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As so ci ate Ed i tor: Jacek Szczepañski

The Sar-e-Yazd Cu (Mo) de posit is lo cated in the Naein-Jiroft mag matic belt or Kerman belt. It is in the south ern part of the
Ce no zoic Saveh-Nain-Jiroft mag matic belt of Iran. This de posit is spa tially as so ci ated with Oligocene shal low por phy ritic
por phy ries in truded into dacite por phyry to por phy ritic quartzdiorite and mid dle Eocene volcanoclastic rocks. Hypogene ore
min er als in clude chal co py rite, mag ne tite, pyrrhotite, mo lyb de nite, bornite and py rite oc cur ring as veinlets and dis sem i na -
tions mostly in the both in tru sive rocks. Hy dro ther mal al ter ation from in side to out side is marked by potassic, car bon ate al ter -
ation, an ex ten sive phyllic as sem blage and ir reg u lar zones of propylitic (actinolite, epidote and chlorite sub-zone) and clay
as sem blages with no con sis tent zon ing pat terns. The study of faults in the area re veals that, in gen eral, they align with the
pre-ex ist ing joints in the struc ture of the Sani Abad syncline. These faults are at trib uted to an cient frac tures within the
right-lat eral shear sys tem be tween the Anar and Dehshir right-strik ing faults. Three sets of faults are rec og nized in the east -
ern Mehriz area (Sar-e-Yazd re gion): 1– longitudinal di rec tion joints (or ten sion faults), along with early in tru sions and the
first group of dykes with WNW–ESE ex ten sion, are at trib uted to old T2 frac tures in the shear sys tem. How ever, the sec ond
group of later dykes, of ten in truded in a N–S di rec tion, is at trib uted to ten sile frac tures in the T1 shear sys tem, 2 – cross di rec -
tion joints (or ex pan sion faults) and 3 – diagonal di rec tion joints (or shear faults; the late in tru sive, branches of the epi ther mal
Cu-Fe and the Pb-Zn apophyse in trud ing aligned with these faults di rec tion. The veins shows two main trends: a- ten sion
split is re lated to T1 and ten sile frac tures (epi ther mal Cu-Fe veins) and b- the pen nant vein pat tern is re lated to R/R’ di ag o nal
frac tures. Frac tures with the NW–SE trend (R), which are mostly filled by iron ox ides, are youn ger and don’t have an ef fec tive 
role in min er al iza tion and it seems that the frac tures with the R’ shear sys tem have been ef fec tive in the place ment of in tru -
sive. The to tal av er age of the high est me tal lic min er al iza tion is en riched in supergene zone at each bore holes (BH): BH01,
BH03, BH04 and BH23. 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 in clu sion stud ies in di cate a wide range of ho mog e ni za tion tem per a tures in the veinlets and phyllic por phy ritic
quartzdiorite al ter ation, rang ing from 136°C to 542°C, with sa lini ties of 4–62 wt.% NaCl equiv a lent. The co ex is tence of
vapour-rich in clu sions (F3 type) with high sa lin ity and liq uid-rich in clu sions (F2 type) with sim i lar Th val ues pro vides strong
ev i dence for boil ing. Parts of the cop per con tent in the so lu tion could be de pos ited as a re sult of boil ing pro cesses as chal co -
py rite which was the ma jor min eral at the Sar-e-Yazd de posit (sim i lar to por phyry cop per de pos its). The anal y sis of bore hole
sam ples in di cates a mod er ate cor re la tion be tween Cu and Mo, sug gest ing por phyry Cu (Mo) de pos its in Sar-e-Yazd. Cu also 
shows a strong cor re la tion with Pb, Zn, and Ag, which are key in di ca tor el e ments of these de pos its. Fi nally based on the dis -
tri bu tion and zon ing of the main metal ores, the por phyry min er al iza tion of Sar-e-Yazd shows a sig nif i cant re sem blance to
the Cu-Mo min er al iza tion in the Min eral Park de posit in Ar i zona.

Key words: fluid in clu sion, ore min er al iza tion, geo chem is try, Sar-e-Yazd, Cu (Mo) Por phyry, Saveh-Nain-Jiroft mag matic
belt, Iran.

INTRODUCTION

Cu por phyry de pos its are sig nif i cant sources of cop per,
formed from hy dro ther mal flu ids orig i nat ing from a large magma
cham ber sev eral kilometres be low the Earth’s sur face (Sillitoe,
2010). These de pos its are char ac ter ized by dis sem i nated cop -
per min er als within a large vol ume of rock, of ten as so ci ated with

por phy ritic in tru sive rocks (Cox, 1986). The for ma tion pro cess in -
volves mul ti ple stages of hy dro ther mal al ter ation, cre at ing a core
of dis sem i nated ore min er als sur rounded by suc ces sive en ve -
lopes of al tered rock (Shanks III et al., 2012). Por phyry cop per
sys tems are mainly de vel oped at con ver gent plate mar gins, in -
clud ing con ti nen tal mar gin and is land-arc set tings (Sillitoe,
2010), where subduction of oce anic crust is re lated to arc-type
magmatism that gen er ates most of the hy drous, ox i dized up per
crustal granitoids ge net i cally re lated to ores. In these mag matic
arcs, de for ma tion can be very com plex, and por phyry cop per de -
pos its can form in a va ri ety of tec tonic set tings (Rich ards, 2009).
They are eco nom i cally im por tant due to their large size and the
rel a tively low cop per con cen tra tions re quired for prof it able ex -
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trac tion (Singer, 1995). In ad di tion to cop per, these de pos its of -
ten con tain valu able by-prod ucts like Mo, Au, and Ag. In this
work, we pres ent data on the main geo log i cal fea tures of the
Sar-e-Yazd Cu (Mo) de posit. Con sid er ing that no de tailed and
com pre hen sive study has been done, the au thors in tend to dis -
cuss ore for ma tion con di tions us ing a multidisciplinary ap proach. 
This in cludes field work, log ging drill cores, mi cro scopic in spec -
tions, and geo chron ol ogy to con duct a more de tailed in ves ti ga -
tion into the ge ol ogy, hy dro ther mal al ter ation, fluid in clu sion
study, geo chem is try and the re la tion ship of min er al iza tion with
fault struc tures. The Sar-e-Yazd Cu (Mo) de posit is char ac ter -
ized by por phyry-style min er al iza tion and is lo cated within the
Naein-Jiroft mag matic belt (NJMB) or Kerman cop per belt (KB)
in the south ern part of the Ce no zoic Saveh-Naein-Jiroft mag -
matic belt (SNJMB) of Iran (Fig. 1). Iran’s sig nif i cant por phyry
cop per belts can be cat e go rized into three mag matic belts
(Karimpour et al., 2021): 1 – Saveh-Naein-Jiroft mag matic belt
(SNJMB): this belt is a sig nif i cant geo log i cal for ma tion that has
been pro posed as a re place ment for the pre vi ously rec og nized
Uromieh-Dokhtar mag matic belt, par tic u larly noted for its pre -
dom i nance of Mio cene age ig ne ous 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
sig nif i cant (Fig. 1). These de pos its are as so ci ated with Ter tiary
granitoids. The Saveh-Nain-Jiroft mag matic belt ex tends from
Saveh to Jiroft with a NW–SE trend and hosts the most sig nif i -
cant por phyry cop per de pos its in Iran. No ta ble de pos its be tween
Saveh and Naein in clude Dalli, Kahang, Darreh Zereshk, and Ali
Abad, have been iden ti fied as orig i nat ing from the early to mid dle 
Mio cene. How ever, the most im por tant and larg est por phyry
cop per de pos its in Iran are con cen trated be tween Naein and
Jiroft, an area also known as the Kerman cop per por phyry belt.
The granitoids and vol ca nic rocks in this zone range from the
Paleocene to Pleis to cene and are re lated to the Neo-Tethyan
subduction zone (Agard et al., 2005, 2011; Omrani et al. 2008;
Sarjoughian and Kananian, 2017). The por phyry de pos its in this
sec tion are mostly Oligocene-Mio cene in age (Shafiei, 2010;
Aghazadeh et al., 2015). The Naein-Jiroft or Kerman cop per belt
is one of Iran’s most prom is ing cop per zones. Over 200 de pos its
and signs of cop per min er als have been iden ti fied in this belt
(Ghorbani, 2013). To date, 20 known cop per de pos its with ev i -
dence of por phyry have been dis cov ered in that re gion
(Ghorbani, 2013). Sarcheshmeh, the larg est por phyry cop per
mine in Iran, is lo cated in this sec tion. The Sar- e-Yazd Cu (Mo)
de posit is sit u ated 4 km south of Sar- e-Yazd vil lage, 5 km east of 
Mehriz, and 24 km south of Yazd (Fig. 1). In the re port on the
com ple tion of ex plo ra tion ac tiv i ties at Sar-e-Yazd, fo cus ing on
the Mehriz min ing area and geo log i cal map ping, Moayyed
(2019) pro vides a com pre hen sive over view of the un der taken
ex plo ra tion ac tiv i ties. The re port out lines the meth od ol o gies em -
ployed in geo log i cal map ping, in clud ing field sur veys and sam -
pling tech niques, which were uti lized to as sess the min eral po -
ten tial of the re gion. The max i mum depth of bore holes in the
Sar-e-Yazd por phyry de posit is 776 m. Min er al iza tion at Sar-
e-Yazd oc curs mainly in por phy ritic granodiorite and dacite por -
phyry to por phy ritic quartzdiorite rocks. The zon ing pat tern and
dis tri bu tion of al ter ation as sem blages and fluid in clu sion stud ies
make the Sar-e-Yazd Cu (Mo) de posit sim i lar to other known
por phyry sys tems in the NJMB or Kerman cop per belt (KB), in -
clud ing the world-class Sarcheshmeh (Water man and Ham il ton,
1975), Meiduk (Alirezaei et al., 2013), and Daraloo
(Alimohammadi et al., 2015). How ever, the age of the
Sar-e-Yazd por phyry de posit (Oligocene), based on geo log i cal
map ping (Moayyed, 2019) is dis tinctly older than the mid dle to
late Mio cene re ported for most por phyry Cu de pos its south of the 
Sar-e-Yazd Cu (Mo) de posit (Sarcheshmeh and Meiduk). A sim -

i lar Oligocene age has been re cently re ported for the Bon -
dar-e-Hanza por phyry (Mohebi, 2015) and Takht-e-Gonbad cop -
per de posit (Hosseini et al., 2017) in the NJMB or Kerman cop per 
belt. These two de pos its and the Sar-e-Yazd de posit oc cur to -
wards the south ern mar gin of the KB and im ply a dis crete ep i -
sode of cop per min er al iza tion, likely be fore col li sion.

GEOLOGICAL SETTING

REGIONAL GEOLOGY

As men tioned above, the Sar-e-Yazd Cu (Mo) de posit, lo -
cated to the east of Mehriz, is sit u ated within the Yazd block of
Cen tral Iran, and is in flu enced by the Ce no zoic magmatism of
the Naein-Jiroft Mag matic Belt (NJMB) in the Zagros Orogenic
Belt. Based on Alavi (1994) the south east ern Zagros Orogenic
Belt in Iran con sists of three par al lel tec tonic sub di vi sions, from
north-east to south-west: 1 – Urumieh-Dokhtar Mag matic As -
sem blage (ADMA); 2 – Sanandaj-Sirjan Zone (SSZ); 3 –
Zagros Fold-Thrust Belt (ZFTB). The Urumieh-Dokhtar Mag -
matic belt is an ensialic in tru sive-ex tru sive com plex, con -
structed by subduction of the Neo-Tethyan oce anic litho sphere
un der neath the Ira nian ter ranes in a con ti nen tal is land arc set -
ting (Berberian et al. 1982; Shahabpour, 2007). How ever, as is
shown in Fig ure 1 based on new re search by Karimpour et al
(2021), due to the ev i dence of lack of magmatism be tween
Saveh to the ex tent of Takab and ab sence of air mag net anom -
aly the name of UDMA was changed to Saveh-Nain-Jiroft mag -
matic belt (SNJMB) and magmatism of Urumieh to Takab is a
con tin u a tion of the west ern Alborz mag matic belt (AMB). As de -
picted in Fig ure 1, Sar-e-Yazd por phyry Cu (Mo) de posit is an
un known por phyry cop per de posit of Iran, lo cated in the
Saveh-Naein-Jiroft mag matic belt (SNJMB). The main mag -
matic ac tiv i ties of the SNJMB are re lated to the Ter tiary pe riod.
The mag matic ac tiv i ties started from the Paleocene and con tin -
ued un til the end of the Pleis to cene (Alavi, 2007; Chiu et al.,
2013; Hosseini et al., 2017; Fazeli et al., 2017). These ig ne ous
rocks in clude both in tru sive and vol ca nic units.

Dur ing the mid dle Eocene pe riod, ig ne ous ac tiv i ties peaked
and were fol lowed by ex ten sive vol ca nic ac tiv ity, which is vis i ble 
through out the belts (Alavi, 2007). Based on the char ac ter is tics
of magmatism and min er al iza tion, SNJMB can be di vided into
two dis tinct belts: 1 – Saveh-Naein Mag matic Belt (SNMB),
which mainly con sists of non-adakitic bar ren I-type mag netic
granitoids, 2 – Naein-Jiroft Mag matic Belt (NjMB) which hosts
por phyry cop per de pos its. The Mio cene granitoids of this belt
are mag ne tite se ries and I-type adakite. Geochemically,
adakitic vol ca nic rocks are sim i lar to the fer tile adakitic
granitoids of NJMB, but these units lack any min er al iza tion.

LOCAL GEOLOGY

The old est ob served rock units in the south west of Mehriz
are part of the Ju ras sic Shemshak for ma tion and the Shir-Kuh
gran ite batholith, as noted by Nabavi in 1972. The Shemshak
for ma tion is pri mar ily char ac ter ized by a se quence of sed i men -
tary rocks that of fer in sights into the geo log i cal his tory and
palaeoenvironment of the Ju ras sic pe riod. This for ma tion plays
a cru cial role in un der stand ing the strati graphic evo lu tion in the
re gion. On the other hand, the Shir-Kuh gran ite batholith ex em -
pli fies ig ne ous ac tiv ity from the same era, in di cat ing sig nif i cant
geo log i cal pro cesses such as vol ca nic ac tiv ity and tec tonic
move ments that con trib uted to the re gion’s cur rent geo log i cal
frame work. The Ju ras sic Shemshak for ma tion ex hib its sig nif i -
cant geo log i cal char ac ter is tics due to its in ter ac tion with the
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Shir-Kuh gran ite batholith. This gran ite batholith, which in truded 
into the sur round ing sed i men tary rocks, has led to con tact
meta mor phism in the Shemshak for ma tion. In the south west of
Mehriz, the early Cre ta ceous for ma tion is ob served to un con -
form ably over lie the Shir-Kuh gran ite batholith, in di cat ing a sig -
nif i cant geo log i cal re la tion ship be tween these two for ma tions.
This un con formity sug gests a pe riod of ero sion or non-de po si -
tion that oc curred be tween the for ma tion of the gran ite batholith
and the de po si tion of the Cre ta ceous sed i ments. The Cre ta -
ceous sed i men tary se ries in this re gion is di vided into three dis -
tinct parts: the lower Sangestan for ma tion, the mid dle Taft for -

ma tion, and the up per Darreh-Zanjir for ma tion. The Sangestan
for ma tion is a sig nif i cant geo log i cal for ma tion char ac ter ized pri -
mar ily by its clastic sed i ments, which in clude var i ous types of
rock frag ments such as con glom er ate, sand stone, shale, silt -
stone, and oolitic lime stone. In the area, a thick se quence of
Sangestan sed i ments is ex posed, rest ing un con form ably on
the Ju ras sic Shir-Kuh gran ite or the con tact meta mor phic
Shem shak for ma tion. The Taft for ma tion in cludes or ganic mat -
ter-rich shale, siltstone, lime stone and do lo mite. The Darreh-
Zanjir for ma tion com prises of shale, chert-bear ing bed ded lime -
stone and marl rocks, over lies con cor dantly on the Taft for ma -
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Fig. 1. Paleogene magmatism is the most vo lu mi nous mag matic ep i sode in Iran and in cludes the Saveh-Naein-Jiroft
magmatic belt (SNJMB), Lut mag matic belt (LMB) and Alborz mag matic belt (AMB)

 The lo ca tion of the Sar-e-Yazd por phyry Cu (Mo) de posit in the Naein-Jiroft mag matic belt (NJMB) or Kerman por phyry belt (KB)
a part of Saveh-Naein-Jiroft mag matic belt is be tween the Sanandaj-Sirjan zone (SSZ) and the Cen tral Ira nian zone (CIM),
NJMB or Kerman por phyry cop per belt is lo cated be tween two im por tant faults of Dehshir or Naein-Baft and Nayband (NBF). The
Dehshir and Anar faults limit the stud ied area from the east and west



tion. In the east ern part of Mehriz (Sar-e-Yazd area), the out -
crops are pri mar ily com posed of Ce no zoic vol ca nic and
volcanoclastic se quences. These Ce no zoic rocks are in truded
by a shal low dacite por phyry to por phy ritic quartzdiorite and
por phy ritic granodiorite in the Sar-e-Yazd area (Figs. 1 and 2).
The Ce no zoic in the Nain-Jiroft Mag matic Belt (NjMB) is di vided 
into two im por tant vol ca nic and plutonic parts. The Naein-Jiroft
Mag matic Belt (NJMB) re gion is gen er ally char ac ter ized by vol -
ca nic ac tiv ity dur ing the Up per Cre ta ceous and Eocene pe ri -
ods, and plutonic ac tiv ity dur ing the Eocene-Oligocene and
Mid dle Mio cene pe ri ods. These geo log i cal events co in cide with 
the Pyr e nean and Styrian orogenic phases, which are con sid -
ered to have stim u lated pre heated ar eas due to prior vol ca nic
ac tiv ity (Stocklin, 1968). The most con sid er able Ce no zoic rock
units in the Mehriz area are the Kerman con glom er ate and the
Eocene vol cano-volcanogenic se quence. Re gion ally, vol ca nic
rocks se quence con sists of an de site, ba salt and andesitic ba -
salt as well as volcanoclastic rocks (lethetic tuff, acidic crys tal
tuff, sandy tuff, tuff brec cia, and ignimbrite), the age of which is
Eocene (Moayyed, 2019; Fig. 2). Also based on the field stud -
ies of the cur rent re search, in the cen tral area, in the pe riph ery
of the Cu (Mo) Sar-e-Yazd de posit out crops are mainly of Ter -
tiary age. Out crops con sist of Eocene volcanics and volcano -
clastics as well as Oligo-Mio cene dacite por phyry to por phy ritic
quartzdiorite and late diabasic dyke, which cut across ear lier

rocks. Volcanoclastic rocks con sist of strat i fied green car bon ate 
tuff, lithic andesitic tuff, argillic crys tal line tuff, and strat i fied red
silty cal car e ous tuff Volcanics are quartz an de site por phyry that
form the sum mit of the peaks. The em place ment of in tru sive
rocks and the for ma tion of dykes within geo log i cal units have
sig nif i cantly in flu enced their struc tural dy nam ics and min eral
com po si tion. As these in tru sive for ma tions pen e trate ex ist ing
rock units, they cre ate new path ways and voids, fa cil i tat ing
changes in min er al iza tion pro cesses. In par tic u lar, the min er al -
ized sil ica veins within these units have ex panded due to the in -
creased heat and pres sure as so ci ated with the in tru sions
(Figs. 2 and 3). Sub se quently, later, hid den por phy ritic grano -
diorite in truded in side this ear lier suite, be com ing vis i ble in
depth of bore hole, and is the main agent of min er al iza tion in the
Sar-e-Yazd area (Harati and Moayyed, 2020; Fig. 3).

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

The stud ied area is sig nif i cantly in flu enced by two right- lat -
eral strike-slip faults: Anar (160/85 N) and Dehshir (150/85 N),
which de fine its north-east and south-west bound aries. These
faults play a cru cial role in shap ing the geo log i cal dy nam ics of
the re gion, lead ing to the for ma tion of a right-ro tat ing shear sys -
tem (Fig. 4A). The Sani Abad syncline has been cre ated in the
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Fig. 2. Sim pli fied geo log i cal map of the Sar-e-Yazd area and cross sec tion (A–B) in N–S di rec tion (re drawn and
mod i fied af ter Moayyed, 2019)

The lo ca tions of the Sar-e-Yazd Cu (Mo) de posit is shown in the cen tral part of the map and is in di cated by some bore holes
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north-west di rec tion with ax ial line 130 N in this shear sys tem.
The study of faults in the Sar-e-Yazd area dem on strates a sig -
nif i cant cor re la tion with the pre-ex ist ing joints found within the
Sani Abad syncline struc ture. Geo log i cal in ves ti ga tions re veal
that the faults ob served in this re gion align with the an cient joint
pat terns, sug gest ing that the tec tonic his tory of the area has
played a cru cial role in shap ing its cur rent geo log i cal frame -
work. The con sis tency of these faults with the older joints in di -
cates a com plex in ter play be tween past geo log i cal events and
more re cent fault ac tiv ity. This re la tion ship pro vides valu able in -
sights into the struc tural evo lu tion of the Sar-e-Yazd area and
en hances our un der stand ing of re gional tec ton ics. Re cent stud -
ies have iden ti fied three sig nif i cant faults in the east ern Mehriz

area, spe cif i cally in the Sar-e-Yazd re gion, through a com bi na -
tion of sat el lite im ag ery and field ob ser va tions. These faults in -
clude: 1 – Lon gi tu di nal Joints: these re lease or ten sion faults
are ori ented in the 130/90 N di rec tion. They rep re sent the pri -
mary ten sile stress di rec tion, in di cat ing the pres ence of
extensional tec tonic forces in the re gion, 2 – Cross Joints: also
known as ex pan sion faults, these joints are ori ented in the
45/90 N di rec tion. They ac com mo date extensional strain and
fa cil i tate the ex pan sion of the rock mass in re sponse to tec tonic
stress and 3 – Di ag o nal Joints: these in clude oblique, dou ble,
or shear faults with ori en ta tions of 160/80 N and 20/80 N (as il -
lus trated in Fig. 4B). They form due to shear stress, re sult ing in
com plex fault in ter ac tions that ac com mo date both hor i zon tal
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Fig. 3. Com pos ite sche matic strati graphic col umns show ing the geo logic
con text of dif fer ent parts of the Sar-e-Yazd Cu (Mo) de posit (based on log ging 

of drill ing core)

Sim pli fied ge ol ogy from sur face to ~0.8 km be low sur face. Scale is ap prox i mate.
Age of li thol ogy units based on Figure 2; drawn of these col umns is based on the

Moayyed, (2019) pe trog ra phy in the Sar-e-Yazd area)



and ver ti cal dis place ments. Fig ure 4B high lights the struc tural
pat terns that dem on strate the in ter play be tween the tec tonic
set tings, the an cient syn-fold ing frac tures (faults) within the
Sani-Abad syncline and later re gion’s shear sys tem for ma tion.
Ad di tion ally, it il lus trates the re la tion ship be tween these syn-fol -
d ing frac tures and the em place ment of dikes, hy dro ther mal
veins, and por phyry cop per de pos its. The sig nif i cant an cient
frac tures and the re gion’s shear sys tem for ma tion are piv otal in
un der stand ing geo log i cal pro cesses, par tic u larly in the in tru -
sion of ig ne ous bod ies, the em place ment of dykes, and the for -
ma tion of min er al iza tion veins. In the Sar-e-Yazd area which of

syn-fold ing frac tures in clude dif fer ent type of in tru sion, dykes
and veins that: I – longitudinal frac ture or fault (par al lel to the
Zartoshti fault): the early dacite por phyry to por phy ritic
quartzdiorite in tru sions and the first group of diabasic dykes of -
ten in trude into lon gi tu di nal frac tures re sult ing from fold ing.

II – the di ag o nal frac ture or fault (par al lel to the Qarbal-
Biz-Behrok and Mehriz-Behrok faults and di ag o nally with the
Darreh Zanjir fault): the late por phy ritic granodiorite in tru sion of
in tru sive, branches of the epi ther mal Cu-Fe vein and the Pb-Zn
apophyse in truded par al lel to these faults. Fi nally III – cross
faults that align par al lel to the fault val leys on the south west ern
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Fig. 4. Sat el lite im ages show ing the lo ca tion of the Sar-e-Yazd de posit and the ma jor faults of the area rel a tive to the
Mehriz area

I – lon gi tu di nal faults (WNW), II – di ag o nal faults (NNW and NNE), III – cross faults (NE)



side of the Sani-Abad anticline have sig nif i cantly im pacted the
geo log i cal land scape, par tic u larly in the dis place ment of
Eocene vol ca nic rocks. These faults play a cru cial role in the
struc tural changes of the re gion’s rock for ma tions. The up lift
and sub si dence of rock for ma tions in the Sar-e-Yazd area are
sig nif i cantly in flu enced by the move ments and dis place ments
of these faults (Fig. 4). It is worth men tion ing that there are two
groups of dykes in the re gion, each ex hib it ing dis tinct ori en ta -
tions due to vari a tions in the shear sys tem for ma tion: first group
of dykes as men tioned above with WNW ex ten sion are at trib -
uted to old T2 frac tures by Storti et al. (2006); shear sys tem, but
the sec ond group of later diabasic dykes are of ten in truded with
N–S di rec tion that they are at trib uted to ten sile frac tures in the
T1 shear sys tem. How ever the pat tern of veins is di rectly re lated 
to the re gional stress, so the study of veins in the re gion, re veals 
two main trends: (1) ten sion splits as so ci ated with T1 and ten sile 
frac tures, which play a cru cial role in the min er al iza tion sys tem
of the re gion, and (2) the pen nant vein pat tern, which is linked to 
R/R’ di ag o nal frac tures. Frac tures with a NNW trend (R), mostly 
filled with iron ox ides, are youn ger and do not play a sig nif i cant
role in min er al iza tion. In con trast, frac tures aligned with the
NNE (north-north east) trend of the R’ shear sys tem have been
in stru men tal in geo log i cal pro cesses re lated to the em place -
ment of in tru sive rocks in the re gion. This aligns with Saric’s
(1973) the ory on the em place ment of por phy ritic in tru sions. Ac -
cord ing to stud ies con ducted on geo log i cal for ma tions, the de -
layed in tru sion of in tru sive rocks has no ta bly in creased at the
ten sion cen tres lo cated be tween di ag o nal faults. This phe nom -
e non has led to the de vel op ment of a horst and graben struc -
ture in these ar eas. The Eocene se quence has ex pe ri enced
sig nif i cant geo log i cal changes due to the in ter ac tion of com -
pres sive and ten sile forces within the re gion. The op er a tion of
faults, which pri mar ily oc cur in a com pres sive-ten sile man ner,
has played a cru cial role in shap ing the struc tural in teg rity of the
Eocene rock for ma tions.

LITHOLOGIES

Geo log i cal maps and lithological in for ma tion ob tained from
log ging drill ing cores play a cru cial role in char ac ter iz ing the ge -
ol ogy of the Sar-e-Yazd area. The out crops in this re gion pre -
dom i nantly be long to the Eocene ep och, com pris ing an de site
interlayered with tuff. Dur ing the Oligo-Mio cene pe riod, dacite
por phyry, por phy ritic quartzdiorite, and por phy ritic granodiorite
in tru sions, along with sub se quent diabasic dykes, pen e trated
the Eocene vol ca nic and volcanoclastic rocks. To gether, these
for ma tions de fine the gen eral geo log i cal frame work of the re -
gion (Harati and Moayyed, 2020).

VOLCANOCLASTIC ROCKS

The volcanoclastic rocks in the Sar-e-Yazd area are com -
posed of four pre dom i nant types of tuff: strat i fied green car bon -
ate tuff, lithic andesitic tuff, argillic crys tal line tuff, and strat i fied
red silty cal car e ous tuff (Figs. 5 and 6). The In tru sion of
intrusives within these units has al tered the sur round ing rocks,
lead ing to the ex pan sion of ore-bear ing sil ica veins.

Strat i fied green car bon ate tuff is a dis tinc tive geo log i cal
for ma tion char ac ter ized by its com po si tion, which in cludes
gran u lar and semi-rounded quartz grains, along with frag ments
of pri mary min er als. The pri mary min er als within this tuff are
pre dom i nantly fine and dis sem i nated plagioclase that have un -
der gone al ter ation to cal cite, seri cite, and clay min er als. Ferro -
mag nesi an min er als have al tered to am phi bole, pyroxene, and,
ul ti mately, gar net to epidote. These com po nents gen er ally oc -
cur as pyroclastic grains welded to gether by tuff. Ad di tion ally,

some cal cite is pres ent in the ma trix. The abun dance of gran u -
lar quartz, cal cite, seri cite, epidote, and plagioclase frag ments,
along with the al ter ation of ferro mag nesi an min er als to epidote,
in di cates that the sam ple be longs to a cal cite-seri cite field. The
green colour is mainly due to the pres ence of epidote (Figs. 5A,
B and 6A).

Brec cia si li ceous andesitic tuff is a type of vol ca nic rock
dis tin guished by its unique min eral com po si tion and tex tural
fea tures. This tuff pri mar ily con sists of fine-grained plagioclase
that has un der gone al ter ation to form seri cite, a pro cess that
en hances its sta bil ity and tex ture. Ad di tion ally, the rock con -
tains quartz, pres ent as fine-grained and dis sem i nated crys tals, 
which con trib ute to its over all re sil ience and struc tural in teg rity.
It also in cludes small frag ments sep a rated from the pri mary
large por phyry an de site lithic. This com po si tion in di cates that it
is in deed a brec cia si li ceous andesitic tuff (Figs. 5A and 6B).

Argillic crys tal line tuff is a dis tinc tive geo log i cal ma te rial
char ac ter ized by its rich com po si tion of clay min er als, seri cite,
epidote, and quartz. These con stit u ents pre dom i nantly ap pear
in the form of microcrystals and dis sem i nated grains. These
com po nents are welded to gether by tuff in a mas sive shape,
show ing a fine ash vitric tuff tex ture. The hand sam ple has a
green col our and a shelly frac ture (Figs. 5B and 6C).

Strat i fied red silty car bon ate tuff is a unique geo log i cal
for ma tion, no ta ble for its pale-red col our ation and dis tinctly thin -
ner lay ers com pared to other rock types. Un der mi cro scopic ex -
am i na tion, this tuff is com posed of pri mary quartz grains with
var ied shapes, dis sem i nated ox i dized py rite, cal cite, and frag -
mented pieces of pri mary al tered min er als. The ma trix com -
prises cal cite and some seri cite, which re sult from the al ter ation
of pri mary min er als into car bon ate ce ment. The ox i da tion of py -
rite to iron ox ides im parts a red-brown hue to the sam ple (as de -
picted in Fig. 6D). Small lami na tions can be seen through out
the sam ple. Based on the tex ture and min er al ogy, the sam ple is 
a strat i fied red silty cal car e ous tuff in the min er al iza tion re gion
of the Sar-e-Yazd de posit, in di cated by the pres ence of pri mary
gran u lar quartz min er als with var i ous shapes, abun dant cal cite, 
fine laminae, fused tex ture, and traces of pri mary min er als
(plagioclase; Figs. 5C and 6D).

VOLCANIC ROCKS

Based on Harati and Moayyed (2020), vol ca nic rocks con -
sist of lavas with ba saltic, andesitic and ba saltic-andesitic com -
po si tions, which are placed obliquely on the set of volcano -
clastic rocks men tioned above (Fig. 5D and E):

Ba salt is a widely oc cur ring type of vol ca nic rock, dis tin -
guished by its dark green to black col our ation, a char ac ter is tic
at trib uted to its min eral com po si tion. The pri mary min eral con -
stit u ents of ba salt in clude plagioclase, clinopyroxene, and ol iv -
ine. While plagioclase and clinopyroxene crys tals re main un al -
tered, ol iv ine pheno crysts ex hibit al ter ations to anthophyllite,
car bon ate, and oc ca sion ally iddingsite. Ad di tion ally, chlorite
and car bon ate are ob serv able in the rock ma trix. The tex ture of
ba salt is microlithic por phy ritic, and it has un der gone weak
propylitic al ter ation (re fer to Fig. 5E).

An de site. Andesitic rocks are char ac ter ized by a green ish
grey colour and their main min er als are plagioclase and am phi -
bole. Ac ces sory min er als in clude zir con, ap a tite and opaque
min er als. The plagioclase pheno crysts have slightly al tered to
seri cite and the am phi bole pheno crysts have also been trans -
formed into car bon ate, chlorite and iron ox ides. Ac cu mu la tions
of sec ond ary quartz, chlorite and car bon ate can be seen in the
rock ma trix. Their tex ture is microlithic por phy ritic and they have 
un der gone weak to mod er ate propylitic-seri cite al ter ation
(Figs. 5E and 6E).
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Fig. 5. Field pho to graphs of the stud ied volcanoclastic, vol ca nic and in tru sive rocks in the Sar-e-Yazd Cu (Mo) por phyry de posit

A–C – volcanoclastic tuff: A – out crop of strat i fied green car bon ate tuff, brec cia si li ceous andesitic tuff, B – argillic crys tal line tuff, C – strat i fied 
red silty car bon ate tuff com posed of al tered glass shards, plagioclase, and op aques; D, E – the vol ca nic rocks: D – lavas with ba saltic com po -
si tion, E – an out crop of quartz an de site por phyry; F – subvolcanic dacite por phyry to por phy ritic quartzdiorite. Geo log i cal ham mer used for
scale is 50 cm long
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Fig. 6. Mi cro pho to graphs of the stud ied volcanoclastic, vol ca nic and in tru sive rocks in the Sar-e-Yazd Cu (Mo) por phyry disposit 

Thin sec tion pho to mi cro graphs of: A – strat i fied green car bon ate tuff; B – brec cia silliceoes andesitic tuff; C – fine ash vitric tuff tex ture in the
argillic crys tal line tuff; D – lam i nated tex ture ac cord ing to the lay er ing of tuff ma te rial in dif fer ent sizes, part of the rock con tained scat tered
quartz, seri cite and Fe-ox ide; E – quartz an de site por phyry; F – dacite por phyry to por phy ritic quartzdiorite. Min eral ab bre vi a tions af ter Whit -
ney and Ev ans (2010) used are: pri mary min er als: Pl – plagioclase, Am – am phi bole and sec ond ary min er als: Qtz – quartz, Ser – seri cite, Chl 
– chlorite, Cal – cal cite, Ep – epidote
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Ba saltic-an de site. Ba saltic-andesitic rocks rep re sent an
in ter me di ate com po si tion be tween the two pre vi ously dis -
cussed groups. Their pri mary min eral com po nents in clude
plagio clase, clinopyroxene, and am phi bole, ac com pa nied by
mi nor min er als such as zir con, ap a tite, and opaque min er als.
No ta bly, plagioclase pheno crysts in these rocks fre quently un -
dergo al ter ation to car bon ate and seri cite, while clinopyroxene
pheno crysts are re placed by chlorite, car bon ate, and iron ox -
ides. Sim i larly, am phi bole crys tals are trans formed into car bon -
ate and iron ox ides. Ad di tion ally, these rocks of ten con tain xe -
no liths of in ter nal ig ne ous rocks ex hib it ing a microgranular tex -
ture. These microgranular xe no liths, with a microdioritic com po -
si tion, are in ter preted as host rocks en trapped dur ing the as -
cent of magma from the Earth’s in te rior to the sur face. The tex -
ture of ba saltic-andesitic rocks is de scribed as hyalomicrolytic
por phy ritic, and they typ i cally ex pe ri ence weak to mod er ate
propylitic al ter ation, as well as mi nor sericitic al ter ation.

INTRUSIVE ROCKS

Sur face in ves ti ga tions re vealed a no ta ble geo log i cal fea -
ture: a por phy ritic in tru sion ex hib it ing compositional vari a tion
from dacite por phyry to por phy ritic quartzdiorite, as shown in
Fig ure 5F. Within this in tru sion, coarse-grained and char ac ter -
is tic plagioclase were ob served in a microlithic ma trix com -
posed of finely al tered plagioclase, seri cite, and quartz. The
men tioned plagioclases had been com pletely al tered into clay
min er als. Gran u lar quartz, char ac ter ized by me dium-sized
crys tals and oc ca sion ally ex hib it ing an alugoidal tex ture, is ex -
ten sively dis sem i nated and ag gre gated within the ma trix. Ad di -
tion ally, seri cite, which forms as a re sult of the al ter ation of pri -
mary min er als, is also prev a lent (Figs. 5F and 6F). Also the
pres ence of large plagioclase crys tals with a por phy ritic tex ture
in a microlithic con text, along with abun dant quartz and sparse
ferro mag nesi an min er als (such as am phi bole and pyroxene),
sug gests that this sam ple rep re sents dacite por phyry to por -
phy ritic quartzdiorite in the stud ied area (Fig. 6F). How ever, re -
cent ex plor atory ex ca va tions have un cov ered a sig nif i cant geo -
log i cal fea ture be neath the ini tial lay ers. At deeper lev els, an
ad di tional in tru sion char ac ter ized by por phy ritic granodiorite
has been iden ti fied. Fi nally in trudes of polymetallic and epi ther -
mal veins into the old por phy ritic in tru sive and volcanoclastic
rocks. The phe nom e non of subsurface in tru sion of intrusives,
par tic u larly those that lack sur face out crops, ex hib its fas ci nat -
ing geo log i cal char ac ter is tics. It is hy poth e sized that branches
of por phy ritic granodiorite in truded into and in ter sected the
pre-ex ist ing dacite por phyry, re sult ing in the for ma tion of what is 
now iden ti fied as por phy ritic quartzdiorite. This in ter ac tion un -
der scores a com plex his tory of mag matic ac tiv ity, wherein
youn ger in tru sion of intrusives pen e trated older geo log i cal
struc tures, sig nif i cantly al ter ing the lo cal ge ol ogy. The Group 2
dykes, rec og nized for their min er al ized con tent, are likely prod -
ucts of these dy namic mag matic pro cesses. The in tru sive of
por phy ritic granodiorite has been ob served in some bore holes
(BH23, BH24, and BH25) and at great depths (more than 400 m;
Harati and Moayyed, 2020). These two por phy ritic in tru sion of
in tru sive in the BH24 had a clear bound ary and xe no liths with
microdiorite com po si tion were ob served in side the por phy ritic
quartzdiorite. Polymetallic veins, dis tin guished by their rich de -
pos its of mul ti ple met als, are com monly ob served on the pe -
riph ery of the Sar-e-Yazd por phyry sys tem and have his tor i cally 
been the fo cus of ex ten sive min ing ac tiv i ties. These veins fre -
quently ex hibit min er al iza tion com posed of iron, lead, zinc, and
cop per. Ad di tion ally, stud ies of diabasic dykes in the re gion
high light their sig nif i cant in ter ac tions with the sur round ing
volcanoclastic rocks and in tru sive for ma tions. These dykes,

which in trude into the vol ca nic ma te rial along a WNW–ESE ori -
en ta tion, of ten re sult in the for ma tion of al ter ation ha los along
their mar gins. Such al ter ation pro cesses are at trib uted to hy -
dro ther mal ac tiv ity, driven by the heat and min eral ex change
oc cur ring be tween the dykes and the sur round ing rocks.

HYDROTHERMAL ALTERATIONHYDROTHERMAL
ALTERATION

Al ter ation and min er al iza tion were an a lysed through de -
tailed stud ies of the min er al ogy and pe trog ra phy ofdrilling core
and out crop sam ples col lected from var i ous lo ca tions and host
rocks within the Sar-e-Yazd Cu (Mo) por phyry de posit. Hy dro -
ther mal al ter ation, a sig nif i cant geo log i cal pro cess af fect ing
mag matic and ad ja cent volcanoclastic rocks, can be pre dom i -
nantly cat e go rized into three main stages: (1) an early-stage
potassic or K-sil i cate al ter ation core forms at the cen tre of the
sys tem dur ing the ini tial evo lu tion of the por phyry de posit, (2) a
pe riph eral halo of propylitic al ter ation sur round ing the potassic
zone de vel ops, and (3) late-stage al ter ations oc cur, char ac ter -
ized by sericitic (phyllic) and clay al ter ations (Fig. 7). No par tic u -
lar pat terns are as cribed to the dis tri bu tion of the hy dro ther mal
al ter ation, which is mostly spa tially as so ci ated with the por phy -
ritic granodiorite and dacite por phyry to por phy ritic quartzdiorite
and re gional struc tures. How ever, the al ter ation zon ing ob -
served in drill core sam ples dem on strates a sys tem atic dis tri bu -
tion, dis tin guished by dis tinct zones ar ranged se quen tially from
the core out ward: potassic, propylitic (actinolite, epidote and
chlorite sub-zone; as Holliday and Cooke, 2007 clas si fi ca tion),
sericitic or phyllic and clay al ter ation (have cores of silicic and
ad vanced argillic al ter ation sur rounded by ad vanced argillic,
argillic, and propylitic al ter ation as sem blages). The bound aries
be tween these al ter ation zones are highly ir reg u lar, pre sent ing
chal lenges for de tailed map ping.

EARLY-STAGE

POTASSIC ALTERATION

At the Sar-e-Yazd Cu (Mo) por phyry de posit, potassic al ter -
ation is closely as so ci ated with por phy ritic granodiorite in tru -
sions. This al ter ation is typ i cally lo cal ized and spa tially re -
stricted. The sub se quent over print ing by sericitic al ter ation fur -
ther con fines the spa tial ex tent of the potassic al ter ation.
Potassic al ter ation forms dur ing the early stages of the por phyry 
sys tem’s evo lu tion and is en vel oped by a propylitic al ter ation
halo. Drill core sam ples in di cate that this al ter ation pre dom i -
nantly oc curs at depth, par tic u larly at in ter vals of 250–270 m
and 685 m. No ta bly, it is not ex posed at the sur face. Potassic al -
ter ation is char ac ter ized by K-feld spar, bi o tite, and seri cite min -
er als (Damian, 2003), and formed near the min er al ized zone.
The potassic al ter ation zone in the Sar-e-Yazd was iden ti fied by 
sec ond ary bi o tite, plagioclase, and quartz with por phy ritic tex -
ture (Fig. 7A and B). As well as the traces and signs of potassic
al ter ation at great depths in the sam ples ob tained from bore -
hole 26 (at 685 m) showed that bi o tite was neoformed and
turned into chlorite and epidote.

PROPYLITIC ALTERATION

In the stud ied area, the propylitic halo ex tends lat er ally for
~1 km from the potassic core, form ing a dis tinc tive green halo
ob serv able in the out er most re gions. This halo is no ta bly ex ten -
sive, af fect ing not only the por phy ritic granodiorite but also the
dacite por phyry and the por phy ritic quartzdiorite, as con firmed
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Fig. 7. Pho to graphs (A–D) and pho to mi cro graphs (E–H) tex ture, minerais and hy dro ther mal alterations re lated to early stage of
por phyry Sar-e-Yazd Cu (Mo) de posit

A – slab of potassic al ter ation; plagioclase and sec ond ary bi o tite dis persed in K-feld spar and quartz groundmass and three propylitic hy dro -
ther mal al ter ation subfacies [actinolite (B), epidote (C), and chlorite zones (D)] that oc curred around the potassic-al tered rocks. Pho to mi cro -
graphs of min er als of the hy dro ther mal al ter ations (po lar ized light); E – hy dro ther mal sec ond ary bi o tite (Sec. Bt), quartz and al tered
plagioclase (Pl) from an A-type veinlet of the potassic al ter ation in a dacite por phyry to por phy ritic quartzdiorite drill core sam ple; three
sub-zone propylitic hy dro ther mal al ter ation (F, G and H) in the dacite por phyry to por phy ritic 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. Ab bre vi a tions af ter Whit ney and
Ev ans (2010): pri mary min er als: Pl – plagioclase, Py – py rite and sec ond ary min er als: Sec. Bt – sec ond ary bi o tite, Ac – actinolite, Qtz –
quartz, Chl – chlorite, Cal – cal cite, Ep – epidote
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by anal y ses of drill core logs. The char ac ter is tic hy dro ther mal
min er als are di vided into three subzones (Fig. 7C, D and E): 1 –
in ner, high-tem per a ture actinolite subfacies (actino -
lite-epidote-chlorite-cal cite-py rite-mag ne tite-he ma tite-chal co py -
rite); 2 – mod er ate-tem per a ture epidote subfacies (epidote-
chlori te-cal cite-py rite-he ma tite-chal co py rite); and 3 – outer,
low-tem per a ture chlorite subfacies (chlorite-cal cite-py rite-
prehnite-zeolites). This al ter ation oc curs at high tem per a ture
and the pres ence of chlorite and epidote in di cates tem per a ture
con di tion rang ing from 220 to 340°C (Lagat, 2009). Map ping
propylitic as sem blages can there fore pro vide a use ful vec tor to -
ward the cen tral, high-tem per a ture min er al ized and potassic al -
tered core of a por phyry de posit.

CARBONATE ALTERATION

Car bon ate al ter ation, clas si fied as a sub type of propylitic al -
ter ation as so ci ated with sul phide min er als, is prom i nently ob -
served at the Sar-e-Yazd de posit. This al ter ation, char ac ter ized 
by cal cite as the dom i nant min eral, oc curs lo cally in two main
forms: as scat tered patches of cal cite + py rite ± quartz ± chal co -
py rite and as sul phide-bear ing cal cite veinlets within the
granodiorite bod ies and volcanoclastic rocks. Ev i dence from
cross-cut ting re la tion ships (Fig. 9C) in di cates that car bon ate al -
ter ation de vel oped dur ing the later stages of the hy dro ther mal
sys tem’s evo lu tion.

LATE-STAGE CLAY ALTERATION

The Sar-e-Yazd por phyry Cu (Mo) de posit dis plays a range
of late-stage al ter ation as sem blages, prom i nently in clud ing
phyllic, argillic, and ad vanced argillic al ter ations. The phyllic al -
ter ation is char ac ter ized by quartz, seri cite, py rite, and chal co -
py rite, whereas the argillic al ter ation com prises quartz,
kaolinite, illite, and py rite. In com par i son, the ad vanced argillic
al ter ation is de fined by the pres ence of quartz, alu nite, kaolinite, 
and py rite. These clay-rich as sem blages are typ i cally fault-con -
trolled, ex hibit up ward-flar ing ge om e tries, and over print the ear -
lier potassic and propylitic al ter ation as sem blages (Fig. 8).

PHYLLIC ALTERATION

Seri cite and quartz min eral as sem blage in di cate phyllic al -
ter ation, formed by the com plete re place ment of the
plagioclase by seri cite and of the mafic min er als by quartz
(Damian, 2003). Phyllic al ter ation im plies low pH (acidic) con di -
tions (Lagat, 2009). Phyllic al ter ation of ten in cludes net works of
stockwork frac tures (Sinclair, 2007). These al ter ation may be
sub di vided into two dif fer ent types (Sillitoe, 2010): an un com -
mon, early va ri ety that is green ish to green ish-grey in colour
and a later, far more com mon and wide spread, white va ri ety.

In the Sar-e-Yazd por phyry de posit, just the white va ri ety
phyllic or sericitic al ter ation af fects both the mag matic and
volcanoclastic rocks. In the dacite por phyry to por phy ritic
quartzdiorite, it over prints the potassic and propylitic al ter ation
and lo cally re sults in the com plete re place ment of plagioclase.
Seri cite forms acicular to pris matic ag gre gates, which are ac -
com pa nied by dis sem i na tions and veins of quartz and py rite
(Fig. 8A). The K-feld spar re place ment by seri cite is gen er ally
con trolled by the dis tri bu tion of mi cro-frac tures. In these cases,
only the relic crys tal habit of K-feld spar re mains, form ing vugs
of dif fer ent sizes (Fig. 8A and F). In this al ter ation, quartz and
seri cite ex pand around the veins and re place all pri mary sil i cate 
min er als. Plagioclase al tered to seri cite and mafic min er als
(am phi bole and bi o tite) chang ing to chlorite.

ARGILLIC AND ADVANCED ARGILLIC ALTERATION

Argillic al ter ation is char ac ter ized by the for ma tion of the
clay min er als such as illite, kaolinite, mus co vite, and mont mo ril -
lo nite (Damian, 2003), and is a low-tem per a ture ep i sode
(Lagat, 2009). In the near-sur face en vi ron ment (<1 km be low
the palaeosurface), lat eral flow of acidic flu ids along per me able
ho ri zons pro duce thick, ex ten sive do mains of clay al ter ation
that are re ferred to as lithocaps (Sillitoe, 1995, 2010; Chang et
al., 2011). Lithocaps are typ i cally char ac ter ized by cores of
silicic and ad vanced argillic al ter ation, sur rounded by ad vanced 
argillic, argillic, and propylitic al ter ation as sem blages. At the
Sar-e-Yazd por phyry de posit, geo log i cal stud ies have iden ti fied 
sig nif i cant min er al og i cal al ter ations, par tic u larly in feld spar, to a
depth of 47 m in bore hole 26 (BH26). In this area, feld spar shows 
lo cal ized al ter ation to clay, and the en tire rock has been trans -
formed into an as sem blage com pris ing he ma tite, clay min er als, 
and quartz. Kaolinite, a prom i nent phyllo silicate min eral with a
lay ered struc ture and a com po si tion pri mar ily of alu mi num sil i -
cate, is fre quently ob served along side illite. These min er als are
typ i cally found at depths of 30 to 50 m be low the sur face. In re -
gions af fected by steep frac tures, kaolinite and illite are of ten
over printed by silicic-argillic al ter ation, which is dom i nated by
sil ica and ar gil la ceous ma te ri als (Fig. 8B, C and G). Ad vanced
argillic al ter ation has been iden ti fied at a depth of 684 m, fea tur -
ing K-alu nite, which con sti tutes less than 10% of the en tire ad -
vanced argillic zone, along with alu mi num-phos phate-sul phate
min er als such as kaolinite (Fig. 8D and H). At the sur face, ad -
vanced argillic al ter ation is char ac ter ized by re sid ual quartz,
com monly re ferred to as “vug gy quartz” (Fig. 8E). This style of
al ter ation is typ i cally buff or gray in col our, serv ing as a vi sual in -
di ca tor of the geo chem i cal pro cesses in volved. It is fre quently
ac com pa nied by the pres ence of late-stage dickite, a clay min -
eral closely as so ci ated with hy dro ther mal sys tems, which oc -
curs within frac tures in the rock. In gen eral, the shal low al ter -
ation rep re sents a supergene zone over the de posit. Si li ceous
ledges oc cur within the quartz- kaolinite zone at shal low depths, 
gen er ally in the dacite por phyry to por phy ritic quartzdiorite (Fig.
8B). The sur face ex po sures (Fig. 8E) and in for ma tion from
above 770-m el e va tion sug gest that the si li ceous ledges are
pref er en tially de vel oped around the pe riph ery of the
Sar-e-Yazd por phyry de posit, par tic u larly top of dacite por phyry
to por phy ritic quartzdiorite on the sur face. How ever, it is sus -
pected that ledge de vel op ment sim ply pen e trated more deeply
around the sys tem mar gins, thereby lead ing to ear lier ero sional
re moval of the ledges that once capped the cen tral parts of the
sys tem.

ORE MINERALIZATION

The Sar-e-Yazd Cu (Mo) de posit ex hib its sig nif i cant ore
min er al iza tion within a por phyry sys tem char ac ter ized by a di -
verse geo log i cal set ting. This min er al iza tion is pri mar ily hosted
by dacite por phyry and por phy ritic quartzdiorite, as well as
volcanoclastic rocks that are pres ent at the sur face. Ad di tion -
ally, the un der ly ing ge ol ogy in cludes por phy ritic granodiorite
(>400 m), which plays a crit i cal role in the over all min er al iza tion
pro cess (Fig. 9). At the sur face, the me tal lic min er al iza tion is al -
most to tally ox i dized. The ox i da tion zone has a max i mum depth 
of 40 to 50 m. The hypogene min er al iza tion at the sur face is re -
stricted to the dacite por phyry to por phy ritic quartzdiorite, and in
the drill core sam ples, it is well ex posed be low the ox i dized zone 
to an un known depth. Vol ca nic rocks and shal lowly emplaced
por phyry sys tems (<1 km depth) are typ i cally poorly min er al -
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Fig. 8. Slab and pho to mi cro graph of min er als and late-stage hy dro ther mal al ter ations of Sar-e-Yazd por phyry de posit

A – phyllic al ter ation; quartz, seri cite and py rite are the ma jor con stit u ents of this hy dro ther mal al ter ation; B, C – slab of argillic and sil ica al -
ter ation; D – slab of ad vanced argillic al ter ation; E – dacite vug gy re sid ual quartz/sili ci fi ca tion top of the dacite por phyry to por phy ritic
quartzdiorite. Pho to mi cro graph (cross po lar ized light) of F – phyllic al ter ation (quartz-seri cite-py rite); G – argillic and sil ica al ter ation; H –
Quartz and tab u lar alu nite (Alu + Qtz) in the ad vanced argillic al ter ation. Ab bre vi a tions af ter Whit ney and Ev ans (2010): pri mary min er als: Pl
– plagioclase, Py – py rite and sec ond ary min er als: Alu – alu nite, Qtz – quartz, Ser – seri cite, Kao – kaolinite, Fe-ox ide – hy drox ide

http://dx.doi.org/10.2138/am.2010.3371


ized, be cause flu ids exsolved at low pres sure are mostly
low-den sity vapour (with only small vol umes of high-den sity
brine or even solid salt) that have lit tle ca pac ity to trans port met -
als (Cline and Bodnar, 1991; Muntean and Einaudi, 2000). In
con trast, most por phyry Cu de pos its form at depths of 2 to 5
km, from super criti cal sa line flu ids or liq uids co ex ist ing with
higher den sity va pours that can ef fi ciently trans port Cu, Mo, Au, 
and other met als (Cline and Bodnar, 1991; Redmond et al.,

2004; Landtwing et al., 2005; Rusk et al., 2008). These flu ids in
turn are de rived from vol a tile-sat u rated mag mas orig i nat ing in
the un der ly ing source magma cham ber at depths rang ing from
5 to 10 km, as pre vi ously de scribed. In the Sar-e-Yazd area,
geo log i cal as sess ments re veal that the subsurface char ac ter is -
tics of the re gion play a sig nif i cant role in in flu enc ing the ex tent
of min er al iza tion. At depths of less than 1 km, the geo log i cal
com po si tion ap pears to be less fa vour able for the ac cu mu la tion 
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Fig. 9. Pho to graphs of tex tures in the Sar-e-Yazd Cu (Mo) de posit por phyry sys tem

A – veinlet from a drill core sam ple of the por phy ritic quartzdiorite con tain ing; M1-type seri cite-py rite-mo lyb de nite veins (S1), M2-type weak
quartz ± mag ne tite-py rite veins (S2), A-type quartz-mag ne tite-pyrrhotite-bornite-py rite, chlorite-epidote-rich veins (S9) and
quartz-chlorite-rich veins (S10) in the potassic al ter ation; B – B-type sul phide-bear ing, gran u lar quartz-dom i nated veinlets (quartz-py rite-
mo lyb de nite-chal co py rite, S4 as so ci ated with potassic-propylitic bound ary al ter ation; C – cal cite and some times quartz brec cia by in fil tra tion 
D1-type py rite-quartz vein (S5) within white propylitic-car bon ate al ter ation, cross-cut by D2-type late car bon ate-quartz vein with base-metal
sulphides (py rite-chal co py rite-bornite; S6 or S8); D – py rite veins (S11), quartz veins (S12), seri cite-quartz veins (S13), py rite-seri cite veins
(S14) and vesuvianite (Ido crase)-epidote veins (S15), in the propylitic-phyllic bound aries al ter ation; E – py rite-quartz veins (S5), D1-type py -
rite-quartz-seri cite-cal cite veins (S7), py rite veins (S11), quartz veins (S12) and quartz-cal cite veins (S16) in the phyllic al ter ation; F –
Stockwork of quartz-seri cite-cal cite-py rite vein (large; S7), a lot of quartz veins (S12) and cal cite vein (they are youn ger; S17) as so ci ated
sericitic al ter ation
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of valu able min er als. This is fur ther sup ported by vari a tions in
cop per and mo lyb de num grades at dif fer ent depths, as in di -
cated by chem i cal anal y ses that will be elab o rated upon in the
sub se quent sec tions.

HYPOGENE MINERALIZATION

The min er al iza tion at the Sar-e-Yazd de posit is char ac ter -
ized by var i ous forms, in clud ing dis sem i na tions, ag gre gates,
veins, and veinlets, which play a crit i cal role in elu ci dat ing the
geo log i cal at trib utes of the re gion. Sig nif i cantly, sev eral vein
types iden ti fied at this site ex hibit marked sim i lar i ties to those
ex ten sively doc u mented in typ i cal Por phyry Cop per De pos its
(PCDs), as out lined in key stud ies (e.g., Gustafson and Hunt,
1975; Muntean and Einaudi, 2001; Sillitoe, 2010).

The min er al ogy and cross-cut ting re la tions of the veins
were in ves ti gated by in spec tion of drill cores and thin-pol ished
sec tions. The var i ous vein types at Sar-e-Yazd are shown in
Fig ure 9 and their char ac ter is tics are de scribed in Ta ble. 1. In
gen eral, three main as sem blages are pres ent in Sar-e-Yazd: 1
– py rite + chal co py rite + mo lyb de nite + mag ne tite as so ci ated
with potassic and potassic-propylitic bound ary al ter ation
(Fig. 9A and B), 2 – py rite + chal co py rite + bornite re lated to
propylitic and propylitic-phyllic bound ary al ter ation (Fig. 9C and
D) and 3 – py rite + chal co py rite as so ci ated with sericitic al ter -
ation (Fig. 9E and F).

Mag ne tite is as so ci ated with the potassic al ter ation, form -
ing M-type veinlets that cross cut the potassic-al tered dacite
por phyry to por phy ritic quartz diorite (Figs. 9A and10A, C). Ad -
di tion ally, chal co py rite oc curs within mag ne tite, typ i cally found
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T a  b l e  1

Char ac ter is tics of var i ous vein types from Sar-e-Yazd Cu (Mo) de posit, as doc u mented by in spec tion of drill cores, and thin-pol -
ished sec tions

Ab bre vi a tions af ter Whit ney and Ev ans (2010): Qtz – quartz, Mag – mag ne tite, Ccp – chal co py rite, Py – py rite, Bn – bornite, Mol – mo lyb de -
nite, Cal – cal cite, Ves – Vesuvianite, Ser – seri cite, Ep – epidote, Chl – chlorite
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Fig. 10. Reflected light mi cros copy im age of the min er als in the Sar-e-Yezp Cu (Mo) deposit por phyry sys tem

A – chal co py rite oc cur ring within mag ne tite typ i cally found in the deeper parts of por phyry sys tem (potassic-propylitic bound ary); B – he ma -
tite within pyrrhotite re sults from hy dro ther mal flu ids rich in ox y gen in ter act ing with pyrrhotite, lead ing to the for ma tion of he ma tite; C – mag -
ne tite in chal co py rite with pyrrhotite and py rite in the cal cite and some times quartz brec cia; D – oc cur rence of bornite and py rite in potassic
al ter ation; E, F – the for ma tion of very small mo lyb de nite in clu sions in pyrrhotite typ i cally oc cur in high tem per a ture; G – tab u lar specularite
crys tals with open space fill ing pri mary tex ture, have filled pores be tween brecciated frag ments of host rock in the hy dro ther mal veins around
the centre of por phyry sys tem in the Sar-e-Yazd de posit; H – ga lena in an apophyse lo cated ~3 km from the centre of a por phyry sys tem. Ab -
bre vi a tions af ter Whit ney and Ev ans (2010): Mol – mo lyb de nite, Ccp – chal co py rite, Po – pyrrhotite, Hem – he ma tite, Mag – mag ne tite, Py –
py rite, Bn – bornite, Spe – specularite, Gn – ga lena

http://dx.doi.org/10.2138/am.2010.3371


in the deeper parts of the por phyry sys tem (Fig. 10A). It is also
pres ent in chal co py rite as subhedral to euhedral in clu sions
(Fig. 10C).

Pyrrhotite a sul phide min eral, is com monly en coun tered in
di verse geo log i cal set tings, par tic u larly within A- and B-type
veins. Re cent stud ies sug gest that pyrrhotite is pre dom i nantly
found at depths ex ceed ing ~200 m in these vein sys tems
(Fig. 9A and B). The for ma tion of he ma tite within pyrrhotite is at -
trib uted to the in ter ac tion be tween ox y gen-rich hy dro ther mal
flu ids and pyrrhotite, a com mon iron sul phide min eral. This in -
ter ac tion trig gers a chem i cal re ac tion that trans forms the iron
sul phide into he ma tite, an iron ox ide (Fig. 10B). The pres ence
of he ma tite sug gests an ox i diz ing en vi ron ment. It is of ten found
in the outer zones of por phyry sys tems where flu ids have in ter -
acted with the sur round ing rocks and be come more ox i dized.
Pyrrhotite also is intergrown with py rite, mag ne tite and chal co -
py rite (Fig. 10C).

Py rite is the most abun dant sul phide min eral within the
Sar-e-Yazd de posit por phyry sys tem, oc cur ring in inter growths
with chal co py rite, pyrrhotite, bornite, and mag ne tite. Lo cally, it
hosts rounded in clu sions of chal co py rite and euhedral in clu -
sions of mag ne tite. It oc curs as dis sem i na tions or inter growths
of anhedral to euhedral grains, with sizes vary ing from 25 to
300 µm and from 300 µm to 2 cm, re spec tively (Fig. 10C and D)
and also py rite forms veinlets (up to 3 mm in size) in many parts
of the de posit.

Chal co py rite is the sec ond most abun dant sul phide min -
eral and is pre dom i nantly as so ci ated with potassic al ter ation. It
fre quently oc curs in con junc tion with other sulphides, in clud ing
py rite, mag ne tite, and pyrrhotite (Fig. 10A, C and E). It oc curs
as dis sem i nated grains (<200 µm in size), ir reg u lar ag gre gates
(<300 µm in size), and rounded in clu sions (<20 µm in di am e ter)
in py rite. Chal co py rite also forms thin veinlets (<0.5 cm in width) 
along with py rite in clu sions (10–20 µm in size).

Bornite of ten forms through potassic al ter ation in the
Sar-e-Yazd por phyry sys tem. This pro cess can lead to the de -
vel op ment of rounded bornite in clu sions within py rite, with these 
in clu sions rang ing in size from 15 to 100 µm (Fig. 10D).

Mo lyb de nite is fre quently as so ci ated with chal co py rite and
pyrrhotite within potassic al ter ation zones. It typ i cally oc curs as
small, dis sem i nated lamellar grains, gen er ally less than 30 µm
in length. This as so ci a tion is com monly ob served in potassically 
al tered dacite por phyry and por phy ritic quartz diorite, where the
al ter ation pro cess has led to no ta ble tex tural and min er al og i cal
mod i fi ca tions (Fig.10E and F). The for ma tion of mo lyb de nite in -
clu sions in pyrrhotite typ i cally oc curs at high tem per a tures, of -
ten as so ci ated with the potassic and phyllic al ter ation zones of
por phyry sys tems.

Specularite a va ri ety of iron ox ide com monly found in min -
eral de pos its, plays a sig nif i cant role in in ter pret ing the geo log i -
cal con di tions of epi ther mal veins. Its pres ence serves as an in -
di ca tor of spe cific ox i da tion states and fluid flow dy nam ics
within the min er al iza tion sys tem. Typ i cally ob served in the pe -
riph eral zones sur round ing the cen tral parts of these veins,
specularite forms un der con di tions of el e vated acid ity and re -
duced tem per a ture, re flect ing the di verse en vi ron men tal con di -
tions dur ing ore for ma tion. At the Sar-e-Yazd de posit, spe -
cularite has been iden ti fied as veins within the pe riph eral ar eas
en cir cling the cen tral re gion of the por phyry sys tem (Fig. 10E).

Ga lena is usu ally as so ci ated with late-stage min er al iza tion
events. It can be found in veins that form dur ing the later stages
of the hy dro ther mal sys tem’s evo lu tion. In Sar-e-Yazd por phyry
sys tem ga lena in an apophyse lo cated ~3 km from the cen tre of
a por phyry sys tem (Fig. 10F).

SUPERGENE MINERALIZATION

The supergene pro file at Sar-e-Yazd is rel a tively thin, in
com mon with those de vel oped over most de pos its in the
Saveh-Naein-Jiroft belt. The leached cap ping is typ i cally thick -
est over the core of the sys tem, where it is hosted by the up per -
most parts of the ad vanced argillic zone. All py rite and other sul -
phide min er als, in clud ing any con tained cop per, have been
com pletely re moved from the ox i dized rock. The acidic so lu -
tions gen er ated by the py rite ox i da tion pro duced an un quan ti -
fied amount of supergene kaolinite, al though most of this is im -
pos si ble to dis tin guish from the pre ex ist ing hypogene com po -
nent.

ENRICHED SUPERGENE SULPHIDE ZONES

Acid leach ing by down ward so lu tions plays a piv otal role in
the for ma tion of en riched supergene sul phide zones and the
de vel op ment of leached and ox ide zones key out comes of
supergene pro cesses in the Sar-e-Yazd area. How ever, the in -
ten sity of these pro cesses is gen er ally lower com pared to sim i -
lar de pos its. Ev i dence of a well-de vel oped supergene en rich -
ment zone or sig nif i cant ac cu mu la tion of sec ond ary min er als is
lim ited in the Sar-e-Yazd field. It ap pears that most of the cop -
per leached from the ox i dized zone was lost to the palaeo -
ground-wa ter sys tem. None the less, chem i cal anal y ses re veal
that the cen tral area, sit u ated just be neath the ox ide leached
zone, dis plays weak en rich ment in sev eral me tal lic el e ments,
in clud ing Cu, Mo, Pb, Zn, and Ag, as de tailed in sub se quent
sec tions.

LEACHED ZONE AND OXIDE ZONE

The frac tured and crushed zones of quartz stockwork rep -
re sent sig nif i cant geo log i cal fea tures that en hance the po ten tial 
for acidic so lu tion pen e tra tion. These zones ex hibit in creased
po ros ity and per me abil ity, fa cil i tat ing the move ment of acidic
so lu tions through the rock. As these so lu tions per co late into the 
quartz stockwork, they pro mote chem i cal weath er ing pro -
cesses, lead ing to the dis so lu tion of min er als and al ter ation of
the sur round ing rock ma trix. This in ter ac tion plays a cru cial role
in the de vel op ment of supergene ox i dized zones, where chem i -
cal weath er ing con cen trates valu able metal ox ides and sec -
ond ary min er als.

At the Sar-e-Yazd de posit, supergene ox i dized zones are
iden ti fied by the pres ence of ox ide- hy drox ide ag gre gates and
cop per car bon ate min er als. In sur face out crops and drill cores
from depths of 1 to 47.65 m, quartz sul phide veins have been
trans formed into red-brown iron ox ides (Fig. 8B, C and G).
Over all, the prod ucts of the supergene pro cesses in the ox i -
dized zone in clude iron ox ides and hy drox ides, cop per car bon -
ates, and argillic min er als, such as kaolinite.

GEOCHEMISTRY OF ORE MINERALIZATION

In the cen tral area of the por phyry sys tem at the Sar-
e-Yazd de posit, sig nif i cant in sights into the geo chem i cal char -
ac ter is tics of the ore have been ob tained through de tailed stud -
ies. These in ves ti ga tions pri mar ily rely on sam pling from ex plor -
atory bore holes, which pro vide es sen tial lithogeochemical data. 
In the study area, a to tal of 26 ex plor atory bore holes were
drilled by Zarandishan Yazd Com pany, uti liz ing geo log i cal, al -
ter ation, and sur face lithogeochemical data to eval u ate the re -
gion’s min eral po ten tial (Fig. 11A). The drill ing of these bore -
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Fig. 11. Lo ca tion of ex plor atory bore holes in the Sar-e-Yazd de posit

 A – A area marked in red (as shown in Fig . 2), this area high lights the ex plor atory bore holes and B area marked in blue, this area also con tains 
ex plor atory bore holes; B – close-up view fo cuses on the ex plor atory bore holes in the cen tre of the por phyry sys tem within the A area



holes plays a crit i cal role in un der stand ing subsurface con di -
tions and iden ti fy ing valu able re sources. It is note wor thy that
the bore holes do not fol low a reg u lar drill ing net work; in stead,
they were drilled ran domly and ir reg u larly in lo ca tions where the 
like li hood of en coun ter ing min er al iza tion was higher. Spe cif i -
cally, in the cen tral area of the por phyry sys tem (re ferred to as
area A), 10 bore holes have been drilled (Fig. 11B). From these
bore holes, only the geo chem i cal data re lated to bore holes
num bered BH01, BH02, BH03, BH04, BH05, BH08, BH09, BH10,
BH13, BH14, BH18, BH23, and 8 sam ples from bore hole BH26 are
avail able, with one rep re sen ta tive lithogeochemical sam ple
taken per me ter in each bore hole. Geo chem i cal anal y ses of
bore holes BH01, BH03, BH04, BH18, BH23, and 8 sam ples from
bore hole BH26 at depths of 701 to 708 m, which are lo cated pre -
cisely in the cen tral part of the de posit and have the high est
signs of min er al iza tion, were there fore ex am ined in this study
(Fig. 11B). These anal y ses were con ducted us ing In duc tively
Cou pled Plasma Op ti cal Emis sion Spec tros copy (ICP-OES) by
the Ira nian Min ing and Min eral In dus tries De vel op ment and
Ren o va tion Or ga ni za tion (IMIDRO). These anal y ses fo cused
on el e ments such as cop per, mo lyb de num, lead, zinc, and sil -
ver, as well as mi nor and some rare el e ments (Ta ble 2). De -
tailed log ging of ex plor atory bore hole num ber 26, lo cated at the
cen ter of the Sar-e-Yazd por phyry sys tem, has pro vided valu -
able in sights into al ter ation zon ing and min er al og i cal char ac ter -
is tics. The find ings from the bore hole stud ies re veal that min er -
al iza tion fol lows a zoned pat tern, be com ing pro gres sively dis -
tinct with in creas ing depth. Along with leach ing-ox i dized zones,
supergene en rich ment and hypogene min er al iza tion, the grade
of me tal lic el e ments shows vari a tions (Ta ble 2). Sub se quently,
each me tal lic el e ment is ana lysed and dis cussed in de tail. Fi -
nally, the ore zon ing from the sur face to depth is thor oughly ex -
am ined. A de tailed ac count of the geo chem i cal char ac ter is tics
and grade vari a tions of key el e ments, in clud ing cop per, mo lyb -
de num, lead, zinc, and sil ver, within the ex plor atory bore holes is 
pre sented. This anal y sis is based on the chem i cal data from 6
drill cores from holes around the dacite por phyry to por phy ritic
quartzdiorite in tru sive (BH01, BH03, BH04, BH23) and BH18 and
BH26, lo cated on top of this in tru sive body in the cen tral part of
the Sar-e-Yazd por phyry de posit. This area is lo cally un der the
ox ide leached zone and is en riched in Cu, Mo, Pb, Zn, and Ag
(Ta ble 2). The high est metal con cen tra tions at BH01 (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, BH03 (3168 ppm Cu and 3416 ppm Pb
at 49 m depth, BH04 (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, BH18 (a 
depth of 01 to 201 m) is 106 ppm Cu, 1.6 ppm Mo, 27ppm Pb
and 0.4 ppm Ag, BH26 drill ing core on top of the in tru sive body
show the high est metal con cen tra tions in the hypogene min er -
al iza tion 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 BH23, 6597 ppm
Cu, 13.4 ppm Mo, 17127 ppm Pb, >3% Zn and 15.7 ppm Ag at
the depth of 25 m. The en rich ment of base and pre cious met als
within the Sar-e-Yazd por phyry sys tem is strongly linked to hy -
dro ther mal al ter ation pro cesses and the spa tial dis tri bu tion of
me tal lic min er als formed through both supergene and
hypogene min er al iza tion. On the near sur face (in the en riched
supergene sul phide zones), the high est grades of Ag, Cu, Mo,
Pb and Zn are mainly as so ci ated with the in tense sericitic al ter -
ation and ox i dized D-type veins on the north east ern side of the
dacite por phyry to por phy ritic quartzdiorite at Sar-e-Yazd.
Strong anom a lies of cer tain met als in zone BH26 high light their
no ta ble pres ence in hypogene min er al iza tion as so ci ated with
por phy ritic granodiorite stocks at depths of 701–708 m. Fi nally,

based on the chem i cal anal y ses of 6 drill cores sam ples taken
me ter by me ter (Ta ble 3), the cen tral area of the Sar-e-Yazd
por phyry de posit is lo cally weakly en riched 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 Ta ble 4 pres ents the cor re la tion co ef fi cients of
the main me tal lic ores, cal cu lated from the av er age val ues of all 
sam ples col lected from each ex plor atory bore hole. The re sults
in di cate a mod er ate pos i tive cor re la tion be tween cop per and
mo lyb de num, a char ac ter is tic fea ture of por phyry cop per-mo -
lyb de num de pos its. Ad di tion ally, cop per ex hib its a strong pos i -
tive cor re la tion with lead, zinc, and sil ver, which are known as
trace and in di ca tor el e ments in such sys tems. These el e ments
also show strong pos i tive cor re la tions with one an other, align -
ing with the ex pected geo chem i cal as so ci a tions in por phyry
cop per-mo lyb de num de pos its. To fur ther in ves ti gate el e ment
be hav iour across dif fer ent min er al iza tion zones, sam ples from
two closely spaced bore holes (BH01 and BH26) in the cen tre of
the Sar-e-Yazd por phyry sys tem were ana lysed (Ta ble 3). This
anal y sis fo cused on the leached- ox i dized, en riched sul phide
(supergene), and hypogene min er al iza tion zones, as well as
their re la tion ship with depth. A to tal of 135 sam ples were ex am -
ined from bore hole BH01, cov er ing depths from 1 to 35 m, cor re -
spond ing to the leached-ox i dized zone (1–31 m) and the en -
riched sul phide zone (32–35 m). Ad di tion ally, eight sam ples
were ana lysed from bore hole BH26 (701–708 m) for the
hypogene zone. The re sults of the cor re la tion anal y sis in these
min er al iza tion zones will be dis cussed in de tail in the fol low ing
sec tions.

OXIDE-LEACHING ZONE

The low est cop per grade in the ox ide-leach ing zone is a crit -
i cal met ric for eval u at ing the fea si bil ity of min ing op er a tions in
cop per-rich re gions. Ac cord ing to the data pre sented in Ta -
ble 4, the av er age cop per grade in this zone is ~190 ppm. This
lower cop per grade, com pared to the hypogene zone, re flects
the dis so lu tion and down ward mo bil ity of cop per into the lower
part of the de posit (en riched zone). No ta bly, the cor re la tion co -
ef fi cient be tween cop per and lead, as well as iron, in this zone is 
neg a tive. With mo lyb de num, it should be at least neg a tive to
neu tral, but it shows a very weak pos i tive cor re la tion, in di cat ing
the dif fer ent geo chem i cal be hav iour of cop per with these el e -
ments, es pe cially lead and iron (Ta ble 4). This is be cause, in
this zone, an ions with large ionic ra dii like mo lyb de num are im -
mo bile, and lead and iron ex hibit the same be hav iour. In con -
trast, cop per and zinc are mo bile and dis solve in this zone, so
they should have at least a slight pos i tive cor re la tion, but they
do not show a spe cific pat tern and have a neu tral cor re la tion. In
this zone, the re la tion ships be tween mo lyb de num and other el -
e ments are char ac ter ized by vary ing cor re la tion co ef fi cients.
Spe cif i cally, mo lyb de num ex hib its a pos i tive cor re la tion co ef fi -
cient with lead, in di cat ing that higher con cen tra tions of mo lyb -
de num tend to co in cide with in creased lead con cen tra tions.
This sug gests a po ten tially linked pres ence or shared source
for these two el e ments within the zone. In con trast, the cor re la -
tion be tween mo lyb de num and iron is neu tral, sig ni fy ing the ab -
sence of a sig nif i cant lin ear re la tion ship; changes in mo lyb de -
num con cen tra tions do not con sis tently cor re spond with vari a -
tions in iron lev els. Fi nally, the cor re la tion be tween mo lyb de -
num and zinc is slightly pos i tive, re flect ing a weak ten dency for
zinc con cen tra tions to in crease along side mo lyb de num, though 
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T a  b l e  2

Trace el e ments con tents of ana lysed sam ples from cen tral part of Sar-e-Yazd por phyry de posit

T a  b l e  3

Trace el e ments con tents of ana lysed sam ples from cen tral part of Sar-e-Yazd 
por phyry de posit (To tal av er age for each BH)



this re la tion ship is not strong enough to be con sid ered de fin i -
tive. In this zone, the cor re la tion co ef fi cient of lead with zinc is
ex pected to be slightly neg a tive to neu tral; how ever, it is ob -
served to be pos i tive. Lead also shows a mod er ately pos i tive
cor re la tion with iron (0.23). Sim i larly, zinc ex hib its a mod er ately
pos i tive cor re la tion with iron (0.18). The cor re la tion co ef fi cient
be tween mo lyb de num and sil ver in the ox ide-leach ing zone is
strongly pos i tive (0.46). In the hypogene and supergene zones,
lead and zinc dem on strate a mod er ately to strongly pos i tive
cor re la tion (0.63). How ever, in the ox ide-leach ing zone, their
cor re la tion is an tic i pated to be at least slightly neg a tive, but it is
in stead pos i tive-pos si bly due to the very weak weath er ing pro -
cesses af fect ing the de posit. Over all, in the ox ide-leach ing
zone, which over laps with the argillic al ter ation zone, the cor re -
la tion be tween in dic a tive el e ments such as cop per and mo lyb -
de num de creases, while the cor re la tion of el e ments typ i cal of
por phyry de pos its, in clud ing lead, zinc, and sil ver, be comes
more prom i nent. Based on the re sults ob tained from this zone,
the de gree of weath er ing in the Sar-e-Yazd por phyry sys tem
ap pears to be min i mal. This con clu sion is sup ported by the ob -
ser va tion that the un der ly ing en riched zone is poorly de vel -
oped, in di cat ing a lack of sig nif i cant weath er ing pro cesses. The
lim ited ex tent of weath er ing is fur ther ev i denced by the de tec -
tion of only ~4 m of higher anom aly com pared to the ox -
ide-leach ing zone, sug gest ing min i mal al ter ation of the par ent
ma te rial.

SUPERGENE ZONE

The study of cop per min er al iza tion re veals sig nif i cant vari a -
tions in cop per grades across dif fer ent zones within the
Sar-e-Yazd por phyry sys tem. No ta bly, the sec ond ary en riched
sul phide zone dis plays a pro nounced con trast in cop per con -
cen tra tions, with an av er age cop per grade of 0.07%. In com par -

i son, the hypogene zone, char ac ter ized by lower lev els of sec -
ond ary en rich ment, ex hib its the high est av er age cop per grade
of 0.31% (Ta ble 4). Al though 0.07% rep re sents a very low sul -
phide en rich ment, the higher cop per grade in this zone com -
pared to the leached-ox ide zone (0.019%) sug gests par tial sec -
ond ary sul phide en rich ment and con firms the for ma tion of sec -
ond ary sul phide min er als, such as covel lite and bornite. In this
zone, mo lyb de num has an av er age grade of 56 ppm. Due to
the lim ited data avail able for both the en riched and hypogene
zones, it is not pos si ble to de ter mine the ex act mo lyb de num
grade. How ever, the sec ond ary en riched zone dem on strates a
higher mo lyb de num grade com pared to the hypogene zone,
which has an av er age grade of 11 ppm. The av er age grades of
lead, zinc, and iron in this zone are 1000 ppm, 2000 ppm, and
3.4%, re spec tively.

In the sec ond ary en riched sul phide zone, the cor re la tion co -
ef fi cient be tween cop per and mo lyb de num, lead, and zinc is
neg a tive, while it is pos i tive with iron. The cor re la tion co ef fi cient
be tween cop per and lead is weakly neg a tive, which is not un ex -
pected, as lead is im mo bile in the leached-ox ide zone due to its
geo chem i cal be hav iour. There fore, the weakly neg a tive cor re -
la tion be tween cop per and lead in the sec ond ary en riched sul -
phide zone may re flect the rel a tively mi nor im pact of weath er ing 
pro cesses on the geo chem i cal sep a ra tion of these el e ments.
Ad di tion ally, the cor re la tion co ef fi cients be tween mo lyb de num
and lead, mo lyb de num and zinc, and mo lyb de num and iron are
neg a tive. A strongly pos i tive cor re la tion (0.99) is ob served be -
tween lead and zinc, while the cor re la tion of lead with iron is
very weakly neg a tive (–0.09; Ta ble 4). Sim i larly, the cor re la tion
be tween zinc and iron is very weakly neg a tive (–0.05). In ter est -
ingly, the cor re la tion be tween mo lyb de num and sil ver in the
sec ond ary en riched sul phide zone is strongly neg a tive (–0.99),
in con trast to the pos i tive cor re la tion ob served in the
leached-ox ide zone.
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The cor re la tion co ef fi cients of el e ments us ing the Pearson method, based on the log a rithm of lithogeochemical data
in the cen tre of the Sar-e-Yazd por phyry sys tem



HYPOGENE ZONE

In the hypogene zone, the av er age grades of var i ous met -
als ex hibit no ta ble val ues: cop per av er ages 0.3%, mo lyb de num 
is found at 11.6 ppm, while lead, zinc, and iron show grades of
>1.2%, >0.7%, and 4.4%, re spec tively. In this zone, cop per has 
a pos i tive cor re la tion with lead, zinc, and sil ver, likely due to
their as so ci a tion un der re duc ing con di tions. There is a weak
neg a tive cor re la tion be tween cop per and mo lyb de num. The
cor re la tion co ef fi cient of mo lyb de num with lead is mod er ately
pos i tive, with zinc is very weakly neg a tive, and with iron is pos i -
tive. The strong pos i tive cor re la tion be tween mo lyb de num and
iron is sig nif i cant and can be ex plained by the as so ci a tion of
mo lyb de nite and mag ne tite in this area. In the hypogene zone,
the cor re la tion co ef fi cient be tween lead and zinc is mod er ately
pos i tive (0.63), in di cat ing that these two met als are likely found
in min er als that formed si mul ta neously (McLemore et al.,
1999). The cor re la tion co ef fi cients of iron with lead and zinc are
weakly pos i tive (Ta ble 4).

Cu/Mo RATIO IN EACH OF THE ABOVE SECTIONS

The cop per-to-mo lyb de num (Cu/Mo) ra tio is a crit i cal geo -
chem i cal in di ca tor in ge ol ogy, used to dis tin guish be tween var i -
ous min er al iza tion zones within ore de pos its. Vari a tions in the
Cu/Mo ra tio re flect the pro cesses and con di tions un der which
min er al iza tion oc curred, as these two met als of ten co ex ist but
may be dis trib uted dif fer ently through out a de posit. In por phyry
cop per de pos its, higher Cu/Mo ra tios typ i cally sig nify prox im ity
to the por phyry source, while lower ra tios may in di cate a more
dis tal po si tion in the sys tem, where mo lyb de num be comes rel a -
tively con cen trated. In the Sar-e-Yazd por phyry sys tem, the
Cu/Mo ra tio shows a marked de cline from the deeper hypogene 
zones to the shal lower leached-ox ide zones (Ta ble 5). In the
hypogene en vi ron ment, char ac ter ized by high-tem per a ture hy -
dro ther mal pro cesses, cop per and mo lyb de num are co-min -
gled in min er al iza tion, re sult ing in rel a tively high Cu/Mo ra tios.
As geo log i cal pro cesses prog ress to ward the sur face, a tran si -
tion oc curs to the leached-ox ide zones, where weath er ing and
ox i da tion pro cesses sig nif i cantly al ter the min eral com po si tion.
This al ter ation typ i cally leads to the de ple tion of mo lyb de num
rel a tive to cop per, thereby low er ing the Cu/Mo ra tio.

ZONING OF METALIC ELEMENTS IN THE AREA

Cop per serves as the pri mary ore-form ing el e ment in the
cen tral re gion of the Sar-e-Yazd por phyry sys tem. This sig nif i -
cant min er al iza tion pre dom i nantly oc curs in the form of chal co -
py rite and bornite, which are eco nom i cally valu able cop per min -
er als. Ad di tion ally, cop per is pres ent in pe riph eral veins, where
it oc curs as mal a chite, az ur ite, and tur quoise, fur ther en rich ing
the di ver sity of cop per-bear ing min er als within the geo log i cal
sys tem. To eval u ate the dis tri bu tion and con cen tra tion of cop -
per de pos its in the sur veyed area, the sta tis ti cal param of cop -
per have been cal cu lated sep a rately for each of the ex plor atory
bore holes. Lithogeochemical anal y sis of 708 sam ples col lected 

from four ex plor atory bore holes in the cen tral por phyry de posit
pro vides valu able in sights into the cop per con tent of the re gion.
The data re veal that the min i mum cop per con cen tra tion is
<10 ppm, in di cat ing low-grade min er al iza tion. The av er age
cop per con cen tra tion ranges be tween 10 and 500 ppm, re flect -
ing a mod er ate level of cop per dis tri bu tion in the ana lysed sam -
ples. No ta bly, the max i mum cop per con tent reaches up to 2%,
high light ing lo cal ized ar eas of higher min er al iza tion that may
hold eco nomic po ten tial. A com par i son of the vari a tions in cop -
per grades across four key ex plor atory bore holes shows that
the av er age cop per grades in bore holes BH01, BH18, and BH23

are 220 ppm, 127 ppm, and 261 ppm, re spec tively. Mean while,
eight sam ples from bore hole BH26, at depths of 701 to 708 m,
yield an av er age cop per grade of 3134 ppm (0.3%; Ta ble 3).
The high est cop per grades ob served in bore holes 18 and 23 at
var i ous depths re veal sig nif i cant geo log i cal fea tures re lated to
min er al iza tion pro cesses. At shal low depths of ~40–50 m,
these anom a lies are as so ci ated with por phy ritic quartzdiorite
rocks ex hib it ing argillic and phyllic al ter ation. They co in cide with 
the bound ary be tween the leached ox ide zone and the super -
gene en rich ment zone. At greater depths, around 700 m, the
anom a lies cor re spond to the hypogene zone, char ac ter ized by
potassic al ter ation within the granodiorite in tru sive. The geo -
chem i cal vari a tions in cop per grade, sim i lar to the bore holes in
the centre of the por phyry sys tem, were also con ducted for all
ex plor atory bore holes in the re gion from sur face to depth and
were used for the trace el e ment dis tri bu tion map across the en -
tire area (Fig. 12A). Con sid er ing the av er ages ob tained from
the ex plor atory bore holes, if the eco nomic cut-off grade for a
por phyry de posit is con sid ered to be around 0.4%, the high-gra -
de cop per min er al iza tion in the centre of the Ser-e-Yazd por -
phyry sys tem (es pe cially bore hole 26 at a depth of 701–708 m)
with an av er age value of ~0.3% for 8 sam ples (with only one
sam ple hav ing a grade of 2%) in di cates that min er al iza tion in
the Ser-e-Yazd de posit is non-eco nomic and is clas si fied as an
en riched cop per de posit. In some of the drilled bore holes
(BH14) in the mesothermal veins on the north-west mar gin of
the por phyry sys tem, cop per grades near the sur face (depths of 
10 to 15 m) av er aged 0.78%, but again, these high-grade ores
oc curred in thin and lim ited thick nesses be low the ox ide zone.

Mo lyb de num is iden ti fied as an ac ces sory el e ment in the
cop per min er al iza tion of the Sar-e-Yazd area. While mo lyb de -
num plays a cru cial role in the geo chem i cal pro cesses as so ci -
ated with cop per min er al iza tion, it is rarely ob served in its dis -
tinct form, mo lyb de nite, dur ing mi cro scopic anal y sis of col lected 
sam ples. The sta tis ti cal param of mo lyb de num were cal cu lated
in di vid u ally for each ex plor atory bore hole in the cen tral re gion of 
the por phyry sys tem. These cal cu la tions pro vide valu able in -
sights into the dis tri bu tion and con cen tra tion of mo lyb de num,
which serves as a sig nif i cant in di ca tor of min er al iza tion within
the geo log i cal frame work. The re sults of these as sess ments
are sys tem at i cally de tailed in Ta ble 3. Based on lithogeoche -
mical data from 708 sam ples from four ex plor atory bore holes in
the cen tre of the por phyry sys tem, the min i mum, av er age, and
max i mum mo lyb de num val ues are <1, 1–2, and 74 ppm, re -
spec tively. The anal y sis of mo lyb de num grades across four ex -
plor atory bore holes – BH01, BH18, BH23, and eight sam ples from 
bore hole BH26 re veals sig nif i cant vari a tions in their av er age
con cen tra tions. The grades ob tained from these bore holes
high light dif fer ing lev els of min er al iza tion, with re corded val ues
of 19, 1.7, 4.5, and 11 ppm, re spec tively, as sum ma rized in Ta -
ble 3. Bore hole 01 shows the high est mo lyb de num grades at
var i ous depths com pared to other bore holes, and in bore hole
26, at a depth of 701 to 708 m, mo lyb de num oc curs at its high -
est level. These anom a lies ob served in bore hole 1 (BH01), in
terms of li thol ogy and al ter ation at shal low to mod er ate depths
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The SCu/SMo ra tio in each of the min er al iza tion sec tions
(leached-ox ide, sec ond ary en riched and hypogene) as an 

av er age from each of the zones of ex plor atory bore hole BH01

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ypDkQLYAAAAJ&citation_for_view=ypDkQLYAAAAJ:Tiz5es2fbqcC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=ypDkQLYAAAAJ&citation_for_view=ypDkQLYAAAAJ:Tiz5es2fbqcC


(~5–100 m), are as so ci ated with por phy ritic quartzdiorite rock
ex hib it ing argillic and phyllic al ter ation. These fea tures largely
cor re spond to the leached ox ide zone and supergene en rich -
ment. In con trast, bore hole BH26, sit u ated within the hypogene
min er al iza tion zone char ac ter ized by potassic al ter ation of the
granodiorite in tru sive, re veals sig nif i cant geo log i cal find ings,
par tic u larly re gard ing mo lyb de num and cop per con cen tra tions.
The anal y sis in di cates that bore hole BH26 con tains higher
grades of these min er als com pared to other bore holes in the vi -
cin ity. The geo chem i cal vari a tions in mo lyb de num grade, sim i -
lar to the bore holes in the centre of the por phyry sys tem, were
also con ducted for all ex plor atory bore holes in the re gion from
sur face to depth and were used for the trace el e ment dis tri bu -
tion map across the en tire area (Fig. 12A). The mo lyb de num
grade in global por phyry cop per de pos its var ies in the range of
50 to 300 grams per ton, with an av er age of 175 grams per ton
(Sillitoe, 2010). Ad di tion ally, in the veins on the edge of the por -
phyry sys tem, ac cord ing to Harati (2016), the mo lyb de num
grade reaches 29 grams per ton. There fore, con sid er ing the av -
er ages ob tained from the ex plor atory bore holes, as well as the
mo lyb de num grade in the mesothermal veins on the edge of the 
sys tem, mo lyb de num min er al iza tion in the Ser-e-Yazd por -
phyry de posit is very weak and min i mal.

Sil ver serves as an im por tant by prod uct in por phyry cop per
de pos its. The sta tis ti cal anal y sis of sil ver con cen tra tions in the
Sar-e-Yazd area, de rived from ex plor atory bore holes, pro vides
valu able in sights into the spa tial dis tri bu tion of this el e ment
within the por phyry struc ture. The data in di cate that sil ver
grades in the cen tral re gion of the por phyry sys tem are rel a -
tively low, with av er ages rang ing from 0.4 to 4 ppm. How ever, in 
the pe riph eral mesothermal veins as so ci ated with bore hole
BH13, the grade of this el e ment shows a rel a tively higher con -
cen tra tion. Anal y sis of the bore hole re veals that the high est re -
corded grade oc curs at a depth of 11 m, where the con cen tra -

tion reaches 88 ppm. Ad di tion ally, in the pe riph eral veins of the
por phyry sys tem, as re ported by Harati (2016), the sil ver grade
is ob served to reach 14 grams per ton. In the mesothermal
veins on the pe riph ery of the por phyry sys tem, the lead and zinc 
grades are so high that they are be ing mined and ex tracted as
ga lena and sphalerite, along with sec ond ary car bon ate min er -
als of lead and zinc. Ac cord ing to Harati (2016), the lead grade
in the pe riph eral veins of the por phyry sys tem reaches >3%.
How ever, in the centre of the por phyry sys tem, the av er age to -
tal grade of this el e ment is ~500 ppm, with only two sam ples
hav ing the high est lead grades at depths of 701 and 708 m in
bore hole num ber 26, con tain ing more than 3 per cent lead (Ta -
ble 3). The av er age con cen tra tion of zinc across all lithogeo -
chemical sec tion sam ples is no ta bly low, re sem bling the dis tri -
bu tion pat tern of lead in the core of the por phyry sys tem. The
over all av er age grade of zinc is ~500 ppm. How ever, the high -
est re corded con cen tra tions, ex ceed ing 3%, are found at a
depth of 25 m in bore hole 23 and at a depth of 704 m in bore -
hole 26 (Ta ble 3). In con trast, sim i lar to lead, the veins lo cated
on the pe riph ery of the por phyry sys tem ex hibit higher zinc
grades. As re ported by Harati (2016), the av er age zinc grade in
these pe riph eral veins reaches up to 1.5%, which is sig nif i cantly 
higher than the av er age grade in the sys tem’s core. In the
Sar-e-Yazd re gion, the spa tial dis tri bu tion of lead and zinc dis -
plays a zon ing pat tern con sis tent with the typ i cal char ac ter is tics 
ob served in por phyry de pos its world wide. The high est amount
of arsenie in the lithogeochemical sec tion is re lated to ex plor -
atory bore hole num ber 05, which is lo cated on the pe riph ery of
the por phyry sys tem (Fig. 12). Many sam ples from this bore -
hole ex hibit ar senic con cen tra tions ex ceed ing 100 ppm, al -
though the over all av er age ar senic con cen tra tion is 33 ppm.
Among all bore holes, the high est av er age ar senic grades are
ob served in bore holes 01, 02, and 05, as well as at a depth of
700 m in bore hole 26. Over all, the data sug gests that ar senic
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Fig. 12. Sim i lar ity of metal zon ing in the Sar-e-Yazd de posit with other por phyry de pos its: A – Sar-e-Yazd de posit
area (based on the geo log i cal struc tures iden ti fied in Fig . 4) and B – the Min eral Park cop per-mo lyb de num de posit in 

Ar i zona (af ter Lang and Eastoe, 1988)
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con cen tra tions in crease pro gres sively from the cen tre of the
por phyry sys tem to ward its pe riph ery and with greater depth
from the sur face. Based on Sillitoe (2010), well-de vel oped
metal zon ing is ob served in por phyry cop per de pos its from the
centre of the sys tem out ward. Over all, metal zon ing in these
por phyry sys tems shows that from the centre out ward, the Cu ±
Mo ± Au zone is cat e go rized in the cen tral cores of the sys tem
along with potassic, chlorite-seri cite, and sericitic al ter ations.
This cen tral zone usu ally has kilo metre-scale ha los of Zn, Pb,
and Ag anom a lies, re flect ing low-tem per a ture hy dro ther mal
fluid con di tions. In some sys tems, the out er most part of the halo 
is dis tinctly en riched in Mn (±Ag), as seen in the Butte de posit
(Meyer et al., 1967). Zn-Pb-Ag ± Mn ha los typ i cally have spa tial
co in ci dence with propylitic al ter ation zones but are in vari ably
best char ac ter ized in dis tal skarn en vi ron ments (e.g., Meinert,
1987; Meinert et al., 2005). Veins cut ting through propylitic ha -
los may be rich in Au, and in the Min eral Park de posit in Ar i -
zona, an outer zone of Pb-Zn and Au- Ag is ob served (Eidel et
al., 1968; Lang and Eastoe, 1988). De spite this, in some por -
phyry cop per de pos its, these metal ha los, es pe cially Zn, oc cur
as late-stage veins over lap ping with the cop per- dom i nant core, 
as seen in the Chuquicamata de posit (Ossandón et al., 2001).

Ex plor atory bore hole anal y ses con ducted at the cen tre of
the Sar-e-Yazd por phyry sys tem have iden ti fied sig nif i cant cop -
per anom a lies along side mi nor oc cur rences of mo lyb de num,
con sis tent with the char ac ter is tics of other por phyry sys tems.
An anal y sis of all ex plor atory bore hole sam ples, as pre sented
in Ta ble 3, in di cates that the av er age cop per con tent in the
stud ied sam ples is rel a tively low com pared to por phyry de pos -
its within the Naein-Jiroft mag matic belt and the Kerman cop per 
por phyry belt. How ever, the con cen tra tions of ar senic (18.5
grams per ton), an ti mony (1.9 grams per ton), and lead (497
grams per ton) are com par a tively high. No ta bly, ar senic and
lead are rec og nized as supergene el e ments in por phyry cop per 
de pos its (Gergorian, 2003).

The dis tri bu tion of cop per and mo lyb de num in the cen tral
re gion of the Sar-e-Yazd por phyry sys tem and its pe riph eral
bore holes has been thor oughly stud ied to better un der stand the 
min eral com po si tion of this area. Bore hole data re veals sig nif i -
cant vari a tions in the con cen tra tions of these el e ments, ex tend -
ing from sur face lev els to depths of up to 780 m. The dis tri bu -
tion pat terns for these el e ments were mapped for all sam pled
bore holes, sim i lar to those lo cated in the cen tral part of the sys -
tem. Fur ther more, the con cen tra tions of other key metal el e -
ments were ana lysed, and the av er age grade of each el e ment
was cal cu lated for each ex plor atory bore hole.

The re sults in di cate that the spa tial dis tri bu tion of metal el e -
ments in the stud ied area fol lows a zon ing pat tern con sis tent
with those ob served in por phyry de pos its world wide. In di vid ual
zon ing maps were pre pared for each ex am ined el e ment in the
de posit (Fig. 12). Based on the dis tri bu tion and zon ing of the
pri mary metal ores, the por phyry min er al iza tion at Sar-e-Yazd
shows a re mark able sim i lar ity to the cop per-mo lyb de num min -
er al iza tion ob served in the Min eral Park de posit in Ar i zona.

COMPARISON OF SAR-E-YAZD DEPOSIT 
WITH PCD DEPOSITS

Com pre hen sive stud ies and ex am i na tions of the Sar-e-
Yazd por phyry Cu (Mo) min er al iza tion, in cor po rat ing field in -
ves ti ga tions, geo log i cal sur veys of the min ing area, min er al iza -
tion-con trol ling struc tures, al ter ation pro cesses, pe trog ra phy,
min er al ogy, geo chem is try, and fluid in clu sion anal y ses, fa cil i -
tated a com par i son be tween the Sar-e-Yazd de posit and var i -
ous types of min er al iza tion and de pos its both within Iran and

glob ally. Based on geo log i cal and ore-re lated char ac ter is tics,
the por phyry min er al iza tion fea tures of Sar-e-Yazd were com -
pared with prom i nent por phyry cop per de pos its in Iran, in clud -
ing the Sungun por phyry Cu (Mo) de posit (Arasbaran zone,
north west ern Iran), the Dalli por phyry Cu-Au de posit (Saveh-
Naein mag matic belt), the Sarcheshmeh por phyry Cu-Mo (Au)
de posit, the Sara or Perkam de posit (Naein-Jiroft mag matic belt 
or Kerman cop per belt), and the Takht-e-Gonbad por phyry
Cu-Mo de posit (Kerman cop per belt; Ta ble. 6). The Sar-e-Yazd 
Cu (Mo) de posit dem on strates sev eral geo log i cal and min er al -
og i cal char ac ter is tics that closely align with those of the re -
nowned Sungun and Sarcheshmeh cop per de pos its. How ever,
the Sar-e-Yazd de posit shares the high est de gree of sim i lar ity
with the Takht-e-Gonbad and Dalli por phyry cop per de pos its,
par tic u larly with re spect to their geo log i cal set tings and min eral
com po si tions.

FLUID INCLUSION STUDY

A com pre hen sive fluid in clu sion study was con ducted to
clas sify var i ous in clu sions based on their or i gins and the
phases pres ent at room tem per a ture. This anal y sis fo cused on
quartz-chal co py rite veins and hy dro ther mal quartz grains as so -
ci ated with phyllic (sericitic) al ter ation, which is linked to por -
phyry min er al iza tion. Sam ples of veins in ter sect ing al tered por -
phy ritic quartzdiorite were col lected from sev eral drill cores, in -
clud ing BH08, BH18, BH24, BH25 and BH26. De tailed de scrip tions
of the sam ples and cor re spond ing mea sure ments are pro vided
in Ta ble 3. Most mea sured in clu sions were pri mary, fol low ing
the cri te ria of Roedder (1979; 1984) and Shep herd et al. (1985). 
Some times in the mod er ate depth of de posit, quartz in the veins 
and seri cite al ter ation is mainly equigranular, anhedral, and it
pos sesses a po lyg o nal shape. The con tacts among quartz
grains form tri ple junc tions with an gles at »120° (Fig. 13A). This
im plies that the quartz maybe recrystallized so that the fluid in -
clu sion mi grated to grain bound aries (Tarantola et al., 2012). As 
a re sult, the fluid in clu sions in sam ple 2 from Sar-e-Yazd were
sparse how ever this sam ple con tained us able in clu sions.
These fluid in clu sions were clus tered to gether (Fig. 13B) and
were con sid ered to be pri mary. The fluid in clu sions that oc cur in 
planes along healed frac tures (Fig. 13C) are con sid ered to be
sec ond ary and pos si bly re flect fluid cir cu la tion as so ci ated with a 
late stage of fluid en trap ment. The in clu sions vary in size, gen -
er ally be tween 5 and 25 µm, and sizes of 25–100 µm are rarely
ob served. They oc cur in ovoid, rounded, spin dle, and ir reg u lar
shapes, as wells as neg a tive crys tal forms. On the ba sis of
phase ra tios ob served at room tem per a ture and phase tran si -
tion dur ing ho mog e ni za tion, five types of fluid in clu sions are
pres ent in the early-stage veins and the phyllic al ter ation of the
host rock: one-phase liq uid only (L) or two-phase liq uid-rich
aque ous (L+V, V < 50%; Type 1; F1; Fig. 13D and E),
multiphase ha lite- bear ing flu ids (L+V+H; L+V+Op; L+V+H+Op; 
Type 2; F2; Fig. 13F and H), two-phase vapour-rich aque ous
(V+L, L < 10%; Type 3; F3; Fig. 13I and K), and one- phase
vapour only (V; Type 4; F4; Fig. 13K) in clu sions. The
Sar-e-Yazd por phyry sys tem does not ex hibit any in clu sions
con tain ing vis i ble liq uid car bon di ox ide (CO2), in di cat ing a dis -
tinct geo chem i cal en vi ron ment dur ing their for ma tion. De tailed
anal y ses con firmed that none of the in clu sions ful filled the cri te -
ria for con tain ing liq uid CO2, and clathrate for ma tion was not ob -
served dur ing freez ing ex per i ments (Type 5; F5; Fig. 13L). Ha -
lite crys tals were iden ti fied by their col our less, iso tro pic cu bic
mor phol ogy (Fig. 13F, H and K). The opaque phases (Fig. 13G
and H) were found to be ei ther cu bic or tri an gu lar in shape, likely 
rep re sent ing py rite or chal co py rite, re spec tively, as well as he -
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ma tite. The F1 and F3 type in clu sions un der went ho mog e ni za -
tion through the dis ap pear ance of va por and liq uid, re spec -
tively, while the F2 type in clu sions ho mog e nized through the
dis so lu tion of solid phases (ha lite) and the dis ap pear ance of va -
por. The F2 in clu sions are char ac ter ized by high sa lin ity and
high Th val ues; the F3 in clu sions dis play low sa lin ity but high Th 
val ues; and the F1 in clu sions ex hibit both low Th and low sa lin -
ity val ues (Fig. 14).

FLUID INCLUSION MICROTHERMOMETRY

The microthermometric data ob tained from 136 fluid in clu -
sions in quartz as so ci ated with phyllic al ter ation and quartz-
ore-bear ing veins in the Sar-e-Yazd por phyry sys tem pro vide
crit i cal in sights into the ther mal and compositional char ac ter is -
tics of the fluid sys tems in volved in the min er al iza tion pro cess.
These mea sure ments, sum ma rized in Ta ble 7, de tail the ho -
mog e ni za tion tem per a tures and sa lini ties of the fluid in clu sions. 
The heat ing and freez ing method was em ployed to de ter mine
the ho mog e ni za tion tem per a tures.

The ho mog e ni za tion tem per a tures of the stud ied fluid in clu -
sions fall into three dis tinct ranges: low to me dium tem per a tures
(130–280°C), me dium tem per a tures (280–480°C), and high to
very high tem per a tures (480–550°C; Fig. 14). The high est av er -
age ho mog e ni za tion tem per a ture was ob served in three-phase
fluid in clu sions con tain ing daugh ter ha lite ± opaque min er als.

These in clu sions fre quently ho mog e nized through the dis ap -
pear ance of the vapour phase into the liq uid phase (Ta ble 7). In
some sam ples, salt solved into liq uid phase. Ha lite so lu tion tem -
per a ture is higher than ho mog e ni za tion tem per a ture and in di -
cates en trap ment in higher pres sure (Bodnar, 1994). In gen eral,
the min i mum sa lin ity is re corded at 4 wt.% NaCI with a max i mum 
of 62 wt.% NaCl equiv a lent, and the ho mog e ni za tion tem per a -
ture ranges be tween 136 and 542°C (Fig. 14).

An av er age ho mog e ni za tion tem per a ture and sa lin ity range 
for fluid in clu sions are as fol lows: ~346°C and ~14 wt.% NaCl
equiv a lent for type 1 (F1) ~353°C and ~47 wt.% NaCl equiv a -
lent for type 2 (F2) and ~410°C and ~12.5 wt.% NaCl equiv a lent 
for type 3 (F3; Ta ble 7). Two-phase fluid in clu sions rich in liq uid
(F1) and two-phase fluid in clu sions rich in vapour (F3), the most 
com mon (85 in clu sions of L+V types and 25 in clu sions of V+L
type). The ho mog e ni za tion tem per a tures for liq uid and vapour
phases (L+V) range from 136 to 490°C, whereas the ho mog e -
ni za tion tem per a tures for vapour and liq uid phases (V+L) range 
from 320 to 541 °C. The fre quency of ho mog e ni za tion tem per a -
tures in three-phase fluid in clu sions, spe cif i cally those clas si -
fied as F2 (com pris ing liq uid, vapour, and ei ther hy dro car bon or 
an other liq uid phase) and F5 (com pris ing two liq uid phases and 
a vapour phase), pre dom i nantly in di cates a trend to ward ho -
mog e ni za tion into the liq uid phase. The max i mum tem per a -
tures were in the ranges of 280 to 369°C, 327 to 370°C, and
456 to 542°C, re spec tively. The ho mog e ni za tion tem per a ture
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Com par i son of the char ac ter is tics of the Sar-e-Yazd de posit with por phyry cop per de pos its in Iran
 [Sungun, Sarcheshmeh, Sara (Perkam), Dalli and Takht-e-Gonbad]
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of fluid in clu sions con tain ing ha lite ± opaque phases was gen -
er ally re corded at 365°C, oc cur ring prior to the dis so lu tion of
ha lite. In deeper sam ples (e.g., BH24), ha lite daugh ter min er als
were iden ti fi able, and opaque daugh ter min er als, par tic u larly
he ma tite, were ob served with higher fre quency. The rare oc cur -
rence of ha lite daugh ter min er als in other ex am ined fluid in clu -
sions may sug gest low so dium (Na) and chlo ride (Cl) con tent in
the mag matic hy dro ther mal flu ids that evolved within the min er -
al iz ing sys tem. The sa lin ity and ho mog e ni za tion tem per a ture
re sults for each sam ple are il lus trated in Fig ure 14.

Ad di tion ally, eutectic ice-melt ing tem per a tures (Te) for all
type 1 in clu sions were re corded be low –21.1°C (Fig. 14). This
in di cates that NaCl is not the dom i nant salt spe cies in these in -
clu sions, and other salts, such as CaCl2, MgCl2, or KCl, may be
pres ent in the so lu tion (Shep herd et al., 1985). The eutectic
tem per a tures of type 3 in clu sions were found to be sim i lar to
those of type 1 in clu sions, sug gest ing a po ten tial sim i lar ity in
their ther mal prop er ties and phase be hav iours.
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Fig. 13. Pho to mi cro graphs of fluid in clu sions in quartz-chal co py rite veins from the Sar-e-Yazd de posit

A – equigranular quartz grains in as so ci a tion with the ore min er als, form ing tri ple junc tions with an gles of 120°; B – a clus ter of pri mary
two-phase liq uid-vapour fluid in clu sions; C – vapour-only sec ond ary in clu sions in planes along healed frac tures; D – type 1 fluid in clu sions in
hy dro ther mal quartz grains in the sericitic al ter ation; E – type 1 two phase liq uid-vapour fluid in clu sions; F – type 2 three phase liq -
uid-vapour-ha lite fluid in clu sions; G – type 2 three phase liq uid-vapour-opaque (pos si bly chal co py rite or py rite) fluid in clu sions; H – type 2
multiphase fluid in clu sions con tain ing liq uid, vapour, ha lite and opaque min er als; I – type 3 vapour-rich in clu sions; J – type 1 and 3 in clu sions
with type 4 in clu sion; K – typ i cal fluid in clu sion as sem blage in por phyry-style min er al iza tion show ing co-ex ist ing type 2 and 3 in clu sions and L 
– type 5 fluid in clu sions con tain two phase liq uid LH2O and LCO2. FI – fluid in clu sion, L – liq uid, V – vapour; H – ha lite, Op – opaque
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DISCUSSION

GEOTECTONIC SETTING AND MAGMA EMPLACEMENT

The Sar-e-Yazd Cu (Mo) de posit rep re sents a sig nif i cant
geo log i cal site, where min er al iza tion pro cesses are strongly as -
so ci ated with the Oligocene por phy ritic granodiorite in tru sion
into Eocene volcanoclastic units. This geo log i cal re la tion ship
high lights the crit i cal role of the ther mal and chem i cal con di tions 
pro vided by the granodiorite in the mo bi li za tion and de po si tion
of Cu and Mo min er als (Harati and Moayyed, 2020). Min er al iza -
tion oc curs both in quartz-sul phide stockwork and as dis sem i -
na tions within the hy dro ther mally al tered volcanoclastic rocks
and por phy ritic in tru sions. These in tru sions ex hibit vari able al -
ter ation types, in clud ing potassic, seri cite, chlorite, and epidote
al ter ations. The ore min er al ogy, as well as the tex tures and
struc tures of the ores at the Sar-e-Yazd de posit, bear sim i lar i -

ties to those re ported in other por phyry cop per de pos its (PCDs) 
within the NJB or KB re gions, as doc u mented by Shahabpour
(1982), Hassanzadeh (1993) and Alirezaei and Hassanpour
(2011). Stud ies show that por phyry min er al iza tion is re lated to
the subduction of the Ara bian plate un der the Ira nian plate and
oc curred in the back-arc set ting (Hassanzadeh, 1993;
Shahabpour, 2005, 2007; Hezarkhani, 2006). The mag matic
com plex at Sar-e-Yazd was emplaced dur ing this
post-subduction tec tonic ex ten sion Dur ing the Oligocene, sev -
eral deep to shal low late subvolcanic stocks, plugs, and dikes,
which vary from in ter me di ate to fel sic in com po si tion, in truded
the vol ca nic and volcanoclastic rocks in the Sar-e-Yazd area
(Harati and Moayyed, 2020). The Sar-e-Yazd por phy ritic
granodiorite has been dated to the Oligocene (Harati and
Moayyed, 2020), ren der ing it sig nif i cantly older than sim i lar for -
ma tions re ported from the north ern Kerman belt (KB). This age
no ta bly con trasts with that of the world-class Sarcheshmeh and 
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Microthermometric data of the fluid in clu sions wall rock quartz- seri cite al ter ation and quartz- ore bear ing veins from
Sar-e-Yazd

Fig. 14A – ho mog e ni za tion tem per a ture ver sus fre quency in sam ples from the study area; B – sa lin ity di a gram ver sus fre quency 
in sam ples from the study area
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Miduk de pos its, which have been dated to the mid to late Mio -
cene (16–9 Ma) ac cord ing to var i ous stud ies (Ghorashizadeh,
1978; Shahabpour, 1982; Hassanzadeh, 1993; McInnes et al.,
2005; Taghipour et al., 2008). Sim i lar late Oligocene age is re -
cently re ported for the Bondar-e-Hanza por phyry in the south -
ern sec tion of the KB (Mohebi, 2015) and Takht-e-Gonbad cop -
per de posit (Hosseini et al., 2017). The Sar-e-Yazd de posit,
along with two other de pos its, is lo cated to ward the south ern
mar gin of the Kerman belt (KB) and sug gests a dis crete ep i -
sode of cop per min er al iza tion, likely oc cur ring prior to the col li -
sion (pre-collisional). The Jebal Barez-type granitoids in the KB, 
within the south ern sec tion of the NJMB arc (Dimitrijevic, 1973), 
are gen er ally con sid ered to date from the early-mid dle
Oligocene to the mid dle Mio cene (e.g., Conrad et al., 1977;
Hassanzadeh, 1993; Chiu et al., 2013). The Takht-e-Baneh
batholith, ex tend ing from the north to the south of the Takht-e-
Gonbad de posit and ex hib it ing char ac ter is tics of Jebal Barez-
type granitoids, has yielded a zir con U-Pb age of 25.0 ±0.7 Ma.
This re sult aligns with pre vi ously pro posed ages for these
granitoids (e.g., Dimitrijevic, 1973; Conrad et al., 1977;
Hassanzadeh, 1993; Chiu et al., 2013). Sim i lar to find ings from
the Takht-e-Gonbad de posit, this study high lights a con firmed
po ten tial for por phyry cop per de pos its con tem po ra ne ous with
the so-called bar ren Jebal Barez-type granitoids.

STRUCTURAL CONTROL ON MINERALIZATION

De for ma tions re lated to high tec tonic forces in the crust are
char ac ter ized by shear ing pro cesses (Ramsay and Huber,
1987; Brown and So lar, 1998; Pea cock et al., 2002; Montest
and Hirth, 2003; Wang and Ludman, 2004; Brogi, 2006). Iden ti -
fi ca tion of struc tural fac tors re lated to cut ting (es pe cially faults)
and their re la tion ship with in tru sive, in the ar eas af fected by
mag matic ac tiv i ties, is of great in ter est in the iden ti fi ca tion and
dis cov ery of min eral de pos its. In gen eral, the meet ing point of
main faults can be a suit able place for magma in fil tra tion and
min er al iza tion (Forster, 1978). The Sar-e-Yazd por phyry Cu
(Mo) de posit is sig nif i cantly in flu enced by the re gional struc tural 
frame work. Geo log i cal stud ies re veal that the em place ment of
min er al iza tion within the de posit is closely as so ci ated with a
net work of faults, pri mar ily trending in NNW, NNE, WNW, and
N–S ori en ta tions. These struc tural fea tures are crit i cal as they
pro vide path ways for hy dro ther mal flu ids, fa cil i tat ing the for ma -
tion of por phyry-style min er al iza tion by lo cal iz ing mag matic-hy -
dro ther mal fluid cir cu la tion (Fig. 3, in set map).

In gen eral, the con nec tion be tween mag matic ac tiv ity,
ore-form ing pro cesses, and dykes with the re gional struc tural
set ting can be un der stood through three main stages:

The first stage of ten sion is char ac ter ized by a compres -
sional sys tem in volv ing large-scale fold ing and the for ma tion of
mid dle Eocene frac tures. This sys tem is com pa ra ble to the re -
gional struc tures ob served in por phyry cop per de pos its north -
east of Shahr-e-Babak (Dimitrijevic, 1973; Ebadi et al., 2011)
and in the Mehriz re gion (north-west of the Sar-e-Yazd area),
where the Sani Abad syncline de vel oped dur ing this phase.

Dur ing this stage, dacite por phyry to por phy ritic quartz -
diorite in tru sions, as well as the first group of diabasic dykes,
were emplaced into lon gi tu di nal frac tures re sult ing from fold ing. 
These dykes, ex tend ing in a WNW di rec tion, are linked to the
older T2 frac tures within the shear sys tem de scribed by Storti et
al. (2006). In con trast, a sec ond group of later diabasic dykes,
which com monly in truded in a north-south ori en ta tion, is at trib -
uted to ten sile frac tures as so ci ated with the T1 shear sys tem.
These dykes and faults were sub se quently dis placed by youn -
ger north east-south west trending faults.

In the sec ond stage, as with dykes, the pat tern of hy dro -
ther mal veins is di rectly in flu enced by re gional ten sion and ex -
hib its two main trends: (1) ten sion splits re lated to T1

(north-south) and ten sile frac tures, which play a cru cial role in
the late-stage min er al iza tion sys tem, and (2) the pen nant vein
pat tern as so ci ated with R/R’ di ag o nal frac tures. Frac tures
trending NNW (R), which are pre dom i nantly filled with iron ox -
ides, are rel a tively youn ger and do not play a sig nif i cant role in
min er al iza tion. In con trast, frac tures as so ci ated with the (R’)
shear sys tem ap pear to have been in stru men tal in the em place -
ment of por phy ritic granodiorite within the re gion. This ob ser va -
tion aligns with Saric’s (1973) the ory re gard ing the em place -
ment of por phyry intrusives. Over all, the anti-Riedel (R’) frac -
tures, in con junc tion with the frac tures formed dur ing the first
stage, pro vided a con du cive frame work for the in tru sion and al -
ter ation of ig ne ous rocks, as well as the de vel op ment of por -
phyry-style min er al iza tion.

In the third stage, with the change in the ten sion re gime
and the de vel op ment of shear stress, frac tures formed in an
approxymately north-south di rec tion (Az i muth of 20°; aligned
with the T1 frac tures). These frac tures cre ated path ways for the
mi gra tion of hy dro ther mal flu ids (rem nants of por phyry cop -
per-pro duc ing flu ids) and magma, re sult ing in the for ma tion of
polymetallic veins (the first group of veins) and dykes (the sec -
ond group of dykes). The min er al iza tion at Sar-e-Yazd is pri -
mar ily hosted in dacite por phyry to por phy ritic quartzdiorite but
is ge net i cally re lated to por phy ritic granodiorite. This
granodiorite in truded the older dacite por phyry to por phy ritic
quartzdiorite and the tuffs of the volcanoclastic unit. The
microgranular and por phy ritic tex tures, as well as the elon gated
shape of the ore-re lated dacite por phyry to por phy ritic
quartzdiorite, are at trib uted to rapid magma as cent and sub se -
quent crys tal li za tion at shal low depths in an extensional tec tonic 
re gime. Melfos et al. (2002) de scribed a sim i lar mech a nism for
the or i gin of microgranite por phyry as so ci ated with the Maronia
Cu-Mo de posit, NE Greece. The pres ence of the microdiorite
xe no lith frag ments in the por phy ritic granodiorite at Sar-e-Yazd, 
sug gest that por phy ritic granodiorite in truded the por phy ritic
quartzdiorite (Harati and Moayyed, 2020).

PHYSICOCHEMICAL PARAM OF THE HYDROTHERMAL FLUIDS

The fluid in clu sion sys tem at ics at the Sar-e-Yazd de posit is
com pa ra ble to those re ported from sev eral other PCDs in the
Kerman belt (KB; Etminan, 1978; Hezarkhani, 2009), and else -
where (Bodnar et al., 2014; Hosseini et al., 2017).

The re sults of fluid in clu sion anal y ses from the study area
were plot ted on a di a gram com par ing ho mog e ni za tion tem per -
a tures and sa lini ties typ i cal of por phyry, skarn, and epi ther mal
de pos its (Fig. 15A). The di a gram re veals that the fi nal ho mog e -
ni za tion tem per a tures and sa lini ties of the fluid in clu sions fall
within the range char ac ter is tic of por phyry de pos its (Wilkinson,
2011). More over, the fluid in clu sions in quartz veins at
Sar-e-Yazd sug gest that quartz and as so ci ated me tal lic min er -
al iza tion formed as a re sult of phase sep a ra tion from an ini tial
high-tem per a ture (>540°C), mod er ate-sa lin ity super criti cal
mag matic fluid (Fig. 15B). This pro cess oc curred un der boil ing
con di tions dur ing the as cent and cool ing of the flu ids. The rapid
de crease in tem per a ture and pres sure pro moted fluid immis -
cibility in these veins, lead ing to the for ma tion of a sa line brine
(40–62 wt% NaCl equiv; F2) along side a co ex ist ing low-sa lin ity
(7.5–15 wt% NaCl equiv; F3), vapour-rich fluid. These phases
were sta ble un der lithostatic pres sures and ho mog e nized over
a tem per a ture range pre dom i nantly be tween 300 and 542°C.
This ev i dence, com bined with the pres ence of vapour-type sin -
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gle-phase fluid in clu sions (F4), sup ports the oc cur rence of boil -gle-phase fluid in clu sions (F4), sup ports the oc cur rence of boil -
ing in the ore-form ing flu ids (Ronacher et al., 2000; Moncada et
al., 2017). Con se quently, at the Sar-e-Yazd de posit, the bound -
aries of potassic-sericitic al ter ation are in ferred to be as so ci ated 
with fluid boil ing (Fig. 15B). A por tion of the cop per con tent
within the so lu tion may have been de pos ited as chal co py rite
due to boil ing pro cesses. Chal co py rite, the dom i nant min eral at
the Sar-e-Yazd de posit, formed through mech a nisms anal o -
gous to those ob served in por phyry cop per de pos its. Ev i dence
sug gests that boil ing played a sig nif i cant role in the min er al iza -
tion pro cess, in di cat ing a spa tial-tem po ral re la tion ship be tween
fluid boil ing and de posit for ma tion (Sam son et al., 2003). The si -
mul ta neous oc cur rence of V, V-L, and L-V type fluid in clu sions
within quartz veins sup ports the hy poth e sis that min er al iza tion
at the Sar-e-Yazd de posit likely re sulted from a boil ing fluid.
Microthermometric anal y ses of V-L type fluid in clu sions from
the Sar-e-Yazd field re veal ho mog e ni za tion tem per a ture
ranges for sam ples 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, re spec -
tively. These tem per a tures are con sis tent with those ob served
for L-V type fluid in clu sions, 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 align ment of tem per a ture ranges con firms the oc cur rence
of fluid boil ing dur ing the for ma tion of min er al ized quartz veins
at the Sar-e-Yazd de posit. In gen eral, F2-type fluid in clu sions
are con sid ered to best rep re sent the char ac ter is tics of min er al -
iz ing hy dro ther mal flu ids. V-L (F3-type) in clu sions are in ter -
preted as prod ucts of boil ing, while the L-V and V-L (F1 and F3
types) in clu sions can be at trib uted to fluid mix ing pro cesses.
This mix ing likely oc curred be tween high-sa lin ity mag matic flu -
ids (F2) and low-sa lin ity me te oric wa ter. Such fluid mix ing is a
well-doc u mented phe nom e non in por phyry cop per de posit
(PCD) sys tems, as these sys tems typ i cally de velop in shal low
en vi ron ments (<6 km; e.g., Carten, 1986; Va len cia et al., 2008;
Sillitoe, 2010). The physico-chem i cal char ac ter is tics of flu ids,
re spon si ble for cop per min er al iza tion at Sar-e-Yazd, are com -
pa ra ble to those in PCDs world wide, as re ported by Bodnar et
al., (2014). New physico-chem i cal con di tions, changes in pH
and tem per a ture transitioning lithostatic to hy dro static con di -
tions, as so ci ated with boil ing led to quartz and sul phide de po si -
tion (Bodnar et al., 2014). Abun dant stockwork and sil ica veins
in the area, as so ci ated with chal co py rite, mag ne tite, mo lyb de -
nite, quartz, and py rite as both dis sem i na tion and vein-type oc -
cur rences, pro vide strong ev i dence of min er al iza tion. Fluid boil -
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Fig. 15A – sa lin ity ver sus fi nal ho mog e ni za tion tem per a ture of fluid in clu sions in the
Sar-e-Yazd de posit within the range of com mon fluid in clu sions of the ore de pos its
(based on Wilkinson, 2011); B – sa lin ity ver sus ho mog e ni za tion tem per a ture plot of the
fluid in clu sions from the Sar-e-Yazd de posit
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ing can lead to ex ten sive hy drau lic frac tur ing of the wall rocks,
fa cil i tat ing the mix ing of as cend ing boil ing mag matic flu ids with
me te oric wa ter at the duc tile-to-brit tle tran si tion un der hy dro -
static pres sures (Zhong et al., 2014). The lower-tem per a ture
(225–398°C) and lower-sa lin ity (8–19 wt.% NaCl equiv a lent)
type 1 liq uid- rich fluid in clu sions in the hy dro ther mal quartz of
por phy ritic quartzdiorite at Sar-e-Yazd (Fig. 13) likely rep re sent
a late-stage fluid as so ci ated with de com pres sion un der hy dro -
static pres sures. This de com pres sion, caused by ex ten sive
hydrofracturing, gen er ated frac tures that are closely linked to
the me tal lic min er al iza tion at Sar-e-Yazd. These frac tures are
as so ci ated with sericitic al ter ation.

The pres ence of hy dro ther mal shears and ore-rich shear
veins in the Sar-e-Yazd de posit, com bined with ev i dence of a
boil ing event, in di cates the in volve ment of com pat i ble flu ids.
Shear ing is typ i cally in dic a tive of de creas ing pres sure, which
can trig ger boil ing in hy dro ther mal sys tems (Job son et al.,
1994; Jebrak, 1997). The ore veins in the Sar-e-Yazd de posit
ex hibit sharp bound aries with their host units, sug gest ing that
the veins were formed by fluid fill ing spaces un der hy dro static
pres sure (Liu et al., 2014; Ouyang et al., 2014). This pro cess ul -
ti mately con trib uted to the de vel op ment of hy dro ther mal frac -
tures.

INTRUSION ALTERATION AND MINERALIZATION

The em place ment of mul ti ple phases of late Oligocene por -
phy ritic granodiorite in tru sions is in tri cately linked to the in flux of 
min er al ized hy dro ther mal flu ids, which played a cru cial role in
the de po si tion of ore at Sar-e-Yazd. These in tru sions were
emplaced as struc tur ally lo cal ized, over lap ping pre-, syn-, and
post-min er al iza tion dykes, as well as tab u lar to up wardly ta per -
ing wedge-shaped bod ies. The ear li est mag matic pulse com -
prised a set of por phy ritic dykes, known as min er al ized dykes
(Harati and Moayyed, 2020). These dykes were jux ta posed
against youn ger and larger min er al ized granodiorite bod ies due 
to intra-min eral fault ing at Sar-e-Yazd (Figs. 3 and 4). Min er al -
iza tion at Sar-e-Yazd is as so ci ated with mul ti ple, tele scoped
stages of in tru sion and al ter ation. The al ter ation is dom i nated
by an ex ten sive phyllic as sem blage, ac com pa nied by ir reg u lar
zones of propylitic and mi nor potassic as sem blages at depth.
How ever, no con sis tent pat terns in al ter ation as sem blages and
sil i cate zon ing, as ob served in most por phyry cop per de pos its
(PCDs) in the NJMB or KB (e.g., Shahabpour, 1982; Alirezaei
and Hassanpour, 2011) and other re gions (e.g., Lowell and
Guilbert, 1970; Cannell et al., 2005; Sillitoe, 2010), can be dis -
cerned at Sar-e-Yazd. This can be at trib uted to re peated
magma in tru sions and the su per po si tion or over print ing of al ter -
ation as sem blages, along with the branch ing and dyke-like na -
ture of the por phy ritic in tru sion at shal low depths. Potassic al -
ter ation, as re ported from many other PCDs in the NJMB or KB
(e.g., Water man and Ham il ton, 1975; Shahabpour, 1982;
Alirezaei and Mohammadzadeh, 2009) and else where (e.g.,
Lowell and Guilbert, 1970; Sillitoe, 2010) might also be pres ent
at Sar-e-Yazd. This al ter ation is char ac ter ized by the pres ence
of quartz, hy dro ther mal bi o tite, K-feld spar, mag ne tite, chal co -
py rite, mo lyb de nite, and py rite. This might be due to an ex ten -
sive phyllic over print that masks ear lier potassic as sem blages.
Such per va sive phyllic al ter ation and the near-to tal de struc tion
of ear lier potassic as sem blages have been re ported in Seridun, 
Iju, and Kader (Alirezaei and Hassanpour, 2011) within the
NJMB or KB, as well as in other lo ca tions (Rich ards et al., 1999; 
Ossandón et al., 2001). Phyllic al ter ation is char ac ter ized by
abun dant seri cite and quartz, along with sub or di nate amounts
of chlorite, py rite, and chal co py rite. Sericitic al ter ation is char ac -
ter ized by the nearly com plete re place ment of mag matic K-feld -

spar, clinopyroxene, hornblende, and bi o tite, as well as the ex -
ten sive pres ence of seri cite and quartz in the groundmass.
Kaolinite con sti tutes a mi nor phase. Propylitic al ter ation, char -
ac ter ized by vary ing amounts of chlorite, cal cite, epidote, and
actinolite, is wide spread in the dacite por phyry to por phy ritic
quartz diorite and volcanoclastic rocks, oc cur ring pe riph er ally to 
the ore zone. Trace amounts of py rite and chal co py rite within
the propylitic al ter ation zone in di cate a slight in crease in the sul -
phur fugacity of the hy dro ther mal flu ids and/or an el e va tion in
fluid tem per a ture (Hemley et al., 1992). Car bon ate al ter ation, a
sub type of propylitic al ter ation en riched in sulphides, is pre dom -
i nantly char ac ter ized by cal cite. It is lo cally ob served as scat -
tered patches of cal cite + py rite ± quartz ± chal co py rite, as well
as sul phide- bear ing cal cite veinlets, oc cur ring both in the por -
phy ritic granodiorite bod ies and the sur round ing volcaniclastic
rocks. Argillic al ter ation is ex ten sively de vel oped at shal lower
depths, transitioning into phyllic al ter ation zones. Sericitic al ter -
ation over prints ear lier potassic and propylitic al ter ation. The
mag matic fluid ac tiv ity re spon si ble for form ing these al ter ation
zones dur ing the late stages of the por phyry sys tem was pre -
dom i nantly con trolled by a ma jor N-S trending fault at
Sar-e-Yazd. Re search ers have ex plored var i ous sources for
the flu ids in volved in phyllic al ter ation within por phyry cop per
de pos its (PCDs). Ev i dence points to the in volve ment of ex ter -
nal fluid in flux into the mag matic-hy dro ther mal sys tem dur ing
the late stages of seri cite and clay for ma tion (e.g., Sheets et al.,
1996; Tay lor, 1997; Cooke et al., 2011). How ever, other work -
ers have dem on strated a mag matic or i gin for late-stage seri cite
and illite al ter ation in PCDs (e.g., Kusakabe et al., 1984,1990;
Hedenquist et al., 1998; Watanabe and Hedenquist, 2001; Har -
ris and Golding, 2002; Calagary, 2003). Ac cord ing to Cooke et
al. (2014), a mag matic-hy dro ther mal or i gin for late-stage phyllic 
al ter ation aligns with the sub stan tial cop per (Cu) en dow ment
ob served in veins as so ci ated with this al ter ation stage. Con -
versely, a me te oric or i gin may be ap pli ca ble to other de pos its
where phyllic-stage veins are bar ren or only weakly min er al -
ized. At Sar-e-Yazd, the weakly min er al ized na ture of
phyllic-stage veins and their lim ited as so ci a tion with min er al iza -
tion pro vide ev i dence that sup ports the in volve ment of an ex ter -
nal fluid source in late-stage seri cite and clay for ma tion. The
pres ence of kaolinite, along with smaller quan ti ties of mont mo -
ril lo nite and iron ox ides/hy drox ides, sug gests a super gene or i -
gin for this al ter ation (cf. John, 2010; Tay lor, 2011). Supergene
argillic al ter ation is a wide spread char ac ter is tic and has been
doc u mented in nu mer ous por phyry cop per de pos its (PCDs)
within the KB, as re ported 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 Mag matic Belt (NJMB), also re ferred to as
the Kerman Ce no zoic Mag matic Arc (KCMA), con sti tutes the
south ern seg ment of the South ern Nain-Jiroft Mag matic Belt
(SNJMB). This re gion is pre dom i nantly com posed of calc-al ka -
line vol ca nic and plutonic rocks (Zarasvandi et al., 2007). The
KCMA hosts sev eral de pos its rang ing from world-class to mod -
er ate- and small-scale, in clud ing Sarcheshmeh, Meiduk,
Chahfiruzeh, Keder and Rea gan (Shafiei et al., 2009; Asadi et
al., 2014). As high lighted by Zarasvandi et al. (2005), Taghipour 
et al. (2008), Shafiei et al. (2009), Hou et al. (2011), Rich ards et
al. (2012) and Asadi et al. (2014), the con ti nen tal col li sion stage
dur ing the Mio cene was the pri mary driver be hind the for ma tion
of nu mer ous por phyry cop per de pos its (PCDs) within the
KCMA. Ac cord ing to Shafiei et al. (2009) and Asadi et al.
(2014), the ma jor ity of eco nomic and sub-eco nomic por phyry
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in tru sions in the NJMB or KCMA are as so ci ated with mid-late
Mio cene-Plio cene post-subduction and/or collisional stages,
such as the Chahfiruzeh and Keder por phyry sys tems
(Zarasvandi et al., 2019). In con trast, Eocene-Oligocene in tru -
sions are pre dom i nantly as so ci ated with subduction and/or
pre-collisional pro cesses. No ta ble ex am ples in clude the late
Oligocene Bondar-e-Hanza and Takht-e-Gonbad in tru sions
(Mohebi, 2015; Hosseini et al., 2017), as well as the Rea gan
and Daralou cop per por phyry de pos its (Zarasvandi et al.,
2019). The Sar-e-Yazd Cu (Mo) de posit, as pre vi ously noted, is
sit u ated within the NJMB, also re ferred to as the KCMA belt.
The prev a lence of calc-al ka line vol cano-plutonic rocks in this
belt (Aghanabati, 2005) en hances the like li hood of por -
phyry-style min er al iza tion in the Sar-e-Yazd area. Min er al iza -
tion at Sar-e-Yazd is as so ci ated with Oligocene por phy ritic
granodiorite in tru sions that cut through Eocene volcaniclastic
units (Harati and Moayyed, 2020). Ore min er al iza tion is ob -
served in quartz-sul phide stockwork and dis sem i na tions within
hy dro ther mally al tered volcaniclastic rocks and por phy ritic in tru -
sions. These min er al ized zones ex hibit vary ing de grees of
potassic, sericitic, chloritic, and epidotic al ter ations. The ore
min er al ogy and tex tural/struc tural char ac ter is tics at the
Sar-e-Yazd de posit are com pa ra ble to those re ported in nu mer -
ous por phyry cop per de pos its (PCDs) within the NJMB or KB, as 
doc u mented by Shahabpour (1982), Hassanzadeh (1993) and
Alirezaei and Hassanpour (2011). Stud ies show that por phyry
min er al iza tion is re lated to the subduction of the Ara bian plate
un der the Ira nian plate and oc curred in the back-arc set ting
(Hassanzadeh, 1993; Shahabpour, 2005, 2007; Hezarkhani,
2006). The mag matic com plex at Sar-e-Yazd was emplaced
dur ing this post-subduction tec tonic ex ten sion dur ing the
Oligocene, sev eral deep to shal low late subvolcanic stocks,
plugs, and dikes, which vary from in ter me di ate to fel sic in com -
po si tion, in truded the vol ca nic and volcanoclastic rocks in the
Sar-e-Yazd area (Harati and Moayyed, 2020). The Oligocene
age of the main Sar-e-Yazd por phy ritic granodiorite (Harati and
Moayyed, 2020) is no ta bly older than the ages re ported for por -
phyry de pos its in the north ern KB, such as the world-class
Sarcheshmeh and Miduk de pos its (16–9 Ma, mid to late Mio -
cene; Ghorashizadeh, 1978; Shahabpour, 1982; Hassan za -
deh, 1993; McInnes et al., 2005; Taghipour et al., 2008). A com -
pa ra ble late Oligocene age has been re cently iden ti fied for the
Bondar-e-Hanza por phyry in the south ern KB (Mohebi, 2015)
and the Takht-e-Gonbad cop per de posit (Hosseini et al., 2017). 
The Sar-e-Yazd de posit, along with Bondar-e-Hanza and
Takht-e-Gonbad, is sit u ated near the south ern mar gin of the
KB, in di cat ing a dis tinct ep i sode of cop per min er al iza tion, likely
pre dat ing the con ti nen tal col li sion (pre-collisional). At
Sar-e-Yazd, the ore-form ing magma con cen trated at the in ter -
sec tion of ma jor re gional struc tural fea tures in the up per crust,
at depths ex ceed ing 3 km. Here, it crys tal lized to form stocks,
plugs, and dikes with com po si tions rang ing from in ter me di ate to 
fel sic (re fer to Fig. 3, in set map). The ma jor and mi nor struc tural
fea tures pro vided a ver ti cally ex ten sive dilatant net work, which
fa vored the evo lu tion of the mag matic-hy dro ther mal por phyry
sys tem at Sar-e-Yazd (Fig. 4A). Based on the find ings of
Zarasvandi et al. (2019), we con ducted a com par a tive anal y sis
of the sil i cate chem is try (plagioclase, bi o tite, and am phi bole) in
Mio cene collisional por phy ries (e.g., Chahfiruzeh and Keder)
and Eocene-Oligocene pre-collisional por phyry sys tems (e.g.,
Rea gan and Daralou) within the KCMA. Pre-collisional por phyry 
sys tems, which ex hibit the low est de gree of cop per (Cu) min er -
al iza tion, also dem on strate the low est An% and Al* val ues com -
pared to their collisional coun ter parts. Plagioclase chem is try
sug gests that the mag matic sys tems in collisional de pos its are

rel a tively closed, with lower rates of mag matic mix ing com -
pared to pre-collisional de pos its. Bi o tite chem is try in di cates a
pro gres sive de crease in tem per a ture from Keder to Rea gan,
Daralou, and Chahfiruzeh. The ab sence of a con sis tent tem -
per a ture gra di ent in pre-collisional por phyry sys tems may con -
trib ute to their lower-grade min er al iza tion. High bi o tite halo gen
fugacity ra tios (fH2O/fHF and fH2O/fHCl >1) re flect the wa -
ter-rich na ture of the stud ied por phyry sys tems. Ad di tion ally,
the rel a tive en rich ment in flu o rine (F) in collisional por phyry de -
pos its (e.g., Keder) ap pears to cor re late with mag ne sium (Mg)
en rich ment in these sys tems. Pre-collisional por phyry sys tems,
char ac ter ized by low Cu min er al iza tion, dis play dis tinc tive fea -
tures such as the low est An% and Al* val ues, higher rates of
mag matic mix ing, and de ple tion in both F and Mg com pared to
collisional por phy ries. These at trib utes are ev i dent in the
Sar-e-Yazd pre-collisional por phyry sys tems, which share sim i -
lar i ties with the Rea gan and Daralou de pos its.

CONCLUSIONS

1. Min er al iza tion at the Sar-e-Yazd cop per (mo lyb de num)
de posit oc curred in re la tion to por phy ritic granodiorite bod ies
within a pre-col li sion back-arc set ting dur ing the Oligomiocene.
This age is con sid er ably older than those re ported for por phyry
cop per de pos its in the north ern Kerman Belt, in clud ing the
world-class Sarcheshmeh and Meiduk de pos its.

2. Un like most por phyry cop per de pos its in the Kerman Belt
and other re gions, where eco nomic ore is pri mar ily as so ci ated
with potassic al ter ation and the potassic-phyllic bound ary, the
ma jor ity of cop per min er al iza tion at Sar-e-Yazd is linked to
supergene pro cesses un der argillic kaolinite al ter ation. A
smaller pro por tion of min er al iza tion is as so ci ated with potassic
al ter ation and the potassic-phyllic bound ary at depth in bore -
hole BH26 (701–708 m).

3. Anal y sis of av er age sam ples from each ex plor atory bore -
hole re veals a pos i tive, mod er ate cor re la tion be tween cop per
and mo lyb de num, sug gest ing the pres ence of por phyry cop per- 
mo lyb de num de pos its at Sar-e-Yazd. Fur ther more, cop per ex -
hib its strong pos i tive cor re la tions with lead, zinc, and sil ver,
which are rec og nized as trace and in di ca tor el e ments of such
de pos its.

4. In con trast to ear lier per spec tives, geo chron ol ogi cal data
in di cate the po ten tial ex is tence of a por phyry cop per de posit
co eval with the so-called bar ren Jebal Barez-type granitoids in
the Kerman Belt or Naein-Jiroft Mag matic Belt.

5. Three ma jor fault groups trending E–W, NW–SE, and
NE-SW de fine the re gional struc tural frame work. These faults
con trolled the em place ment of in tru sions, late-stage dykes, and 
min er al ized veins within the crys tal line base ment of the vol ca -
nic-volcanoclastic unit.

6. Potassic al ter ation is as so ci ated with an ore as sem blage
com pris ing py rite + chal co py rite + bornite + mo lyb de nite + mag -
ne tite, pri mar ily oc cur ring in M- and A-type veins. Propylitic al -
ter ation cor re sponds to an as sem blage of py rite + chal co py rite,
while late sericitic al ter ation is linked to py rite + chal co py rite in
D-type veins. The as sem blage sphalerite + ga lena +
specularite + py rite is as so ci ated with a sub se quent epi ther mal
over print ing event.

7. Me tal lic min er al iza tion, par tic u larly abun dant in bore -
holes BH01, BH03, BH04 and BH23, is at trib uted to sec ond ary
supergene pro cesses. The to tal av er age of the high est me tal lic
min er al iza tion is sig nif i cantly en riched (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 in ter val.
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8. The co ex is tence of vapour-rich in clu sions (F3 type) with
high sa lin ity and liq uid-rich in clu sions (F2 type) of sim i lar ho -
mog e ni za tion tem per a tures pro vides com pel ling ev i dence for
boil ing. The physicochemical char ac ter is tics of flu ids re spon si -
ble for cop per min er al iza tion at Sar-e-Yazd are com pa ra ble to
those re ported for por phyry cop per de pos its (PCDs) world wide
(Bodnar et al., 2014).

9. The dis tri bu tion and zon ing of the prin ci pal metal ores at
Sar-e-Yazd ex hibit a strong re sem blance to the cop per-mo lyb -
de num min er al iza tion ob served in the Min eral Park de posit in
Ar i zona.

10. Based on geo log i cal and ore char ac ter is tics, the por -
phyry min er al iza tion fea tures of Sar-e-Yazd have been com -
pared with sev eral por phyry cop per de pos its in Iran, in clud ing

the Sungun por phyry cop per (mo lyb de num) de posit, the Dalli
por phyry cop per-gold de posit, the Sarcheshmeh por phyry cop -
per-mo lyb de num (gold) de posit, the Sara or Perkam de posit,
and the Takht-e-Gonbad por phyry cop per-mo lyb de num de -
posit. While Sar-e-Yazd shares nu mer ous fea tures with the
Sungun and Sarcheshmeh de pos its, it dem on strates the clos -
est sim i lar ity to the Takht-e-Gonbad and Dalli por phyry cop per
de pos its.
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ing field sur vey fa cil i ties, ac com mo da tion, and ac cess to drill
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