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Abstract

Veins consisting primarily of biotite are the earliest stockwork vein type recognized at the Kuh-e Janja Cu-Au 
porphyry deposit in southeastern Iran. These early biotite veins may contain quartz and minor amounts of sul-
�de minerals such as chalcopyrite and pyrite. Observations at the hand-specimen scale do not provide reliable 
constraints on the paragenetic relationships, as the early biotite veins have been repeatedly overprinted during 
the evolution of the magmatic-hydrothermal system. Microscopic investigations show that the sul�de minerals 
in the early biotite veins are texturally late, providing evidence that sul�de deposition did not occur at the high 
temperatures of biotite formation and potassic alteration of the host rocks. Chalcopyrite primarily occurs along 
hairline fractures that crosscut or refracture the earlier biotite veins. Biotite in contact with the chalcopyrite 
can be apparently unaltered or is replaced by chlorite, depending on the degree of wall-rock buffering of the 
magmatic-hydrothermal �uids that caused hypogene Cu mineralization. The �ndings add to the growing body of 
evidence that Cu mineralization in this deposit type occurs at temperatures close to the transition from ductile 
to brittle conditions (<450°C) following a drop in the pressure regime from lithostatic to hydrostatic conditions.

Introduction

Porphyry deposits are the world’s most important source 
of Cu and Mo, with precious metals Au and Ag commonly 
recovered as by-products (Sillitoe, 2010). Hypogene ores 
in these deposits constitute large, low-grade stockwork and 
disseminated sul�de zones that are spatially associated with 
plutonic stocks and dike swarms emplaced at shallow (≤1–10 
km) crustal depths (Lowell and Guilbert, 1970; Gustafson and 
Hunt, 1975; Titley and Beane, 1981; Seedorff et al., 2005; Sil-
litoe, 2010). The stockwork zones are composed of a char-
acteristic sequence of crosscutting vein generations that can 
be distinguished based on morphology, vein mineralogy, and 
associated alteration (Nielsen, 1968; Gustafson and Hunt, 
1975; Clark, 1993; Gustafson and Quiroga, 1995; Arancibia 
and Clark, 1996; Muntean and Einaudi, 2000; Monecke et al., 
2018, 2019).

In many Cu-Au and Cu-Mo porphyry deposits, the earli-
est vein types recognized contain biotite. The biotite forms 
millimeter-wide veins, referred to as early biotite (EB) veins 
(Gustafson and Quiroga, 1995; Chang et al., 2017; Gregory, 
2017; Ouyang et al., 2021). In some deposits, the early bio-
tite forms the matrix of biotite-rich breccias (Brimhall, 1977; 
Gustafson and Quiroga, 1995). Biotite also occurs as green to 
dark-brown halos around hairline fractures and early veins, 
referred to as early dark micaceous (EDM) alteration enve-

lopes (Meyer, 1965; Atkinson et al., 1996; Rusk et al., 2008; 
Proffett, 2009; Redmond and Einaudi, 2010; Rees et al., 2015; 
Cernuschi et al., 2018, 2023). The mineral paragenesis of the 
EB veins and EDM alteration envelopes has been a mat-
ter of debate for over a decade (Landtwing et al., 2010). In 
many deposits, the biotite in veins and alteration envelopes 
contains magnetite (Brimhall, 1977; Gustafson and Quiroga, 
1995; Rusk et al., 2008; Maydagán et al., 2015). At Bingham 
Canyon, Utah (Redmond and Einaudi, 2010), Butte, Montana 
(Meyer, 1965; Brimhall, 1977; Rusk et al., 2008), El Salvador, 
Chile (Gustafson and Quiroga, 1995), and Haquira East, Peru 
(Cernuschi et al., 2018, 2023), the early biotite occurs with 
quartz and anhydrite. In addition, K-feldspar, sericite, and/
or andalusite may be present (Meyer, 1965; Brimhall, 1977; 
Gustafson and Quiroga, 1995; Rusk et al., 2008; Redmond 
and Einaudi, 2010).

An important question relates to the presence of chalco-
pyrite and pyrite in the biotite-rich veins and alteration en-
velopes. Previous authors have taken the presence of these 
sul�de minerals to suggest that hypogene Cu mineralization 
in some porphyry deposits occurs early in the evolution of the 
magmatic-hydrothermal systems at temperatures as high as 
~500° to 650°C (Rusk et al., 2008; Redmond and Einaudi, 
2010; Cernuschi et al., 2018, 2023). However, other workers 
showed that hypogene Cu mineralization is associated with 
the formation of veins primarily composed of sul�des at tem-
peratures of <450°C and therefore postdates the high-tem-
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perature vein types in porphyry deposits (Landtwing et al., 
2010; Stefanova et al., 2014; Monecke et al., 2018, 2023; Sun 
et al., 2021; Tsuruoka et al., 2021; Schirra et al., 2022). Re-
solving the conditions at which hypogene Cu mineralization 
is formed in porphyry deposits is key to understanding this 
deposit type and has important implications to exploration.

This contribution focuses on the description of textural re-
lationships in EB veins from the Kuh-e Janja Cu-Au porphyry 
deposit in southeastern Iran. At Kuh-e Janja, biotite-rich veins 
are mostly barren, although some veins contain chalcopyrite 
and pyrite. Microtextural observations reveal that sul�de min-
erals present in the EB veins and alteration envelopes some-
times clearly crosscut the biotite and formed during a later 
hydrothermal overprint within the EB veins. The �ndings at 
Kuh-e Janja suggest that the paragenetic relationships of early 
biotite-rich veins cannot be simply constrained by macroscop-
ic observations, as clear evidence for the late overprint is not 
commonly identi�able at the hand-specimen scale.

Regional Geology

The Kuh-e Janja Cu-Au porphyry deposit is located 60 km 
southeast of Nehbandan in the Sistan and Baluchestan prov-
ince, southeastern Iran (Fig. 1A). The deposit is situated 
within the Eastern Iranian orogen, which is a N-trending 
900-km-long mountainous belt along the border between 
Iran, Afghanistan, and Pakistan (Stöcklin, 1968). The Eastern 
Iranian orogen formed as the result of northeastward-directed 
subduction of a Sistan ocean basin and middle Eocene colli-
sion of the Lut microcontinent in the west and the Afghan 
microcontinent in the east (Camp and Grif�s, 1982; Tirrul et 
al., 1983; Fotoohi Rad et al., 2005; Saccani et al., 2010; Angi-
boust et al., 2013; Bonnet et al., 2018).

The rocks in the Eastern Iranian orogen are divided into 
three main geologic elements (Fig. 1A). This includes the 
Ratuk complex in the east and the Neh complex in the west, 
which are interpreted to represent the former accretionary 
prism. Both complexes contain a wide variety of rock types, in-
cluding Late Cretaceous ophiolite and mélange as well as Late 
Cretaceous to Eocene phyllite. Late Cretaceous to Paleogene 
marine sedimentary rocks deposited in the Se�dabeh fore-arc 
basin onlap both complexes, although present contacts are 
generally tectonic. In contrast to the highly tectonized rocks 
of the Ratuk and Neh complexes, the sedimentary rocks in the 
Se�dabeh basin exhibit a coherent stratigraphy that can be 
traced across the belt (Tirrul et al., 1983). The Se�dabeh ba-
sin contains a volumetrically small succession of calc-alkaline 
volcanic rocks (Fig. 1A), which are interpreted to be subduc-
tion related (Camp and Grif�s, 1982). Typical arc-volcanic 
successions are not recognized in the Eastern Iranian orogen 
(Camp and Grif�s, 1982).

The Kuh-e Janja Cu-Au porphyry deposit is located in the 
northwestern part of the Zahedan-Nehbandan magmatic belt, 
which comprises major Oligocene to Miocene igneous cen-
ters stretching ~200 km from the city of Zahedan to the city 
of  Nehbandan in the northwest (Fig. 1A; Camp and Grif�s, 
1982). Intrusions range from calc-alkaline to shoshonitic in 
character and are mostly intermediate to felsic in composi-
tions. Several postsubduction porphyry deposits occur in the 
belt, including Kuh-e Janja (K-Ar on hornblende: 16.5 ± 2.0 
Ma; Camp and Grif�s, 1982), Kuh-e Lar (Re-Os on molybde-

nite: 31.95 ± 0.11 and 29.72 ± 0.11 Ma; Boomeri et al., 2019), 
and Kuh-e Seyasteragi (K-Ar on hornblende: 19.2 ± 1.4 Ma; 
Camp and Grif�s, 1982).

Deposit Geology

The Kuh-e Janja Cu-Au porphyry deposit has been explored 
by the Iran Minerals Production and Supply Company since 
2016. The economic potential of the deposit has been tested 
by 66 diamond drill holes for a total of ~50 km of drilling. 
Preliminary assessment indicates that Kuh-e Janja comprises 
a resource of 502.2 million tons (Mt) of ore grading 0.27% Cu 
and 0.24 g/t Au.

Porphyry mineralization at Kuh-e Janja is hosted by an in-
trusive complex that was emplaced into folded Late Creta-
ceous to Paleocene �ysch successions of the Se�dabeh fore-
arc basin (Fig. 1B). The intrusive complex comprises two 
premineralization intrusive phases, namely a diorite-grano-
diorite intrusion that has a calc-alkaline af�nity and a darker 
dioritic to gabbroic intrusion, which does not crop out on sur-
face. Both intrusions are crosscut by postmineralization horn-
blende diorite and diorite-gabbro dikes that have an east to 
northeastern trend. The contacts between the intrusive com-
plex and the �ysch host rocks are marked by a zone of hornfels 
or skarn that is up to 400 m in width (Fig. 1B). The hornfels is 
less susceptible to erosion than the intrusive rocks, forming a 
series of rugged peaks. The top of the orebody is eroded, and 
the intrusive complex is largely covered by Quaternary alluvial 
terraces (Fig. 1B).

At Kuh-e Janja, ore zones are con�ned to areas of intense 
stockwork veining and abundant disseminated sul�des located 
at about 100 m above sea level (Fig. 2). The mineralized zone 
is open to depth, as only a few deep exploration drill holes 
exist. Based on the existing drilling, the highest Cu concentra-
tions occur in the southern part of the orebody. The highest 
Au concentrations are present in the central part of the depos-
it above 250 m above sea level (Fig. 2). The hypogene Cu-Au 
mineralization at Kuh-e Janja has been overprinted by super-
gene oxidation, which resulted in the widespread replacement 
of chalcopyrite by chalcocite and covellite (Elyaspour, 2010; 
Soleymani et al., 2020).

Following the nomenclature of Gustafson and Hunt (1975) 
and Monecke et al. (2018, 2019), several distinct stockwork 
vein types have been identi�ed in drill core at the Kuh-e Janja 
Cu-Au porphyry deposit. Texturally early are EB veins that 
consist primarily of biotite, although minor amounts of anhy-
drite, magnetite, and quartz are commonly present. The most 
abundant vein type at Kuh-e Janja is A veins, which are sev-
eral millimeters to centimeters in thickness and have irregular 
to planar walls. The quartz in the A veins is grayish in color 
and vitreous. The A veins are surrounded by extensive potas-
sic alteration, which is typi�ed by abundant K-feldspar and 
shreddy biotite. Replacement of host-rock biotite and horn-
blende phenocrysts by shreddy biotite is common. In addition 
to A veins, AB veins occur in host rocks affected by potassic 
alteration. The AB veins are characterized by euhedral quartz 
crystals that are perpendicular to the vein walls or in vugs. 
Molybdenite occurs as ribbons in recrystallized quartz in the 
AB veins or as an in�ll in open spaces between the euhedral 
quartz crystals. The AB veins crosscut potassic-altered rock, 
suggesting that the veins formed under conditions of biotite 
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stability. Zones of high Cu grades at Kuh-e Janja are typi�ed 
by abundant C veins, which are hairline fractures coated by 
chalcopyrite and pyrite. Minor chlorite is present in the hair-
line fractures and narrow alteration envelopes. However, in 

many cases the hairline fractures with sul�de coatings run 
along earlier stockwork veins. In these cases, chlorite altera-
tion envelopes are commonly dif�cult to identify in hand 
specimens or with a hand lens. Late D veins consisting of vari-

Fig. 1. Geologic setting of the Kuh-e Janja Cu-Au porphyry deposit. A. Map of the Eastern Iranian orogen and locations of 
porphyry deposits of the Zahedan-Nehbandan magmatic belt (modi�ed from Camp and Grif�s, 1982; Tirrul et al., 1983; 
Boomeri et al., 2020). B. Map of the deposit area showing the distribution of intrusive rocks that have been emplaced in �ysch 
host rocks. The contact zone is marked by a zone of hornfels (modi�ed from Parsolang Engineering Consultant Company, 
unpub. report, 2016, Final report of the preliminary exploration phase of the Kuh-e Janja prospect area, 176 p.). Porphyry 
deposits: KJ = Kuh-e Janja, KL = Kuh-e Lar, KM = Kuh-e Malek Siah, KS = Kuh-e Seyasteragi. 
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able proportions of pyrite and quartz, associated with intense 
and texturally destructive sericite alteration of the host rocks, 
are abundant throughout the deposit. Rare polymetallic E 
veins containing sphalerite, galena, and minor chalcopyrite 
also occur. Outside of the immediate deposit area, the intru-
sive rocks and the sedimentary host rocks have been affected 
by propylitic alteration characterized by epidote, chlorite, py-
rite, and calcite.

Results

Logging of selected exploration drill core showed that EB 
veins at Kuh-e Janja typically are planar hairline fractures 
�lled by biotite (Fig. 3A). In some cases, the hairline fractures 
are surrounded by EDM alteration halos up to 5 mm in width 
(Fig. 3B). The amount of biotite in the EB veins is variable, 
with some of the hairline fractures being �lled by biotite over 
strike lengths of several centimeters while others only contain 
patchy biotite along the fractures. Some of the EB veins are 
partially �lled by vitreous gray quartz or show gradations from 
biotite to rich in quartz (Fig. 3A, C). Most of the veins are 

barren and lack sul�de minerals, although grains of pyrite and 
chalcopyrite can be present (Fig. 3A, C). The hairline frac-
tures are commonly surrounded by potassic alteration halos 
that are rich in K-feldspar and typically pink in color (Fig. 
3A). EDM alteration envelopes frequently grade outward into 
alteration halos containing abundant K-feldspar (Fig. 3B).

Core logging also con�rmed that the EB veins formed ear-
ly in the evolution of the magmatic-hydrothermal system at 
Kuh-e Janja. The hairline fractures containing abundant bio-
tite and the EDM alteration halos are consistently crosscut 
by A veins consisting of vitreous gray quartz, or grade into 
fractures �lled with quartz that is texturally indistinguishable 
from quartz forming A veins (Fig. 3B, C). Rare examples of 
AB veins crosscutting or reopening the EB veins have been 
observed. The EB veins are also crosscut or refractured by C 
veins that are primarily composed of chalcopyrite and pyrite. 
The C veins are surrounded by pale-green to brown alteration 
halos containing chlorite (Fig. 3D).

Representative EB veins were selected for thin-section 
preparation to unravel textural relationships at the microscale. 

Fig. 2. Distribution of Cu and Au grades along a north-south section through the Kuh-e Janja Cu-Au porphyry deposit. The 
location of the section is shown in Figure 1B. Data provided by the Iran Minerals Production and Supply Company (unpub. 
report, 2022). Abbreviation: a.s.l. = above sea level. 

′
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Optical microscopy con�rmed that many of the EB veins con-
tain anhydrite, magnetite, and/or quartz (Fig. 4A-C). Optical 
cathodoluminescence (CL) microscopy using a HC5-LM hot 
cathode CL microscope by Lumic Special Microscopes, Ger-
many, was conducted to further study the quartz and anhydrite 
in the EB veins, with the instrument operated at 14 kV and a 
current density of ~10 µA mm–2 (Neuser, 1995). The quartz 
shows a stable blue CL emission, which is characteristic of 
high-temperature quartz in porphyry deposits (Monecke et 
al., 2018, 2023; Sun et al., 2021; Tsuruoka et al., 2021). The 
quartz forms anhedral grains that lack primary growth zon-
ing. Anhydrite in the EB veins is brownish red in color and 
exhibits complex zoning patterns (Fig. 4D). The textural rela-
tionships observed do not conclusively constrain the timing of 

anhydrite, magnetite, and quartz formation. All three miner-
als could have precipitated with the biotite in the EB veins 
or may have been deposited during a later, high-temperature 
overprint of the EB veins.

Careful petrographic investigations were conducted to un-
ravel the paragenetic relationships between the biotite and 
the hypogene Cu sul�des. In most cases, where chalcopyrite 
was observed in EB veins in drill core, the EB veins appear 
to have been refractured by a C vein that runs parallel to the 
biotite vein. However, EB veins are also crosscut by thin C 
veins at an angle providing unequivocal textural evidence for 
a paragenetically late introduction of the hypogene Cu sul-
�des (Fig. 5A). In the case of narrow C veins, the chalcopy-
rite forming these veins frequently dissects some of the larger 

Fig. 3. Core samples showing crosscutting relationships between early biotite (EB) veins and later stockwork vein types at 
the Kuh-e Janja Cu-Au porphyry deposit. A. Hairline EB veins (arrows) surrounded by potassic alteration envelopes that are 
distinctly pink in color. The amount of biotite along the hairline fractures is variable. Quartz and chalcopyrite are present 
along the same fractures. Sample BH-68-779. B. Early dark micaceous alteration halo surrounding a hairline fracture. The 
alteration halo is crosscut and offset by a narrow A vein. Sample BH-68-795. C. EB vein (arrow) that changes compositionally 
along the hairline fracture. In the lower part of the core image, the hairline fracture is primarily �lled by biotite and contains 
minor chalcopyrite. In the upper part of the image, the same hairline fracture is dominated by quartz. The hairline fracture is 
crosscut by several A veins. Sample BH-68-586. D. Hairline EB vein (arrows) that is crosscut and offset by a C vein containing 
abundant pyrite and some chalcopyrite. The C vein is surrounded by a pale-green to brown alteration envelope. Thin-section 
inspection shows that this alteration halo consists primarily of dark chlorite. Sample BH-68-686.



6 SCIENTIFIC COMMUNICATIONS

biotite grains (Fig. 5A-D) or encloses small clasts of biotite 
(Fig. 5D). The textural relationships are inconsistent with the 
chalcopyrite being formed together with the biotite in the 
EB veins. No intergrowths of sul�de minerals with biotite, or 
the early high-temperature quartz present in some of the EB 
veins, were observed.

In some cases, biotite in contact with chalcopyrite in over-
printed EB veins is largely unaltered (Fig. 5A), and only rare 
chlorite is present along the contacts and is only visible at high 
magni�cation. This may suggest that chalcopyrite deposition 
along the fractures reopening earlier EB veins took place large-
ly at the conditions of biotite stability. In other cases, biotite is 
chloritized along contacts with crosscutting chalcopyrite and py-

rite veins, providing unequivocal evidence that chlorite stability 
frequently prevailed during sul�de deposition (Fig. 5B-D). 

Discussion and Conclusions

The study at Kuh-e Janja demonstrates that EB veins at this 
deposit are texturally early. The veins consisting primarily of 
biotite are crosscut by all younger vein generations recog-
nized. This is consistent with other studies on porphyry de-
posits (Meyer, 1965; Brimhall, 1977; Gustafson and Quiroga, 
1995; Atkinson et al., 1996; Rusk et al., 2008; Proffett, 2009; 
Redmond and Einaudi, 2010; Cernuschi et al., 2018, 2023; 
Ouyang et al., 2021), demonstrating that biotite-rich veins 
and alteration envelopes are early and were formed at high 

Fig. 4. Textural relationships in early biotite (EB) veins at the Kuh-e Janja Cu-Au porphyry deposit. A. EB vein containing 
anhydrite, magnetite, and quartz. Crossed-polarized light image. The rectangle shows the location of the high-magni�cation 
images in Figure 4B-D. The textural relationships are inconclusive and do not allow determination of the timing relationship 
between the different minerals. It is possible that the biotite formed with anhydrite, magnetite, and quartz. However, it can-
not be ruled out that these minerals formed after the biotite because of a later overprint of the EB vein. B. High-magni�cation 
image showing the textural relationships in the EB vein. Plane-polarized light image. C. Corresponding crossed-polarized 
light image. D. Optical cathodoluminescence image showing the light-brown color of the anhydrite during electron bombard-
ment. Quartz in the vein exhibits a dark-blue emission. The cathodoluminescence signal is optically similar to quartz present 
in A veins, suggesting that the quartz formed at high temperatures. All images from sample BH-68-782. Abbreviations: Anh 
= anhydrite, Bt = biotite, Kfsp = K-feldspar, Mag = magnetite, Qz = quartz.
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temperatures. Quartz solubility modeling by Monecke et al. 
(2018, 2019) showed that the apparent lack of quartz in the 
high-temperature EB veins can be related to their formation 
during quasi-isobaric cooling of single-phase magmatic-hy-
drothermal �uids at temperatures as high as ~500° to 650°C 
and pressures of up to 900 bar. 

At the high formation temperatures of the EB veins, 
the host rocks exhibit ductile behavior. Early �uid �ow 
through the ductile rock occurs through permeability cre-
ated when the �uid pressures exceed the criterion for rock 
failure, which is above lithostatic for ductile rock. Numeri-

cal simulations by Weis et al. (2012) demonstrate that the 
 magmatic-hydrothermal �uids responsible for the potassic 
alteration in the core of porphyry deposits move through the 
ductile rocks as plumes of rapid overpressure-permeability 
waves. It is envisaged here that these waves of high-tempera-
ture magmatic-hydrothermal �uids moving through the duc-
tile host rock resulted in the formation of the EB veins and 
the later quartz-bearing A veins that are also associated with 
potassic alteration of the host rocks.

In many cases, early EB veins at Kuh-e Janja were over-
printed during the later stages of porphyry vein formation 

Fig. 5. Textural relationships in early biotite (EB) veins at the Kuh-e Janja Cu-Au porphyry deposit. A. EB vein that is 
crosscut by a hairline fracture that is �lled by chalcopyrite. The hairline fracture is at a low angle to the EB vein and dissects 
some of the large biotite �akes. Microscopically, the biotite appears largely unaltered in contact with the chalcopyrite. At 
high magni�cation, however, minor chlorite alteration of biotite can be observed along the hairline fracture. Plane-polarized 
and re�ected light. Sample BH68-787. B. Biotite that is crosscut by a hairline fracture �lled with chalcopyrite. The biotite 
in the upper part of the photomicrograph forms part of an early dark micaceous alteration halo. Biotite in the lower part of 
the photomicrograph is located in the wall rock outside the alteration halo. Biotite in contact with the chalcopyrite as well 
as biotite in the wall rock has been partially replaced by chlorite. The rectangle shows the location of the high-magni�cation 
image in D. Plane-polarized light. Sample BH-68-785. C. Same �eld of view in crossed-polarized and re�ected light showing 
the distribution of chalcopyrite along the hairline fracture crosscutting the earlier biotite. The rectangle shows the location 
of the high-magni�cation image in D. D. High-magni�cation image showing the partial replacement of biotite by chlorite. 
Chloritization of the biotite occurred along the hairline fracture that is partially �lled with chalcopyrite. Sample BH-68-785. 
Abbreviations: Bt = biotite, Chl = chlorite, Cpy = chalcopyrite.
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with later quartz or other gangue minerals occurring in the 
vein center or along the vein margins. Based on the micro-
textural observation, it is unclear whether the small amounts 
of high-temperature anhydrite and quartz present in some 
EB veins were coprecipitated with the biotite or introduced 
during reopening by later A veins. Anhydrite and quartz in 
A veins show identical petrographic characteristics and CL 
emission colors. In some cases, the EB veins are crosscut or 
reopened by AB veins, which are characterized by euhedral 
quartz crystals oriented perpendicular to vein walls or occur 
within vugs. Monecke et al. (2018) demonstrated that the 
euhedral quartz in AB veins forms close to the ductile-brittle 
transition at <500°C that is marked by signi�cant pressure 
�uctuations due to cycling between lithostatic and hydrostatic 
conditions (Gustafson and Hunt, 1975). 

Most EB veins at Kuh-e Janja do not contain chalcopyrite 
or pyrite, and this vein type is not abundant in ore zones. 
Representative hand specimens of biotite-rich veins host-
ing sul�de minerals were investigated microscopically in 
this contribution to unravel paragenetic relationships. In EB 
veins investigated petrographically, there are cases that show 
conclusive evidence that chalcopyrite and pyrite are textur-
ally late and have not formed in association with biotite or 
high-temperature quartz that may be part of the EB veins 
or introduced during reopening of the EB veins during A or 
AB vein formation. The sul�de minerals are not intergrown 
with biotite. The high-temperature quartz does not contain  
encapsulated sul�de inclusions along growth zones. Chalcopy-
rite and pyrite appear to be paragenetically late, as microfrac-
tures containing them crosscut EB veins and the halos around 
them. At Kuh-e Janja, these microfractures are interpreted 
to be C veins. EB veins are refractured or crosscut by the C 
veins at low angles as the later �uid �ow exploited preexisting 
structural weaknesses.

In many cases, hairline fractures coated with chalcopyrite 
and pyrite are associated with chlorite alteration of igneous 
or earlier formed hydrothermal biotite. In other cases, sul-
�de minerals are in contact with biotite, and no chlorite is 
observed with the optical microscope. Phase relationships in 
the K2O-Al2O3-SiO2-H2O-KCl-HCl system at temperatures 
below the ductile-brittle transition at 400° to 450°C suggest 
that biotite stability is primarily controlled by acidity, with 
biotite being converted to chlorite only under moderate to 
acidic conditions (Fig. 6; Seedorff et al., 2005). With further 
decreases in temperature, chlorite stability expands (Fig. 6). 
The phase relationships may explain why chlorite alteration is 
limited at Kuh-e Janja. The relative ma�c nature of the host 
rocks may have resulted in effective buffering of the acidity 
of the magmatic-hydrothermal �uids causing sul�de forma-
tion. The apparent absence of chlorite in some sul�de-bearing 
EB veins and the lack of pronounced chlorite alteration halos 
around some C veins are not reliable constraints on paragene-
sis. Moreover, it is important to note that pale-green to brown 
chlorite in alteration halos can be macroscopically mistaken 
for biotite (Reynolds and Beane, 1985).

The case study at Kuh-e Janja highlights that correct identi-
�cation of paragenetic relationships in porphyry veins can be 
misleading at the hand-specimen scale. Overprinting of the 
earlier veins results in textural relationships that are complex 
even at the microscopic scale. Previous studies establishing 

the timing of hypogene Cu mineralization in porphyry depos-
its based on macroscopic observations should, therefore, be 
viewed with skepticism.

The �ndings at Kuh-e Janja add to the growing evidence 
from microscopic studies that Cu mineralization in at least 
some Cu-Mo and Cu-Au porphyry deposits is introduced late 
in the evolution of the magmatic-hydrothermal systems dur-
ing C vein formation at temperatures below the ductile-brittle 
transition (Hedenquist et al., 1998; Landtwing et al., 2010; 
Bennett et al., 2014; Stefanova et al., 2014; Monecke et al., 
2018, 2023; Sun et al., 2021; Tsuruoka et al., 2021; Schirra et 
al., 2022). At these temperatures the host rocks are brittle, 
allowing ore deposition along microfractures at hydrostatic 
pressures (Weis et al., 2012). The Bingham Canyon deposit 
in Utah is a prominent example of a Cu-Au porphyry deposit 
in which microscopic studies suggest that the hypogene Cu 
mineralization has been introduced at relatively low tempera-
tures (Landtwing et al., 2010; Bennett et al., 2014; Monecke 
et al., 2018). At Bingham Canyon, Landtwing et al. (2010) 
showed that the deposition of chalcopyrite and bornite was 
associated with the dissolution of earlier-formed quartz. Mo-
necke et al. (2018, 2019) demonstrated that late hypogene Cu 
mineralization occurs under conditions of retrograde quartz 
solubility at <450°C, explaining why the sul�de-bearing C 
veins in porphyry deposits do not typically contain quartz as 
a gangue mineral. Microtextural observations similar to those 
at Bingham Canyon have been reported from many porphyry 
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 SCIENTIFIC COMMUNICATIONS 9

deposits, including Batu Hijau in Indonesia (Schirra et al., 
2022), Elatsite in Bulgaria (Stefanova et al., 2014), Erdenetiin 
Ovoo in Mongolia (Monecke et al., 2023), Far Southeast in 
the Philippines (Hedenquist et al., 1998; Bennett et al., 2014; 
Calder et al., 2022), Santa Rita in New Mexico (Tsuruoka et 
al., 2021), and Yulong in China (Sun et al., 2021).
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