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The up per most part of the Khoy ophiolite in cludes sub ma rine vol ca nic lavas. These rocks are found as two dif fer ent types in -
clud ing ba saltic pil low lavas and andesitic to andesitic ba salt mas sive-sheet lavas known as the Qezil Dash unit. These last
rocks host volcanogenic mas sive sul phide min er ali sa tion (VMS). Con cor dant small len tic u lar mas sive sulphides as so ci ated
with wide spread stockworks, ex ten sive wall rock al ter ation and sim ple min er al og i cal parageneses are char ac ter is tic of this
min er ali sa tion. The Qezil Dash lavas are char ac ter ized by HFSE de ple tion (such as in Nb, Zr, and Hf) and LILE en rich ment,
low Yb, Y and Ni con tents and low Zr/Hf and Nb/Ta ra tios. These rocks have low Ti con tents and are of LKT type. These geo -
chem i cal char ac ter is tics can be in ter preted as in di cat ing SSZ magmatism and sug gest ing that the Qezil Dash rocks be long
to an early stage of is land arc for ma tion. Geochemically, this host rock is com pa ra ble with the Lasail unit, part of a vol ca nic
se quence within the Oman ophiolite. In the Troodos and Oman ophiolites VMS min er ali sa tion has oc curred at the con tacts of 
MOR-ba salt and is land arc tholeiite (IAT) lavas, so pros pect ing for VMS de pos its in the Khoy area should be es tab lished
based on geo chem i cal in ves ti ga tions of the vol ca nic rocks and rec og ni tion of their field bound aries.
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INTRODUCTION

Volcanogenic mas sive sul phide (VMS) de pos its are formed
in ma rine tec tonic set tings (Gal ley et al., 2007). The si mul ta -
neous oc cur rence of three sig nif i cant fac tors in clud ing
magmatism, seis mic ity, and high-tem per a ture hy dro ther mal
vent ing con trols the VMS min er ali sa tion (Shanks and Thurston, 
2012). Oc cur rences of VMS de pos its have an af fil i a tion with a
va ri ety of tec tonic en vi ron ments such as mid-ocean ridge
(MOR), is land arc (or so-called SSZ, Su pra Subduction Zone),
back-arc ba sin and con ti nen tal rift/back-arc ba sin set tings
(Schandl and Gorton, 2002; Shanks and Thurston, 2012).
These de pos its typ i cally oc cur in the form polymetallic mas sive
sul phide lenses, which are known as the ma jor sources of Zn,
Cu, Pb, Ag, and Au, and sig nif i cant sources of Co, Sn, Se, Mn,
Cd, In, Bi, Te, Ga, and Ge (Gal ley et al., 2007). Ton nage res er -
voirs of VMS de pos its and their metal con tents are log-nor mally

dis trib uted, though, as shown by geo met ric means that range
from 2.7 to 7.1 Mt (Sangster, 1977; Frank lin et al., 2005).

There are three main groups of VMS de pos its as so ci ated
with ma rine fel sic to in ter me di ate vol ca nic rocks, com pris ing:
(1) Cy prus-type (Cu cat e gory), as so ci ated with ma rine mafic
vol ca nic rocks, (2) Besshi-type (Cu-Zn cat e gory), as so ci ated
with clastic terrigenous de pos its and ma rine mafic vol ca nic
rocks, and (3) Kuroko-type (Cu-Pb-Zn cat e gory; Cox and
Singer, 1986; Herrington et al., 2005; Gal ley et al., 2007). Mas -
sive to dis sem i nated iron, cop per and oc ca sion ally zinc sul -
phide de pos its hosted by mafic vol ca nic rocks, lo cated on the
tops of ophiolite se quences, have been de scribed ex ten sively
in the lit er a ture as “Cy prus type” (Sawkins, 1976; Frankline et
al., 1981; Laznicka, 1985).

As de scribed by Ev ans (2009), the ores with a vol ca nic af fil i -
a tion show a pro gres sion of types. The Cy prus types are found
as so ci ated with tholeiitic mafic vol ca nic rocks, usu ally in the
form of ophiolites and pre sum ably formed at oce anic or
back-arc spread ing ridges. These are es sen tially cu prif er ous
py rite bod ies. Well-known ex am ples in clude the Tethyan
ophiolites in Cy prus (Troodos), and Oman (Semail), Can ada
(Flin Flon min ing dis trict) and Tur key (Ergani; Gal ley et al.,
2007, and ref er ences therein). As so ci ated with the early part of
the main calc-al ka line stage of is land arc for ma tion are the
Besshi-type de pos its. The more fel sic volcanics, de vel oped at a 
later stage in is land arc evo lu tion, have a more var ied metal as -
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so ci a tion. They are called Kuroko-type de pos its (Ev ans, 2009).
As rep re sented by Pearce and Peate (1995), geo chem i cal
stud ies of in com pat i ble trace and rare earth el e ments (REEs)
are ca pa ble of re flect ing the tec tonic en vi ron ment in which VMS 
de pos its ex ist.

Sev eral ex am ples of VMS min er ali sa tion are found in the
up per most part of the sub ma rine lavas of the Khoy ophiolite,
and in some cases just be low the shale, chert and pe lagic lime -
stone de pos its. The Qezil Dash dis trict is one of them, which is
lo cated ~90 km west of the city of Khoy, in the north-west of Iran 
(Fig. 1). The Khoy ophiolite is a rem nant of the Neo-Tethys oce -
anic ba sin. The Neo-Tethys was a Me so zoic oce anic ba sin,
form ing dur ing the Pa leo zoic to Tri as sic in ter val. This event oc -
curred at the stage of clos ing of the Paleo-Tethys Ocean, which 
was lo cated be tween the Afro-Arabic pla teau in the south and
Eur asia in the north, and its main for ma tion and de vel op ment
oc curred dur ing the Cre ta ceous (Sengor and Yilmaz, 1981;
Dilek and Moores, 1990). Struc tur ally, the Khoy ophiolite is re -
lated to the south ern ophiolite belt of Tur key which ex tends
eastwards to the Med i ter ra nean Sea. The con tin u a tion of this

belt is lo cated in Iran along with Zagros Thrust, as seen in the
Kermanshah and Niriz out crops: namely, ophiolites of the
Zagros su ture zone or Bitlis–Zagros ophiolite belt (Sengor and
Yilmaz, 1981; Alavi, 1994).

In this re search, the geo chem is try of the vol ca nic host rocks 
of the VMS min er ali sa tion in the Qezil Dash area was in ves ti -
gated to de ter mine their geo log i cal/tec tonic set ting. In this way,
the geo log i cal en vi ron ment and the lithostratigraphic po si tion of
the sul phide min er ali sa tion may be de ter mined in the vol ca nic
se quence. In the fol low ing, an ex plo ra tion strat egy for pros pect -
ing for VMS de pos its in the Khoy ophiolite can be de vised by
com par ing the tec tonic en vi ron ment for ma tion of VMS
mineralisations in the study area with the tec tonic set ting of
well-known Cy prus-type VMS de pos its.

ANALYTICAL METHODS AND MATERIALS

Sur face and deep ex plo ra tion stud ies have been car ried out 
in the Qezil Dash area for ex plo ra tion of its volcanogenic mas -
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Fig . 1A – sim pli fied sche matic map of the dis tri bu tion of Ira nian ophiolites and of the Me so zoic (Nain and Ashin) and Pa leo zoic
(Jandaq and Posht-e-Badam) ophiolites of the Cen tral East Ira nian Microcontinent (CEIM) in ves ti gated; B – geo log i cal map 

of the Khoy area at 1:5000 scale

The study area is marked by a red rect an gle; ophiolites: BF – Baft, BZ – Band-e-Ziarat, ES – Esfandagheh, IR – Iranshahr, KR –
Kermanshah, MS – Mashhad, NY – Neyriz, RS – Rasht, SB – Sabzevar, SM – Semail, TK – Tchehel Kureh; 

faults: DF – Doruneh, NBF – Nain-Baft



sive sul phide ore de posit. In this re gard, more than 500 sam -
ples have been col lected from the litho-geo chem i cal sam pling
grid and from bore holes in the study area. In the pres ent re -
search, 20 sam ples from vol ca nic rocks of the Khoy ophiolite
were se lected for chem i cal anal y ses. Chem i cal anal y sis was
car ried out on 12 sam ples for ma jor ox ides and some rare el e -
ments and also eight sam ples were ana lysed for rare earth el e -
ments (REEs) and rare el e ments. Three of the sam ples be long
to small sub-vol ca nic bod ies which in truded into the vol ca nic
units and are lo cated close to ore-bear ing ar eas, and the rest of
the sam ples were col lected from core ma te rial of the host rock
of sulphide min er al isa tion. Ten (10) sam ples were se lected for
petrographic stud ies, eight sam ples for ore mi cros copy and
seven sam ples for min er al og i cal stud ies by X-ray dif frac tion
(XRD) method. Chem i cal anal y sis was con ducted on the sam -
ples at the State Key Lab o ra tory of Geo log i cal Pro cesses and
Min eral Re sources (GPMR) of Wuhan Uni ver sity (Hubei,
China). The sam ples were crushed, re duced in vol ume, and
pul ver ized to 200 mesh. Geo chem i cal anal y ses of ma jor ox ides 
were per formed by the In duc tively Cou pled Plasma Emis sion
Spec trom e ter (ICP-ES) method, and for 25 mi nor and rare
earth el e ments the in duc tively cou pled plasma mass spec trom -
e ter (ICP-MS) method was used. To de ter mine the con cen tra -
tions of fer rous and fer ric iron ox ides a wet chem is try method
was used on seven sam ples. In this anal y sis, the ma jor el e -
ments and num bers of trace el e ments and REEs were mea -
sured by us ing the pow der of melted sam ples with lith ium-tetra
bo rate and dis solv ing in ni tric acid.

The de tec tion limit of the mea sure ment for most of the ma -
jor el e ments is 0.01 wt.% and the range of this limit for most of

the trace el e ments with re spect to the el e ment type is 0.1 to
0.01 ppm. The ob tained val ues for chem i cal anal y sis are pre -
sented in Ta bles 1 and 2.

GEOLOGICAL SETTING

The Khoy ophiolite com plex forms an elon gate NNW-tren -
ding domal struc ture along the Iran–Tur key bor der in the north -
west of Iran, which cov ers ap prox i mately 3900 km2, be ing
15–40 km wide and ap prox i mately 110 km long. The Khoy
ophiolite in cludes the typ i cal rock types of one well-de vel oped
ophiolite, with the dif fer ent types of out crops in dif fer ent parts.
The main rock units of the area are formed of ultra mafic rocks
(in clud ing harzburgite, du nite, and a lit tle pyroxenite) rodingite
dikes, gab bro, diorite, plagiogranite, diabase dikes, ba saltic and 
andesitic lava. The other rock units which ac com pany the li thol -
ogy of Khoy area are pe lagic sed i men tary rocks and radiolarian
chert of Up per Cre ta ceous age and se quences of flysch sed i -
men tary rocks of Paleocene to Lower Eocene age. The up per
parts of the Khoy ophiolite are formed of sub ma rine vol ca nic
lavas, which ex tend widely across the area, out crop ping in re -
gions such as Qezil Dash, Qareh Dareh and Aland. As re gards
tex ture and struc ture, these rocks are found in two dif fer ent fa -
cies: pil low lavas (Aland vol ca nic unit) and mas sive sheet lavas
(Quezil Dash vol ca nic unit).  The pil low lavas are of MOR-type
ba saltic type while the mas sive sheet lavas are of ba saltic,
andesitic and andesitic ba salt com po si tions (Imamalipour,
2001; Hassanipak and Ghazi, 2000). The up per lev els of the
vol ca nic rocks, en close pink pe lagic lime stone lenses, of late
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Sam ple
BH3-9 BH1-4 BH1-67 BH1-9 BH1-87 BH1-92 BH1-94 BH3-36

[ppm]

La 2.94 6.41 8.43 12.87  7.44 7.46 7.18 7.28

Ce 6.56 14.40  16.90  25.99  15.50  15.44  14.64  14.70  

Pr 0.98 1.81 2.14 3.15 1.92 2.01 1.88 1.95

Nd 4.32 7.75 8.88 12.27  8.38 8.31 7.89 7.84

Sm 1.27 1.89 2.20 2.60 2.11 2.11 1.91 2.02

Eu 0.45 0.56 0.74 0.77 0.69 0.69 0.55 0.65

Gd 1.65 2.21 2.37 2.74 2.74 2.49 2.19 2.24

Dy 2.07 2.45 2.50 2.83 2.84 2.84 2.45 2.46

Ho 0.43 0.52 0.53 0.59 0.58 0.58 0.52 0.52

Er 1.26 1.52 1.52 1.73 1.75 1.74 1.56 1.49

Tm 0.21 0.24 0.24 0.27 0.28 0.28 0.25 0.25

Yb 1.23 1.58 1.59 1.73 1.72 1.73 1.59 1.46

Lu 0.21 0.29 0.24 0.28 0.28 0.28 0.26 0.24

Ti 2991.2        4102.8        3282.4        3508.8        3169.6        3220.4        3980.8        3374.0        

Zr 39.0    58.5    49.6    61.3    36.5    43.3    56.2    44.1    

Nb 3.9  6.3  4.1  5.9  4.5  4.7  5.4  4.0  

Th 4.5  7.8  12.7    1.9  11.7    8.4  9.9  12.2    

Ta 0.72 0.44 0.37 0.18 0.67 0.74 0.22 0.18

Hf 1.59 3.21 2.48 3.29 2.08 1.69 2.94 2.43

U 0.87 0.10 0.29 0.63 0.2  0.1  0.1  0.1  

Y 11.65  14.21  14.47  16.32  17.02  17.05  14.25  14.57  

Cr 32       46       96       46       97       101         27       38       

Ni 15.90  15.90  36.3    15.90  28.2    27.7    12.1    24.0  

T a  b l e  1

The re sults of chem i cal analyses of the sam ples col lected from the Qezil Dash area (analysed for REEs and trace el e ments)



Campanian age (Geo log i cal Sur vey and Min eral Ex plo ra tions
of Iran, 1997). In most ar eas ba saltic pil low lavas ad join the pe -
lagic sed i men tary rocks with a tran si tional con tact. The sub ma -
rine vol ca nic fa cies of the Khoy ophiolite has been rec og nized
as host ing VMS min er ali sa tion (Imamalipour and Masoudi,
1995).

In the Qezil Dash area, the sub ma rine vol ca nic rocks con -
tain sul phide ore-bear ing zones. The thick ness of the sub ma -
rine vol ca nic rocks is about 1200 metres. To the north, pe lagic
sed i men tary rocks in clud ing lime stone and shale con form ably
over lie the vol ca nic rocks; the pas sage be tween them is tran si -
tional and con sists of a vol ca nic-sed i men tary unit. These
lithological units have an al most east-west strike with a 45° dip
to wards the north; a geo log i cal cross-sec tion of the study area
is de picted in Fig ure 2 (Imamalipour, 2001).

RESULTS AND DISCUSSION

MINERALISATION AND ALTERATION

The Qezil Dash vol ca nic unit are hosts to sul phide min er ali -
sa tion. Al though based on the host rock char ac ter is tics and tec -
tonic set ting of min er ali sa tion, these de pos its can be de scribed
as of Cy prus-type VMS min er ali sa tion, though in terms of ton -
nage and grade they are not as large as in well-known ex am -
ples of Cy prus-type VMS de pos its such as Troodos (Oman)
and Semail (Oman).

Based on field and mi cro scope ob ser va tions, and also on
X-ray min er al og i cal study, the VMS ore mineralisations in the
Qezil Dash dis trict are mostly found as so ci ated with chlorite,
quartz, epidote, cal cite and seri cite gangues. Quartz oc curs ei -
ther as sec ond ary dis sem i nated grains as so ci ated with ore

min er als, veins and vein stockworks which are ir reg u larly dis -
trib uted in the min er al ized bod ies. Ore min eral as sem blages in -
clude py rite, chal co py rite, sphalerite, and covel lite. Az ur ite and
mal a chite are pres ent in the ox i dized zone.

The ore-bear ing zones con sist of two ma jor parts; a con cor -
dant len tic u lar semi-mas sive to mas sive sul phide ore body
which is un der lain by a dis cor dant stringer zone (stockwork vein 
sys tem) and as so ci ated al ter ation halo. The later is better de -
vel oped (Fig. 3A). These veins and veinlets cross-cut the host
rock and have an op po site dip to the mas sive sul phide lenses.
In the stockwork zones, quartz-sul phide al ter ation is prev a lent,
but the per va sive al ter ation of the vol ca nic host rock is
chlorite-quartz-seri cite. The amounts of sil ica and seri cite min -
er als in crease in the stringer zones. The dom i nant al ter ation as -
so ci ated with the VMS min er ali sa tion of the Qezil Dash area is
chloritization, which has ex ten sively af fected the host rock of
ore-bear ing zones (Fig. 3B).

Sur face pro cesses of weath er ing and ox i da tion of py rite and 
other sulphides to form Fe oxyhydroxides plus sulphuric acid
have led to the for ma tion of gos san above the ore-bear ing
zones. Hy drated iron ox ide min er als in clud ing li mo nite and
goethite are the abun dant phases in the ox i dized zone. The
other im por tant as so ci ated min er als are jarosite, sil ica, gyp -
sum, mal a chite, az ur ite and clay min er als.  Ac cord ing to the
abun dant pres ence of sec ond ary iron hy drox ides, the gos sans
can be clearly iden ti fied by their bright brown color (Fig. 3B).
The thick ness of the weath ered zone var ies from 11 to 32
metres with an av er age thick ness of about 18 metres based on
data ob tained from core sam ples (Imamalipour, 2001).

The min eral com po si tion of the al tered and min er al ized
rocks was de ter mined by us ing X-ray dif frac tion. The min eral
as sem blages of se lected sam ples from dif fer ent zones are
given in Ta ble 3.
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Sam ple SP-1 SP2 SP3 SP-4 SP-6 SP-7 SP-8 LG-19 LG-12 QZS-1 QZS-2 QZS-3

[wt.%]

SiO2 46.01 59.90 51.83 53.85 50.76 60.60 56.66 46.46 46.39 44.65 50.68 54.01

Al2O3 21.01 15.00 16.02 16.35 16.28 15.54 15.76 13.83 14.73 19.35 19.72 16.33

Fe2O3   4.57   3.21   4.60   5.25   3.64   2.47   3.78 16.22 15.06 13.12 11.24   8.29

FeO   5.13   3.12   4.38   1.02   4.68   3.36   3.54 – – – – –-

CaO 10.98   3.22   8.53   6.07   5.89   3.69   6.04 10.38   8.43 10.83   5.80   8.34

Na2O   2.58   5.24   2.26   7.40   4.28   4.10   3.22   0.07   0.99   2.41   2.78   3.75

K2O   0.38   0.66   0.37   0.58   0.48   1.11   0.54   1.77   3.68   1.00   0.11   0.28

MgO   3.83   3.21   5.70   3.11   5.28   3.43   4.66   0.27   1.44   4.10   5.05   5.87

TiO2   0.88   0.65   0.64   0.58   0.68   0.46   0.63   0.59   0.68   0.93   0.81   0.72

PO5   0.08   0.22   0.10   0.13   0.14   0.09   0.14   0.18   0.11   0.04     0.075     0.174

L.O.I   4.55   5.56   5.57   5.66   7.89   5.19   5.03   4.96   5.60   3.57   3.73   2.23

[ppm]

Cr 27.3  20.2  171.2    37.7  54.0  35.8  57.5      92     28   215   449   637

Ni 12.5  4.1 33.6  12.9  17.1   11.6  12.4      24     25     18     59     57

Ti 5270 3900 3840 3480 4080 2760 3780 3537 4076 5573 4856 4316

Zr 31.7  114.6    64.5  98.5  74.6  88.5  91.8      29     34     33     73     96

Y 8.5 25.4  15.2  19.0  16.2  14.3  16.6  – –     41     38     61

Sr 572 138 290 188 423 205 307   251   184   660 683   448

Nb 4.3   8.0  5.2 7.5 6.2 4.1 6.1 – –        43.0        30.0          9.0

Rb 2     7.7  2.7 4.5 3.5 13.4  6.1       6     19       5       9       4

T a  b l e  2

The re sults of chem i cal an a lyses for sam ples col lected from the Qezil Dash area (ana lysed for ma jor ox ides and some 
of the trace el e ments)



PETROGRAPHY

Based on petrographic study, the min eral com po si tion of
the vol ca nic host rocks is sim ple. In most of these rocks,
plagioclase is the dom i nant min eral, with an abun dance of
about 80% of the to tal rock vol ume (Fig. 4A, B). Clinopyroxene
(augite), am phi bole and quartz are other con stit u ent min er als,
which to tal some 5–30 vol.%. Ferro mag nesi an min er als are
per va sively al tered to al ter ation prod ucts such as chlorite,
epidote, cal cite, and seri cite. Quartz is ob served in the ma trix of
some spec i mens as anhedral and as a fine-grained sec ond ary

min eral. In gen eral, the ma trix in most of these rocks is
microlithic and fine-grained, com pris ing ag gre gates of epidote,
chlorite, and quartz. These rocks have por phy ritic, micro -
porphyritic, microlithic, glomeroporphyritic, amyg da loid al and in 
some cases brecciated tex tures (Fig. 4C, D).

In some in stances, the lithic fragmental ma te ri als are seen in
an al tered ma trix (Fig. 4F). Fragmental ma te rial is de rived from
autobrecciation, quench frag men ta tion and pyroclast frag men ta -
tion. This pro cess causes non-ex plo sive frag men ta tion of crys -
tal lized lava. Autobrecciation is com mon in the up per por tions,
along the edges of and in side sub ma rine lavas (Cas, 1992).
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Fig. 2. The geo log i cal pro file of the Qezil Dash area along a NNE–SSW trend

Fig . 3A – sul phide veinlets within al tered vol ca nic rock (alt. V), goethite and jarosite are abun dant min er als in the ox i dized zone; 
B – a min er al ized zone (M.Z.) within the Qezil Dash unit, its gos san can be clearly iden ti fied by its bright brown colour, pe lagic

sed i men tary rocks (Pl) con form ably over lie the Qezil Dash unit



The vol ca nic rocks are ex ten sively al tered and the pri mary
vol ca nic tex tures of these rocks are usu ally over printed dur ing
fluid/rock in ter ac tions. The most prom i nent min er al og i cal fea -
tures of these rocks are the abun dance of sec ond ary min er als
such as epidote, chlorite, and cal cite as anhedral form, dis sem i -
na tions, or ag gre gates in the ma trix, amyg dales, veinlets, and
pseudo morphs of pri mary min er als. Chlorite some times fills the 
amyg dales (Fig. 4D). Epidote is more abun dant than chlorite,
and in some cases, more than 60% of the rock con sists of
epidote (Fig. 4F). Petro graphi cally, these rocks can be named
al tered an de site to al tered ba saltic an de site, and they also can
be con sid ered as of tholeiitic af fil i a tion.

Chlorite group min er als have a wide range of chem i cal
com po si tions which re flect the physicochemical con di tions of
their crys tal li za tion. The solid so lu tion (cationic sub sti tu tion)
model in the crys tal lat tice of chlorite was sat is fac to rily used in
the es ti ma tion of its for ma tion tem per a ture in dif fer ent geo log i -
cal en vi ron ments such as ore de pos its, low-de gree meta mor -
phism, hy dro ther mal al ter ation and diagenesis (Cathelineau,
1988; Imamalipour and Rasa, 2009). Based on the chlorite
geothermometry method, the for ma tion tem per a ture ranges for
dif fer ent parts of orebody var ied from 318 to 368°C while the
range for unmineralized al tered rocks var ied from 202 to 210°C
(Imamalipour and Rasa, 2009).

The ore paragenesis is very sim ple and is char ac ter ized by
a ma jor-min eral as sem blage dom i nated by py rite along with
vari able but sub or di nate amounts of chal co py rite, bornite, and
sphalerite. Sphalerite is pres ent in trace amounts, gen er ally as
small in clu sions in ma jor sul phide min er als (Fig. 5A). Py rite oc -
curred ei ther as euhedral to subhedral dis sem i nated grains or
as veins and stockworks ir reg u larly dis trib uted in the min er al -
ized bod ies (Fig. 5B). Lo cally it is ex ten sively shat tered, the
frac tures be ing infilled with chal co py rite (Fig. 5C). Chal co py rite
also oc curs as an in de pend ent phase of py rite (Fig. 5D). Covel -
lite is also pres ent in trace amounts and is de rived from chal co -
py rite al ter ation (Fig. 5E). Based on data ob tained from core
sam ples it only ex ists in the pas sage of the ox i da tion zone to
the pri mary sul phide zone (Imamalipour, 2001). All the sul phide 
min er als are al tered to sec ond ary ox i da tion prod ucts in the ox i -
dized zone. Py rite is al tered to Fe oxyhydroxides which grad u -
ally crys tal lizes to goethite (Fig. 5F).

GEOCHEMISTRY

As noted, two types of sub ma rine vol ca nic rock are found in
the Khoy ophiolite, known as Aland vol ca nic unit and Qezil
Dash vol ca nic unit. Among these rock types, sub ma rine lavas
of the Qezil Dash vol ca nic unit are host to sul phide min er ali sa -
tion. There fore, rec og niz ing the geo chem i cal na ture of this host

rock and de ter min ing the tec tonic set ting of its for ma tion is sig -
nif i cant for de ter min ing the type of min er ali sa tion and its ex plo -
ra tion.

Be cause of the ef fects of hy dro ther mal al ter ation, the data
of ma jor ox ides have not been used to de ter mine the tec tonic
set ting or in geo chem i cal stud ies. Hy dro ther mal al ter ation
causes re dis tri bu tion of mo bile el e ments.  For ex am ple, the ir -
reg u lar dis tri bu tion of the Qezil Dash sam ples on the AFM tri an -
gu lar di a gram (Irvine and Barragar, 1971) and the plot ting of
some sam ples in the calc-al ka line do main is in ter preted as re -
flect ing such hy dro ther mal change (Fig. 6A). Thus, REEs and
trace el e ments, es pe cially high field strength el e ments (HFSE)
such as Zr, Y, Ti, Hf, and Nb were pref er en tially used in the geo -
chem i cal in ves ti ga tions. These el e ments are rec og nized as in -
com pat i ble el e ments, which are geochemically im mo bile dur ing 
weath er ing and hy dro ther mal al ter ation pro cesses (Desmons
and Beccaluva, 1983; MacLean and Barrett, 1993; Rollinson,
1993; Kurtz et al., 2000).

The po si tion of data from sam ples col lected from the Qezil
Dash vol ca nic rocks in the Nb/Y ver sus Zr/TiO2 di a grams is
con sis tent with the petrographic data: in Fig ure 6B these sam -
ples plot ted in the do main of an de site, andesitic ba salt, and ba -
salt. The Cr val ues range from 14.5 to 145 ppm for the Qezil
Dash tholeiitic lavas. In com par i son with abys sal tholeiites,
these sam ples plot ted in the LKT (low-po tas sium tholeiitic) lava
do main. The range of Cr val ues in abys sal tholeiite vary from
140 to 480 ppm (Wil son, 2007). Ni val ues show a sim i lar pat tern 
to the Cr val ues for the Qezil Dash vol ca nic rocks: they range
from 40 to 40.4 ppm, while the range of Ni con cen tra tions in
abys sal tholeiites var ies from 55 to 380 ppm. In gen eral, is land
arc bas alts (IAB) con tain low con cen tra tions of Ni (Wil son,
2007). The av er age con tent of K2O and Rb in the vol ca nic rocks 
of Qezil Dash is 0.62% and 7.7 ppm re spec tively, which is com -
pa ra ble to those of is land arc tholeiites (IAT; Wil son, 2007). The 
av er age con tents of Y and Zr (re spec tively, 15.6 and 59 ppm)
are within the range of IAT (27 ppm and 51 ppm, re spec tively;
Wil son, 2007). These rocks are also known to have low val ues
of Zr/Hf (av er age 20) and Nb/Ta (av er age 11) ra tios.

The dis tri bu tion and con cen tra tion of Ti are rec og nized as
geo chem i cal cri te ria in the de ter mi na tion of ophiolite lava type.
As rep re sented by Beccaluva et al. (1983) and Beccaluva
(1995) ophiolite lavas based on their Ti con tent are cat e go rized
in three ma jor types, in clud ing high-Ti ba salt (MORB af fin ity),
low-Ti ba salt (IAT af fin ity) and very low Ti ba salt (boninites).

The TiO2 val ues range from 0.76 to 0.30% ppm for the Qezil 
Dash lavas, the av er age value be ing 0.57%. The po si tions of
the Qezil Dash lava sam ples are shown in the di a grams of Ti/Cr 
ver sus Ni (Fig. 7A; Beccaluva et al., 1983) and Ti ver sus Cr
(Fig. 7B; Pearce and Cann, 1973). Be ing the host rock of the
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Sam ple Ma jor min er als Mi nor min er als Zone/rock type

BH1-03 chlorite, quartz, epidote, py rite  mal a chite, chal co py rite deep level of the ox i dized zone

KH-11 chlorite, quartz, epidote, py rite  bornite, seri cite hypogene stockwork zone

BH1-11 quartz, epidote, chlorite py rite, seri cite, gyp sum hypogene stockwork zone

BH1-05 chlorite, al bite, epidote quartz, py rite,  gyp sum, cal cite ox i dized zone

BH2-07 chlorite, al bite, quartz epidote, py rite, cal cite al tered vol ca nic host rock

BH1-09 chlorite, al bite, epidote, quartz py rite, seri cite, cal cite hypogene stockwork zone

T5-04 chlorite, quartz, al bite epidote, mal a chite ox i dized zone

T2-08 quartz, gyp sum, goethite chlorite, epidote, cal cite, mal a chite mas sive ore (ox i dized zone)

T a  b l e  3

Min eral com po si tion of al tered and min er al ized rocks from dif fer ent zones ob tained by X-ray dif frac tion (XRD)
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Fig. 4. Mi cro pho to graphs of vol ca nic rocks as the host rock of the volcanogenic mas sive sulphide de posit

A, B – por phy ritic tex ture, plagioclase (Pl) is the dom i nant min eral which is pres ent as pheno crysts and also as lath-shaped microlites (PPl
light); C – trachytoid tex ture, in which the microlites of plagioclase in the groundmass have a subparallel align ment (PPl light); D – amyg da -
loid al tex ture in andesitic rocks with chlorite, quartz and sec ond ary veins of cal cite (PPl light); E – lithic frag ments within an al tered ma trix, in -
di cat ing autobrecciation; F – ex ten sive al ter ation of pri mary min er als and the for ma tion of epidote, chlorite, quartz and cal cite (PPl light); Cal
– cal cite, Chl – chlorite, Ep – epidote, Frag. – lithic frag ments, Op – opaque min eral, Pl – plagioclase, Qtz – quartz; ab bre vi a tions af ter Whit -
ney and Ev ans (2010)
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Fig. 5. Re flected light mi cro scope im ages of the ores in ves ti gated from the study area

A – a small in clu sion of sphalerite within a large anhedral py rite; B – dis sem i nated euhedral to subhedral py rite; C – frac tures of py rite are
infilled with chal co py rite; D – chal co py rite as an in de pend ent phase along with py rite; E – chal co py rite al ter ation to covel lite along cleav ages
and microfractures, as well as al ter ation of chal co py rite to goethite from the mar gin in the ox i da tion zone; F – de vel op ment of al ter ation of py -
rite to iron hy drox ides from its mar gin in the ox i da tion zone; Ccp – chal co py rite, Cv – covel lite, Gt – goethite, Py – py rite, Sp – sphalerite; ab -
bre vi a tions af ter Whit ney and Ev ans (2010)



VMS min er ali sa tion, they are of LKT type. Fur ther more, the Ti
ver sus Zr discriminant di a gram (Fig. 8A; Pearce, 1996) and the
tri an gu lar di a gram of Hf-Th-Nb (Fig. 8B) also in di cated the
same re sults, con sis tent with the for ma tion of the tholeiitic vol -
ca nic rocks in an is land arc tec tonic set ting.

The REE spi der di a grams of the Qezil Dash (nor mal ized to
chondrite) vol ca nic rocks show that these rocks plot in the is -
land arc tholeiitic compositional do main (Fig. 9A), and the REE
con tents are dis tinct from N-MORB val ues. For ex am ple, the
av er age value of Yb for these rocks is 1.58 ppm, while its value
for N-MORB is 3.05 ppm (Sun and McDonough, 1989).

Con sid er ing Fig ure 9B the REE val ues in the Qezil Dash
rocks are 10 to 20 times higher than the chondrite val ues. This
pat tern can also be rec og nized based on LREE en rich ment,
such that the av er age value of La/Sm in the sam ples ana lysed
was 2.05. The spi der di a gram of rare and in com pat i ble el e -

ments of the Qezil Dash vol ca nic rocks nor mal ized to chondrite
com po si tion are shown in Fig ure 9B. For better com par i son, the 
nor mal ized pat terns of IAT, E-MORB and OIB se ries (data from 
Sun, 1982) are also il lus trated in Fig ure 9. These di a grams rep -
re sent the se vere de ple tion of HFSE el e ments (such as Y, Nb,
Zr, and Hf), one of the most im por tant geo chem i cal fea tures of
the Qezil Dash vol ca nic rocks. Fur ther more, these rocks show
a se lec tive en rich ment in terms of LILEs (such as Rb, Ba, Th,
and K). Such a dis tri bu tion of trace el e ments has been ac -
cepted as an in di ca tor of mafic mag mas gen er ated in su -
pra-subduction zone set tings (SSZ; Pearce et al., 1984). Ac -
cord ing to Fig ure 9B, the pat tern of in com pat i ble el e ments of
Qezil Dash lava is slightly higher than in the typ i cal IAT pat tern.
It seems that the ir reg u lar dis per sion of el e ments such as Ba, K, 
Rb, and Th is as so ci ated with hy dro ther mal al ter ation.

Geo chem is try and tec tonic set ting of the vol ca nic host rocks of VMS mineralisation in the Qezil Dash area, NW Iran... 443

Fig. 6. The po si tion of sam ples which be long to the Qezil Dash vol ca nic rocks (the host rock of VMS de posit) 
for the di a gram of AFM (A) and Nb/Y (B) ver sus Zr/TiO2 ra tio (Winchester and Floyd, 1977)

Fig . 7. The po si tion of Qezil Dash vol ca nic lava sam ples in the di a grams

A – Ti/Cr ver sus Ni ra tio (Beccaluva et al., 1983), IAT – is land arc tholeiites, MORB – mid-ocean ridge basalts; B – Ti ver sus Cr ra tio
(Beccaluva, 1995; Pearce, 1996), LKT – low-po tas sium tholeiites, OFB – ocean-floor basalts
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Fig . 8. The po si tion of vol ca nic lava sam ples from the Qezil Dash area in the di a grams

A – Ti ver sus Zr ra tio (Pearce et al., 1981), explanations as in Figure 7; B – Hf-Th-Nb tri an gu lar di a gram: A – N-MORB (“normal”
mid-ocean ridge basalts), B – E-MORB (“enriched” mid-ocean ridge basalts), C – OIB (ocean-island basalts, rift), D1 –  is land arc

tholeiites, D2 – calc-al kali bas alts (Wood et al., 1980)

Fig . 9. The dis tri bu tion pat tern: A –  rare earth el e ments (nor mal ized to chondrite); B – in com pat i ble el e ments 
(nor mal ized to chondrite) in the tholeiitic lavas of the Qezil Dash area (Wood, 1980; Al a bas ter et al., 1982; Sun, 1982)

Explanations as in Figure 7



COMPARISON WITH KNOWN VMS DEPOSITS (CYPRUS-TYPE)

Al though the sul phide min er ali sa tion of the Qezil Dash area
is clas si fied as a Cy prus-type VMS de posit, it has some dis sim i -
lar i ties with known Cy prus-type de pos its. The sig nif i cant dif fer -
ences be tween the Qezil Dash sul phide de pos its in com par i son 
with the Cy prus area (such as the Agrokipia de posit) and the
Oman area (such as the Lasail and Bayda de pos its) are in their
strati graphic po si tion as well as the pet ro log i cal com po si tion of
their host rocks. The magma de vel op ment of the ophiolites of
Khoy, Oman, and Cy prus (Troodos) is sim i lar.  The vol ca nic se -
quence of the Khoy ophiolite is com pa ra ble to the vol ca nic se -
quence of the Oman ophiolite.

In the Oman ophiolite, three vol ca nic ep i sodes were dis tin -
guished ac cord ing to the pe trol ogy and geo chem is try of the ex -
tru sive rocks (Godard et al., 2006). The mag matic se quences
are sep a rated from each other by more or less con tin u ous lay ers

of pe lagic de pos its (Pearce et al., 1981; Al a bas ter et al., 1982;
Ernewein et al., 1988). The first two vol ca nic ep i sodes in clude
the larg est vol ume of erupted lavas (more than 95%, Nicolas et
al., 2000). Both of these ex tru sive lavas are tholeiitic af fin ity, as -
so ci ated with the early stages of ophiolite for ma tion (Godard et
al., 2006). Ac cord ing to pre vi ous re search ers, the first vol ca nic
ep i sode, V1 (Ernewein et al., 1988) or Geotimes (Pearce et al.,
1981; Al a bas ter et al., 1982), con sists mainly of poorly ve sic u lar
brown ish pil low bas alts, of MOR type,  formed dur ing ac cre tion at 
a spread ing cen ter (Lippard et al., 1986; Ernewein et al., 1988;
Einaudi et al., 2000; Godard et al., 2003, 2006). The lavas
erupted dur ing the sec ond vol ca nic ep i sode, namely the Lasail
lavas (or so-called V2) con sist of dis con tin u ous out crops of
poorly ve sic u lar small, green pil lows and thin lava flows (Godard
et al., 2006); they be long to off-ax ial vol ca nic ac tiv ity with IAT
char ac ter is tics. The third vol ca nic ep i sode, namely the Al ley lava
(or so-called V3), has an al kali to tran si tional na ture and be longs
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Fig . 10. Plots of the Qezil Dash vol ca nic sam ples on discriminant di a grams in clud ing: A – Nb/Ta ver sus Zr/Hf; B – YbN ver sus
TiO2 (wt.%); C – (La/Yb)N ver sus TiO2 (wt.%)

Di a grams and compositional fields of Oman ophiolite vol ca nic rocks are from Godard et al. (2006); nor mal iz ing val ues are taken from
(Sun and McDonough, 1989); the Qezil Dash lava sam ples (as ter isks) plot in the do main of the Lasail lavas in these di a grams



to a within-plate tec tonic set ting (Pearce et al., 1981; Al a bas ter et 
al., 1982; Ernewein et al., 1988).

The geo chem is try and lithological char ac ter is tics show sim -
i lar i ties be tween the Lasail (V2) and Qezil Dash lavas; for ex am -
ple, both have a tholeiitic na ture with a low ra tio of Zr/Hf, and are 
of low-Ti type. The val ues of Zr/Hf ra tio for the Lasail and Qezil
Dash area were less than 31 (Godard et al., 2006) and 20 re -
spec tively.

The geo chem i cal do main of these three vol ca nic ep i sodes
of Oman ophiolite are il lus trated in three discriminant di a grams, 
in clud ing Nb/Ta ver sus Zr/Hf (Fig. 10A); YbN ver sus TiO2 (wt.%) 
(Fig. 10B), and (La/Yb)N ver sus TiO2 (wt.%; Fig. 10C). In Fig -
ure 10, the Qezil Dash lavas plot in the do main of the Lasail
lavas; all of these di a grams clearly dem on strate the geo chem i -
cal sim i lar ity be tween them.

Most of the Cy prus-type VMS de pos its of the Oman
ophiolite are re stricted to the con tact of the V1 and V2 se -
quences (Ernewein et al., 1988; Pflumio, 1991). In the Cy prus
area, most of the de pos its are lo cated be tween the up per pil low
lavas (of ol iv ine ba salt com po si tion) and the lower pil low lavas
(oversaturated bas alts of Oman). The de pos its of Lasail and
Zoha in the Oman ophiolite are also lo cated be tween the
Geotimes pil low lavas and the Lasail an de site-ba saltic lavas. In
both re gions, there are sig nif i cant dif fer ences in geo chem i cal
and lithological com po si tion be tween the lower and up per lavas 
of the sul phide de pos its. The du ra tion of hy dro ther mal ac tiv ity
and min eral de po si tion in this lithostratigraphic set ting sug gests 
sig nif i cant time be tween the erup tions of these two vol ca nic ep i -
sodes. As noted above, the Qezil Dash vol ca nic rocks rec og -
nized as the main host rocks of VMS de pos its have sim i lar i ties
to the Lasail unit which is poorly min er al ized (Al a bas ter and
Prearce, 1985). The ma jor VMS de posit in the Oman vol ca nic
se quences is re stricted to close by the V1 and V2 bound ary. The
VMS de posit of Abati lo cated in the SW of Khoy is sim i lar to the
VMS de posit of the Skouriotissa area in Cy prus. In both re -
gions, ore de pos its are lo cated in the high est part of the
meta-ba saltic pil low lavas and im me di ately be low the pe lagic
sed i men tary units. The ore body shapes in both cases are
stratiform (long lenses). In terms of min er al ogy and para -
genesis, there are not many dif fer ences from min er ali sa tion of
known Cy prus-type de pos its. In the terms of al ter ation, sim i lar i -
ties be tween the VMS host rocks of the Khoy and Cy prus ar eas
are sig nif i cant: the al ter ations as so ci ated with the VMS de pos -
its of Khoy are chloritization ad ja cent to the min er ali sa tion cen -
ter and sili ci fi ca tion in the stringer zone.

CONCLUSIONS

The vol ca nic rocks of Khoy ophiolite in clude sub ma rine pil -
low lavas of ba saltic com po si tion (Aland vol ca nic unit) and sub -

ma rine mas sive sheet lavas of andesitic and an de site-ba saltic
com po si tion (Qezil Dash vol ca nic unit). They are rec og nized as
low-Ti and LKT types, and their for ma tion is re lated to the early
stages of is land arc gen er a tion in a su pra-subduction zone tec -
tonic set ting. So far, no sig nif i cant VMS min er ali sa tion has been 
iden ti fied in as so ci a tion with vol ca nic rocks of the first group,
and only some small and dis persed lenses of sul phide min er ali -
sa tion can be seen in a few re gions, such as north of Chaldoran
(Iran). In con trast, the sec ond group of vol ca nic rocks is as so ci -
ated with ex ten sive al ter ation and sul phide min er ali sa tion, and it 
con tains sul phide oc cur rences of lense-shaped, stratiform and
stockwork types. The chem is try of mas sive sheet lavas of the
Qezil Dash unit in di cates en rich ment in LILE el e ments and de -
ple tion in HFSE el e ments, which are rec og nized as char ac ter is -
tic of SSZ ophiolite lavas (Pearce et al., 1981, 1984; Godard et
al., 2006). Tec toni cally, the Qezil Dash unit is of off-ax ial vol ca -
nic type which in cludes the for ma tion of arc seamounts in a su -
pra-subduction zone tec tonic set ting.

Some re search ers con sider that the for ma tion of syngeneic
VMS de pos its in the early stages of an is land arc with tholeiitic
erup tions is pos si ble. In other words, Cy prus-type mas sive
sulphides are also likely to ex ist at the base of is land arc se -
quences, be cause in most cases the arc base ments will have
orig i nated at oce anic ridges (Ev ans, 2009). There fore, such se -
quences should be con sid ered as a prom is ing lo ca tion for sub -
se quent ex plo ra tion stud ies. The geo chem i cal data ob tained in -
di cate that the Qezil Dash VMS min er ali sa tion be longs to this
stage of is land arc for ma tion. In ad di tion, based on geo log i cal
ev i dence, it can be con cluded that the for ma tion of an is land arc 
has not pro ceeded from its ini tial stage. The lack of calc-al ka line 
lavas and re lated pyroclastic rocks in the Qezil Dash tholeiites
and the cover of lavas with sed i men tary rocks (pe lagic shale
and lime stone) at test to this. The geo chem i cal and geo log i cal
ev i dence in di cates that the Qezil dash VMS-min er ali sa tion host 
rock in the Khoy ophiolite is com pa ra ble with the Lasail unit in
the Oman ophiolite. The Lasail units in clude some weak min er -
ali sa tion within lavas. Most of the min er ali sa tion in the lat ter
units are lo cated at the con tact of Lasail and Geotimes.

Ac cord ing to the mod els of VMS de pos its com pared in this
pa per, such as the Troodos and Oman ophiolites, their sul phide 
de pos its lo cated in the con tact of MORB and IAT lavas. Hence,
pros pect ing for these types of min eral de pos its in the Khoy
ophiolite zone and other ophiolite zones in Iran should be based 
on geo chem i cal in ves ti ga tions and the de ter mi na tion of the
ophiolite lava types and their field re la tion ships.
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