper has
a positive correlation with lead, zinc, and silver, likely due to
their association under reducing conditions. There is a weak
negative correlation between copper and molybdenum. The
correlation coefficient of molybdenum with lead is moderately
positive, with zinc is very weakly negative, and with iron is posi-
tive. The strong positive correlation between molybdenum and
iron is significant and can be explained by the association of
molybdenite and magnetite in this area. In the hypogene zone,
the correlation coefficient between lead and zinc is moderately
positive (0.63), indicating that these two metals are likely found
in minerals that formed simultaneously (McLemore et al.,
1999). The correlation coefficients of iron with lead and zinc are
weakly positive (Table 4).

Cu/Mo RATIO IN EACH OF THE ABOVE SECTIONS

The copper-to-molybdenum (Cu/Mo) ratio is a critical geo-
chemical indicator in geology, used to distinguish between vari-
ous mineralization zones within ore deposits. Variations in the
Cu/Mo ratio reflect the processes and conditions under which
mineralization occurred, as these two metals often coexist but
may be distributed differently throughout a deposit. In porphyry
copper deposits, higher Cu/Mo ratios typically signify proximity
to the porphyry source, while lower ratios may indicate a more
distal position in the system, where molybdenum becomes rela-
tively concentrated. In the Sar-e-Yazd porphyry system, the
Cu/Mo ratio shows a marked decline from the deeper hypogene
zones to the shallower leached-oxide zones (Table 5). In the
hypogene environment, characterized by high-temperature hy-
drothermal processes, copper and molybdenum are co-min-
gled in mineralization, resulting in relatively high Cu/Mo ratios.
As geological processes progress toward the surface, a transi-
tion occurs to the leached-oxide zones, where weathering and
oxidation processes significantly alter the mineral composition.
This alteration typically leads to the depletion of molybdenum
relative to copper, thereby lowering the Cu/Mo ratio.

ZONING OF METALIC ELEMENTS IN THE AREA

Copper serves as the primary ore-forming element in the
central region of the Sar-e-Yazd porphyry system. This signifi-
cant mineralization predominantly occurs in the form of chalco-
pyrite and bornite, which are economically valuable copper min-
erals. Additionally, copper is present in peripheral veins, where
it occurs as malachite, azurite, and turquoise, further enriching
the diversity of copper-bearing minerals within the geological
system. To evaluate the distribution and concentration of cop-
per deposits in the surveyed area, the statistical param of cop-
per have been calculated separately for each of the exploratory
boreholes. Lithogeochemical analysis of 708 samples collected

Table 5

The ZCu/ZMo ratio in each of the mineralization sections
(leached-oxide, secondary enriched and hypogene) as an
average from each of the zones of exploratory borehole BHy4

>Cu (ppm) | ZMo (ppm) | 2Cu/ZMo
Oxide-leaching zone 190.8 22.5 8.46
Supergene zone 719 56 12.8
Hypogene zone 3134 11.6 270

from four exploratory boreholes in the central porphyry deposit
provides valuable insights into the copper content of the region.
The data reveal that the minimum copper concentration is
<10 ppm, indicating low-grade mineralization. The average
copper concentration ranges between 10 and 500 ppm, reflect-
ing a moderate level of copper distribution in the analysed sam-
ples. Notably, the maximum copper content reaches up to 2%,
highlighting localized areas of higher mineralization that may
hold economic potential. A comparison of the variations in cop-
per grades across four key exploratory boreholes shows that
the average copper grades in boreholes BHy1, BH1g, and BHy3
are 220 ppm, 127 ppm, and 261 ppm, respectively. Meanwhile,
eight samples from borehole BHys, at depths of 701 to 708 m,
yield an average copper grade of 3134 ppm (0.3%; Table 3).
The highest copper grades observed in boreholes 18 and 23 at
various depths reveal significant geological features related to
mineralization processes. At shallow depths of ~40-50 m,
these anomalies are associated with porphyritic quartzdiorite
rocks exhibiting argillic and phyllic alteration. They coincide with
the boundary between the leached oxide zone and the super-
gene enrichment zone. At greater depths, around 700 m, the
anomalies correspond to the hypogene zone, characterized by
potassic alteration within the granodiorite intrusive. The geo-
chemical variations in copper grade, similar to the boreholes in
the centre of the porphyry system, were also conducted for all
exploratory boreholes in the region from surface to depth and
were used for the trace element distribution map across the en-
tire area (Fig. 12A). Considering the averages obtained from
the exploratory boreholes, if the economic cut-off grade for a
porphyry deposit is considered to be around 0.4%, the high-gra-
de copper mineralization in the centre of the Ser-e-Yazd por-
phyry system (especially borehole 26 at a depth of 701-708 m)
with an average value of ~0.3% for 8 samples (with only one
sample having a grade of 2%) indicates that mineralization in
the Ser-e-Yazd deposit is non-economic and is classified as an
enriched copper deposit. In some of the drilled boreholes
(BH14) in the mesothermal veins on the north-west margin of
the porphyry system, copper grades near the surface (depths of
10 to 15 m) averaged 0.78%, but again, these high-grade ores
occurred in thin and limited thicknesses below the oxide zone.

Molybdenum is identified as an accessory element in the
copper mineralization of the Sar-e-Yazd area. While molybde-
num plays a crucial role in the geochemical processes associ-
ated with copper mineralization, it is rarely observed in its dis-
tinct form, molybdenite, during microscopic analysis of collected
samples. The statistical param of molybdenum were calculated
individually for each exploratory borehole in the central region of
the porphyry system. These calculations provide valuable in-
sights into the distribution and concentration of molybdenum,
which serves as a significant indicator of mineralization within
the geological framework. The results of these assessments
are systematically detailed in Table 3. Based on lithogeoche-
mical data from 708 samples from four exploratory boreholes in
the centre of the porphyry system, the minimum, average, and
maximum molybdenum values are <1, 1-2, and 74 ppm, re-
spectively. The analysis of molybdenum grades across four ex-
ploratory boreholes — BHy¢, BH1s, BH,3, and eight samples from
borehole BHys reveals significant variations in their average
concentrations. The grades obtained from these boreholes
highlight differing levels of mineralization, with recorded values
of 19, 1.7,4.5, and 11 ppm, respectively, as summarized in Ta-
ble 3. Borehole 01 shows the highest molybdenum grades at
various depths compared to other boreholes, and in borehole
26, at a depth of 701 to 708 m, molybdenum occurs at its high-
est level. These anomalies observed in borehole 1 (BHo,), in
terms of lithology and alteration at shallow to moderate depths
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Fig. 12. Similarity of metal zoning in the Sar-e-Yazd deposit with other porphyry deposits: A — Sar-e-Yazd deposit
area (based on the geological structures identified in Fig. 4) and B — the Mineral Park copper-molybdenum deposit in
Arizona (after Lang and Eastoe, 1988)

(~5—100 m), are associated with porphyritic quartzdiorite rock
exhibiting argillic and phyllic alteration. These features largely
correspond to the leached oxide zone and supergene enrich-
ment. In contrast, borehole BHyg, situated within the hypogene
mineralization zone characterized by potassic alteration of the
granodiorite intrusive, reveals significant geological findings,
particularly regarding molybdenum and copper concentrations.
The analysis indicates that borehole BHy contains higher
grades of these minerals compared to other boreholes in the vi-
cinity. The geochemical variations in molybdenum grade, simi-
lar to the boreholes in the centre of the porphyry system, were
also conducted for all exploratory boreholes in the region from
surface to depth and were used for the trace element distribu-
tion map across the entire area (Fig. 12A). The molybdenum
grade in global porphyry copper deposits varies in the range of
50 to 300 grams per ton, with an average of 175 grams per ton
(Sillitoe, 2010). Additionally, in the veins on the edge of the por-
phyry system, according to Harati (2016), the molybdenum
grade reaches 29 grams per ton. Therefore, considering the av-
erages obtained from the exploratory boreholes, as well as the
molybdenum grade in the mesothermal veins on the edge of the
system, molybdenum mineralization in the Ser-e-Yazd por-
phyry deposit is very weak and minimal.

Silver serves as an important byproduct in porphyry copper
deposits. The statistical analysis of silver concentrations in the
Sar-e-Yazd area, derived from exploratory boreholes, provides
valuable insights into the spatial distribution of this element
within the porphyry structure. The data indicate that silver
grades in the central region of the porphyry system are rela-
tively low, with averages ranging from 0.4 to 4 ppm. However, in
the peripheral mesothermal veins associated with borehole
BH;3, the grade of this element shows a relatively higher con-
centration. Analysis of the borehole reveals that the highest re-
corded grade occurs at a depth of 11 m, where the concentra-

tion reaches 88 ppm. Additionally, in the peripheral veins of the
porphyry system, as reported by Harati (2016), the silver grade
is observed to reach 14 grams per ton. In the mesothermal
veins on the periphery of the porphyry system, the lead and zinc
grades are so high that they are being mined and extracted as
galena and sphalerite, along with secondary carbonate miner-
als of lead and zinc. According to Harati (2016), the lead grade
in the peripheral veins of the porphyry system reaches >3%.
However, in the centre of the porphyry system, the average to-
tal grade of this element is ~500 ppm, with only two samples
having the highest lead grades at depths of 701 and 708 m in
borehole number 26, containing more than 3 percent lead (Ta-
ble 3). The average concentration of zinc across all lithogeo-
chemical section samples is notably low, resembling the distri-
bution pattern of lead in the core of the porphyry system. The
overall average grade of zinc is ~500 ppm. However, the high-
est recorded concentrations, exceeding 3%, are found at a
depth of 25 m in borehole 23 and at a depth of 704 m in bore-
hole 26 (Table 3). In contrast, similar to lead, the veins located
on the periphery of the porphyry system exhibit higher zinc
grades. As reported by Harati (2016), the average zinc grade in
these peripheral veins reaches up to 1.5%, which is significantly
higher than the average grade in the system’s core. In the
Sar-e-Yazd region, the spatial distribution of lead and zinc dis-
plays a zoning pattern consistent with the typical characteristics
observed in porphyry deposits worldwide. The highest amount
of arsenie in the lithogeochemical section is related to explor-
atory borehole number 05, which is located on the periphery of
the porphyry system (Fig. 12). Many samples from this bore-
hole exhibit arsenic concentrations exceeding 100 ppm, al-
though the overall average arsenic concentration is 33 ppm.
Among all boreholes, the highest average arsenic grades are
observed in boreholes 01, 02, and 05, as well as at a depth of
700 m in borehole 26. Overall, the data suggests that arsenic
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concentrations increase progressively from the centre of the
porphyry system toward its periphery and with greater depth
from the surface. Based on Sillitoe (2010), well-developed
metal zoning is observed in porphyry copper deposits from the
centre of the system outward. Overall, metal zoning in these
porphyry systems shows that from the centre outward, the Cu +
Mo + Au zone is categorized in the central cores of the system
along with potassic, chlorite-sericite, and sericitic alterations.
This central zone usually has kilometre-scale halos of Zn, Pb,
and Ag anomalies, reflecting low-temperature hydrothermal
fluid conditions. In some systems, the outermost part of the halo
is distinctly enriched in Mn (+Ag), as seen in the Butte deposit
(Meyer et al., 1967). Zn-Pb-Ag £ Mn halos typically have spatial
coincidence with propylitic alteration zones but are invariably
best characterized in distal skarn environments (e.g., Meinert,
1987; Meinert et al., 2005). Veins cutting through propylitic ha-
los may be rich in Au, and in the Mineral Park deposit in Ari-
zona, an outer zone of Pb-Zn and Au- Ag is observed (Eidel et
al., 1968; Lang and Eastoe, 1988). Despite this, in some por-
phyry copper deposits, these metal halos, especially Zn, occur
as late-stage veins overlapping with the copper- dominant core,
as seen in the Chuquicamata deposit (Ossandon et al., 2001).

Exploratory borehole analyses conducted at the centre of
the Sar-e-Yazd porphyry system have identified significant cop-
per anomalies alongside minor occurrences of molybdenum,
consistent with the characteristics of other porphyry systems.
An analysis of all exploratory borehole samples, as presented
in Table 3, indicates that the average copper content in the
studied samples is relatively low compared to porphyry depos-
its within the Naein-Jiroft magmatic belt and the Kerman copper
porphyry belt. However, the concentrations of arsenic (18.5
grams per ton), antimony (1.9 grams per ton), and lead (497
grams per ton) are comparatively high. Notably, arsenic and
lead are recognized as supergene elements in porphyry copper
deposits (Gergorian, 2003).

The distribution of copper and molybdenum in the central
region of the Sar-e-Yazd porphyry system and its peripheral
boreholes has been thoroughly studied to better understand the
mineral composition of this area. Borehole data reveals signifi-
cant variations in the concentrations of these elements, extend-
ing from surface levels to depths of up to 780 m. The distribu-
tion patterns for these elements were mapped for all sampled
boreholes, similar to those located in the central part of the sys-
tem. Furthermore, the concentrations of other key metal ele-
ments were analysed, and the average grade of each element
was calculated for each exploratory borehole.

The results indicate that the spatial distribution of metal ele-
ments in the studied area follows a zoning pattern consistent
with those observed in porphyry deposits worldwide. Individual
zoning maps were prepared for each examined element in the
deposit (Fig. 12). Based on the distribution and zoning of the
primary metal ores, the porphyry mineralization at Sar-e-Yazd
shows a remarkable similarity to the copper-molybdenum min-
eralization observed in the Mineral Park deposit in Arizona.

COMPARISON OF SAR-E-YAZD DEPOSIT
WITH PCD DEPOSITS

Comprehensive studies and examinations of the Sar-e-
Yazd porphyry Cu (Mo) mineralization, incorporating field in-
vestigations, geological surveys of the mining area, mineraliza-
tion-controlling structures, alteration processes, petrography,
mineralogy, geochemistry, and fluid inclusion analyses, facili-
tated a comparison between the Sar-e-Yazd deposit and vari-
ous types of mineralization and deposits both within Iran and

globally. Based on geological and ore-related characteristics,
the porphyry mineralization features of Sar-e-Yazd were com-
pared with prominent porphyry copper deposits in Iran, includ-
ing the Sungun porphyry Cu (Mo) deposit (Arasbaran zone,
northwestern Iran), the Dalli porphyry Cu-Au deposit (Saveh-
Naein magmatic belt), the Sarcheshmeh porphyry Cu-Mo (Au)
deposit, the Sara or Perkam deposit (Naein-Jiroft magmatic belt
or Kerman copper belt), and the Takht-e-Gonbad porphyry
Cu-Mo deposit (Kerman copper belt; Table. 6). The Sar-e-Yazd
Cu (Mo) deposit demonstrates several geological and mineral-
ogical characteristics that closely align with those of the re-
nowned Sungun and Sarcheshmeh copper deposits. However,
the Sar-e-Yazd deposit shares the highest degree of similarity
with the Takht-e-Gonbad and Dalli porphyry copper deposits,
particularly with respect to their geological settings and mineral
compositions.

FLUID INCLUSION STUDY

A comprehensive fluid inclusion study was conducted to
classify various inclusions based on their origins and the
phases present at room temperature. This analysis focused on
quartz-chalcopyrite veins and hydrothermal quartz grains asso-
ciated with phyllic (sericitic) alteration, which is linked to por-
phyry mineralization. Samples of veins intersecting altered por-
phyritic quartzdiorite were collected from several drill cores, in-
cluding BHgg, BH1s, BH24, BH25 and BHys. Detailed descriptions
of the samples and corresponding measurements are provided
in Table 3. Most measured inclusions were primary, following
the criteria of Roedder (1979; 1984) and Shepherd et al. (1985).
Sometimes in the moderate depth of deposit, quartz in the veins
and sericite alteration is mainly equigranular, anhedral, and it
possesses a polygonal shape. The contacts among quartz
grains form triple junctions with angles at *120° (Fig. 13A). This
implies that the quartz maybe recrystallized so that the fluid in-
clusion migrated to grain boundaries (Tarantola et al., 2012). As
a result, the fluid inclusions in sample 2 from Sar-e-Yazd were
sparse however this sample contained usable inclusions.
These fluid inclusions were clustered together (Fig. 13B) and
were considered to be primary. The fluid inclusions that occur in
planes along healed fractures (Fig. 13C) are considered to be
secondary and possibly reflect fluid circulation associated with a
late stage of fluid entrapment. The inclusions vary in size, gen-
erally between 5 and 25 ym, and sizes of 25-100 ym are rarely
observed. They occur in ovoid, rounded, spindle, and irregular
shapes, as wells as negative crystal forms. On the basis of
phase ratios observed at room temperature and phase transi-
tion during homogenization, five types of fluid inclusions are
present in the early-stage veins and the phyllic alteration of the
host rock: one-phase liquid only (L) or two-phase liquid-rich
aqueous (L+V, V < 50%; Type 1; F1; Fig. 13D and E),
multiphase halite- bearing fluids (L+V+H; L+V+Op; L+V+H+Op;
Type 2; F2; Fig. 13F and H), two-phase vapour-rich aqueous
(V+L, L < 10%; Type 3; F3; Fig. 131 and K), and one- phase
vapour only (V; Type 4; F4; Fig. 13K) inclusions. The
Sar-e-Yazd porphyry system does not exhibit any inclusions
containing visible liquid carbon dioxide (CO,), indicating a dis-
tinct geochemical environment during their formation. Detailed
analyses confirmed that none of the inclusions fulfilled the crite-
ria for containing liquid CO,, and clathrate formation was not ob-
served during freezing experiments (Type 5; F5; Fig. 13L). Ha-
lite crystals were identified by their colourless, isotropic cubic
morphology (Fig. 13F, H and K). The opaque phases (Fig. 13G
and H) were found to be either cubic or triangular in shape, likely
representing pyrite or chalcopyrite, respectively, as well as he-
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Table 6
Comparison of the characteristics of the Sar-e-Yazd deposit with porphyry copper deposits in Iran
[Sungun, Sarcheshmeh, Sara (Perkam), Dalli and Takht-e-Gonbad]
. . Takht-e
Deposit name Sungun Dali Sarcheshmeh Gonbad Sara (Perkam) Sar-e-Yazd
Tectonic setting Contlne_ntal Contlne_ntal Contlne_ntal Island Arc Continental Margin Island Arc
Margin Margin Margin
- Porphyritic
. Quartz F"O.”te' Granodiorite, .- Porphyritic Diorite, Granodiorite to
Intrusive body Granodiorite, . Granodiorite - - -
) Basaltic Dike Granodiorite Quartzdiorite Quartzdiorite,
Granite ) .
Diabase Dike
Mineralization type Monzonitic Monzonitic Monzonitic - - Monzonitic
A]teratlop zoning Distinct Distinct Distinct Indistinct gnd Distinct Indistinct gnd
differentiation Overlapping Overlapping
Stockwork texture Common Common Common Common Common
Breccia texture Common Common Common Rare Present Rare
gits;:lnated Common Common Common Common Common Common
Chalcopyrite Pyrite,
Pyrite, Bornite ’ Chalcopyrite, Chalcopyrite, Pyrite, Chalcopyrite,
Endogenous ore Chalcopyrite, iy Pyrite, Bornite, Magnetite, Chalcopyrite, Pyrite, Bornite,
. Magnetite, . ) . .
Molybdenite Magnetite Molybdenite, Magnetite Magnetite
Pure Gold ;
Bornite
Malachite, i
. Azurite, Chalcocite, Chalcocite, Malac_h ite,
. Hematite, ) : - . - Azurite,
Enriched zone ore . Cuprite, Covellite, Covellite, Covellite, Bornite .
Malachite . L . Hematite,
Hematite, Digenite Neotocite T )
e urquoise
Digenite
Copper grade 0.76% 0.50% 0.69% 0.56% 0.16% >0.3%
Molybdenum grade 0.01% - 0.03% 80 ppm 0.00% 1.9%
Salinity of ore-
forming fluid 69% 75% 61.90% 55-68% - 4-64%
(equivalent to NaCl)
Homogenization
temperature of ore-
forming fluid 100-620°C 140-620°C 520.2°C 340-600°C 263-441°C 130-542°C
(isotopic
temperature results)
Asghari and Shahabpour
. Daneshjou et and Hosseini et al. Mohammadilaghab Taghipour and
References Hezarkhani . .
al. (2016) Doorandish (2017) et al. (2011) Dorani (2013)
(2008) (2008)

matite. The F1 and F3 type inclusions underwent homogeniza-
tion through the disappearance of vapor and liquid, respec-
tively, while the F2 type inclusions homogenized through the
dissolution of solid phases (halite) and the disappearance of va-
por. The F2 inclusions are characterized by high salinity and
high Th values; the F3 inclusions display low salinity but high Th
values; and the F1 inclusions exhibit both low Th and low salin-
ity values (Fig. 14).

FLUID INCLUSION MICROTHERMOMETRY

The microthermometric data obtained from 136 fluid inclu-
sions in quartz associated with phyllic alteration and quartz-
ore-bearing veins in the Sar-e-Yazd porphyry system provide
critical insights into the thermal and compositional characteris-
tics of the fluid systems involved in the mineralization process.
These measurements, summarized in Table 7, detail the ho-
mogenization temperatures and salinities of the fluid inclusions.
The heating and freezing method was employed to determine
the homogenization temperatures.

The homogenization temperatures of the studied fluid inclu-
sions fall into three distinct ranges: low to medium temperatures
(130—-280°C), medium temperatures (280—480°C), and high to
very high temperatures (480-550°C; Fig. 14). The highest aver-
age homogenization temperature was observed in three-phase
fluid inclusions containing daughter halite + opaque minerals.

These inclusions frequently homogenized through the disap-
pearance of the vapour phase into the liquid phase (Table 7). In
some samples, salt solved into liquid phase. Halite solution tem-
perature is higher than homogenization temperature and indi-
cates entrapment in higher pressure (Bodnar, 1994). In general,
the minimum salinity is recorded at 4 wt.% NaCl with a maximum
of 62 wt.% NaCl equivalent, and the homogenization tempera-
ture ranges between 136 and 542°C (Fig. 14).

An average homogenization temperature and salinity range
for fluid inclusions are as follows: ~346°C and ~14 wt.% NaCl
equivalent for type 1 (F1) ~353°C and ~47 wt.% NaCl equiva-
lent for type 2 (F2) and ~410°C and ~12.5 wt.% NaCl equivalent
for type 3 (F3; Table 7). Two-phase fluid inclusions rich in liquid
(F1) and two-phase fluid inclusions rich in vapour (F3), the most
common (85 inclusions of L+V types and 25 inclusions of V+L
type). The homogenization temperatures for liquid and vapour
phases (L+V) range from 136 to 490°C, whereas the homoge-
nization temperatures for vapour and liquid phases (V+L) range
from 320 to 541 °C. The frequency of homogenization tempera-
tures in three-phase fluid inclusions, specifically those classi-
fied as F2 (comprising liquid, vapour, and either hydrocarbon or
another liquid phase) and F5 (comprising two liquid phases and
a vapour phase), predominantly indicates a trend toward ho-
mogenization into the liquid phase. The maximum tempera-
tures were in the ranges of 280 to 369°C, 327 to 370°C, and
456 to 542°C, respectively. The homogenization temperature
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Fig. 13. Photomicrographs of fluid inclusions in quartz-chalcopyrite veins from the Sar-e-Yazd deposit

A — equigranular quartz grains in association with the ore minerals, forming triple junctions with angles of 120°; B — a cluster of primary
two-phase liquid-vapour fluid inclusions; C — vapour-only secondary inclusions in planes along healed fractures; D — type 1 fluid inclusions in
hydrothermal quartz grains in the sericitic alteration; E — type 1 two phase liquid-vapour fluid inclusions; F — type 2 three phase lig-
uid-vapour-halite fluid inclusions; G — type 2 three phase liquid-vapour-opaque (possibly chalcopyrite or pyrite) fluid inclusions; H — type 2
multiphase fluid inclusions containing liquid, vapour, halite and opaque minerals; | — type 3 vapour-rich inclusions; J — type 1 and 3 inclusions
with type 4 inclusion; K — typical fluid inclusion assemblage in porphyry-style mineralization showing co-existing type 2 and 3 inclusions and L
— type 5 fluid inclusions contain two phase liquid LH,O and LCO,. FI — fluid inclusion, L — liquid, V — vapour; H — halite, Op — opaque

of fluid inclusions containing halite + opaque phases was gen-
erally recorded at 365°C, occurring prior to the dissolution of
halite. In deeper samples (e.g., BHz4), halite daughter minerals
were identifiable, and opaque daughter minerals, particularly
hematite, were observed with higher frequency. The rare occur-
rence of halite daughter minerals in other examined fluid inclu-
sions may suggest low sodium (Na) and chloride (Cl) content in
the magmatic hydrothermal fluids that evolved within the miner-
alizing system. The salinity and homogenization temperature
results for each sample are illustrated in Figure 14.

Additionally, eutectic ice-melting temperatures (Te) for all
type 1 inclusions were recorded below —21.1°C (Fig. 14). This
indicates that NaCl is not the dominant salt species in these in-
clusions, and other salts, such as CaCl,, MgCl,, or KCI, may be
present in the solution (Shepherd et al., 1985). The eutectic
temperatures of type 3 inclusions were found to be similar to
those of type 1 inclusions, suggesting a potential similarity in
their thermal properties and phase behaviours.
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Table 7
Microthermometric data of the fluid inclusions wall rogck qu$rtz& sericite alteration and quartz- ore bearing veins from
Sar-e-Yaz
. Salinit
Sample Borehole/ Alteration assemblage/host rock Fl Fl * phases n Ih Tmo(lce) (Wt.% NgCI
no. depth (m) type (°C) (°C) equivt)
F2 (L-V-H-L) (n=3) | 323.66 - 43
SYZ-1 BHs/50.40 | Ore-bearing quartz crystals veins F3 (V-L-V) (n=5) | 410.20 -9.38 12.78
F1 (L-V-L) (n=16) | 398.12 -11.36 17.85
F2 (L-V-H-L) (n=4) | 368.75 - 45.95
SYzZ-2 BH14/283.30 Phyllic/porphyritic quartzdiorite F3 (V-L->V) (n=4) | 364.25 -12.07 14.95
F1 (L-V-L) (n=17) | 368.75 -9.39 19.79
F2 (L-V-H-L) (n=2) 338 - 48.00
F2 (L-V-H-Op) (n=2) 366 - 49.40
SYZ-3 BH4/639.50 Phyllic/porphyritic quartzdiorite F2 (L-V-Op) (n=2) 514 -12.70 15.46
F3 (V-L-V) (n=5) | 502.20 -10.22 13.36
F1 (L-V-L) (n=14) | 347.71 -9.71 14.33
F2 (L-V-H-L) (n=3) 337 - 47.93
SYZ-4 | BH,/701.70 | Ore-bearing quartz crystals veins Eg ((I\_/-_\Il_-_?\;/))) E:;g; 4142_‘;3 ::3122 1‘11‘71;
F1 (L-V-L) (n=11) | 380.81 -7.57 10.72
SYZ-5 | BHu49.25 | QU2 Y phylic/porphyritic | 4 (Lvol) | (n=1) | 225 | -529 8.61
F1 (L-L-V) (n=4) | 350.25 - 2.30
SYZ-6 BH25/172.80 | Ore-bearing quartz crystals veins F3 (V-L-V) (n=4) | 410.75 -10 12.97
F1 (L-V-L) (n=11) 396 -8.57 11.71
F2 (L-V-H-L) (n=4) | 399.75 - 50
SYz-7 BH,6/429.50 Phyllic/porphyritic quartzdiorite F3 (V-L-V) (n=4) | 403.50 —7.85 10.85
F1 (L-V-L) (n=10) 359 -8.9 9.72

DISCUSSION

GEOTECTONIC SETTING AND MAGMA EMPLACEMENT

The Sar-e-Yazd Cu (Mo) deposit represents a significant
geological site, where mineralization processes are strongly as-
sociated with the Oligocene porphyritic granodiorite intrusion
into Eocene volcanoclastic units. This geological relationship
highlights the critical role of the thermal and chemical conditions
provided by the granodiorite in the mobilization and deposition
of Cu and Mo minerals (Harati and Moayyed, 2020). Mineraliza-
tion occurs both in quartz-sulphide stockwork and as dissemi-
nations within the hydrothermally altered volcanoclastic rocks
and porphyritic intrusions. These intrusions exhibit variable al-
teration types, including potassic, sericite, chlorite, and epidote
alterations. The ore mineralogy, as well as the textures and
structures of the ores at the Sar-e-Yazd deposit, bear similari-

ties to those reported in other porphyry copper deposits (PCDs)
within the NJB or KB regions, as documented by Shahabpour
(1982), Hassanzadeh (1993) and Alirezaei and Hassanpour
(2011). Studies show that porphyry mineralization is related to
the subduction of the Arabian plate under the Iranian plate and
occurred in the back-arc setting (Hassanzadeh, 1993;
Shahabpour, 2005, 2007; Hezarkhani, 2006). The magmatic
complex at Sar-e-Yazd was emplaced during this
post-subduction tectonic extension During the Oligocene, sev-
eral deep to shallow late subvolcanic stocks, plugs, and dikes,
which vary from intermediate to felsic in composition, intruded
the volcanic and volcanoclastic rocks in the Sar-e-Yazd area
(Harati and Moayyed, 2020). The Sar-e-Yazd porphyritic
granodiorite has been dated to the Oligocene (Harati and
Moayyed, 2020), rendering it significantly older than similar for-
mations reported from the northern Kerman belt (KB). This age
notably contrasts with that of the world-class Sarcheshmeh and
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Fig. 14A — homogenization temperature versus frequency in samples from the study area; B — salinity diagram versus frequency
in samples from the study area
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Miduk deposits, which have been dated to the mid to late Mio-
cene (16—9 Ma) according to various studies (Ghorashizadeh,
1978; Shahabpour, 1982; Hassanzadeh, 1993; Mclnnes et al.,
2005; Taghipour et al., 2008). Similar late Oligocene age is re-
cently reported for the Bondar-e-Hanza porphyry in the south-
ern section of the KB (Mohebi, 2015) and Takht-e-Gonbad cop-
per deposit (Hosseini et al., 2017). The Sar-e-Yazd deposit,
along with two other deposits, is located toward the southern
margin of the Kerman belt (KB) and suggests a discrete epi-
sode of copper mineralization, likely occurring prior to the colli-
sion (pre-collisional). The Jebal Barez-type granitoids in the KB,
within the southern section of the NJMB arc (Dimitrijevic, 1973),
are generally considered to date from the early-middle
Oligocene to the middle Miocene (e.g., Conrad et al., 1977;
Hassanzadeh, 1993; Chiu et al., 2013). The Takht-e-Baneh
batholith, extending from the north to the south of the Takht-e-
Gonbad deposit and exhibiting characteristics of Jebal Barez-
type granitoids, has yielded a zircon U-Pb age of 25.0 +0.7 Ma.
This result aligns with previously proposed ages for these
granitoids (e.g., Dimitrijevic, 1973; Conrad et al., 1977;
Hassanzadeh, 1993; Chiu et al., 2013). Similar to findings from
the Takht-e-Gonbad deposit, this study highlights a confirmed
potential for porphyry copper deposits contemporaneous with
the so-called barren Jebal Barez-type granitoids.

STRUCTURAL CONTROL ON MINERALIZATION

Deformations related to high tectonic forces in the crust are
characterized by shearing processes (Ramsay and Huber,
1987; Brown and Solar, 1998; Peacock et al., 2002; Montest
and Hirth, 2003; Wang and Ludman, 2004; Brogi, 2006). Identi-
fication of structural factors related to cutting (especially faults)
and their relationship with intrusive, in the areas affected by
magmatic activities, is of great interest in the identification and
discovery of mineral deposits. In general, the meeting point of
main faults can be a suitable place for magma infiltration and
mineralization (Forster, 1978). The Sar-e-Yazd porphyry Cu
(Mo) deposit is significantly influenced by the regional structural
framework. Geological studies reveal that the emplacement of
mineralization within the deposit is closely associated with a
network of faults, primarily trending in NNW, NNE, WNW, and
N-S orientations. These structural features are critical as they
provide pathways for hydrothermal fluids, facilitating the forma-
tion of porphyry-style mineralization by localizing magmatic-hy-
drothermal fluid circulation (Fig. 3, inset map).

In general, the connection between magmatic activity,
ore-forming processes, and dykes with the regional structural
setting can be understood through three main stages:

The first stage of tension is characterized by a compres-
sional system involving large-scale folding and the formation of
middle Eocene fractures. This system is comparable to the re-
gional structures observed in porphyry copper deposits north-
east of Shahr-e-Babak (Dimitrijevic, 1973; Ebadi et al., 2011)
and in the Mehriz region (north-west of the Sar-e-Yazd area),
where the Sani Abad syncline developed during this phase.

During this stage, dacite porphyry to porphyritic quartz-
diorite intrusions, as well as the first group of diabasic dykes,
were emplaced into longitudinal fractures resulting from folding.
These dykes, extending in a WNW direction, are linked to the
older T, fractures within the shear system described by Storti et
al. (2006). In contrast, a second group of later diabasic dykes,
which commonly intruded in a north-south orientation, is attrib-
uted to tensile fractures associated with the T, shear system.
These dykes and faults were subsequently displaced by youn-
ger northeast-southwest trending faults.

In the second stage, as with dykes, the pattern of hydro-
thermal veins is directly influenced by regional tension and ex-
hibits two main trends: (1) tension splits related to T,
(north-south) and tensile fractures, which play a crucial role in
the late-stage mineralization system, and (2) the pennant vein
pattern associated with R/R’ diagonal fractures. Fractures
trending NNW (R), which are predominantly filled with iron ox-
ides, are relatively younger and do not play a significant role in
mineralization. In contrast, fractures associated with the (R’)
shear system appear to have been instrumental in the emplace-
ment of porphyritic granodiorite within the region. This observa-
tion aligns with Saric’'s (1973) theory regarding the emplace-
ment of porphyry intrusives. Overall, the anti-Riedel (R’) frac-
tures, in conjunction with the fractures formed during the first
stage, provided a conducive framework for the intrusion and al-
teration of igneous rocks, as well as the development of por-
phyry-style mineralization.

In the third stage, with the change in the tension regime
and the development of shear stress, fractures formed in an
approxymately north-south direction (Azimuth of 20°; aligned
with the T4 fractures). These fractures created pathways for the
migration of hydrothermal fluids (remnants of porphyry cop-
per-producing fluids) and magma, resulting in the formation of
polymetallic veins (the first group of veins) and dykes (the sec-
ond group of dykes). The mineralization at Sar-e-Yazd is pri-
marily hosted in dacite porphyry to porphyritic quartzdiorite but
is genetically related to porphyritic granodiorite. This
granodiorite intruded the older dacite porphyry to porphyritic
quartzdiorite and the tuffs of the volcanoclastic unit. The
microgranular and porphyritic textures, as well as the elongated
shape of the ore-related dacite porphyry to porphyritic
quartzdiorite, are attributed to rapid magma ascent and subse-
quent crystallization at shallow depths in an extensional tectonic
regime. Melfos et al. (2002) described a similar mechanism for
the origin of microgranite porphyry associated with the Maronia
Cu-Mo deposit, NE Greece. The presence of the microdiorite
xenolith fragments in the porphyritic granodiorite at Sar-e-Yazd,
suggest that porphyritic granodiorite intruded the porphyritic
quartzdiorite (Harati and Moayyed, 2020).

PHYSICOCHEMICAL PARAM OF THE HYDROTHERMAL FLUIDS

The fluid inclusion systematics at the Sar-e-Yazd deposit is
comparable to those reported from several other PCDs in the
Kerman belt (KB; Etminan, 1978; Hezarkhani, 2009), and else-
where (Bodnar et al., 2014; Hosseini et al., 2017).

The results of fluid inclusion analyses from the study area
were plotted on a diagram comparing homogenization temper-
atures and salinities typical of porphyry, skarn, and epithermal
deposits (Fig. 15A). The diagram reveals that the final homoge-
nization temperatures and salinities of the fluid inclusions fall
within the range characteristic of porphyry deposits (Wilkinson,
2011). Moreover, the fluid inclusions in quartz veins at
Sar-e-Yazd suggest that quartz and associated metallic miner-
alization formed as a result of phase separation from an initial
high-temperature (>540°C), moderate-salinity supercritical
magmatic fluid (Fig. 15B). This process occurred under boiling
conditions during the ascent and cooling of the fluids. The rapid
decrease in temperature and pressure promoted fluid immis-
cibility in these veins, leading to the formation of a saline brine
(40-62 wt% NaCl equiv; F2) alongside a coexisting low-salinity
(7.5-15 wt% NaCl equiv; F3), vapour-rich fluid. These phases
were stable under lithostatic pressures and homogenized over
a temperature range predominantly between 300 and 542°C.
This evidence, combined with the presence of vapour-type sin-
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gle-phase fluid inclusions (F4), supports the occurrence of boil-
ing in the ore-forming fluids (Ronacher et al., 2000; Moncada et
al., 2017). Consequently, at the Sar-e-Yazd deposit, the bound-
aries of potassic-sericitic alteration are inferred to be associated
with fluid boiling (Fig. 15B). A portion of the copper content
within the solution may have been deposited as chalcopyrite
due to boiling processes. Chalcopyrite, the dominant mineral at
the Sar-e-Yazd deposit, formed through mechanisms analo-
gous to those observed in porphyry copper deposits. Evidence
suggests that boiling played a significant role in the mineraliza-
tion process, indicating a spatial-temporal relationship between
fluid boiling and deposit formation (Samson et al., 2003). The si-
multaneous occurrence of V, V-L, and L-V type fluid inclusions
within quartz veins supports the hypothesis that mineralization
at the Sar-e-Yazd deposit likely resulted from a boiling fluid.
Microthermometric analyses of V-L type fluid inclusions from
the Sar-e-Yazd field reveal homogenization temperature
ranges for samples 1, 3, 4, 6, and 7 as 320 to 467°C, 321 to
398°C, 379 to 478°C, 364 to 450°C, and 369 to 435°C, respec-
tively. These temperatures are consistent with those observed
for L-V type fluid inclusions, which range from 328 to 489°C,
324 to 425°C, 319 to 472°C, 326 to 478°C, and 278 to 415°C.

This alignment of temperature ranges confirms the occurrence
of fluid boiling during the formation of mineralized quartz veins
at the Sar-e-Yazd deposit. In general, F2-type fluid inclusions
are considered to best represent the characteristics of mineral-
izing hydrothermal fluids. V-L (F3-type) inclusions are inter-
preted as products of boiling, while the L-V and V-L (F1 and F3
types) inclusions can be attributed to fluid mixing processes.
This mixing likely occurred between high-salinity magmatic flu-
ids (F2) and low-salinity meteoric water. Such fluid mixing is a
well-documented phenomenon in porphyry copper deposit
(PCD) systems, as these systems typically develop in shallow
environments (<6 km; e.g., Carten, 1986; Valencia et al., 2008;
Sillitoe, 2010). The physico-chemical characteristics of fluids,
responsible for copper mineralization at Sar-e-Yazd, are com-
parable to those in PCDs worldwide, as reported by Bodnar et
al., (2014). New physico-chemical conditions, changes in pH
and temperature transitioning lithostatic to hydrostatic condi-
tions, associated with boiling led to quartz and sulphide deposi-
tion (Bodnar et al., 2014). Abundant stockwork and silica veins
in the area, associated with chalcopyrite, magnetite, molybde-
nite, quartz, and pyrite as both dissemination and vein-type oc-
currences, provide strong evidence of mineralization. Fluid boil-
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ing can lead to extensive hydraulic fracturing of the wall rocks,
facilitating the mixing of ascending boiling magmatic fluids with
meteoric water at the ductile-to-brittle transition under hydro-
static pressures (Zhong et al., 2014). The lower-temperature
(225-398°C) and lower-salinity (8—-19 wt.% NaCl equivalent)
type 1 liquid- rich fluid inclusions in the hydrothermal quartz of
porphyritic quartzdiorite at Sar-e-Yazd (Fig. 13) likely represent
a late-stage fluid associated with decompression under hydro-
static pressures. This decompression, caused by extensive
hydrofracturing, generated fractures that are closely linked to
the metallic mineralization at Sar-e-Yazd. These fractures are
associated with sericitic alteration.

The presence of hydrothermal shears and ore-rich shear
veins in the Sar-e-Yazd deposit, combined with evidence of a
boiling event, indicates the involvement of compatible fluids.
Shearing is typically indicative of decreasing pressure, which
can trigger boiling in hydrothermal systems (Jobson et al.,
1994, Jebrak, 1997). The ore veins in the Sar-e-Yazd deposit
exhibit sharp boundaries with their host units, suggesting that
the veins were formed by fluid filling spaces under hydrostatic
pressure (Liu etal., 2014; Ouyang et al., 2014). This process ul-
timately contributed to the development of hydrothermal frac-
tures.

INTRUSION ALTERATION AND MINERALIZATION

The emplacement of multiple phases of late Oligocene por-
phyritic granodiorite intrusions is intricately linked to the influx of
mineralized hydrothermal fluids, which played a crucial role in
the deposition of ore at Sar-e-Yazd. These intrusions were
emplaced as structurally localized, overlapping pre-, syn-, and
post-mineralization dykes, as well as tabular to upwardly taper-
ing wedge-shaped bodies. The earliest magmatic pulse com-
prised a set of porphyritic dykes, known as mineralized dykes
(Harati and Moayyed, 2020). These dykes were juxtaposed
against younger and larger mineralized granodiorite bodies due
to intra-mineral faulting at Sar-e-Yazd (Figs. 3 and 4). Mineral-
ization at Sar-e-Yazd is associated with multiple, telescoped
stages of intrusion and alteration. The alteration is dominated
by an extensive phyllic assemblage, accompanied by irregular
zones of propylitic and minor potassic assemblages at depth.
However, no consistent patterns in alteration assemblages and
silicate zoning, as observed in most porphyry copper deposits
(PCDs) in the NJMB or KB (e.g., Shahabpour, 1982; Alirezaei
and Hassanpour, 2011) and other regions (e.g., Lowell and
Guilbert, 1970; Cannell et al., 2005; Sillitoe, 2010), can be dis-
cerned at Sar-e-Yazd. This can be attributed to repeated
magma intrusions and the superposition or overprinting of alter-
ation assemblages, along with the branching and dyke-like na-
ture of the porphyritic intrusion at shallow depths. Potassic al-
teration, as reported from many other PCDs in the NJMB or KB
(e.g., Waterman and Hamilton, 1975; Shahabpour, 1982;
Alirezaei and Mohammadzadeh, 2009) and elsewhere (e.g.,
Lowell and Guilbert, 1970; Sillitoe, 2010) might also be present
at Sar-e-Yazd. This alteration is characterized by the presence
of quartz, hydrothermal biotite, K-feldspar, magnetite, chalco-
pyrite, molybdenite, and pyrite. This might be due to an exten-
sive phyllic overprint that masks earlier potassic assemblages.
Such pervasive phyllic alteration and the near-total destruction
of earlier potassic assemblages have been reported in Seridun,
lju, and Kader (Alirezaei and Hassanpour, 2011) within the
NJMB or KB, as well as in other locations (Richards et al., 1999;
Ossandon et al., 2001). Phyllic alteration is characterized by
abundant sericite and quartz, along with subordinate amounts
of chlorite, pyrite, and chalcopyrite. Sericitic alteration is charac-
terized by the nearly complete replacement of magmatic K-feld-

spar, clinopyroxene, hornblende, and biotite, as well as the ex-
tensive presence of sericite and quartz in the groundmass.
Kaolinite constitutes a minor phase. Propylitic alteration, char-
acterized by varying amounts of chlorite, calcite, epidote, and
actinolite, is widespread in the dacite porphyry to porphyritic
quartz diorite and volcanoclastic rocks, occurring peripherally to
the ore zone. Trace amounts of pyrite and chalcopyrite within
the propylitic alteration zone indicate a slight increase in the sul-
phur fugacity of the hydrothermal fluids and/or an elevation in
fluid temperature (Hemley et al., 1992). Carbonate alteration, a
subtype of propylitic alteration enriched in sulphides, is predom-
inantly characterized by calcite. It is locally observed as scat-
tered patches of calcite + pyrite + quartz + chalcopyrite, as well
as sulphide- bearing calcite veinlets, occurring both in the por-
phyritic granodiorite bodies and the surrounding volcaniclastic
rocks. Argillic alteration is extensively developed at shallower
depths, transitioning into phyllic alteration zones. Sericitic alter-
ation overprints earlier potassic and propylitic alteration. The
magmatic fluid activity responsible for forming these alteration
zones during the late stages of the porphyry system was pre-
dominantly controlled by a major N-S trending fault at
Sar-e-Yazd. Researchers have explored various sources for
the fluids involved in phyllic alteration within porphyry copper
deposits (PCDs). Evidence points to the involvement of exter-
nal fluid influx into the magmatic-hydrothermal system during
the late stages of sericite and clay formation (e.g., Sheets et al.,
1996; Taylor, 1997; Cooke et al., 2011). However, other work-
ers have demonstrated a magmatic origin for late-stage sericite
and illite alteration in PCDs (e.g., Kusakabe et al., 1984,1990;
Hedenquist et al., 1998; Watanabe and Hedenquist, 2001; Har-
ris and Golding, 2002; Calagary, 2003). According to Cooke et
al. (2014), a magmatic-hydrothermal origin for late-stage phyllic
alteration aligns with the substantial copper (Cu) endowment
observed in veins associated with this alteration stage. Con-
versely, a meteoric origin may be applicable to other deposits
where phyllic-stage veins are barren or only weakly mineral-
ized. At Sar-e-Yazd, the weakly mineralized nature of
phyllic-stage veins and their limited association with mineraliza-
tion provide evidence that supports the involvement of an exter-
nal fluid source in late-stage sericite and clay formation. The
presence of kaolinite, along with smaller quantities of montmo-
rillonite and iron oxides/hydroxides, suggests a supergene ori-
gin for this alteration (cf. John, 2010; Taylor, 2011). Supergene
argillic alteration is a widespread characteristic and has been
documented in numerous porphyry copper deposits (PCDs)
within the KB, as reported by Tangestani and Moore, (2001,
2002), Ranjbar et al., (2004), Alirezaei and Hassanpour,
(2011).

ORIGIN OF THE SAR-E-YAZD Cu (Mo) DEPOSIT

The Nain-Jiroft Magmatic Belt (NJMB), also referred to as
the Kerman Cenozoic Magmatic Arc (KCMA), constitutes the
southern segment of the Southern Nain-Jiroft Magmatic Belt
(SNJMB). This region is predominantly composed of calc-alka-
line volcanic and plutonic rocks (Zarasvandi et al., 2007). The
KCMA hosts several deposits ranging from world-class to mod-
erate- and small-scale, including Sarcheshmeh, Meiduk,
Chahfiruzeh, Keder and Reagan (Shafiei et al., 2009; Asadi et
al., 2014). As highlighted by Zarasvandi et al. (2005), Taghipour
et al. (2008), Shafiei et al. (2009), Hou et al. (2011), Richards et
al. (2012) and Asadi et al. (2014), the continental collision stage
during the Miocene was the primary driver behind the formation
of numerous porphyry copper deposits (PCDs) within the
KCMA. According to Shafiei et al. (2009) and Asadi et al.
(2014), the majority of economic and sub-economic porphyry
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intrusions in the NJMB or KCMA are associated with mid-late
Miocene-Pliocene post-subduction and/or collisional stages,
such as the Chahfiruzeh and Keder porphyry systems
(Zarasvandi et al., 2019). In contrast, Eocene-Oligocene intru-
sions are predominantly associated with subduction and/or
pre-collisional processes. Notable examples include the late
Oligocene Bondar-e-Hanza and Takht-e-Gonbad intrusions
(Mohebi, 2015; Hosseini et al., 2017), as well as the Reagan
and Daralou copper porphyry deposits (Zarasvandi et al.,
2019). The Sar-e-Yazd Cu (Mo) deposit, as previously noted, is
situated within the NJMB, also referred to as the KCMA belt.
The prevalence of calc-alkaline volcano-plutonic rocks in this
belt (Aghanabati, 2005) enhances the likelihood of por-
phyry-style mineralization in the Sar-e-Yazd area. Mineraliza-
tion at Sar-e-Yazd is associated with Oligocene porphyritic
granodiorite intrusions that cut through Eocene volcaniclastic
units (Harati and Moayyed, 2020). Ore mineralization is ob-
served in quartz-sulphide stockwork and disseminations within
hydrothermally altered volcaniclastic rocks and porphyritic intru-
sions. These mineralized zones exhibit varying degrees of
potassic, sericitic, chloritic, and epidotic alterations. The ore
mineralogy and textural/structural characteristics at the
Sar-e-Yazd deposit are comparable to those reported in numer-
ous porphyry copper deposits (PCDs) within the NJMB or KB, as
documented by Shahabpour (1982), Hassanzadeh (1993) and
Alirezaei and Hassanpour (2011). Studies show that porphyry
mineralization is related to the subduction of the Arabian plate
under the Iranian plate and occurred in the back-arc setting
(Hassanzadeh, 1993; Shahabpour, 2005, 2007; Hezarkhani,
2006). The magmatic complex at Sar-e-Yazd was emplaced
during this post-subduction tectonic extension during the
Oligocene, several deep to shallow late subvolcanic stocks,
plugs, and dikes, which vary from intermediate to felsic in com-
position, intruded the volcanic and volcanoclastic rocks in the
Sar-e-Yazd area (Harati and Moayyed, 2020). The Oligocene
age of the main Sar-e-Yazd porphyritic granodiorite (Harati and
Moayyed, 2020) is notably older than the ages reported for por-
phyry deposits in the northern KB, such as the world-class
Sarcheshmeh and Miduk deposits (16-9 Ma, mid to late Mio-
cene; Ghorashizadeh, 1978; Shahabpour, 1982; Hassanza-
deh, 1993; Mclnnes et al., 2005; Taghipour et al., 2008). A com-
parable late Oligocene age has been recently identified for the
Bondar-e-Hanza porphyry in the southern KB (Mohebi, 2015)
and the Takht-e-Gonbad copper deposit (Hosseini et al., 2017).
The Sar-e-Yazd deposit, along with Bondar-e-Hanza and
Takht-e-Gonbad, is situated near the southern margin of the
KB, indicating a distinct episode of copper mineralization, likely
predating the continental collision (pre-collisional). At
Sar-e-Yazd, the ore-forming magma concentrated at the inter-
section of major regional structural features in the upper crust,
at depths exceeding 3 km. Here, it crystallized to form stocks,
plugs, and dikes with compositions ranging from intermediate to
felsic (refer to Fig. 3, inset map). The major and minor structural
features provided a vertically extensive dilatant network, which
favored the evolution of the magmatic-hydrothermal porphyry
system at Sar-e-Yazd (Fig. 4A). Based on the findings of
Zarasvandi et al. (2019), we conducted a comparative analysis
of the silicate chemistry (plagioclase, biotite, and amphibole) in
Miocene collisional porphyries (e.g., Chahfiruzeh and Keder)
and Eocene-Oligocene pre-collisional porphyry systems (e.g.,
Reagan and Daralou) within the KCMA. Pre-collisional porphyry
systems, which exhibit the lowest degree of copper (Cu) miner-
alization, also demonstrate the lowest An% and Al* values com-
pared to their collisional counterparts. Plagioclase chemistry
suggests that the magmatic systems in collisional deposits are

relatively closed, with lower rates of magmatic mixing com-
pared to pre-collisional deposits. Biotite chemistry indicates a
progressive decrease in temperature from Keder to Reagan,
Daralou, and Chahfiruzeh. The absence of a consistent tem-
perature gradient in pre-collisional porphyry systems may con-
tribute to their lower-grade mineralization. High biotite halogen
fugacity ratios (fH,O/fHF and fH,O/fHCI >1) reflect the wa-
ter-rich nature of the studied porphyry systems. Additionally,
the relative enrichment in fluorine (F) in collisional porphyry de-
posits (e.g., Keder) appears to correlate with magnesium (Mg)
enrichment in these systems. Pre-collisional porphyry systems,
characterized by low Cu mineralization, display distinctive fea-
tures such as the lowest An% and Al* values, higher rates of
magmatic mixing, and depletion in both F and Mg compared to
collisional porphyries. These attributes are evident in the
Sar-e-Yazd pre-collisional porphyry systems, which share simi-
larities with the Reagan and Daralou deposits.

CONCLUSIONS

1. Mineralization at the Sar-e-Yazd copper (molybdenum)
deposit occurred in relation to porphyritic granodiorite bodies
within a pre-collision back-arc setting during the Oligomiocene.
This age is considerably older than those reported for porphyry
copper deposits in the northern Kerman Belt, including the
world-class Sarcheshmeh and Meiduk deposits.

2. Unlike most porphyry copper deposits in the Kerman Belt
and other regions, where economic ore is primarily associated
with potassic alteration and the potassic-phyllic boundary, the
majority of copper mineralization at Sar-e-Yazd is linked to
supergene processes under argillic kaolinite alteration. A
smaller proportion of mineralization is associated with potassic
alteration and the potassic-phyllic boundary at depth in bore-
hole BHys (701-708 m).

3. Analysis of average samples from each exploratory bore-
hole reveals a positive, moderate correlation between copper
and molybdenum, suggesting the presence of porphyry copper-
molybdenum deposits at Sar-e-Yazd. Furthermore, copper ex-
hibits strong positive correlations with lead, zinc, and silver,
which are recognized as trace and indicator elements of such
deposits.

4. In contrast to earlier perspectives, geochronological data
indicate the potential existence of a porphyry copper deposit
coeval with the so-called barren Jebal Barez-type granitoids in
the Kerman Belt or Naein-Jiroft Magmatic Belt.

5. Three major fault groups trending E-W, NW-SE, and
NE-SW define the regional structural framework. These faults
controlled the emplacement of intrusions, late-stage dykes, and
mineralized veins within the crystalline basement of the volca-
nic-volcanoclastic unit.

6. Potassic alteration is associated with an ore assemblage
comprising pyrite + chalcopyrite + bornite + molybdenite + mag-
netite, primarily occurring in M- and A-type veins. Propylitic al-
teration corresponds to an assemblage of pyrite + chalcopyrite,
while late sericitic alteration is linked to pyrite + chalcopyrite in
D-type veins. The assemblage sphalerite + galena +
specularite + pyrite is associated with a subsequent epithermal
overprinting event.

7. Metallic mineralization, particularly abundant in bore-
holes BHy1, BHo3, BHos and BHas, is attributed to secondary
supergene processes. The total average of the highest metallic
mineralization is significantly enriched (3881 ppm Cu, 43.7 ppm
Mo, 13,390 ppm Pb, 18,250 ppm Zn, 6.7 ppm Ag) in the
25-58 m depth interval.


https://www.gisoom.com/book/11083834/
https://www.researchgate.net/publication/284264180_An_overview_of_porphyry_copper_deposits_in_Iran
http://hdl.handle.net/10464/1573
https://civilica.com/doc/1471858/
https://civilica.com/doc/1471858/
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=kze419gAAAAJ&citation_for_view=kze419gAAAAJ:Y0pCki6q_DkC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=kze419gAAAAJ&citation_for_view=kze419gAAAAJ:Y0pCki6q_DkC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=kze419gAAAAJ&citation_for_view=kze419gAAAAJ:Y0pCki6q_DkC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=kze419gAAAAJ&citation_for_view=kze419gAAAAJ:Y0pCki6q_DkC
https://doi.org/10.1016/j.jseaes.2005.11.003
https://doi.org/10.1016/j.jseaes.2005.11.003
https://doi.org/10.1016/j.oregeorev.2017.03.003
https://doi.org/10.1016/j.oregeorev.2017.03.003
https://researchers.mq.edu.au/en/publications/thermal-history-analysis-of-selected-chilean-indonesian-and-irani
https://ganj.irandoc.ac.ir/
https://ganj.irandoc.ac.ir/
https://doi.org/10.1016/j.jseaes.2003.11.007
https://doi.org/10.1016/j.jseaes.2007.02.004
https://doi.org/10.1111/j.1751-3928.2008.00054.x
https://doi.org/10.1016/j.lithos.2018.12.029
https://doi.org/10.1016/j.lithos.2018.12.029
https://doi.org/10.1016/j.lithos.2018.12.029

32 Fayeq Hashemi et al. / Geological Quarterly, 2025, 69, 11

8. The coexistence of vapour-rich inclusions (F3 type) with
high salinity and liquid-rich inclusions (F2 type) of similar ho-
mogenization temperatures provides compelling evidence for
boiling. The physicochemical characteristics of fluids responsi-
ble for copper mineralization at Sar-e-Yazd are comparable to
those reported for porphyry copper deposits (PCDs) worldwide
(Bodnar et al., 2014).

9. The distribution and zoning of the principal metal ores at
Sar-e-Yazd exhibit a strong resemblance to the copper-molyb-
denum mineralization observed in the Mineral Park deposit in
Arizona.

10. Based on geological and ore characteristics, the por-
phyry mineralization features of Sar-e-Yazd have been com-
pared with several porphyry copper deposits in Iran, including

the Sungun porphyry copper (molybdenum) deposit, the Dalli
porphyry copper-gold deposit, the Sarcheshmeh porphyry cop-
per-molybdenum (gold) deposit, the Sara or Perkam deposit,
and the Takht-e-Gonbad porphyry copper-molybdenum de-
posit. While Sar-e-Yazd shares numerous features with the
Sungun and Sarcheshmeh deposits, it demonstrates the clos-
est similarity to the Takht-e-Gonbad and Dalli porphyry copper
deposits.
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