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The Arasbaran met al lo gen ic zone in north ern Iran is part of the Alborz–Azerbaijan mag matic zone, which de vel oped along
the south ern mar gin of Eur asia dur ing the Early Me so zoic–Late Ce no zoic. This re gion hosts pre cious and base metal min er -
al iza tion, in clud ing por phyry, skarn, and epi ther mal cop per, mo lyb de num, and gold de pos its. Rare earth el e ment vari a tions
across all the de pos its are sim i lar, in di cat ing a sim i lar source for these el e ments. The north-west trending belt com pris ing the 
Nabijan to the Sonajil de pos its con sis tently shows chiefly al ka line con di tions of for ma tion. Fluid in clu sion stud ies in di cate
that both high and low tem per a ture hy dro ther mal flu ids par tic i pated in the for ma tion of all of the de pos its. The min er al iza tion
age de creases from north to south and east to west and, al though metal zonation is com plex, the Cu-Au as so ci a tion
post-dated the Cu-Mo min er al iza tion re flect ing that the ore fluid evolved in terms of both cool ing and chem i cal changes due
to fluid–fluid and fluid–rock in ter ac tions. In this re gion most de pos its re cord a con cen tric zonation, with the cen tres pre serv -
ing por phyry and skarn de pos its and de pos its be com ing pro gres sively epi ther mal to ward the outer parts of the min er al iz ing
sys tem. Ac cord ing to this, the min er al iza tion age de creases from the por phyry and skarn de pos its to the epi ther mal de pos its. 
The ho mog e ni za tion tem per a ture and sa lin ity both de crease from the cen tre to the outer zone. The pat tern of ho mog e ni za -
tion tem per a ture zonation, which is con cor dant with sa lin ity zonation, sug gests that flu ids mi grated up-dip and to wards the
mar gins of the zonation sys tem.
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INTRODUCTION

The east-west trending Alborz Mag matic Belt (AMB) in
north ern Iran is di vided into west ern and east ern parts. The
west ern part, re ferred to here as the Alborz–Azarbaijan Mag -
matic Belt (AAMB), is sub di vided into the Arasbaran met al lo -
gen ic zone (AMZ) in the north and the Tarom–Hashtjin met al lo -
gen ic prov ince (THMP) in the south (Fig. 1; Azizi and Jahangiri,
2008; Azizi and Moinevaziri, 2009). The east ern part con sists of 
ba sic and fel sic tuffs and lavas with al ka line to shoshonitic af fin i -
ties, whereas the west ern part con sists of andesitic to dacitic
lavas and many calc-al ka line to shoshonitic granitoid bod ies
(Radmard et al., 2019).

This re gion in the Tethyan realm is an im por tant com po nent
of a re gional met al lo gen ic zone ex tend ing from the Pontide belt
in Tur key to the Hi ma la yas. Large Cu-Mo por phyry de pos its,
Cu-skarn oc cur rences (Mollai,1993) and Cu-Mo-Au epi ther -
mal-vein de pos its (Radmard et al., 2019) in this area in di cate

the eco nomic value and po ten tial of min er al iza tion in this mag -
matic belt and hence re quire ment of more sys tem atic stud ies of 
metallogenesis and re source ex plo ra tion.

Epi ther mal, base metal and por phyry de pos its in Iran are
mainly re lated to mag matic belts, in clud ing the NW–SE trending
Urmieh–Dokhtar and E–W-trending Alborz which are part of the
Al pine–Hi ma la yan orogenic sys tem (Yang et al., 2009). The
most im por tant por phyry de pos its in Iran in clude the (Fig. 1):
Sungun (Calagari, 2003), Dali (Zarasvandi et al., 2015), Aliabad
(Zarasvandi et al., 2005), Sarcheshmeh (Aftabi and Atapour,
2010), Meiduk (Aftabi et al., 2008) and Shadan (Karimpour et al., 
2014) de pos its. Some of the rec og nized epi ther mal Au de pos its
of Iran are lo cated in the AMZ (Fig. 2): Masjeddaghi,
Mazraeh-e-Shadi, Zaglic, Safikhanlo (Alirezaei et al., 2011).

Dem on strat ing the or i gin of hy dro ther mal flu ids re spon si ble
for the for ma tion of epi ther mal de pos its is one of the es sen tial
steps in the study of this type of de pos its, and the con cen tra -
tions of rare earth el e ments (REEs), La to Lu in the hy dro ther -
mal flu ids, may yield use ful data re gard ing the or i gin of
ore-form ing el e ments in clud ing base met als (Kato, 1999).
REEs be have co her ently dur ing most geo log i cal pro cesses
due to sim i lar chem i cal and phys i cal prop er ties (e.g., Tay lor
and McLennan, 1985). In spite of this sim i lar ity, REEs can be
frac tion ated dur ing geo chem i cal pro cesses. Thus, REE pat -
terns nor mal ized to stan dard ma te rial have been widely used
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as a tool to re veal var i ous geo chem i cal pro cesses. How ever,
there are only a few geo chem i cal stud ies on REEs in the de -
pos its lo cated in the AMZ.

Fluid in clu sions within hy dro ther mal veins have been rec og -
nized as re cords of min er al iz ing flu ids and the pro cesses by
which min eral de pos its were formed (Wilkinson, 2001). One of
the es sen tial aims of a fluid in clu sion study is to es tab lish a geo -
chem i cal model through col lect ing data about the com po nents
and physico-chem is try of the palaeofluids (Wil liams-Jones and
Hein rich, 2005). Fluid in clu sion stud ies form an im por tant tool
for con strain ing the physico-chem i cal fea tures of the hy dro ther -
mal flu ids re spon si ble for per va sive al ter ation and min er al iza -
tion pro cesses (Nash and The o dore, 1971; Nash, 1976;
Batchelder, 1977; Chivas and Wilkins, 1977; Etminan, 1977;
Roedder, 1984).

Stud ies on the min er al iza tion in the AMZ have been lim ited
and pro vide lit tle in sight into the or i gin of the de pos its lo cated in
this zone (e.g., Mazraeh-e-Shadi, Safikhanlo, Sungun,
Mazraeh, Anjerd, Masjeddaghi, Zaglic). In this pa per, we de -
scribe the geo log i cal set ting and geo chem i cal char ac ter is tics of 
the de pos its in the AMZ, in clud ing REEs and fluid in clu sions,
which help de ter mine the re la tion ships be tween the de pos its
and act as guide lines for fu ture ex plo ra tion in the AAMB. Our
re sults ex tend knowl edge of the epi ther mal min er al iza tion pro -
cesses in the AAMB, and pro vide ex plo ra tion cri te ria for sim i lar

epi ther mal ores in this area and in other parts of the AMB arc in
north west ern Iran.

GEOLOGICAL SETTING

Re gional tec tonic set ting. There are five ma jor tec tonic
zones in north west ern Iran re lated to the geodynamic evo lu tion
of the Tethyan realm be tween the Ara bian and Eur asian plates
dur ing the Early Me so zoic–Late Ce no zoic. These zones in -
clude, from south to north, the Zagros Su ture and Fold-Thrust
Belt, the Sanandaj–Sirjan Zone (SSZ), the Urumieh–Dokhtar
Mag matic Belt (UDMB), the Cen tral Iran blocks, and the AAMB
(Alavi, 1994), shown in Fig ure 1.

The UDMB rep re sents a con ti nen tal arc that formed as a re -
sult of the subduction of Neotethyan oce anic crust un der the
SSZ in the late Me so zoic (Alavi, 1994). North of the UDMB, dis -
crete frag ments of the Cen tral Iran blocks crop out from be -
neath the Ter tiary vol ca nic cover. Prior to the Tri as sic con ti nen -
tal rift ing ep i sode, the Cen tral Iran, South Ar me nian, and
Tauride blocks formed a microcontinent that was a part of the
north ern edge of Gond wana (Sosson et al., 2005; Azizi and
Moinevaziri, 2009; Mollai et al., 2009; Dilek et al., 2010). All
three blocks in clude a Pro tero zoic crys tal line base ment over -
lain by Pa leo zoic–Me so zoic sed i men tary se quences (Sosson
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Fig. 1. A sim pli fied geotectonic map of Iran (Nabavi, 1976) with lo ca tion 
of the Arasbaran met al lo gen ic zone (AMZ) en com pass ing the de pos its stud ied

The Alborz–Azarbaijan Mag matic Belt (AAMB), is sub di vided into the AMZ in the north
and the Tarom–Hashtjin met al lo gen ic prov ince (THMP) in the south



et al., 2005; Dilek and Sandvol, 2009; Rolland et al., 2009). The
E–W trending Ter tiary AMB in north ern Iran is di vided into west -
ern and east ern zones by the Rasht–Takestan Fault.

The calc-al ka line and shoshonitic mag matic ac tiv ity in the
UDMB started in the Eocene and con tin ued into the Qua ter nary 
(Daliran and Neubaer, un pub lished data). The youn gest vol ca -
nic ac tiv ity in the UDMB is mainly al ka line in na ture and is as so -
ci ated with tectono-mag matic pro cesses re lated to
post-collisional, intra-con ti nen tal rift ing events (Rich ards,
2003). The south of the UDMB is dom i nated by ba sic to in ter -
me di ate ig ne ous rocks with calc-al ka line to al ka line af fin i ties
and host the Sarcheshmeh and Meiduk por phyry cop per de -
pos its (Fig. 1). No por phyry cop per min er al iza tion has yet been
re ported from the UDMB zone to the north.

The AMZ in the west ern zone is sep a rated from the UDMB
by a nar row frag ment of the Cen tral Iran microcontinent. To the
north-west, the AAMB ex tends into the Lesser Cau ca sus in Ar -
me nia and into the East ern Pontides in Tur key. The AMZ de vel -
oped along the south ern mar gin of Eur asia. Up per Ju ras -
sic–Cre ta ceous flysch de pos its and plat form car bon ates de -
pos ited ad ja cent to this mar gin are over lain by Eocene vol ca nic
rocks, and are in truded by Oligo-Mio cene, shal low-crustal to

hypa bys sal plutons that col lec tively make up the AMZ (Fig. 2).
A geo log i cal map of de pos its in this re gion is shown in Fig ure 3.

Through out the Paleogene and Neo gene, the AMZ was
bor dered to the north and north-east by the Moghan ba sin, in
which Eocene to Mio cene clastic rocks ac cu mu lated, and in the
south and south-west by a fluvio-lac us trine ter res trial ba sin, in
which Mio cene red beds in clud ing clastic sed i ments and
evaporites were de pos ited. Dur ing the Late Mio cene to Qua ter -
nary, the Lesser Cau ca sus and the AMZ un der went re gional
con trac tion, short en ing first in a N–NW di rec tion and sub se -
quently in a NNE di rec tion. The NNE-ori ented crustal short en -
ing was ac com pa nied by WNW stretch ing and ex ten sion, and
as so ci ated in ten sive al ka line magmatism in a broad zone of
dextral transtension in the hin ter land of the Ara bia–Eur asia col -
li sion front (Mohajjel and Fergusson, 2000; Sosson et al., 2005;
Dilek et al., 2010).

Re gional ge ol ogy. The mag matic rocks of the AMZ are
high-K calc-al ka line to al ka line (Aghazadeh et al., 2011;
Asiabanha and Foden, 2012; Cas tro et al., 2013; Nabatian et
al., 2016), and are tec toni cally linked to subduction of the
Neo-Tethys oce anic crust be neath the Ira nian plate, and sub -
se quent col li sion of Ara bia with Eur asia dur ing the Al pine–Hi -
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Fig. 2. Sketch geo log i cal map of the Arasbaran re gion with lo ca tion of the de pos its
 (com piled and mod i fied from 1:100,000 geo log i cal map sheets of the GSI)

 a – Cen tral Iran Block with Ce no zoic cover, b – AMZ, c – Paratethys sed i men tary rocks; dashed line shows
 the limit of the struc tural units



ma la yan orog eny that caused the for ma tion of dif fer ent
orogenic belts, in clud ing the AAMB, in which oc cur such de pos -
its as the Mazraeh-e-Shadi, Sungun, Safikhanlo, Sarilar, and
oth ers (Alavi, 1994).

Ce no zoic rocks of the AMZ on a Na2O + K2O ver sus SiO2

dis crim i na tion di a gram, can be compositionally clas si fied as
subalkaline ba salt, an de site/ba saltic an de site, and
rhyodacite/dacite, and they plot mainly in the subalkaline field,
though some of them fall into the al ka line field (Fig. 4).

Sam ples with 50 to ~68 wt.% SiO2 are calc-alkalic to alkalic
(Fig. 5A), whereas sam ples with >68 wt.% SiO2 are gen er ally
calcic (Frost et al., 2001); a lim ited sub set of the vol ca nic rocks
as so ci ated with the Mazraeh-e-Shadi de posit are par tic u larly
calcic. Ce no zoic plutonic rocks of the AMZ are meta- to
peraluminous (Fig. 5B).

On the Rb ver sus Y + Nb tec tonic dis crim i na tion di a gram of
Pearce et al. (1984), most of the ig ne ous rocks as so ci ated with

the de pos its fall in the vol ca nic arc gran ite field, while some of
the youn ger (Mio cene) quartz-monzonitic and monzonitic
plutons strad dle the bound ary with, and fall into the field of,
within-plate gran ites (Fig. 6). On an Nb ver sus Y tec tonic dis -
crim i na tion di a gram, most of the ig ne ous rocks are placed near
the top of the vol ca nic arc granitoids (VAG field), but also span
the compositional fields plot ting in the third VAG, syn-COLG
and WPG fields (Fig. 6).

Met al lo gen ic belts. Min er al iza tion and for ma tion of ore de -
pos its in orogenic belts com monly ac com pany ig ne ous and as -
so ci ated hy dro ther mal ac tiv i ties (Sillitoe, 1997). Al though some
of this magmatism is re lated to ac tive subduction zone pro -
cesses as in vol ca nic arcs, the dis tri bu tion and gen e sis of many
im por tant min eral de pos its and oc cur rences in young orogenic
sys tems ap pear to be spa tially and tem po rally re lated to tec -
tonic events that are ei ther late in the collisional his tory or
post-collisional in or i gin (Laffitte, 1984; Mitch ell, 1996; Sillitoe,
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Fig. 3. Geo log i cal maps of de pos its in the ar eas stud ied

A – Nabijan (Shokohi, 2007); B – Sungun (Aghazadeh et al., 2015)
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Fig. 3C – Mazraeh-e-Shadi (Radmard et al., 2017)
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Fig. 3D, E – Safikhanlo and Zaglic (Alirezaei et al., 2011); F – Sonajil (Hosseinzadeh, 2008); G – Mazraeh (Mollai, 1993)



Geo chem is try of skarn and por phyry de pos its in re la tion to epi ther mal min er al iza tion in the Arasbaran met al lo gen ic zone... 147

Fig. 4. Plots of rep re sen ta tive rocks from the de pos its on a to tal al kali vs. SiO2 di a gram 
(Le Maitre, 2002)

Fig. 5A – Na2O+K2O-CaO ver sus SiO2 di a gram of ig ne ous rocks as so ci ated with the de pos its
(Frost et al., 2001); B – a Shand’s in dex di a gram for the Arasbaran granitoids

 Dis crim i na tion fields for dif fer ent types of granitoids af ter Maniar and Piccoli (1989) and Shand
(1927); sym bols as in Figure 4



1997). The or i gin of heat flux, melt, and flu ids, that col lec tively
play a ma jor role in metal trans port and min er al iza tion in
post-collisional set tings, raises fun da men tal ques tions in eval u -
at ing the re la tion ships be tween metallogeny, magmatism, and
re gional tec ton ics in such orogenic  sys tems.

The AMZ hosts pre cious and base metal min er al iza tion, in -
clud ing cop per, mo lyb de num, and gold within por phyry, skarn,

and epi ther mal de pos its (Ta bles 1 and 2). Ac cord ing to the dis -
tri bu tion of the ore de posit types, three met al lo gen ic zones are
dis tin guished within the AMZ (Daliran et al., 2007), as shown in
Fig ure 7:

b1. Zone A con tains Cu ± Mo ± Au por phyry and skarn de -
pos its, and stockwork Cu-Mo-Au min er al iza tion types.
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Fig. 6. Trace-el e ment, tec tonic set ting-dis crim i na tion vari a tion di a gram show ing the
com po si tion of ig ne ous rocks as so ci ated with the de pos its

A – Rb vs. (Yb+Nb); B – Nb vs. Y; VAG – vol ca nic arc gran ites, WPG – intra-plate gran ites, ORG –
ocean ridge gran ites, Syn-COLG – syn-col li sion gran ites; tec tonic set ting-com po si tion bound aries

af ter Pearce et al. (1984)

Fig. 7. Dis tri bu tion of met al lo gen ic zones and types of min er al iza tion in the AMZ 
ex posed in north west ern Iran (Jamalia et al., 2010)
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Met al -
lo gen ic
zone

De posit Lo ca tion Met als

Magmatism/
min er al iza -

tion age
[Ma]

Min er al iza -
tion type

Ge ol ogy host/coun try
rocks

Eco nomic
po ten tial Ref er ences

A

Sungun
38°41’53”N

46°42’21”E
Cu-Mo

22.9 ±0.2
and 21.7
±0.2 Ma

por phyry, 
skarn

U. Cre ta ceous lime stone
in truded by

granodiorite-monzodiorite
plutons

800 Mt at
0.6% Cu;
open pit 
min ing

Simmonds et al.
(2017)

Nabijan
38°45’58”N

46°48’24”E
Cu-Au

U. Eocene
to

Oligocene

por phyry, 
skarn

U. Cre ta ceous 
vol cano-sed i men tary

rocks in truded by
monzonitic plutons

0.4 ppm Au;
0.1% Cu

Baniadam (2002),
Shokohi (2007)

Anjerd
38°39’17”N

47°03’53”E
Cu-(Fe)  Mio cene skarn

U. Cre ta ceous
 vol cano-sed i men tary
rocks in truded by the
Sheivar granodiorite-

monzonite pluton

400,000 t at
1.5% Cu

Mollai (1993), Mollai 
et al.(2009), Atalu

(2006)

Mazraeh
38°39’17”N

47°03’53”E
Cu±Au 10 Ma skarn

U. Cre ta ceous
 vol cano-sed i men tary
rocks in truded by the
Sheivar granodiorite-

monzonite pluton

400,000 t at
1.5% Cu Hassanpour (2010)

Haftche s
hmeh

38°45’42”N

46°39’13”E
Cu-Mo 27.05 ±0.37 

Ma por phyry
U. Cre ta ceous lime stone
in truded by granodiorite-

monzodiorite plutons

Aghazadeh et al.
(2015)

Anniq
38°49’08”N

46°22’13”E
Cu-Mo-Au L. Mio cene

stockwork, 
in tru sion-
re lated, 
por phyry

me dium- to high-K,
calc-al ka line granodiorite,

monzonite and
diorite-gab bro plutons

1–2% Mo;

2 ppm Au;

open pit 
min ing

Jamali and Mehrabi
(2015)

Gharehchilar
38°50’49”N

46°22’13”E
Cu–Mo–Au

25.19 ±0.19 
to 31.22
±0.28 Ma

stockwork,
in tru sion-
re lated, 
por phyry

me dium- to high-K,
calc-al ka line granodiorite,

monzonite and
diorite-gab bro plutons

Simmonds and
Moazzen (2015)

Gavdel
38°40’30”N

46°54’30”E
Cu-Mo-Au Oligocene skarn Mollai (1993), Atalu

(2006)

B

Mazraeh-e-
Shadi

38°36’35”N

46°29’20”E
Au  Mio cene

me dium
sulphidation
epi ther mal

U. Eocene dacitic rocks
in truded by dioritic dikes

6 ppm Au; in
ex plo ra tion

Jamali and Mehrabi
(2015)

Sarilar
38°27’14”N

47°19’59”E
Au Oligocene

low-
sulphidation
epi ther mal

Eocene dacitic and
andesitic rocks in truded
by calc-al ka line plutons

1–10 ppm
Au; in

prospection

Ghadimzadeh
(2002), Heidarzadeh 

(2006)

Zaglic
38°26’44”N

47°21’06”E
Au  Oligocene

low-
sulphidation
epi ther mal

Eocene dacitic and
andesitic rocks in truded
by calc-al ka line plutons

1–10 ppm
Au; in

prospection

Jamali and Mehrabi
(2015)

Safikhanlo
38°23’30”N

47°19’56”E
Au  Oligocene

low-
sulphidation
epi ther mal

Eocene dacitic and
andesitic rocks in truded
by calc-al ka line plutons

1–10 ppm
Au; in

prospection

Jamali and Mehrabi
(2015)

C

Sonajil
38°11’34”N

47°16’49”E
Cu±Au Oligocene por phyry

Mid dle to u. Eocene
andesiticrocks in truded by 

me dium- to high-K,
calc-al ka line subvolcanic

rocks

0.2% Cu; in
prospection

Jamali and Mehrabi
(2015)

Valilu
38°20’36”N

46°52’33”E
As Mio cene–

Plio cene epi ther mal Mio cene Aban doned
mine

Jamali and Mehrabi
(2015)

Mivehrud
38°32’59”N

46°15’31”E
Cu-Au 9.12 ±0.19

Ma
por phyry, 
epi ther mal

U. Cre ta ceous to Palaeo -
cene flysch de pos its in -
truded by me dium- to
high-K, calcalkaline
subvolcanic rocks

1 ppm Au,
0.1% Cu, low 
grade; 3 ppm 

Au, Sb in
veins; in

prospection

Alirezaei et al.
(2016)

Noldareh
38°47’23”N

46°03’10”E
As Mio cene–

Plio cene epi ther mal Mio cene Aban doned
mine

Jamali and Mehrabi
(2015)

Masjeddaghi
38°52’38”N

46°56’19”E
Cu-Au 20.46 ±3.55 

Ma

por phyry,
high-

sulphidation
epi ther mal

Eocene andesitic rocks
in truded by calc-al ka line

subvolcanic rocks

0.33% Cu, 2
ppm Au

Agahzadeh et al.
(2015)

T a  b l e  1

Char ac ter is tics of the ore de pos its as so ci ated with AMZ



The Sungun, Haftcheshmeh, Nabijan, and Mazraeh
mines are lo cated in this zone (Fig. 7).

2. Zone B com prises sev eral epi ther mal gold de pos its and 
oc cur rences (Zaglic, Safikhanlo, Sarilar, and
Mazraeh-e-Shadi mines) (Fig. 7). Prom i nent ex am ples
of this type of min er al iza tion are hosted by Eocene vol -
ca nic rocks.

3. Zone C con tains de pos its oc cur ring in the moun tain
range from the Sabalan vol cano in the south-east to the
Jolfa re gion in the north-west. The main ex am ples in -
clude the Mivehrud, Masjeddaghi, and Sonajil de pos its.

Wide spread, WNW-trending al ter ation zones that are par al -
lel to the re gional faults oc cur mainly within Eocene vol ca nic
rocks in Zone B. Con sid er ing the al ter ation as sem blages, vein
min er als, and fluid in clu sion data, Ebrahimi et al. (2009) re cog -
nised var i ous types of epi ther mal sys tem in the AMZ, as fol lows
(Fig. 2): (1) low-sulphidation (Safikhanlo and Zaglic); (2) in ter -
me di ate (e.g. Mazraeh-e-Shadi); (3) high-sulphidation (e.g.
Masjeddaghi).

METHODS

In the pres ent study, nu mer ous field sam ples were taken
and se lected for dif fer ent pur poses. Pol ished and thin sec tions
were stud ied by op ti cal mi cros copy at Tabriz Uni ver sity. Most
sam ples were taken from across the skarn, host rocks and
quartz-sul fide brec cia veins (re lated to epi ther mal de pos its).
Quan ti ta tive val ues of ma jor and mi nor el e ments, trace el e -
ments, and REEs were de ter mined by in duc tively cou pled
plasma-atomic emis sion spec trom e try and in duc tively cou pled
plasma-mass spec trom e try ana lys ing meth ods (ICP-MS) in the 
Amdel Min eral Lab o ra tory, Aus tra lia. Ap prox i mate de tec tion
lim its for the el e ments are: Au = 0.005 ppm, Ag = 0.2 ppm, Pb,
Zn and Cu = 0.5 ppm. Microthermometric stud ies were con -
ducted on 100–150 µm-thick pol ished slabs of quartz from si lici -
fied and min er al ized zones. Sub-sur face sam ples con tain ing
quartz veinlets ob tained from di a mond drill holes and sur face
sam ples were se lected for ther mo met ric anal y ses.
Microthermometric stud ies were car ried out at the Lorestan
Uni ver sity Geo log i cal De part ment–Fluid In clu sion Lab o ra tory
us ing a Linkam THMSG600 freez ing-heat ing stage mounted on 
an Olym pus mi cro scope. The freez ing-heat ing stage has tem -
per a ture range that var ies from –196–600°C. Cal i bra tions were
per formed us ing cae sium ni trate (melt ing point of +414°C),
n-hex ane (freez ing point of 1–94.3°C) and syn thetic fluid in clu -
sion stan dards. The heat ing rate was 5–10°C/min at higher
tem per a tures (>100°C), with a reproducibility of ±1°C, but was

re duced to 0.1–0.5°C/min near phase trans for ma tion, with a
reproducibility of ±0.1°C. Sa lini ties of liq uid-rich fluid in clu sions
were cal cu lated from mea sured ice-melt ing tem per a tures us ing 
the equa tion of Bodnar (1993). In ter po la tion of data and cre -
ation of lon gi tu di nal sec tions for the veins was done us ing the
Kriging in ter po la tion func tion built in the Surfer soft ware, ver -
sion 9, Ex cel, Auto CAD, Flu ids (Bakker, 1999), Clathrates
(Bakker, 1997) and Flincore (Brown, 1989). The ba sic sta tis tics, 
min i mum, max i mum, mean and stan dard de vi a tion were cal cu -
lated for ev ery vein by SPSS soft ware, ver sion 16.

PORPHYRY DEPOSITS

Sungun. The larg est known por phyry Cu-Mo de posit in
north-west Iran is the Sungun por phyry cop per de posit (PCD),
which is also the sec ond larg est PCD in Iran (af ter
Sarcheshmeh PCD). The Sungun de posit, lo cated in the NW
part of Iran ~100 km NE of Tabriz, the most prom i nent por phyry
Cu-Mo in Zone A with ore re serves of ~796 Mt at 0.6% Cu, and
prob a ble re serves >1 Gt (Simmonds and Moazzen, 2015), has
been mined within the en riched, sericitic shal low min er al iza tion
zone.

The Sungun min er al iza tion, rep re sented by a chal co py -
rite-py rite-bornite as sem blage, is as so ci ated with Oligo-Mio -
cene granodiorite-monzonite and diorite-granodiorite plutons
(Hezarkhani, 2006). The pa ren tal magma of these plutons was
me dium- to high-K calc-al ka line in com po si tion and was
emplaced into the coun try rock at shal low crustal depths of 2 km 
and at tem per a tures of ~670–780°C (Hezarkhani, 2006). The
ex is tence of pri mary hornblende in the fresh diorite-granodiorite 
rocks sug gests that the pa ren tal magma was hy drous. It is in -
ferred that the exsolution of flu ids from wet magma at shal low
depths dur ing the early crys tal li za tion stage of the stocks and
plutons caused the pre cip i ta tion of Mo and Cu min er als in the
in tru sions (Hezarkhani and Wil liams-Jones, 1998).

Four al ter ation types are de vel oped in Sungun de posit:
potassic, phyllic, propylitic and argillic. The ear li est al ter ation is
rep re sented by potassic min eral as sem blages (dom i nated by K
feld spar) de vel oped per va sively and as ha los around veins in
the deep and cen tral parts of the Sungun stock (Hezarkhani
and Wil liams-Jones, 1998). The potassic al ter ation dis plays a
close spa tial as so ci a tion with cop per and mo lyb de num min er al -
iza tion; as much as 60% of the cop per and all of the mo lyb de -
num was pos si bly emplaced dur ing this al ter ation ep i sode
(Hezarkhani and Wil liams-Jones, 1998). Three types of fluid in -
clu sion are typ i cally ob served in quartz veinlets at Sungun: (1)
vapour-rich, two-phase, (2) liq uid-rich two-phase (Fig. 8A) and
(3) multi-phase. How ever, oc ca sion ally mono-phase solid (min -
ute ha lite crys tal) in clu sions are also ob served in some sam -
ples. Multi-phase in clu sions in clude those con tain ing liq uid,
vapour, and solid phases. There may be only one (prin ci pally
ha lite) or sev eral solid phases (e.g., ha lite, sylvite, and an un -
known trans par ent solid). The ho mog e ni za tion tem per a ture
var ies be tween 192–584°C and sa lin ity var ies be tween
1–68 wt.% NaCl equiv a lents. The microthermometric data and
cal cu lated pa ram e ters such as sa lini ties, ho mog e ni za tion tem -
per a tures and sa lini ties vs. ho mog e ni za tion tem per a tures bi -
nary di a gram for all de pos its is graph i cally il lus trated in Fig ure 9.

Sonajil. Rocks of the Sonajil re gion in clude Eocene an de -
site lava, por phyry microdiorite, Incheh granitoid and
Ozuzdaghi Plio-Qua ter nary vol ca nic rocks. Por phyry
microdiorite is the main host rock of por phyry type Cu-Mo min -
er al iza tion in the Sonajil. Ac tiv ity of hy dro ther mal flu ids caused
for ma tion of sul phide, sulphosalt and ox ide (mag ne tite, he ma -
tite) min er als in the form of dis sem i na tion, veins and veinlets.
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De posit name Ho mog e ni za tion
tem per a ture [°C]

Sa lin ity (wt.% NaCl 
equiv a lent)

Sungun 336.35 31.47

Sonajil 400.25 22.96

Mazraeh 356.11 23.92

Nabijan 195 5.7

Mazraeh-e-Shadi 227.94 1.94

Zaglic 200.9 4.47

Safikhanlo 267.5 1.77

Anjerd 356.11 23.92

T a  b l e  2

Char ac ter is tics of the flu ids form ing ore de pos its stud ied
 in the AMZ



These veins/veinlets con tain sul fides (py rite, chal co py rite, mo -
lyb de nite, bornite, ga lena, tetrahedrite, tenantite and en ar gite),
hy drox ides and ox ides (mag ne tite and specularite) and car bon -
ate (mal a chite and az ur ite) min er als. Ac tiv ity of supergene so lu -
tions caused the for ma tion of a pre dom i nantly goethite-en -
riched cap con tain ing cop per ox ides and car bon ates. Low py rite 
abun dance, out crop ping of the potassic zone, rapid up lift, a ba -
sic com po si tion of the host stock and low hypogene grade are
the rea sons for poor sec ond ary chalcocite en rich ment in a form
of poorly de vel oped blan ket.

Var i ous types of fluid in clu sion in clud ing mono-phase
vapour, two-phase liq uid and vapour (Fig. 8B), and multiphase
liq uid-vapour-solid of pri mary or i gin are pres ent within
quartz-sul fide veinlets. TH (L-V) for ha lite-bear ing in clu sions ho -
mog e niz ing by the dis ap pear ance of ha lite and of vapour are
260–565°C and 320–520°C, re spec tively and sa lin ity is
35.3–69% NaCl. TH (L-V) for two-phase in clu sion ho mog e ni za -
tion tem per a tures are 180–565°C, and sa lin ity is 0.7–15.17%
NaCl. In a bivariate plot of TH-sa lin ity, two dis tinct pop u la tions of 
high and low sa lin ity flu ids are rec og niz able and most of the
data points re lat ing to the high-sa lin ity plot above the ha lite sat -
u ra tion curve. The co ex is tence of vapour-rich two-phase and
ha lite-bear ing in clu sions hav ing sim i lar TH ranges can in di cate
boil ing in the Sonajil por phyry de posit.

SKARN DEPOSITS

The skarn de pos its of the Ahar re gion can be clas si fied
pet ro log i cally into endoskarn, exoskarn and ore skarn. Each of 
these can be fur ther sub di vided on the ba sis of the pre dom i -
nant min eral as sem blage. Skarn min er al ogy can be com plex
(Meinert et al., 2005). The dom i nant skarn min er als are gar -
net, cal cite, pyroxene, actinolite and epidote which are ac com -
pa nied by quartz, feld spar, mi nor vesuvianite and hornblende.

Cop per-iron skarn de pos its oc cur prom i nently in the AMZ
along the in tru sive con tacts of the Oligo-Mio cene

granodiorite-monzonite plutons with the Cre ta ceous lime -
stones. The most im por tant skarn de pos its in this zone are at
Mazraeh, Anjerd, Javanshaykh and Gavdel. In the Sungun
dis trict, cop per-skarn de pos its are found close to the por phyry
cop per at the con tact be tween a hypa bys sal monzodiorite in -
tru sion and a Cre ta ceous lime stone. The Sungun skarn was
pre vi ously mined in the 1920s by the So viet Un ion. Por phyry
stock em place ment led to the for ma tion of con tact meta mor -
phism and skarn-type min er al iza tion along its bor der with car -
bon ates at the north-east of the Sungun open pit (Calagari and 
Hosseinzadeh, 2006). The as so ci ated con tact metasomatic
al ter ation and skarn min er al iza tion are best de vel oped in
places where the frac ture den sity in the car bon ate rocks is rel -
a tively high. Metasomatic ef fects are well pro nounced at the
con tact of the por phyry stock with car bon ate rocks, and di min -
ish grad u ally out wards up to 55 m from the con tact.

Einaudi (1982) dis tin guished be tween re ac tion skarns and
ore skarns. The for mer, of lim ited ex tent, are formed along
shale-lime stone con tacts dur ing meta mor phism. The lat ter, as 
the name im plies, are the skarns that con tain min er ali sa tion,
and are formed as a re sult of in fil tra tion of flu ids de rived from
ig ne ous in tru sions. In the Ahar re gion the pro cesses that lead
to the for ma tion of skarn de pos its in clude three stages as fol -
lows: (1) Em place ment of plutonic magma which leads to
isochemical con tact meta mor phism (cal cite, pyroxene,
plagioclase); (2) prograde metasomatic skarn for ma tion as the 
pluton cools and an ore fluid de vel ops, (epidote,
tremolite/actinolite, chlorite) and; (3) ret ro grade al ter ation of
ear lier formed min eral as sem blages, lead ing to the for ma tion
of hydrosilicate min er als along with ore de po si tion (Mollai et
al., 2014). In gen eral, skarns are zoned from endoskarns in
the caus ative pluton, to prox i mal gar net and dis tal pyroxene, a
pat tern which also in di cates the over all ox i da tion state of the
skarn sys tem (Meinert et al., 2005).

Weak skarn min er al iza tion oc curs also at the con tact of the
Mivehrud subvolcanic body with Up per Cre ta ceous marly lime -
stone in Zone C. The min eral as sem blage con sists of chal co py -
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Fig. 8. Pho to mi cro graphs of pri mary fluid in clu sions at: A –Sungun, B – Sonajil, C – Mazraeh, D – Nabijan, E –
Mazraeh-e-Shadi, F – Zaglic

L – liquid, V – vapour
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rite-py rite-mag ne tite with mi nor ga lena, sphalerite, and mo lyb -
de nite, as well as an dra dite, grossular, epidote, and pyroxene
(Mollai, 1993; Atalu, 2006).

Tex tural ex am i na tion shows that at least three types of gar -
net are dis tin guish able. From old est to youn gest these are as
fol lows: (1) fine-to me dium-grained, anisotropic gar nets which
are mainly pres ent in the outer parts of the skarn zone. (2) Me -
dium- to coarse-grained, subhedral to euhedral, dark brown
gar nets. They oc cur as patchy ag gre gates with con spic u ous
growth zon ing, and are iso tro pic in their cen tral zones, and
anisotropic at their mar gins. (3) Veinlets of me dium- to
coarse-grained, iso tro pic and anisotropic gar nets cross-cut
type 2 gar nets and par tially re place them (Calagari and
Hosseinzadeh, 2006). Op ti cal ani so tropy in gar net is due to
their de par ture from cu bic sym me try, as a re sult of par tial re -
place ment of (SiO2) by (OH) to form hydrogarnet. Rose and
Burt (1979) sug gested that anisotropic gar net will form due to
fluc tu a tion in fluid com po si tion re sult ing from vari able ad mix ture 
with me te oric wa ter. Zoned gar nets from skarn de pos its of the
Ahar re gion do not show sys tem atic compositional vari a tion
from the core to the rim of the crys tal.

Mazraeh. Based on Mollai (1993), among skarn de pos its
along the north ern mar gin of the Ahar from west to east, the
Mazraeh Cu–Fe skarn de posit is the most typ i cal. It is lo cated
20 km north of Ahar town (Fig. 7). The or i gin and de vel op ment
of the skarn can be re lated to a gra nitic in tru sion of Mio cene
age, which has in truded a se quence of cal car e ous rocks. On
the ba sis of pet ro log i cal ob ser va tions, the skarn can be sub di -
vided into exoskarn, endoskarn and ore skarn (Mollai, 1993;
Mollai et al., 2009). The main min eral con stit u ents of the skarns

are gar net, mag ne tite, cal cite, chal co py rite, epidote, he ma tite
and pyroxene, ac com pa nied by quartz, py rite, bornite,
coevalite, chalcocite, plagioclase and chlorite. The bulk chem -
is try and spa tial vari a tion in di cate that the endoskarn was the
re sult of in ter ac tion be tween the Mazreah granodiorite with
crys tal line lime stone and metasomatic al ter ation by hy dro ther -
mal flu ids en riched in Mg, Fe, Cu, P, Ag, Zn, Pb, Cd, Mo, Mn.
These el e ments point to wards a mag matic source, and have
been con trib uted to the sys tem from the magma as well as the
host rock. The crys tal line lime stone was the source for Ca and
Mg in the case of the endoskarn. The trans for ma tion of
granodiorite into endoskarn was ac com plished by ad di tion of
1.4 to 15% CaO along with 7.17% of to tal iron into the
granodiorite, ac com pa nied by ~15.5% de ple tion in SiO2. The
ore-stage is dom i nated by liq uid-rich fluid in clu sions (Fig. 8C);
vapour-rich in clu sions are rare. The ho mog e ni za tion tem per a -
ture var ies be tween 435 and 232°C and sa lin ity ranges from
1.15 to 49 wt.% NaCl equiv a lents (Mollai,1993).

Nabijan. The Nabijan skarn de posit is lo cated 40 km west of
Kaleibar city, East Azerbaijan prov ince in the Alborz–Azerbaijan
struc tural zone (Fig. 2). Geo log i cal rock units out crop ping in the
area con sist of vol cano-sed i men tary rocks (trachyandesite, an de -
site, shale and lime stone) of Cre ta ceous age, in truded by
Oligo-Mio cene monzogranite, monzogranodiorite and diorite.
These in tru sions and re lated hy dro ther mal ac tiv i ties caused the
Au min er al iza tion of the Cre ta ceous host rocks, as well as of the
monzogranites. The min er al iza tion in the monzogranite oc curred
as a silicic stockwork and sheeted veins with py rite and mi nor
chal co py rite, sphalerite and ga lena. The other type of min er al iza -
tion is skarn, which is pres ent as sparse ir reg u lar veinlets with
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Fig. 9. His to gram of ho mog e ni za tion tem per a tures, sa lin ity and plots of ho mog e ni za tion tem per a tures vs. sa lin ity 
(wt.% NaCl equiv a lent) for all fluid in clu sions show ing two pop u la tions

Each box shows the me dian, quartiles, and ex treme val ues within a cat e gory: A – Sungun, B – Sonajil, C – Mazraeh, D – Nabijan, E –
Mazraeh-e-Shadi, F – Zaglic, G – Safikhanlo



small amounts of Au in the car bon ates. Pre lim i nary es ti ma tion of
ore re serve amounts to 320 kt with av er age Au grade ~1.37 g/ton.
Sur face and drill ing data en abled de ter mi na tion of two im por tant
anom a lies. One is in the con tact zone of in tru sive rocks with the
Cre ta ceous volcanics and car bon ates, rep re sent ing the skarn
zone. In this anom aly, the cor re la tion co ef fi cient in dex be tween Au 
and Cu, Pb, Zn, Ag, and As is low, whereas in the sec ond one
which co in cides with the stockwork min er al iza tion within the
monzogranite, it is high. The ho mog e ni za tion tem per a ture var ies
be tween 168–224°C and sa lin ity var ies be tween 3.27–8.51 wt.%
NaCl equiv a lent (Fig. 8D). The oc cur rence of hy dro ther mal brec -
cias, bladed cal cite, adu laria, and rare co ex ist ing vapour- and liq -
uid-dom i nant in clu sions sug gest that boil ing oc curred dur ing evo -
lu tion of the ore flu ids. The large vari a tions in Th and the sa lin ity
val ues can be ex plained by boil ing and/or mix ing.

EPITHERMAL MINERALIZATION

Wide spread, WNW-trending al ter ation zones that are par al -
lel to the re gional faults oc cur mainly within the Eocene vol ca nic 
rocks (e.g., Safikhanlo and Mazraeh-e-Shadi) of Zone B. The
min er al iza tion is re stricted to sil ica, sil ica-car bon ate, and sil -
ica-bar ite veins, al though stockwork and sheeted veinlets oc cur 
lo cally. Py rite is the main sul phide min eral and is as so ci ated
with mi nor chal co py rite, sphalerite, and ga lena. Gold is found
as fine par ti cles in sil ica and in sulphides. Some sericitic al ter -
ation oc curs at deeper struc tural lev els, where it is as so ci ated
with quartz veins and veinlets that con sist of trans par ent and
milky quartz with crustiform and comb-like tex tures, typ i cal of
epi ther mal min er al iza tion en vi ron ments. Fluid in clu sion stud ies
show a wide range of ho mog e ni za tion tem per a tures
(120–350°C) and sa lin ity (1–15 wt.% NaCl equiv a lent). A pos i -
tive cor re la tion ex ists be tween the higher sa lini ties and the high
base metal con tents in the veins (Ebrahimi et al., 2009).

Zaglic and Safikhanlo. The Zaglic and Safikhanlo epi ther -
mal gold pros pects are lo cated to the west of the Ce no zoic
AAMB in NW Iran. These pros pects are char ac ter ized by ex -
ten sive out crops of Cre ta ceous flysch type strata and Ce no zoic
vol ca nic and plutonic rocks. They are only 4 km apart, and lie in
an area cov ered by Eocene–Mio cene vol ca nic, pyroclastic and
in tru sive rocks. The old est rocks in clude dark grey to green,
por phy ritic an de site, ba saltic an de site, trachy-an de site to
latite-an de site of Up per Eocene age. The rocks con sist mainly
of plagioclase (an de sine–oligoclase), hornblende, clinopyro -
xene and sub or di nate bi o tite and quartz. The dom i nantly
andesitic lavas are over lain by light to dark green, fine-grained
tuff of in ter me di ate com po si tion, with scat tered crys tals of
plagioclase, hornblende, pyroxene and bi o tite, as well as
andesitic tuff brec cias and andesitic brec cias. The vol ca -
nic–pyroclastic suc ces sion in Safikhanlo was in truded by a
hypa bys sal in tru sion com posed dom i nantly of syenite as so ci -
ated with sub or di nate gran ite and monzosyenite. The in tru sive
rocks con sist mainly of plagioclase, al kali feld spars, quartz,
hornblende, and bi o tite. Ap a tite and Fe–Ti ox ides are com mon
ac ces sory min er als. An Oligocene age is pro posed for the in tru -
sion by anal ogy with sim i lar in tru sions in the Ahar quad ran gle.
Nu mer ous acidic to in ter me di ate dykes in truded the Up per
Eocene vol ca nic and pyroclastic rocks and the Oligocene in tru -
sive rocks. The dykes vary in length and width be tween 50–500
and 1–20 m, re spec tively.

Min er al iza tion is mainly re stricted to quartz and quartz-car -
bon ate veins and veinlets. Py rite is the main sul phide, as so ci -

ated with sub or di nate chal co py rite and bornite. Gold oc curs as
mi cro scopic and sub mi cro scopic grains in quartz and py rite.

Host vol ca nic rocks from both Safikhanlo and Zaglic ar eas
are me dium- to high-K, calc-al ka line and al ka line rocks and dis -
play frac tion ated REE pat terns, with LREE sig nif i cantly en -
riched rel a tive to the HREE. On prim i tive man tle-nor mal ized
plots, they dis play de ple tions in Nb, Ti and P, and en rich ments
in Pb, which are com mon char ac ter is tics of arc-re lated mag mas 
world wide. Hy dro ther mal al ter ation min er als de vel oped in the
wall rocks in clude quartz, cal cite, py rite, kaolinite, mont mo ril lo -
nite, illite, chlorite, and epidote. Mi nor alu nite oc curs at
Safikhanlo. Gold is lo cally en riched in the al tered rocks im me di -
ately ad ja cent to the veins. The ore-stage quartz from both
pros pects is dom i nated by liq uid-rich fluid in clu sions (Fig. 8E);
vapour-rich in clu sions are rare. The ho mog e ni za tion tem per a -
ture var ies be tween 176–224 and 199–317°C and sa lin ity var -
ies be tween 1.4–9.6 and from <1 to 6.7 wt.% NaCl equiv a lent,
for Safikhanlo and Zaglic, re spec tively. The oc cur rence of hy -
dro ther mal brec cias, bladed cal cite, adu laria, and vapour- and
liq uid-dom i nant in clu sions sug gests that boil ing re sulted from
the evo lu tion of ore flu ids. The large vari a tions in Th and the sa -
lin ity val ues can be ex plained by boil ing and/or mix ing. A lack of
sul phate min er als in the veins sug gests that sulphides and gold
pre cip i tated from a re duced, H2S-dom i nant fluid. The d34S val -
ues for the ore fluid vary be tween –4.6 and –9.3‰. Sul phur
could have been de rived di rectly from mag matic sources, or
leached from the vol ca nic and plutonic coun try rocks (Alirezaei
et al., 2011). Ore for ma tion in the Zaglic and Safikhanlo ar eas
oc curred in re sponse to mix ing, boil ing, and in ter ac tions with
wall rocks. Con sid er ing the in ter me di ate-argillic al ter ation, low
con tents of base metal sulphides, and the over all low sa lini ties,
the Zaglic and Safikhanlo oc cur rences can be clas si fied as
low-sulphidation epi ther mal sys tems.

Mazraeh-e-Shadi. The Mazraeh-e-Shadi epi ther mal de -
posit is lo cated ~130 km to the north-east of Tabriz in the mag -
matic rocks of the cen tral Ira nian geostructural zone (Fig. 2).
More than 10 Cu±Mo±Au por phyry de pos its and epi ther mal
gold sys tems have been iden ti fied in the Arasbaran met al lo gen -
ic zone, e.g. Sungun (Calagari, 1997), Mazraeh, Sungun and
Anjerd (Mollai, 1993; Calagari and Hosseinzadeh, 2006;
Karimzadeh Somarin and Moayyed, 2002), Masjeddaghi
(Akbarpur, 2007), Zaglic (Heidarzadeh, 2006), Safikhanlo
(Gadimzadeh, 2002), Sharafabad (Purnik, 2006; Ebrahimi et
al., 2009).

In the Mazraeh-e-Shadi area three types of lithologies are
rep re sented (Radmard et al., 2017), as fol lows: Eocene
pyroclastic rocks, Oligocene–Plio cene vol ca nic rocks, and
Qua ter nary volcanogenic con glom er ate (ag glom er ate) and al -
lu vial units.

The Eocene pyroclastic, vol ca nic and agglomeratic rocks
(usu ally of an andesitic com po si tion) are over lain by dacitic tuff,
dacite, hornblende an de site, trachyandesite and an de site vol -
ca nic rocks of Ol igocene and Plio cene age. Nu mer ous dacite to 
andesitic dykes in truded into the vol ca nic and pyroclastic rocks
are of Up per Eocene age. The youn gest rock units in the area
are Qua ter nary al lu vial plain and river de pos its. The Qua ter nary 
volcanogenic con glom er ate (ag glom er ate) crops out in the vi -
cin ity of the Mazraeh-e-Shadi de posit in the south west ern part
of the study area. Subvolcanic rocks such as quartz
monzodiorite-diorite por phyry in truded the Eocene vol ca nic and 
vol cano-sed i men tary units and caused min er al iza tion and al ter -
ation. Gold min er al iza tion in the Mazraeh-e-Shadi is re lated to
Eocene vol ca nic and in tru sive rocks. Out crops of subvolcanic
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rocks ex tend over a dis tance of ~1650 m and their width ranges
from 300 to 450 m in the area.

Three main types of fluid in clu sions were iden ti fied in the
sam ples col lected from si lici fied and min er al ized zones; Type 1
– liq uid-rich fluid in clu sions (LV) con sists of liq uid + vapour with
the liq uid phase vol u met ri cally dom i nant, and lack daugh ter
crys tals (Fig. 8F). The di am e ters of these fluid in clu sions
ranges from 4 to 92 µm. These fluid in clu sions are com mon in
all the min er al ized quartz veins. They oc cur in al most all sam -
ples and made up the larg est num bers of the in clu sions stud ied. 
The first ice-melt ing tem per a tures (Tfm) of these in clu sions
range from –19 to –29°C and the last ice-melt ing tem per a ture
(Tm ice) is be tween –3.2 and 2.2°C. These in clu sions yield ho -
mog e ni za tion tem per a tures from 160 to 308°C and sa lini ties
are 0.17–5.2 wt.% NaCl equiv a lent. Type 2 – two-phase
vapour-rich (VL) fluid in clu sions are com mon in ex po sure
quartz vein sam ples. The di am e ters of these fluid in clu sions
ranges from 6 to 17 µm. These in clu sions ho mog e nized to a
gas phase. The ho mog e ni za tion tem per a tures, rang ing from
be tween 173 and 324°C, are the high est ho mog e ni za tion tem -
per a tures ob tained from quartz in the study area and sa lini ties
are 0.16–1.8 wt.% NaCl equiv a lent. The gas bub bles in the (VL) 
in clu sions oc ca sion ally oc cupy >80% of the in clu sion vol ume.
Type 3 – vapour monophase (V) in clu sions have sizes from 10
to 31 µm (Radmard et al., 2017). Quartz veins con tain ing liq -
uid-rich and vapour-rich in clu sions in di cate boil ing dur ing hy -
dro ther mal evo lu tion, re sult ing in rel a tively higher gold grades
(up to 813 ppb Au).

GEOCHEMISTRY OF RARE EARTH ELEMENTS

The study of REE be hav iour in rocks and min er als is of note
for the fol low ing rea sons. First, REEs in duced spe cial be hav -
iours dur ing var i ous geo chem i cal pro cesses, which are used as 
de tec tors in rec og ni tion of ores and rock or i gin as well as of

geo log i cal and tec tonic set tings. Sec ondly, en vi ron men tal is -
sues are highly sig nif i cant to ra dio ac tive wastewater man age -
ment and REEs are known as fis sion able plu to nium and ura -
nium prod ucts in nu clear power plants (Brook ing, 1984; Rard,
1988). Thirdly, eco nom i cally speak ing, they have sev eral ap pli -
ca tions of ex traor di nary value. REEs are con ve niently di vided
into three sub groups: HREE, MREE and LREE (Rollinson,
1993). The frac tion ation de gree be tween REEs can be de ter -
mined by the LREE/HREE ra tio. It has been pointed out that re -
place ment of REEs by cal cium is one of their sig nif i cant fea -
tures (Knarchenko and Pokrovsky, 1995; Pol lard, 1995).

Geo chem i cal con sid er ations in di cate that the con cen tra tion 
val ues of rare earth el e ments in the de pos its range from 55 to
234 ppm (Ap pen dix 1*).

Pat terns of the chondrite-nor mal ised REE for the Sungun,
Mazraeh, Mazraeh-e-Shadi, Sonajil, Nabijan, Safikhanlo and
Zaglic de pos its show that, al though the dis tri bu tion pat tern of
REEs is more or less flat and smooth, LREEs show higher con -
cen tra tions than HREEs (Fig. 10). This in di cates that con sid er -
able dif fer ences of gain and loss oc curred be tween LREEs and
HREEs dur ing the for ma tion of the rocks. The dis tri bu tion pat -
terns of LREEs, MREEs and HREEs are shown in Fig ures 11
and 12. The high est val ues of the LREEs, MREEs and HREE
ra tios have been ob served in the epi ther mal de pos its (e.g.,
Mazraeh-e-Shadi, Safikhanlo and Zaglic).

To eval u ate the frac tion ation de gree be tween REEs, var i -
ous ra tios of REEs, such as (La/Yb)n, (La/Sm)n and
(Gd/Yb)n were used. (La/Yb)n de ter mines the de gree of frac -
tion ation of LREEs from HREEs dur ing geo chem i cal pro -
cesses (Aubert et al., 2001; Yusoff et al., 2013), while the two 
other ra tios es tab lish the de gree of frac tion ation be tween
LREEs and MREEs and be tween MREEs and HREEs, re -
spec tively (Yusoff et al., 2013).

The val ues of these ra tios range for (La/Yb)n from 8.88 to
88.77, for (La/Sm)n from 3.36 to 28.41 and for (Gd/Yb)n from
1.57 to 5.17 (Ap pen dix 2). The great est frac tion ation oc curred
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Fig. 10. Chondrite-nor mal ised REE pat terns (ac cord ing to Tay lor and McLennan, 1985) of fresh sam ples 
from the Sungun, Zaglic, Safikhanlo, Nabijan, Mazraeh, Mazraeh-e-Shadi and Sonajil de pos its

sun – Sungun, zag – Zaglic, saf – Safikhanlo, sona – Sonajil, mz – Mazraeh, nb – Nabijan, ms – Mazraeh-e-Shadi

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1520

https://gq.pgi.gov.pl/article/downloadSuppFile/26331/3716
https://gq.pgi.gov.pl/article/downloadSuppFile/26331/3717


be tween LREEs and HREEs (up to 89 times) with a rel a tively
mi nor frac tion ation be tween MREEs and HREE. These ra tios
re flect fractionations as fol lows: LREE/HREE > LREE/MREE>
MREE/HREE. The high est val ues of the three ra tios have been
ob served in the Mazraeh-e-Shadi and Nabijan de pos its (Ap -
pen dix 1): (La/Yb)n = 89, (La/Sm)n = 28.41 and (Gd/Yb)n =
5.17) that rep re sent large frac tion ation of REE in the
Mazraeh-e-Shadi de posit not only be cause of high LREE but
also on ac count of low MREE and HREE. Since the dis tri bu tion
pat tern of REEs is gov erned by mainly geo chem i cal con di tions,
the La/Y ra tios ren der use ful data for de ter mi na tion of pH in the
en vi ron ment of ore for ma tion. Val ues of La/Y >1 show al ka line
con di tions, while val ues of La/Y <1 in di cate acidic con di tions

(Crinci and Jurkowic, 1990). This ra tio in this re gion ranges from 
1.32 to 29.17 (Ap pen dix 2 and Fig. 13).

Cal cu la tions of Eu and Ce anom a lies are de fined by the fol -
low ing equa tions (Tay lor and McLennan, 1985): Ce/Ce* =
(2Ce/Ce chondrite)/ (La/La chondrite + Pr/Pr chondrite) and
Eu/Eu* = (2Eu/Eu chondrite)/ (Sm/Sm chondrite + Gd/Gd
chondrite). The Eu and Ce anom aly val ues across the
lithological units range from 0.60–1.29 and 0.61–0.98, re spec -
tively (Ap pen dix 1 and Fig. 14). Val ues >1 and <1 are called
pos i tive and neg a tive anom a lies, re spec tively. Plot ting the
Ce/Ce*val ues of all sam ples on a Ce/Ce* vs. SREEs bi nary di a -
gram rep re sents one pop u la tion in clud ing <1. This sit u a tion is
also re peated for Eu/Eu* and (Pr/Yb)n (Fig. 15).
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Fig. 11. Con cen tra tion vari a tions of LREEs (La-Nd) 

Ab bre vi a tions are given in Figure 10

Fig. 12. Con cen tra tion vari a tions of MREE and HREEs

Ab bre vi a tions are given in Figure 10

Fig. 13. Vari a tions of La/Y val ues

Abbreviations are given in Figure 10
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DISCUSSON

REEs. Rare earth el e ment vari a tions across the all de pos its 
are sim i lar in di cat ing a sim i lar source for the REE. All the de -
pos its along the pro file from Nabijan to the Sonajil show chiefly
al ka line char ac ter. As the shear zones formed un der rel a tively
sim i lar PT con di tions, it is likely that the sta bil ity of the
REE-bear ing min er als was con trolled by the char ac ter is tics of
the flu ids, i.e., pH, ox y gen fugacity (fO2) and con cen tra tions of
po ten tial REE lig ands (SO4

2- , CO3
2- , OH–, F–, PO4

2- ). These REE
lig ands may pre cip i tate into REE min er als or REE-bear ing min -
er als in re sponse to changes in fluid com po si tion, be cause of
frac tional crys tal li za tion, fluid-rock re ac tion, or fluid-mix ing pro -
cesses (Rolland et al., 2003). Pre cip i ta tion and dis so lu tion of
var i ous REE min er als at dif fer ent stages of shear zone for ma -
tion il lus trate that changes in fluid chem is try oc curred in in di vid -
ual shear zones (Rolland et al., 2003). The Nabijan de posit has
the high est La/Y val ues (29.17), in di cat ing ba sic con di tions of
hy dro ther mal al ter ation dur ing min er al iza tion (Fig. 13). The ba -
sic con di tions of hy dro ther mal al ter ation de crease from epi ther -

mal de pos its to the por phyry and skarn de pos its, from the north
to the south and west to east due to the re la tion ships be tween
these de pos its (Fig. 13). This re la tion ship in di cates that por -
phyry and skarn de pos its have an early age and epi ther mal de -
pos its are later in or i gin.

All the de pos its, based on the REE val ues and Ce anom a -
lies, can be grouped into one cat e gory with an al ka line pH, neg -
a tive Ce anom a lies and high REE val ues. This is in fact an en -
rich ment zone. The pos i tive anom a lies of Ce in di cate that Ce
was fixed as Ce4+ un der acidic and oxi dis ing con di tions. The
only log i cal and ac cept able fac tor for the neg a tive anom a lies for 
Ce in this re gion is the cou pled complexation of Ce4+ with car -
bon ate lig ands and its leach ing dur ing the min er al iza tion pro -
cesses (Karadag et al., 2009).

Since the Eu car ri ers are plagioclases, Eu con cen tra tions
might be re lated to the de gree of plagioclase al ter ation. The Eu
pos i tive anom aly strongly in di cates early stages of rock al ter -
ation in acidic en vi ron ments (Kikawada, 2001). The pos i tive
anom a lies of Eu and (La/Lu)n im ply acidic flu ids at high tem per -
a ture (Wood, 1990). Con sid er ing the three pa ram e ters Ce/Ce*,

Geo chem is try of skarn and por phyry de pos its in re la tion to epi ther mal min er al iza tion in the Arasbaran met al lo gen ic zone... 157

Fig. 14. Vari a tions of Ce/Ce* and Eu/Eu* val ues

Abbreviations are given in Figure 10

Fig. 15A – re la tion ship be tween Ce/Ce* vs. SREE; B – (Pr/Yb)cn

vs. SREE; C – Eu/Eu* vs. SREE in the Sungun, Zaglic,
Safikhanlo, Nabijan, Mazraeh, Mazraeh-e-Shadi and Sonajil de -
pos its



Eu/Eu* and (Pr/Yb)n in all the de pos its in di cates al ka line and
re dox con di tions of hy dro ther mal flu ids en riched in REE with
neg a tive anom a lies of Eu and Ce (Fig. 15). Geochemically,
these de pos its show sim i lar ma jor and trace el e ment char ac ter -
is tics and over lap ping inter-el e ment ra tios, in di cat ing com mon
melt sources; their en rich ment in light lithophile el e ment and
high in com pat i ble el e ment abun dances sug gests der i va tion of
their mag mas from a subduction-metasomatized, sub con ti nen -
tal lithospheric man tle source.

Fluid in clu sions and the min er al iza tion age. Plots of sa -
lin ity ver sus ho mog e ni za tion tem per a tures for fluid in clu sions
(Fig. 9) in di cate that two types of hy dro ther mal flu ids par tic i -
pated in the for ma tion of all de pos its: (a) high tem per a ture and
(b) low tem per a ture flu ids. At Zaglic, Safikhanlo and Nabijan the 
two types of hy dro ther mal flu ids are un clear due to in suf fi cient
microthermometric data.

Pro jec tion of microthermometry data of fluid in clu sions on
the Th ver sus sa lin ity di a gram (Fig. 16A) in di cates char ac ter is -
tics of a typ i cal epi ther mal, skarn and por phyry de posit. Fig -

ure 15B shows that min er al iza tion has taken place in a tem per -
a ture range of 150 to 585°C. The depth of min er al iza tion
(Fig. 17) de creases from por phyry and skarn de pos its (Sungun, 
Sonajil and Mazraeh) to the epi ther mal de pos its
(Mazraeh-e-Shadi, Zaglic and Safikhanlo).

In this re gion most de pos its show con cen tric zonation, with
the cen tres pre serv ing por phyry and skarn de pos its (i.e.
Sungun, Sonajil and Mazraeh), and outer de posit types be com -
ing pro gres sively epi ther mal (i.e. Mazraeh-e-Shadi, Zaglic and
Safikhanlo). As fol lows from Ta ble 1, min er al iza tion is char ac -
ter ized by a pro nounced re gional zonation in the age and dis tri -
bu tion of met als. The min er al iza tion age de creases from the
north to the south and east to west, and from the por phyry and
skarn de pos its to the epi ther mal de pos its (Fig. 18). Al though
metal zonation is com plex, the metal con tent changes from a
Cu-Mo to Cu-Au as so ci a tion with time, re flect ing an ore fluid
that evolved in terms of both cool ing and chem i cal changes due 
to fluid–fluid and fluid–rock in ter ac tions.

158 Ghafour Alavi, Kaikhosrov Radmard, Hassan Zamanian, Mohammad Reza Hosseinzadeh and Ahmad Ahmadi Khalaji

Fig. 16. Plots of sa lin ity ver sus ho mog e ni za tion tem per a tures 
of pri mary fluid in clu sions



Geo chem is try of skarn and por phyry de pos its in re la tion to epi ther mal min er al iza tion in the Arasbaran met al lo gen ic zone... 159

Fig. 17. Plots of ho mog e ni za tion tem per a tures vs. depth for all fluid in clu sions
in all de pos its (Hass, 1971)

Fig. 18. Vari a tion of the magmatism/min er al iza tion age in the AMZ and its ex ten sion
north wards to the Lesser Cau ca sus

The min er al iza tion age de creases from the north-east to the south-west
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Fig. 19. The ho mog e ni za tion tem per a ture (°C) vari a tion

Fig. 20. The sa lin ity (wt.% NaCl equiv a lent) vari a tion
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Fig. 21. The ho mog e ni za tion tem per a ture (°C) vari a tion in por phyry 
and skarn de pos its (from Sungun to Sonajil)

Fig. 22. The sa lin ity (wt.% NaCl equiv a lent) vari a tion in por phyry 
and skarn de pos its (from Sungun to Sonajil)



he ho mog e ni za tion tem per a ture (°C) zonation and sa lin ity
(wt.% NaCl equiv a lent) zon ing (Figs. 19 and 20) are rec og nized 
from the cen tres (Sungun, Sonajil and Mazraeh) to wards the
mar gins of the min er al iz ing sys tem (Mazraeh-e-Shadi, Zaglic,
Safikhanlo and Valilu). These zonation pat terns (Figs. 18–20)
in di cate that three min er al iza tion cen tres rep re sented by por -
phyry and skarn de pos its (Sungun, Sonajil and Mazraeh) were
formed in this re gion, sur rounded by epi ther mal de pos its. There 
is a dis tinc tive zonation from Sungun to Sonajil, with marked
de crease in sa lin ity (wt.% NaCl equiv a lent) and in crease in ho -
mog e ni za tion tem per a ture (°C; Figs. 21 and 22). Sum ma riz ing,
the ho mog e ni za tion tem per a ture and sa lin ity de creases from
the cen tre to the outer zone, sug gest ing that flu ids mi grated
up-dip the cen tral parts of the min er al iz ing sys tem. Thus, high-
and low-sulfidation epi ther mal de pos its re flect end-mem bers in
a con tin uum of mag matic-hy dro ther mal pro cesses that pro -
gres sively in cor po rated more non-mag matic wa ters as the vol -
ca nic sys tem wand, or as one moves away from the vol ca nic
cen tre.

CONCLUSIONS

Ce no zoic rocks of the Arasbaran met al lo gen ic zone
compositionally can be clas si fied as subalkaline ba salt, an de -
site/ba saltic an de site, and rhyodacite/dacite and they plot
mainly in the subalkaline field. Most of the ig ne ous rocks as so -
ci ated with the de pos its fall in the vol ca nic arc gran ites field,
while some of the youn ger (Mio cene) quartz-monzonitic and
monzonitic plutons strad dle the bound ary with, and fall into the
field of, intra-plate gran ites.

Com par i son of rare earth el e ment vari a tions across the por -
phyry and skarn de pos its in di cates a sim i lar ity to epi ther mal de -
pos its, sug gest ing a sim i lar source for the REE. The REE ra tios
re flect fractionations as fol lows: LREE/HREE > LREE/MREE>
MREE/HREE and the high est val ues of the these ra tios have

been ob served in the Mazraeh-e-Shadi and Nabijan de pos its.
Ac cord ingly, all of the de pos its stud ied are lo cated in an area
be tween Nabijan and Sonajil and show chiefly al ka line con di -
tions of for ma tion.

Ba sic con di tions of hy dro ther mal al ter ation de crease from
the epi ther mal de pos its to the por phyry and skarn de pos its and
from the north to the south and from west to east due to the re la -
tion ships be tween these de pos its.

Geochemically, these de pos its show sim i lar trace el e ment
char ac ter is tics and over lap ping inter-el e ment ra tios, in di cat ing
com mon melt sources. Their en rich ment in light lithophile el e -
ment and high in com pat i ble el e ment abun dances sug gests
der i va tion of their mag mas from a subduction-metasomatized,
sub con ti nen tal lithospheric man tle source.

Fluid in clu sion ev i dence in di cates that two types of hy dro -
ther mal flu ids par tic i pated in the for ma tion of all de pos its: high
and low tem per a ture flu ids.

In this re gion most de pos its re cord a con cen tric zonation on
a re gional scale, sug gest ing that the heat was gen er ated in the
cen tre of the min er al iz ing sys tem, where the por phyry and
skarn de pos its were formed (i.e. in the Sungun and Sonajil ar -
eas). The re la tion ship be tween the de pos its in di cates that the
epi ther mal de pos its post-dated the por phyry and skarn min er al -
iza tion. This is sup ported by the ho mog e ni za tion tem per a tures
and by sa lini ties re corded in  fluid in clu sion data, which dem on -
strate that the flu ids mi grated up-dip and were spread ing to -
wards the mar gins of the zonation pat tern. This is shown by the
zonation from Sungun to Sonajil, with marked de creases in sa -
lin ity and in creases in ho mog e ni za tion tem per a ture.

Ac knowl edge ments. The au thors are grate ful to the re -
search com mit tee of Lorestan Uni ver sity and the Uni ver sity of
Tabriz for sup port ing this pro ject. The au thors would like to
thank the IMIDRO and the Cop per Com pany for tech ni cal sup -
port and an anon y mous re viewer is thanked for a con struc tive
re view and sug ges tions.

REFERENCES

Aftabi, A., Atapour, H., 2010. Al ter ation geo chem is try of vol ca nic
rocks around Sarcheshmeh por phyry cop per de posit,
Rafsanjan, Kerman, Iran: im pli ca tions for re gional ex plo ra tion.
Jour nal of Re source Ge ol ogy, 61: 76–90.

Aftabi, A., Taghipour, N., Mathur, R., 2008. Ge ol ogy and Re-Os
geo chron ol ogy of min er al iza tion of the Meiduk por phyry cop per
de posit, Iran. Jour nal of Re source Ge ol ogy, 58: 143–160.

Aghazadeh, M., Cas tro, A., Badrzadeh, Z., Vogt, K., 2011.
Post-collisional polycyclic plutonism from the Zagros hin ter land: 
the Shaivar Dagh plutonic com plex, Alborz Belt, Iran.  Geo log i -
cal Mag a zine, 148: 980–1008.

Aghazadeh, M., Hou, Z., Badrzadeh, Z., Zhou, L., 2015. Tem po -
ral-spa tial dis tri bu tion and tec tonic set ting of por phyry cop per
de pos its in Iran: con straints from zir con U-Pb and mo lyb de nite
Re-Os geo chron ol ogy. Ore Ge ol ogy Re views, 70: 385–406.

Akbarpur, A., 2007. Eco nomic ge ol ogy of the Kiamaki area, east ern 
Azerbaijan, with spa tial view on Cu–Au min er al iza tion in Masjed 
Daghi (in Per sian). Ph.D. the sis, Free Uni ver sity of Iran, Teh ran,
Iran.

Alavi, M., 1994. Tec tonic of the Zagros orogenic belt of Iran: new
data and in ter pre ta tions. Tectonophysics, 22: 211–239.

Alirezaei, S., Ebrahimi, S., Yuanming Pan., 2011. Geo log i cal set -
ting, al ter ation, and fluid in clu sion char ac ter is tics of Zaglic and

Safikhanlo epi ther mal gold pros pects, NW Iran. Geo log i cal So -
ci ety Spe cial Pub li ca tions, 350: 133–147.

Alirezaei, S., Einali, M., Jones, P., Hassanpour, Sh.,
Arjmandzadeh, R., 2016. Min er al ogy, geo chem is try, and evo lu -
tion of the Mivehrud skarn and the as so ci ated pluton, north west
Iran. In ter na tional Jour nal of Earth Sci ences, 105: 849–868.

Asiabanha, A., Foden, J., 2012. Post collisional tran si tion from an
extensional volcanosedimentary ba sin to a con ti nen tal arc in the 
Alborz Ranges, N-Iran. Lithos, 148: 98–111.

Atalu, S., 2006. Re port of de tail ex plo ra tion in Sonajil Cu por phyry
oc cur rence, east of Heris, East ern Azerbaijan. Na tional Ira nian
Cop per Com pany (NICICO) (in ter nal re port).

Aubert, D., Stille, P., Probst, A., 2001. REE frac tion ation dur ing
gran ite weath er ing and re moval by wa ters and sus pended
loads: Sr and Nd iso to pic ev i dence. Geochimica et
Cosmochimica Acta, 65: 387–406.

Azizi, H., Jahangiri, H., 2008. Cre ta ceous subduction-re lated vol -
ca nism in the north ern Sanandaj–Sirjan Zone, Iran. Jour nal of
Geodynamics, 45: 178–190.

Azizi, H., Moinevaziri, H., 2009. Re view of the tec tonic set ting of
Cre ta ceous to Qua ter nary vol ca nism in north west ern Iran. Jour -
nal of Geodynamics, 47: 167–179.

162 Ghafour Alavi, Kaikhosrov Radmard, Hassan Zamanian, Mohammad Reza Hosseinzadeh and Ahmad Ahmadi Khalaji



Bakker, R.J., 1997. Clathrates: computer pro grams to cal cu late
fluid in clu sion V-X prop er ties us ing clathrate melt ing tem per a -
tures. Com put ers, Geosciences, 23: 1–18.

Bakker, R.J., 1999. Op ti mal In ter pre ta tion of Microthermometrical
Data from Fluid In clu sion; Ther mo dy namic Mod el ling and Com -
puter Pro gram ming. Uni ver sity Hei del berg, Ger many.

Baniadam, F., 2002. Study of ge ol ogy and gen e sis of Au-Cu min er -
al iza tion in the Nabijan area. M.Sc. the sis, Fac ulty of Earth Sci -
ence, GSI.

Batchelder, J., 1977. Light sta ble iso tope and fluid in clu sion study
of the por phyry cop per de posit at Cop per Can yon, Ne vada. Eco -
nomic Ge ol ogy, 72: 60–70.

Bodnar, R.J., 1993. Re vised equa tion and ta ble for de ter min ing the
freez ing point de pres sion of H2O-NaCl so lu tions. Geochimica et
Cosmochimica Acta, 57: 683–684.

Brook ing, D.G., 1984. Geo chem i cal As pects of Ra dio ac tive Waste
Dis posal. Springer, New York.

Brown, P.E., 1989. Flincor: a mi cro com puter pro gram for the re duc -
tion and in ves ti ga tion of fluid-in clu sion data. Amer i can Min er al o -
gist, 74: 1390–1393.

Calagari, A.A., 1997. Geo chem i cal, sta ble iso tope, no ble gas and
fluid in clu sion stud ies of min er al iza tion and al ter ation at Sungun
por phyry cop per de posit, East Azerbaijan, Iran: im pli ca tion for
gen e sis. Ph.D. the sis, Man ches ter Uni ver sity, Man ches ter.

Calagari, A.A., 2003. Sta ble iso tope (S, O, H and C) stud ies of the
phyllic and potassic-phyllic al ter ation zones of the por phyry cop -
per de posit at Sungun, East Azarbaidjan, Iran. Jour nal of Asian
Earth Sci ences, 21: 767–780.

Calagari, A.A., Hosseinzadeh, G., 2006. The min er al ogy of cop -
per-bear ing skarn to the east of the Sungun-Chay River,
East-Azarbaidjan, Iran. Jour nal of Asian Earth Sci ences, 28:
423–438.

Cas tro, A., Aghazadeh, M., Badrzadeh, Z., Chichorro, M., 2013.
Late Eocene–Oligocene postcollisional monzonitic in tru sions
from the Alborz mag matic belt, NW Iran. An ex am ple of
monzonite magma gen er a tion from a metasomatized man tle
source. Lithos, 180–181: 109–127.

Chivas, A.R., Wilkins, W.T., 1977. Fluid in clu sion stud ies in re la tion 
to hy dro ther mal al ter ation and min er al iza tion at the Koloula por -
phyry cop per pros pect, Guadalcanal. Eco nomic Ge ol ogy, 72:
153–169.

Crinci, J., Jurkowic, I., 1990. Rare earth el e ments in Tri as sic
bauxites of Croatia Yu go sla via. Travaux, 19: 239–248.

Daliran, F., Borg, G., Armstrong, R., Vennemann, T., Walther, J.,
Woodhead, J.D., 2007. Non sul phide zinc de pos its, Iran: The
hypogene em place ment and supergene mod i fi ca tion his tory of
the Angouran zinc de posit, NW-Iran. Se ries on the Re searches
on Ore De posit and Min eral Re sources, Re port of The Ger man
Fed eral In sti tute for Geosciences and Nat u ral Re sources
(BGR), Hannover.

Dilek, Y., Sandvol, E., 2009. Seis mic struc ture, crustal ar chi tec ture
and tec tonic evo lu tion of the Ana to lian-Af ri can plate bound ary
and the Ce no zoic orogenic belts in the East ern Med i ter ra nean
Re gion. Geo log i cal So ci ety Spe cial Pub li ca tions, 327: 127–160.

Dilek, Y., Imamverdiyev, N., Altunkaynak, S., 2010. Geo chem is try
and tec ton ics of Ce no zoic vol ca nism in the Lesser Cau ca sus
(Azerbaijan) and the peri-Ara bian re gion: col li sion-in duced
man tle dy nam ics and its mag matic fin ger print. In ter na tional Ge -
ol ogy Re view, 52: 536–578.

Ebrahimi, S., Alirezaei, S., Pan, Y., 2009. Var i ous epi ther mal pre -
cious metal sys tems in the Urmieh–Dokhtar mag matic as sem -
blage, Iran. Goldschmidt Con fer ence Ab stracts.

Einaudi, M.T., 1982. De scrip tion of skarns as so ci ated with por phyry
cop per plutons. In:Ad vances in Ge ol ogy of the Por phyry Cop per
De pos its, South west ern North Amer ica (ed. S.R. Titley): 
139–184. Uni ver sity of Ar i zona Press, Tuc son.

Etminan, H., 1977. The dis cov ery of por phyry cop per–mo lyb de num
min er al iza tion ad ja cent to Sungun vil lage in the north west of
Ahar and a pro posed pro gram for its de tailed ex plo ra tion. Con fi -
den tial Re port, Geo log i cal Re port, Geo log i cal Sur vey of Iran.

Frost, B.R., Barnes, C.G., Col lins, W.J., Arculus, R.J., Ellis, D.J.,
Frost, C.D., 2001. A geo chem i cal clas si fi ca tion for gra nitic
rocks. Jour nal of Pe trol ogy, 42: 2033–2048.

Ghadimzadeh, H., 2002. Eco nomic ge ol ogy and ex plo ra tion for
gold in the Safikhanlo-Noghdouz area (SE Ahar). M.Sc. the sis,
Fac ulty of Earth Sci ence, Geo log i cal Sur vey of Iran Teh ran,
Iran.

Haas, J.L., 1971. The ef fect of sa lin ity on the max i mum ther mal gra -
di ent of a hy dro ther mal sys tem at hy dro static pres sure. Eco -
nomic Ge ol ogy, 66: 940–946.

Hassanpour, Sh., 2010. Metallogeny and Min er al iza tion of Cop per
and Gold in Arasbaran Zone (East ern Azerbaijan)  (in Per sian
with Eng lish ab stract). Ph.D. the sis, Shahid Beheshti Uni ver sity, 
Teh ran.

Heidarzadeh, R., 2006. Min er al ogy, al ter ation and gen e sis of gold
min er al iza tion in Saglik-Sarikhanlu area. M.Sc. the sis, Fac ulty
of Earth Sci ence, Geo log i cal Sur vey of Iran, Teh ran, Iran.

Hezarkhani, A., 2006. Pe trol ogy of the in tru sive rocks within the
Sungun Por phyry Cop per De posit, Azerbaijan, Iran. Jour nal of
Asian Earth Sci ence, 27: 326–340.

Hezarkhani, A., Wil liams-Jones, A.E., 1998. Con trols of al ter ation
and min er al iza tion in the Sungun Por phyry Cop per De posit,
Iran: Ev i dence from fluid in clu sions and sta ble iso topes. Eco -
nomic Ge ol ogy, 93: 651–670.

Hosseinzadeh, G., 2008. Ge ol ogy, geo chem is try, fluid in clu sions,
al ter ation and gen e sis of Sonajil por phyry cop per de posit, East
of Heris, East ern Azerbaijan. Ph.D. the sis, Tabriz Uni ver sity,
Tabriz.

Jamalia, H., Mehrabi, B., 2015. Re la tion ships be tween arc ma tu rity 
and Cu–Mo–Au por phyry and re lated epi ther mal min er al iza tion
at the Ce no zoic Arasbaran mag matic belt. Ore Ge ol ogy Re -
views, 65: 487–501.

Jamalia, H., Dilek, Y., Daliranc, F., Yaghubpurd, A., Mehrabid, B., 
2010. Metallogeny and tec tonic evo lu tion of the Ce no zoic
Ahar–Arasbaran vol ca nic belt, north ern Iran. In ter na tional Ge ol -
ogy Re view, 52: 608–630.

Karadag, M., Kupeli, S., Aryk, A., Ayhan, A., Zedef, V., Doyen, A.,
2009. Rare earth el e ments (REE) geo chem is try and ge netic im -
pli ca tions of the Mortas baux ite de posit (Seydisehir/Konya-
 South ern Tur key). Chemie der Erde, 69: 143–159.

Karimpour, M.H., Malekzadeh, A., Nazi, M., 2014. Dis crim i na tion
of dif fer ent ero sion lev els of por phyry Cu de pos its us ing ASTER
Im age pro cess ing in the Maherabad, Shadan Chah shaljami ar -
eas. Acta Geologia Sinica, 88: 1195–1213.

Karimzadeh Somarin, A., Moayyed, M., 2002. Gran ite- and
gabrodiorite-as so ci ated skarn de pos its of NW Iran. Ore Ge ol -
ogy Re views, 20: 127–138.

Kato, Y., 1999. Rare earth el e ments as an in di ca tor to or i gins of
skarn de pos its, ex am ple of the Kamioka Zn-Pb and
Yoshiwara-Sannotake (Cu–Fe) de posit in Ja pan. Re source Ge -
ol ogy, 49: 183–198.

Kikawada, Y., 2001. Ex per i men tal stud ies on the mo bil ity of
lanthanides ac com pa ny ing al ter ation of an de site by acidic hot
spring wa ter. Chem i cal Ge ol ogy, 176:  137–149.

Knarchenko, S.M., Pokrovsky, B.G., 1995. The Tomtor al ka line
ultrabasic mas sif and re lated REE-Nb de posit, North ern Si be -
ria. Eco nomic Ge ol ogy, 90: 676–689.

Laffitte, P., 1984. Met al lo gen ic map of Eu rope and ad ja cent re -
gions, 1:2,500,000 scale and ex plan a tory mem oir. UNESCO
Earth Sci ences Se ries, 17.

Le Maitre, R.W., 2002. Ig ne ous Rocks – A Clas si fi ca tion and Glos -
sary of Terms, 2d ed., Cam bridge Uni ver sity Press.

Maniar, P.D., Piccoli, P.M., 1989. Tec tonic dis crim i na tion of
granitoids. GSA Bul le tin, 101: 635–643.

Meinert, L.D., Dipple, G.M., Nicolescu, S., 2005. World skarn de -
pos its. Eco nomic Ge ol ogy, 100: 299–336.

Mitch ell, A.H.G., 1996. Dis tri bu tion and gen e sis of some epizonal
Zn-Pb and Au prov inces in the Carpathian-Bal kan re gion:
Trans ac tions of the In sti tu tion of Min ing and Met al lurgy, 105:
B127–B138.

Geo chem is try of skarn and por phyry de pos its in re la tion to epi ther mal min er al iza tion in the Arasbaran met al lo gen ic zone... 163



Mohajjel, M., Fergusson, C.L., 2000. Dextral transpression in late
Cre ta ceous con ti nen tal col li sion, Sanandaj–Sirjan Zone, west -
ern Iran. Jour nal of Struc tural Ge ol ogy, 22: 1125–1139.

Mollai, H., 1993. Pet ro chem is try and gen e sis of the granodiorite
and as so ci ated iron-cop per skarn de posit of Mazraeh, Ahar,
East-Azerbaijan, Iran. Ph.D. the sis, Uni ver sity of Rookee, In dia.

Mollai, H., Sharma, R., Pe-Piper, G., 2009. Cop per min er al iza tion
around the Ahar batholith, North of Ahar (NW Iran): evidence for
fluid evo lu tion and the or i gin of the skarn ore de posit. Ore Ge ol -
ogy Re views, 35: 401–414.

Mollai, H., Pe-Piper, G., Dabiri., 2014. Ge netic re la tion ships be -
tween skarn ore de pos its and mag matic ac tiv ity in the Ahar re -
gion, West ern Alborz, NW Iran. Geologica Carpathica, 65:
207–225.

Nabatian, G., Jiang, S.Y., Honarmand, M., Neubauer, F., 2016.
Zir con U-Pb ages, geo chem i cal and Sr-Nd-Pb-Hf iso to pic con -
straints on petro gen esis of the Tarom–Olya pluton, Alborz mag -
matic belt, NW Iran. Lithos, 244: 43–58.

Nabavi, M., 1976. An In tro duc tion to the Ge ol ogy of Iran (in Per -
sian). Geo log i cal Sur vey of Iran Pub li ca tion.

Nash, J.T., The o dore, T.G., 1971. Ore flu ids in the por phyry cop per
de posit at Cop per Can yon, Ne vada. Eco nomic Ge ol ogy, 66:
385–399.

Nash, J.T., 1976. Fluid in clu sion pe trol ogy, data from por phyry cop -
per de pos its and ap pli ca tions to ex plo ra tion. United States Geo -
log i cal Sur vey, Pro fes sional Pa per, 907-D.

Pearce, J.A., Har ris, N.B.W., Tindle, A.G., 1984. Trace el e ment
dis crim i na tion di a grams for the tec tonic in ter pre ta tion of gra nitic 
rocks. Jour nal of Pe trol ogy, 25: 956–983.

Pol lard, P.J., 1995. A spe cial is sue de voted to the ge ol ogy of rare
metal de pos its, ge ol ogy of rare metal de pos its: an in tro duc tion
and over view. Eco nomic Ge ol ogy, 90: 489–494.

Purnik, P., 2006. Re port of de tail ex plo ra tion for gold in the
Sharafabad–Hizejan (Mazraeh-e-Shadi), NW Iran. In ter nal Re -
port, Geo log i cal Sur vey of Iran.

Radmard, K., Zamanian, H., Hosseinzadehgh, M.R., Ahmadi
Khalaji, A., 2017. Geo chem is try and hy dro ther mal evo lu tion of
ore de po si tion at the Mazraeh-e-Shadi–Hizehjan pre cious and
base metal de posit, north east ern Tabriz, Iran. Jour nal of Min er -
al ogy and Geo chem is try, 194: 227–250.

Radmard, K., Zamanian, H., Hosseinzadehgh, M.R., Ahmadi
Khalaji, A., 2019. Con straints on ore for ma tion con di tions at the 
Mazra’eh Shadi epi ther mal de posit, NE Tabriz, Iran: ev i dences
from geo chem is try, sul phur iso tope, quartz tex tures and fluid in -
clu sion stud ies. Geo log i cal Quar terly, 63 (2): 230–247.

Rard, J.A., 1988. Aque ous sol u bil ity’s of pra seo dym ium, eu ro pium
and lutetium sul fates. Jour nal of So lu tion Chem is try, 17:
499–517.

Rich ards, J.P., 2003. Metallogeny of Neotethys arc in cen tral Iran,
7th Bi en nial Meet ing, So ci ety for Ge ol ogy Ap plied to Min eral
De pos its; Min eral ex plo ra tion and sus tain able de vel op ment,
Ath ens: 1237–1240.

Roedder, E., 1984. Fluid in clu sions. Re views in Min er al ogy, 12.

Rolland, Y., Cox, S., Boullier, A., Pennacchioni, G., 2003. Rare
earth and trace el e ment mo bil ity in mid-crustal shear zones: in -
sights from the Mont Blanc Mas sif (West ern Alps). Earth and
Plan e tary Sci ence Let ters, 214: 203–219.

Rolland, Y., Billo, S., Corsini, M., Sosson, M., Galoyan, G., 2009.
Blueschists of the Amassia-Stepanavan Su ture Zone (Ar me -

nia): link ing Tethys subduction his tory from E-Tur key to W-Iran.
In ter na tional Jour nal of Earth Sci ences, 98: 533–550.

Rollinson, H., 1993. Us ing Geo chem i cal Data: Evo lu tion, Pre sen ta -
tion, In ter pre ta tion. Longman, Lon don.

Rose, A.W., Burt, D., 1979. Hy dro ther mal al ter ation. In Geo chem is -
try of Hy dro ther mal Ore De pos its (ed. H.L. Barnes):  173–235.
John Wiley and Sons, New York.

Shand, S.J., 1927. Erup tive Rocks. D. Van Nostrand Com pany,
New York.

Shokohi, H., 2007. Re port of 1:1000 geo log i cal map and drillings in
Nabijan area. In ter nal Re port, Geo log i cal Sur vey of Iran.

Sillitoe, R.H., 1997. Char ac ter is tics and con trols of the larg est por -
phyry cop per-gold and epi ther mal gold de pos its in the
circum-Pa cific re gion. Aus tra lian Jour nal of Earth Sci ences, 44:
373–388.

Simmonds, V., Moazzen, M., 2015. Re-Os dat ing of molybdenites
from Oligocene Cu–Mo–Au min er al ized veins in the Qarachilar
area, Qaradagh batholith (north west Iran): im pli ca tions for un -
der stand ing Ce no zoic min er al iza tion in South Ar me nia,
Nakhchivan and Iran. In ter na tional Ge ol ogy Re view, 57:
290–304.

Simmonds, V., Moazzen, M., Mathur, R., 2017. Con strain ing the
tim ing of por phyry min er al iza tion in north west Iran in re la tion to
Lesser Cau ca sus and Cen tral Iran; Re-Os age data for Sungun
por phyry Cu–Mo de posit. In ter na tional Ge ol ogy Re view, 59:
1561–1574.

Sosson, M., Rolland, Y., Corcini, M., Danelian, T., Stephan, J.F.,
Avagyan, A., Melkonian, R., Jrbashian, R., Melikian, L.,
Galoian, G., 2005. Tec tonic evo lu tion of Lesser Caucausus (Ar -
me nia) re vis ited in the light of new struc tural and strati graphic
re sults. Geo phys i cal Re search Ab stracts, 7: 06224.

Tay lor, Y., McLennan, S.M., 1985. The Con ti nen tal Crust: Its Com -
po si tion and evo lu tion. Blackwell, Ox ford.

Wilkinson, J.J., 2001. Fluid in clu sion in hy dro ther mal ore de pos its.
Lithos, 55: 229–272.

Wil liam-Jones, A.E., Hein rich, C.A., 2005. Vapour trans port of
met als and the for ma tion of mag matic-hy dro ther mal ore de pos -
its. Eco nomic Ge ol ogy, 100: 1287–1312.

Wood, S.A., 1990. The aque ous geo chem is try of the ra­re-earth el -
e ments and Yt trium. The o ret i cal predic­tions of speciation in hy -
dro ther mal so lu tions to 350°C at sat u ra tion wa ter va por pres -
sure. Chem i cal Ge ol ogy, 88: 99–125.

Yang, Z., Hou, Z., White, N.C., Chang, Z., Li, Z., Song, Y., 2009.
Ge ol ogy of the post-collisional por phyry cop per-mo lyb de num
de posit at Qulong, Ti bet. Ore Ge ol ogy Re views, 36: 133–159.

Yusoff, Z.M., Ngwenya, B.T., Par sons, I., 2013. Mo bil ity and frac -
tion ation or REE dur ing deep weath er ing of geochemically con -
trast ing gran ites in a trop i cal set ting, Ma lay sia. Chem i cal Ge ol -
ogy, 349–350: 71–86.

Zarasvandi, A., Liaghat, S., Zentilli, M, 2005. Ge ol ogy of the
Darreh-Zerreshk and Ali-Abad Por phyry Cop per De pos its, Cen -
tral Iran. In ter na tional Ge ol ogy Re view, 47: 620–646.

Zarasvandi, A., Rezaei, M., Raith, J., Lentz, D., Azimzadeh,
A.-M., Pourkaseb, H., 2015. Geo chem is try and fluid char ac ter -
is tics of the Dalli por phyry Cu–Au De posit, Cen tral Iran. Jour nal
of Asian Earth Sci ences, 111: 175–191.

164 Ghafour Alavi, Kaikhosrov Radmard, Hassan Zamanian, Mohammad Reza Hosseinzadeh and Ahmad Ahmadi Khalaji


