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The Gharehchay-Kurmolla (Gh-Ku) base and pre cious met als oc cur rence is lo cated in ~2 km south of Tikmehdash, 75 km
south-east of Tabriz, and is a part of Bostanabad-Miyaneh gold-bear ing dis trict in the West Alborz-Azarbaidjan struc tural
zone. Min er al iza tion in the study area oc curs in quartz veins and veinlets hosted by the Eocene vol ca nic-pyroclastic units as
well as gran ite. Rec og niz able al ter ation zones around the quartz veins and veinlets in clude silicic, phyllic, in ter me di ate
argillic, and propylitic types. The min er al iza tion was de vel oped dur ing three con spic u ous stages. In stage 1, min er als such
as quartz, py rite, and chal co py rite with slight amounts of gold were formed. Dur ing stage 2, min er als such as quartz, ga lena,
sphalerite, and gold to gether with py rite and chal co py rite were de vel oped. Stage 3 was con cur rent with de po si tion of quartz
ac com pa nied by Mn-ox ides and hy drox ides (pyrolusite and psilomelane). The ma jor gangue min er als are quartz, adu laria,
seri cite, epidote, chlorite and cal cite. Mi cro-ther mo met ric in ves ti ga tions on pri mary 2-phase (LV) fluid in clu sions in quartz
crys tals showed that the hy dro ther mal flu ids re spon si ble for min er al iza tion had tem per a tures and sa lini ties rang ing from 215
to 325°C and from 2.6 to 10.4 wt.% NaCl eq., re spec tively. The ox y gen iso to pic com po si tion of the fluid (+9.7 to +12.5‰) sug -
gests that the ore-form ing so lu tions had a largely mag matic com po nent. The sul phur iso to pic com po si tion of the fluid (–1.5 to 
–3.4‰) is also in dic a tive of mag matic or i gin. On the ba sis of data ob tained from mi cro-ther mo met ric and sta ble iso tope anal -
y ses, boil ing along with mix ing were two im por tant mech a nisms in volved in the pre cip i ta tion of ore and gangue min er als in
the study area. The geo log i cal and geo chem i cal char ac ter is tics of the Gh-Ku area in di cate that min er al iza tion in this area is
of epi ther mal type with a low-sulphidation style.

Key words: Tikmehdash, Au-bear ing quartz veins, low-sulphidation, epi ther mal, mi cro-ther mo met ric anal y sis, sta ble iso -
topes.

INTRODUCTION

Epi ther mal de pos its are rec og nized as valu able base (Cu,
Pb, and Zn) and pre cious (Au and Ag) metal re sources (Sim -
mo ns et al., 2005). These de pos its are com monly formed at
depths from <1 to 1.5 km in low to in ter me di ate tem per a ture (50 
to 300°C) con di tions by rel a tively low-sa lin ity (5 to 15 wt.%) flu -
ids (Cooke and Simmons, 2000; Simmons et al., 2005; Pirajno,
2009). These epi ther mal de pos its are cat e go rized into three
styles: (1) low-sulphidation (LS), (2) in ter me di ate-sulphidation
(IS), and (3) high-sulphidation (HS) (White and Hedenquist,

1990; Hedenquist et al., 2000; Cooke and Simmons, 2000;
Sillitoe and Hedenquist, 2003; Einaudi et al., 2003; Simmons et
al., 2005).

Iran, sit u ated in the mid dle part of the gi gan tic Al pine-Hi ma -
la yan Belt, was al ways a suit able lo ca tion for the de vel op ment
of epi ther mal base and pre cious metal de pos its (Rich ards et al., 
2006). In re cent years, ex ten sive re search has taken place con -
cern ing the gen e sis and evo lu tion of hy dro ther mal flu ids as so ci -
ated with epi ther mal base and pre cious metal de pos its in north -
-west Iran (Heidari et al., 2015; Mehrabi et al., 2016; Zamanian
et al., 2019; Kouhestani et al., 2019a, b, 2020; Miranvari et al.,
2020; Ferdowsi et al., 2021; Ebrahimi et al., 2021; Ghasemi
Siani et al., 2022).

The Gharehchay-Kurmolla (Gh-Ku) base and pre cious met -
als oc cur rence is lo cated ~2 km south of Tikmehdash, 75 km
south-east of Tabriz, east-Azarbaidjan prov ince, NW Iran. This
min eral pros pect is a part of the Bostanabad-Miyaneh gold-bear -
ing dis trict in the West Alborz-Azarbaidjan struc tural zone
(Nabavi, 1976; Fig. 1). Eocene vol ca nism in this dis trict pro duced 
a suc ces sion of vol ca nic-pyroclastic rocks which were in truded
by Oligocene plutonic rocks. The hy dro ther mal flu ids re leased
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from these intrusives was a source of al ter ation and min er al iza -
tion in this dis trict (Maghsoudi et al., 2005). Ex cept for pre lim i nary 
stud ies by Hassani Soughi et al. (2021), no other com pre hen sive 
sci en tific re search on these hy dro ther mal flu ids has been done
so far. We have in ves ti gated the al ter ation and min er al iza tion
pro cesses and ana lysed cer tain physico- chem i cal con di tions
con trol ling the ore de po si tion via con straints based on fluid in clu -
sion and sta ble iso tope data from the study area. The re sults of
this re search can con trib ute to better un der stand ing and ex plo ra -
tion of sim i lar de pos its in this dis trict.

GEOLOGICAL SETTING

The Bostanabad-Miyaneh gold-bear ing dis trict starts from
east of Miyaneh and ex tends to the west of Bostanabad, and is
bounded to the north by the Bozghoosh moun tain range. A
large part of the dis trict is cov ered by Paleogene vol ca nic rocks. 
Ex ten sive vol ca nism took place in this dis trict as the re sult of an
extensional phase of the Lara mide orog eny (Maghsoudi et al.,
2005). The wide spread vol ca nic rocks in clude lavas of latite,
trachyandesite, ba salt, dacite, and rhy o lite com po si tion with as -
so ci ated pyroclastic de pos its. Oligocene in tru sive rocks in the
dis trict oc cur as stocks, laccoliths, dikes, and sills in trud ing the
Eocene vol ca nic rocks. In gen eral, all the ig ne ous rocks (both
ex tru sive and in tru sive) in the dis trict were folded dur ing the Al -
pine (Pyr e nean) Orog eny. The vol ca nic ac tiv i ties con tin ued un -
til the Mio cene as shown by the pres ence of vol ca nic rocks
(lavas and pyroclastics) to gether with shal low ma rine de pos its.

Plio cene strata (gypsiferous marl and con glom er ate) un con -
form ably over lie the Mio cene se quence (Maghsoudi et al.,
2005).

Ac cord ing to the geo log i cal map of the Bostanabad quad -
ran gle (1:100,000) (Behrouzi et al., 1997) and the map (1:5000) 
pre pared by the au thors (Fig. 2), the lithological units in the
Gh-Ku area con sist of Eocene vol ca nic lavas and pyroclastics
with Oligocene in tru sive bod ies (e.g., gran ite). The old est units
crop ped out in the area be long to Eocene (Et, Ev, and Etv) and
these host the ore-bear ing veins and veinlets. Unit Etv con sists
of tuffs, some sandy, and green andesitic lavas (Fig. 3A) and
crops out mainly near the gran ite with which it has a sharp con -
tact. Fol low ing the in tru sion of the gran ite, the ac com pa ny ing
hy dro ther mal flu ids brought about al ter ation and min er al iza tion
in the Etv unit. Unit Ev (youn ger than Etv) is pale in col our and
com prises porphyrytic an de site and andesitic ba salt (Fig. 3A). It 
has suf fered in tense al ter ation in places, where in con tact with
gran ite, and is dark pur ple. Unit Et con sists of tuff brec cias and
pyroclastic rocks (Fig. 3B). In gen eral, the Eocene lavas have
por phy ritic tex ture with microlithic ma trix. The Oligocene in tru -
sive bod ies in clude the Tgr unit. This unit (gran ite) hosts part of
the min er al iza tion in the area (Fig. 3C). The prin ci pal struc tural
fea tures in the Gh-Ku area in clude a group of fault sys tems
trending NW–SE and NE–SW. Those faults strik ing NW–SE
have al most sim i lar trends to the well-known Tabriz Fault and
have a dextral strike-slip com po nent, while the faults strik ing
NE–SW have a sinistral strike-slip com po nent. Gen er ally, these 
faults had a con trol ling role on the ore-bear ing quartz veins and
veinlets in the study area.
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Fig. 1. An in dex map show ing the ma jor geo log i cal-struc tural di vi sions of Iran (Nabavi, 1976)

The lo ca tion of the study area is marked (filled square)

http://ijcm.ir/article-1-1588-en.html


METHODS

In ves ti ga tions took place both in the field and lab o ra tory.
Dur ing the field work, a geo log i cal map (1:5000) was pre pared
and the ore-bear ing veins and the as so ci ated host rocks were
iden ti fied. Ap prox i mately 100 rep re sen ta tive sur face and sub -
surface sam ples were col lected from the ore zones and host
rocks. Lab o ra tory work in clude prep a ra tion and ex am i na tion of
15 thin and 30 pol ished thin-sec tions. Fur ther min er al og i cal

stud ies were made by scan ning elec tron mi cros copy (SEM).
This work was car ried out in the Cen tral Lab o ra to ries of the Uni -
ver sity of Tabriz us ing a Tescan MIRA3 FEG-SEM at 0.56 nA
and ac cel er at ing volt age 15 kV. Ten dou bly pol ished wa fers
were pre pared for fluid in clu sion stud ies. Mi cro-ther mo met ric
anal y sis took place us ing a Linkam THMSG600 stage. Cal i bra -
tion of the mea sure ments was en sured via the melt ing point of a 
so dium ni trate stan dard (+306.8°C) dur ing heat ing (with an ac -
cu racy of ±0.6°C) and by the freez ing point of a car bon tet ra -
chlo ride stan dard (–22.99°C) dur ing cool ing (with an ac cu racy
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Porphyritic

Fig. 2. Geo logic map of the study area on which the lo ca tions and trends of the ore-bear ing quartz veins are shown 
(mod i fied af ter Behrouzi et al., 1997)



of ±0.2°C). For de ter min ing the source of the ore-bear ing fluid
and its H2S com po nent, iso to pic anal y ses of ox y gen and sul -
phur were per formed in lab o ra to ries at Arak Uni ver sity us ing an
IRMS (Iso tope Ra tio Mass Spec trom e ter) sys tem. The pre -
cisions of the mea sure ments for sul phur and ox y gen were ±0.1
and ±0.2‰, re spec tively.

ALTERATION

Field ev i dence and petrographic in ves ti ga tions show that
the hy dro ther mal al ter ation at Gh-Ku is not per va sive, be ing
mainly re stricted to the wall rock mar gins of the veins and

veinlets and the min er al ized zones. The hy dro ther mal al ter ation 
in the study area in cludes four dis tinct types:

– silicic,
– phyllic,
– in ter me di ate argillic,
– propylitic. 

The first three are in ti mately af fil i ated with ore-bear ing
zones in the host rocks. The silicic zones are ob served pri mar ily 
in the mar gins of the ore-bear ing quartz veins and veinlets, and
out wards they grad u ally change to the sericitic zone. The silicic
zones in the area are sig nif i cant be cause of be ing as so ci ated
with the ores (Fig. 4A), and be cause their high re sis tance to
weath er ing means that they have high top o graphic re lief at out -
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A

B C

Fig. 3. Field pho tos of the lithological units in the Gh-Ku area

A – ex po sures of the lithological se quence of tuff, sandy tuff, an de site (Etv), and an de site-ba salt (Ev)
(view to wards the north); B – ex po sures of pyroclastic and tuff brec cia units (Et); 

C – ex po sure of a gran ite

A B C

Fig. 4. Field pho tos de pict ing the sur face ex pres sions of the hy dro ther mal al ter ation zones at Gh-Ku

A – sur face view of a silicic al ter ation zone; B – ex po sure of an in ter me di ate argillic al ter ation zone; C – veinlets of epidote in a propylitic
al ter ation zone; all ab bre vi a tions are from Whit ney and Ev ans (2010); Ep – epidote; for other ex pla na tions see Fig ure 3



crop rel a tive to the sur round ing rocks. Quartz is the ma jor min -
eral pres ent in the silicic zone, ac com pa nied by small amounts
of adu laria (Fig. 5A), which com monly oc curs re plac ing pri mary
sil i cate min er als in the host rocks. The phyllic al ter ation is lim -
ited in ex tent, is com monly ob served around silicic zones, and
is char ac ter ized by the pres ence of seri cite, quartz, py rite, and
small amounts of clay min er als (Fig. 5B). In this al ter ation zone,
seri cite is mainly pres ent re plac ing plagioclase. This zone grad -
u ally and out wards turns into the in ter me di ate argillic al ter ation
zone which ap pears as a white to yel low halo with rel a tively
wider ex tent sur round ing the ore-bear ing veins (Fig. 4B). In
places, this al ter ation is or ange to red ow ing to the pres ence of
Fe-ox ides and hy drox ides. This al ter ation zone is marked by
clay min er als which com monly re place feld spar and seri cite
(Fig. 5C). The propylitic al ter ation zone has a rel a tively lim ited
ex tent in the study area, be ing ob served far ther away from the
ore-bear ing veins. This al ter ation is rec og nized by its green col -
our at ex po sure and has af fected most of the Eocene units (Fig. 
4C). It formed by re place ment of plagioclase, am phi bole and bi -
o tite by epidote, chlorite and cal cite (Fig. 5D-F).

MINERALIZATION

CHARACTERISTICS OF THE ORE-BEARING VEINS

Field ob ser va tions show that min er al iza tion at Gh-Ku took
place as quartz veins and veinlets, mostly along the strike of
fault and frac ture zones. These veins and veinlets are hosted
by the Eocene vol ca nic-pyroclastic and Oligocene in tru sive
(gran ite) units (Fig. 6A, B). Most of the quartz veins have
NE–SW trends but some strike NW-SE with vary ing dips rang -
ing from 70–90°. These veins have vary ing widths and lengths,

rang ing from 0.5 to 15 m and from 10 to 700 m, re spec tively, be -
ing milky white to dark grey in col our and red to brown in the
weath ered parts (due to Fe-ox ides and hy drox ides) or green
(from the pres ence of mal a chite) (Fig. 6C). These veins and
veinlets oc ca sion ally ex hibit stockwork struc ture (Fig. 6D). The
quartz crys tals within them gen er ally dem on strate mas sive,
brecciated (Fig. 6E), comb (Fig. 6F), crustiform, and vug infill
(Fig. 6G) tex tures. Min er al iza tion within the quartz veins and
veinlets con sists of py rite, chal co py rite, ga lena, sphalerite, na -
tive gold, and Mn-ox ides and hy drox ides. These ore min er als
oc cur as dis sem i nated grains within the veins. The over all as -
says of Cu, Pb, Zn, Au and Ag in sam ples col lected from the
ore-bear ing veins are 0.1, 0.4 and 0.35%; 0.2 and 10 ppm, re -
spec tively (TSIG, 2022).

MINERALIZATION STAGES

On the ba sis of the types of min er als and tex tural re la tion -
ships in the ore-bear ing veins and veinlets, the min er al iza tion
pro cesses at Gh-Ku can be cat e go rized into three dis tinct
stages. Dur ing stage 1, min er als such as quartz, py rite and
chal co py rite along with slight amounts of gold were de pos ited
(Fig. 7A). In the course of the stage 2, quartz, ga lena, sphalerite 
and gold along with py rite and chal co py rite were pre cip i tated
(Fig. 7B). The sulphides of stages 1 and 2 oc cur as fine to
coarse crys tals within quartz veinlets. The quartz formed in
stages 1 and 2 com prises fine to coarse crys tals of milky white
to grey col our. Stage 3 of min er al iza tion is char ac ter ized by the
pres ence of Mn-ox ides and hy drox ides (pyrolusite and psilo -
melane) to gether with quartz (Fig. 7C). The quartz crys tals of
this stage are also fine to coarse, dis play ing milky white to vi o let
(ame thys tine) col our (Fig. 7D). From field ob ser va tions and
mesoscopic and mi cro scopic in ves ti ga tions at Gh-Ku, the para -
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A B C

D E F

Fig. 5. Pho to mi cro graphs (xpl) of sam ples from the hy dro ther mal al ter ation zones at Gh-Ku

A – quartz and adu laria in the silicic zone; B – seri cite, quartz, and py rite in the phyllic zone; C – the in ter me di ate al ter ation zone in which the
plagioclase has been re placed by clay min er als; D – the pres ence of euhedral epidote in the form of void-fill ing in the propylitic zone; E – for -
ma tion of chlorite with sphe roi dal tex ture in the propylitic zone; F – re place ment of plagioclase by cal cite in the propylitic zone; Adl – adu laria,
Cal – cal cite, Chl – chlorite, Clay – clay min er als, Ep – epidote, Py – py rite, Qz – quartz, Ser – seri cite



genetic se quence of co ex ist ing min er als (ore and gangue) and
their rel a tive abun dance formed dur ing hypogene and super -
gene pro cesses is sum ma rised in Fig ure 8.

TYPES OF ORE AND GANGUE MINERALS

The im por tant ore min er als in the min er al ized zones at
Gh-Ku are py rite, chal co py rite, ga lena, sphalerite and gold ac -
com pa nied by pyrolusite and psilomelane. Quartz, adu laria,
seri cite, epidote, chlorite and cal cite are the sig nif i cant gangue
min er als ac com pa ny ing the ores. Dur ing the supergene pro -
cesses, min er als such as cerussite, goethite, he ma tite, jarosite, 
bornite, covel lite, chalcocite, digenite, cu prite, mal a chite and
az ur ite formed. The ore and gangue min er als at Gh-Ku show, in 

gen eral, var i ous types of tex tures in clud ing vein and veinlet,
mas sive, brecciated, dis sem i nated, re place ment, rel ict, cau li -
flower, comb, crustiform, cock ade, vug infill, plumose, flam boy -
ant and saccharoidal.

Py rite oc curs as very fine- to me dium-grained (10 mm to
2 mm), anhedral to euhedral dis sem i nated crys tals within the
quartz ma trix (Figs. 9A and 10A). It is of ten re placed mar gin ally
and along the mi cro-frac tures by sec ond ary min er als: goethite,
he ma tite, and jarosite ex hib it ing rel ict tex ture (Fig. 9A). In the
hypogene zone, it is oc ca sion ally re placed by chal co py rite in di -
cat ing its ear lier paragenetic de po si tion (Figs. 9B and 10B).
Inter growth of py rite with chal co py rite, how ever, is also com -
mon (Fig. 9C). Tiny in clu sions of py rite within ga lena and
sphalerite were also ob served. Chal co py rite is the most abun -
dant sul phide at Gh-Ku and oc curs as fine- to me dium-grained
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A

B C D

E F F

Fig. 6. Field pho tos of quartz veins and veinlets at Gh-Ku

A – ex po sures of quartz veins hosted by lithological units such as tuff, sandy tuff, an de site (Etv), and gran ite (Tgr) (view to wards the
north-west); B – ex po sure of quartz veins in a gran ite (view to wards the north-east); C – quartz vein con tain ing mal a chite; D – stockwork
struc ture in the quartz veins and veinlets; E – brecciation in the quartz veins and veinlets; F – quartz crys tals with comb tex ture within quartz
veins and veinlets; G – quartz crys tals show ing crustiform and open-space fill ing tex tures within quartz veins and veinlets; Mlc – mal a chite,
Qz – quartz



(up to 3 mm), anhedral to subhedral dis sem i nated crys tals
within the silicic ma trix (Fig. 10C). In the supergene zones, it
was also mar gin ally and along mi cro-frac tures al tered to goe -
thite, bornite, covel lite, chalcocite, digenite, cu prite, mal a chite,
and az ur ite (Fig. 9B, D, E). In places where the supergene al ter -
ation is in tense, it was al most en tirely re placed by supergene
min er als and shows rel ict tex ture. It typ i cally shows inter -
growths with py rite, ga lena and sphalerite (Fig. 9C and F), but
oc ca sion ally was re placed by ga lena and sphalerite so that in -
clu sions of chal co py rite within these min er als were also ob -
served (Fig. 9C and G).

Ga lena mostly oc curs as fine to me dium-grained (up to
3 mm), anhedral to euhedral crys tals in the silicic zones (Figs.
9G and 10D). It was con cur rently pre cip i tated with py rite, chal -
co py rite and sphalerite (Fig. 9C and G), and was re placed at its
mar gins by cerussite in the supergene zone (Fig. 9H). Spha -
lerite oc curs as me dium- to coarse-grained (up to 2 cm), sub -
hedral to euhedral crys tals and is scat tered within the silicic ma -
trix (Figs. 9F and 10E). It shows inter growth tex ture with py rite,
chal co py rite and ga lena (Fig. 9C, F, G). In places, sphalerite
along with ga lena re place and en gulf py rite and chal co py rite
crys tals (Figs. 9G and 10A) sug gest ing that they formed af ter
py rite and chal co py rite. The na tive gold is pres ent as very
fine-grained in clu sions within quartz (Fig. 9I), py rite, goethite
and chal co py rite (Figs. 9J and 10B, F). Pyrolusite oc curs as
fine- to me dium- grained, anhedral to subhedral dis sem i nated
crys tals within quartz veins and veinlets, and is more abun dant
than psilo melane (Fig. 9K). Psilomelane is ac com pa nied by
and co ex isted with pyrolusite within quartz veins and veinlets
and oc ca sion ally shows cau li flower tex ture (Fig. 9L).

Quartz is the most abun dant gangue min eral at Gh-Ku and
oc curs as fine- to coarse-grained (<10 mm up to 5 cm), anhedral 
to euhedral crys tals (Fig. 5A). It is com monly milky white, grey,
and vi o let (ame thys tine) in col our but is oc ca sion ally colour less
and trans par ent. The quartz crys tals dis play typ i cal veinlet,
comb (Fig. 11A), crustiform (Fig. 11B), cock ade (Fig. 11C), vug
infill, plumose (Fig. 11D), flam boy ant (Fig. 11E) and saccha -
roidal (Fig. 11F) tex tures. Adu laria usu ally oc curs as me dium to
coarse grains along with quartz crys tals within the quartz
veinlets (see Fig. 5A). Seri cite is mainly pres ent as fine flakes
(see Fig. 5B). Epidote is ob served as anhedral to euhedral crys -
tals and dis plays veinlet, dis sem i nated and vug infill tex tures
(Fig. 5D). Chlorite pri mar ily oc curs as fine to me dium flakes and
shows veinlet, vug infill, and sphe roi dal tex tures (see Fig. 5E).
Cal cite is mostly pres ent in the form of fine to me dium crys tals
(Fig. 5F), and oc ca sion ally shows mi cro-veinlet tex tures.

FLUID INCLUSION (FI) STUDIES

The main ob jec tives of the fluid in clu sion stud ies were de -
ter mi na tions of cer tain physico-chem i cal con di tions (tem per a -
tures and sa lini ties) of the hy dro ther mal ore-bear ing so lu tions.
Mi cro-ther mo met ric stud ies have proven im por tant in ac quir ing
such in for ma tion and con trib ute to better con straints on the
evo lu tion of hy dro ther mal flu ids, and on ore gen e sis (Wilkinson, 
2001; Van den Kerkhof and Hein, 2001; Bodnar et al., 2014).
Con sid er ations of the ore-con tain ing veins and veinlets along
with petrographic ex am i na tions of the ore and gangue min er als
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C D

Fig. 7. Mesoscopic pho tos rep re sent ing the dif fer ent stages of min er al iza tion at Gh-Ku

A – stage 1 of min er al iza tion man i fested by the pres ence of py rite and chal co py rite along with quartz; B –
the pres ence of py rite, chal co py rite, ga lena and sphalerite to gether with quartz de vel oped in stage 2 of the
min er al iza tion; C – for ma tion of quartz and Mn-ox ides and hy drox ides dur ing stage 3 of the min er al iza tion;
D – for ma tion of quartz crys tals of vi o let (ame thys tine) col our dur ing stage 3 of the min er al iza tion; Ccp –
chal co py rite, Gn – ga lena, Mn ore – man ga nese ore min er als, Py – py rite, Qz – quartz, Sp – sphalerite

https://www.sciencedirect.com/science/article/abs/pii/S0024493700000372?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0024493700000475?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0024493700000475?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/B9780080959757011050?via%3Dihub


at Gh-Ku de lin eated that the quartz crys tals within the quartz
veins and veinlets, through be ing cogenetic with the sul phides,
are very suit able for mi cro-ther mo met ric anal y sis.

Dur ing ex am i na tions by op ti cal mi cros copy, cer tain phys i cal 
char ac ter is tics of the FIs in clud ing their shape, type, size, de -
gree of fill and phase ra tio were rec og nized. The FIs stud ied at
Gh-Ku had ir reg u lar, tri an gle, square, po lyg o nal, acicular, el lip -
soi dal, vermicular, elon gated, sphe roi dal and neg a tive quartz
crys tal shapes (Fig. 12). Ac cord ing to cri te ria sug gested by
Roedder (1984) and Goldstein (2003), three types of FI (pri -
mary and sec ond ary) were dis tin guished in sam ples from the
study area (Fig. 12). The mi cro-ther mo met ric mea sure ments

were done ex clu sively on the pri mary FIs. The FIs vary in size
from <10 to 100 mm but most of them have sizes within the
range of 10 to 50 mm. A neck ing-down phe nom e non was also
rec og nized in few cases (Fig. 12C). On the ba sis of the ra tios of
the phase con tent and also ac cord ing to Shep herd et al. (1985),
the FIs were clas si fied into three types: (1) liq uid-rich 2-phase
(LV) in clu sions, (2) mono-phase vapour (V) in clu sions, and (3)
vapour-rich 2-phase (VL) in clu sions (Fig. 12). There was no ev i -
dence to in di cate the pres ence of liq uid CO2 and/or solid daugh -
ter phases. The liq uid-rich 2-phase (LV) in clu sions are rel a tively 
more abun dant than the other types, and their liq uid phase is
dom i nant and oc cu pies >70 vol.% of the FI. The vapour phase
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Fig. 8. Paragenetic se quence of the ore and gangue min er als and their rel a tive abun dance along with var i ous
types of tex tures they show at Gh-Ku



in the vapour-rich 2-phase (VL) in clu sions oc cu pies al most >80
vol.% of the FI. In most sam ples stud ied, all of the three types
co ex isted and pres ent next to each other (Fig. 12L), that could
be in dic a tive of boil ing.

Mi cro-ther mo met ric anal y ses of the se lected sam ples were
car ried out on 90 liq uid-rich 2-phase FIs. Be cause it was not
fea si ble to de tect the liq uid phase in the vapour-rich 2-phase
(VL) FIs dur ing the heat ing pro cess and there was a pos si bil ity
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G H I
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Fig. 9. Pho to mi cro graphs (ppl) of the ore and gangue min er als within quartz veins and veinlets at Gh-Ku

A – py rite crys tals re placed by goethite; B – py rite crys tals re placed and rimmed by chal co py rite; re place ment of chal co py rite by chalcocite is
vis i ble; C – inter growth of py rite, chal co py rite, ga lena and sphalerite; re place ment of chal co py rite by ga lena and sphalerite is vis i ble; D – re -
place ment of chal co py rite by bornite, covel lite, chalcocite and digenite; E – com plete re place ment of pri mary Cu min er als by covel lite,
digenite and cu prite; F – inter growth of chal co py rite and sphalerite; G – inter growth of ga lena and sphalerite; the pres ence of in clu sions of
chal co py rite within sphalerite and ga lena in this pic ture is also no tice able; H – pres ence of coarse ga lena crys tal dis play ing typ i cal ga lena
pits with re place ment by cerussite; I – pres ence of na tive gold within quartz ma trix; J – pres ence of gold in clu sions within chal co py rite; K –
coarse crys tal of pyrolusite; L – psilomelane with cau li flower tex ture; Au – gold, Bn – bornite, Ccp – chal co py rite, Cct – chalcocite, Cer –
cerussite, Cpr – cu prite, Cv – covel lite, Dg – digenite, Gn – ga lena, Gth – goethite, Ps – psilomelane, Py – py rite, Pyr – pyrolusite, Qz –
quartz, Sp – sphalerite
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A B C

D E F

Fig. 10. Back scat tered elec tron (BSE) im ages of the ore and gangue min er als in quartz veins and veinlets at Gh-Ku

A – fine and coarse crys tals of py rite in as so ci a tion with chal co py rite; re place ment of py rite by ga lena is vis i ble; B – over growth of py rite by
chal co py rite with small gold in clu sions within chal co py rite; C – coarse crys tal of chal co py rite next to py rite; D – coarse crys tals of ga lena and
sphalerite; E – coarse crys tal of sphalerite; F – blebs of gold within chal co py rite; Au – gold, Ccp – chal co py rite, Gn – ga lena, Py – py rite, Qz –
quartz, Sp – sphalerite

A B C

D E F

Fig. 11. Pho to mi cro graphs (xpl) of quartz crys tals de pict ing var i ous types of tex ture at Gh-Ku

A – quartz with comb tex ture; B – crustiform tex ture dis played by quartz crys tals; C – cock ade tex ture in quartz crys tals; D – quartz with
plumose tex ture; E – flam boy ant tex ture ex hib ited by quartz crys tals; F – quartz grains with saccharoidal tex ture; Qz – quartz



of er ror, these FIs were not se lected for mi cro-ther mo met ric
anal y sis. Dur ing the cool ing pro ce dure, the sa lini ties and types
of sol utes were de ter mined by mea sur ing the eutectic (first
melt ing) point and the last melt ing point of ice (Roedder, 1984;
Da vis et al., 1990; Goldstein and Reynolds, 1994; Goldstein,
2003; Prokofiev et al., 2010). The eutectic points of the first
melt ing (Tfm) of the sam ples of stages 1, 2, and 3 of min er al iza -
tion vary from –19 to –26°C, from –21 to –24°C, and from –18 to 

–23°C, re spec tively (see Ta ble 1), which gen er ally cor re spond
es sen tially with a H2O-NaCl sys tem which may also have small
amounts of KCl. There fore, it can be en vis aged that NaCl is the
dom i nant salt in the FIs stud ied. The last melt ing points (Tmice)
of the FIs within the quartz crys tals of stages 1 and 2 of the min -
er al iza tion range from –3.8 to –6.9°C and from –2.5 to –4.9°C,
re spec tively (see Ta ble 1 and Fig.13A). The Tmice val ues in FIs
of stage 3 of the min er al iza tion range from –1.5 to –3.3°C (see
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G H I
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Fig. 12. Pho to mi cro graphs (ppl) of var i ous types of FI in quartz crys tals at Gh-Ku (A – sec ond ary FI and B–L – pri mary FI)

A – liq uid-rich 2-phase (LV) FI of reg u lar shape; B – liq uid-rich 2-phase (LV) FI of tri an gu lar shape; C – neck ing-down in liq uid-rich 2-phase FI; 
D – liq uid-rich 2-phase (LV) po lyg o nal FI; E – liq uid-rich 2-phase (LV) el lip ti cal FI; F – mono-phase vapour (V) acicular FI; G – liq uid-rich
2-phase (LV) FI with neg a tive quartz crys tal shape; H – mono-phase vapour (V) FI; I – vapour-rich 2-phase (VL) FI; J – co ex is tence of
vapour-rich 2-phase (VL) FI with mono-phase vapour (V) FI; K – co ex is tence of liq uid-rich 2-phase (LV) FI with mono-phase vapour (V) FI; L
– co ex is tence of 2-phase (LV and VL) FI with mono-phase vapour (V) FI

https://chooser.crossref.org/?doi=10.2113%2Fgsecongeo.105.2.395
https://chooser.crossref.org/?doi=10.2110%2Fscn.94.31
https://chooser.crossref.org/?doi=10.2110%2Fscn.94.31
https://www.sciencedirect.com/science/article/abs/pii/001670379090355O?via%3Dihub


Ta ble 1 and Fig. 13A). On the ba sis of the Tmice val ues and also 
re fer ring to the ta ble of Bodnar (2003), the FI sa lin ity val ues of
stages 1, 2, and 3 of the min er al iza tion were de ter mined to be
within the range of 6.2 to 10.4 wt.%, 4.2 to 7.7 wt.%, and 2.6 to
5.4 wt.% NaCl eq., re spec tively (see Ta ble 1 and Fig. 13B).
Dur ing heat ing, all the liq uid-rich 2-phase FIs ho mog e nized into 

a liq uid state. The ho mog e ni za tion tem per a tures (Th) of FIs in
stages 1, 2, and 3 of the quartz crys tals dem on strated a range
of 275 to 325°C, 253 to 312°C, and 215 to 284°C, re spec tively
(see Ta ble 1 and Fig. 13C). The over all range of den si ties of the 
FIs is 0.71 to 0.91 g/cm3 (see Ta ble 1 and Fig. 14A).
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T a  b l e  1

Sum mary of the mi cro-ther mo met ric data ob tained from liq uid-rich 2-phase (LV) FIs in quartz
crys tals within ore-bear ing quartz veins and veinlets at Gh-Ku

Min eral Incl.
type

Tfm 
[°C]

Tmice 
[°C]

Th range 
[°C]

Sa lin ity 
[wt.% NaCl equiv.]

r 
[g/cm3]

Stage 1 Qz (n = 30) LV –19 to –26 –3.8 to –6.9 275–325 6.2–10.4 0.71–0.88

Stage 2 Qz (n = 30) LV –21 to –24 –2.5 to –4.9 253–312 4.2–7.7 0.78–0.90

Stage 3 Qz (n = 30) LV –18 to –23 –1.5 to –3.3 215–284 2.6–5.4 0.76–0.91

Fig. 13. Di a grams of fre quency dis tri bu tion of A – the last melt ing points of ice, B – sa lin ity, 
and C – ho mog e ni za tion tem per a ture (Th) for liq uid-rich 2-phase FIs in the quartz crys tals at Gh-Ku



STABLE ISOTOPE STUDIES

Stud ies of sta ble iso topes in ore de pos its are im por tant, be -
cause they fur nish use ful in for ma tion on the source of hy dro -
ther mal flu ids, or i gin of ore-form ing com po nents, min er al iza tion 
tem per a tures, and gen e sis of the de posit (Ohmoto and Rye,
1979; Faure et al., 2002; Hoefs, 2015). To ob tain such in for ma -
tion, four sul phide sam ples (chal co py rite, ga lena and spha -
lerite) for sul phur iso topes and four cogenetic quartz sam ples
for ox y gen iso topes were se lected from quartz veins and
veinlets at Gh-Ku. The iso to pic data ob tained for ox y gen and
sul phur are listed in Ta ble 2. Ac cord ing to the data ob tained, the 
mea sured d18O val ues for stages 1, 2, and 3 of the quartz are
+18.2, +18.8, and +18‰, re spec tively. The ox y gen iso to pic
com po si tions of the hy dro ther mal flu ids in equi lib rium with
quartz were cal cu lated by tak ing the av er age tem per a ture of
ho mog e ni za tion (Th) of the FIs stud ied and also ap ply ing the
equa tion of Méheut et al. (2007). The cal cu lated d18O val ues of
the hy dro ther mal flu ids for stages 1, 2, and 3 of the min er al iza -
tion are +12.5, +12.1, and +9.7‰, re spec tively (see Ta ble 2).
The d34S val ues of the sul phide min er als (chal co py rite, ga lena
and sphalerite) vary from –1.6 to –3.6‰ (see Ta ble 2). By tak -
ing the av er age Th value of the FIs stud ied as the equi lib rium

tem per a ture and us ing the equa tion of Li and Liu (2006), the
d34S val ues of the ore-bear ing flu ids in equi lib rium with the
sulphides range from –1.5 to –3.4‰ (see Ta ble 2).

DISCUSSION

EVIDENCE FOR BOILING 

Co ex is tence of FIs of LV and VL types within the host crys -
tals may pro vide ev i dence for boil ing of the ore-form ing flu ids
(White and Hedenquist, 1995; Ronacher et al., 2000; Prokofiev
et al., 2010; Moncada et al., 2017). The pres ence of V type FIs
may also in di cate boil ing (Albinson et al., 2001; Moncada et al.,
2017). The co ex is tence and si mul ta neous trap ping of LV, VL,
and V FI types within quartz crys tals at Gh-Ku (Fig. 12L)
strongly sug gests their en trap ment from boil ing flu ids. How ever, 
some times these types of FI may co-ex ist as a re sult of neck -
ing-down or leak age (Ramboz et al., 1982; Rusk et al., 2008).

The pres ence of adu laria may also in di cate boil ing of the
ore-form ing flu ids (Simmons and Browne, 2000; Moncada et
al., 2012). The ex is tence of adu laria within quartz veins and
veinlets at Gh-Ku (see Fig. 5A) may be proof of boil ing. Ex pul -
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A

B

Fig. 14A – vari a tion of den sity val ues in FIs on a bivariate plot of Th vs sa lin ity (Wilkinson, 2001); B – bivariate di a gram of Th vs sa -
lin ity (Shep herd et al., 1985; Wilkinson, 2001) on which the FI data points de lin eate both boil ing and mix ing evo lu tion ary trends;
NaCl sat u ra tion and crit i cal curves are from Ahmad and Rose (1980) and the dashed lines re lated to vapour pres sure are from
Roedder (1984); C – bivariate di a gram of Th vs sa lin ity (Wilkinson, 2001) on which the FI from Gh-Ku plot prin ci pally within the
epi ther mal do main
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sion of CO2 dur ing boil ing causes pH in crease of the so lu tion
and con se quently re sults in the sta bil ity of adu laria (Browne,
1978; André-Mayer et al., 2002). The pre cip i ta tion of quartz
crys tals with crustiform (see Figs. 6G and 11B), cock ade (see
Fig. 11C) and plumose (see Fig. 11D) tex tures in the study area 
sug gest boil ing. Crustiform and cock ade tex tures in quartz
veins and veinlets may point to rapid pre cip i ta tion of quartz
crys tals in rel a tively shal low epi ther mal sys tems (Roedder,
1984; Fournier, 1985; Bodnar et al., 1985). These tex tures usu -
ally de velop dur ing rapid open ing of frac tures in con nec tion to
pres sure de crease and the en su ing tem per a ture de crease as -
so ci ated with boil ing (Thiersch et al., 1997; Tay lor, 2009; Mon -
cada et al., 2012). The plumose tex ture dis played by quartz
crys tals might have formed as a re sult of boil ing which in turn
brought about sil ica sat u ra tion, rapid tem per a ture de crease,
and sub se quent pre cip i ta tion of amor phous sil ica (Henley and
Hughes, 2000).

The ev i dence of boil ing at Gh-Ku can be fur ther dem on -
strated by the de vel op ment of hy dro ther mal brec cias and ore -
-bear ing brecciated veins (see Fig. 6E) which are nor mally
caused by sud den pres sure drop (from lithostatic to hy dro -
static). In gen eral, such ev i dence in the study area can in di vid u -
ally de note boil ing events in the hy dro ther mal sys tem (Cole and 
Drummond, 1986; Job son et al., 1994; Çiçek and Oyman,
2016). More over, the veins and veinlets in the study area have
sharp con tacts with the host rocks, which strongly sug gest that
they were formed via fill ing of open spaces un der hy dro static
pres sure (Hedenquist et al., 1998; Liu et al., 2014; Ouyang et
al., 2014) which in turn caused the de vel op ment of hy dro ther -
mal brec cias (Thiersch et al., 1997; Muntean and Einaudi,
2001).

SOURCE(S) OF ORE-BEARING FLUIDS

The d18O val ues of the hy dro ther mal flu ids in equi lib rium
with quartz at Gh-Ku vary from +9.7 to +12.5‰ (see Ta ble 2) in -
di cat ing that the ore-bear ing so lu tions had a pre dom i nantly
mag matic sig na ture but in the course of min er al iza tion be came
pro gres sively cooled and di luted. Flu ids of stage 3 of the min er -
al iza tion, rel a tive to the ear lier stages (1 and 2), were de pleted
in d18O (see Ta ble 2) which may de note the in volve ment of me -
te oric wa ters in the hy dro ther mal sys tem (Rye, 1993; Simmons
et al., 2005; Li et al., 2018b; Yu et al., 2018; Yuan et al., 2019).
The sa lin ity data sug gest that the ore-form ing flu ids from the

early to the late stages of min er al iza tion were di lute. These re -
sults are in agree ment with the iso to pic ev i dence. The sa lini ties
ob tained from the FI anal y ses (see Ta ble 1) il lus trate that the
ore-form ing flu ids were ini tially de rived from mag matic sources
and be came di luted by me te oric wa ters dur ing the next stages
of min er al iza tion. Sim i lar pro cesses have been re ported for
many mag matic-hy dro ther mal sys tems from other parts of the
world (Thiersch et al., 1997; Camprubí and Albinson, 2007;
Zhai et al., 2013; Xie et al., 2017) and par tic u larly from NW Iran
(Zamanian et al., 2019; Kouhestani et al., 2019a, b, 2020;
Ferdowsi et al., 2021; Ghasemi Siani et al., 2022). 

The d34S val ues of the sulphides (see Ta ble 2) re flect that
they were de vel oped un der sta ble physico-chem i cal con di tions
and that the sul phur was de rived from a rel a tively ho mo ge -
neous mag matic source (Faure, 1986; Calagari, 2003; Chen et
al., 2009; Hoefs, 2015). In gen eral, the mea sured d18O and d34S 
val ues sug gest that the hy dro ther mal flu ids at Gh-Ku had
chiefly mag matic com po nents.

EVOLUTIONARY TREND 
OF THE ORE-FORMING FLUIDS

The mi cro-ther mo met ric data at Gh-Ku show that the ore-
 bear ing flu ids be long pre dom i nantly to a H2O-NaCl sys tem of
in ter me di ate tem per a ture and low sa lin ity. The tem per a tures of
this sys tem de creased grad u ally from 325 to 215°C dur ing the
three stages of min er al iza tion. Ac cord ing to Fig ure 14B, boil ing
and mix ing of hypogene mag matic flu ids with low-tem per a ture
and low-sa lin ity so lu tions (prob a bly of me te oric or i gin) were the
two cru cial mech a nisms caus ing the pre cip i ta tion of the base
and pre cious met als in the Gh-Ku area. The mi cro-ther mo met -
ric data on the bivariate di a gram of sa lin ity ver sus ho mog e ni za -
tion tem per a ture (Th) (Fig. 14C) plot in the do main of epi ther mal 
flu ids, so close to the do main of mag matic flu ids (Roedder,
1984). Sa lini ties of mag matic flu ids com monly vary from <5 to
10 wt.% NaCl eq. (Burnham, 1979; Hedenquist and Lowen -
stern, 1994; Yardley, 2005; Simmons and Brown, 2006), al -
though mag matic flu ids with higher sa lini ties have also been re -
ported (Yardley and Bodnar, 2014). There fore, the rel a tively
wide range of sa lin ity val ues at Gh-Ku can be in dic a tive of mix -
ing of the mag matic flu ids with un der ground wa ters of me te oric
or i gin. These re sults are in agree ment with the ox y gen iso tope
data. Boil ing causes sa lin ity in crease in the liq uid phase
(Wilkinson, 2001; Calagari, 2004; Canet et al., 2011) and has
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T a  b l e  2

List of compositional val ues of sta ble iso topes of ox y gen (d18O) and sul phur (d34S) 
in sam ples from the study area

Sam ple 
no.

Stages 
of min er al iza tion Min eral d18Oquartz 

[‰ VSMOW]
d18OH2O 

[‰VSMOW]
d34Ssul phide 
[‰ CDT]

d34SH2S 
[‰ CDT]

T-01 1 chal co py rite –3.3 –3.4

T-02 2 chal co py rite –2.4 –2.5

T-03 2 ga lena –3.6 –1.5

T-04 2 sphalerite –1.6 –1.9

T-05 1 quartz  +18.2 +12.5

T-06 2 quartz +18.8 +12.1

T-07 2 quartz +18.2 +11.5

T-08 3 quartz +18.0 +9.7
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been widely re ported for epi ther mal sys tems (Simmons and
Browne, 2000; Simpson et al., 2001; Camprubí and Albinson,
2007; Klemm et al., 2007).

TRAPPING PRESSURE AND DEPTH 
OF MINERALIZATION

Con sid er ing the ev i dence of boil ing at Gh-Ku, there is no
need for the mea sured ho mog e ni za tion tem per a tures (Th) of
the FI to be cor rected for pres sure (Simeone and Simmons,
1999). In such con di tions, the ho mog e ni za tion tem per a tures
can be re garded as trap ping tem per a tures and the trap ping
pres sures of the ore-bear ing flu ids can be equal to hy dro static
pres sures at ho mog e ni za tion tem per a tures (Roedder and Bod -
nar, 1980; Ouyang et al., 2014). By fol low ing Albinson (1988)
and Hedenquist et al. (1998), the high est Th (284 to 325°C)
were taken for de ter min ing the pres sure and depth of min er al -
iza tion at Gh-Ku. The trap ping pres sures of the FIs were de ter -
mined to be within the range of 70 to 120 bars (Fig. 14B), ap -
prox i mately equal to hy dro static depths of 700 to 1200 m be low
the wa ter ta ble. Sim i lar depths have also been widely in ferred
for epi ther mal de pos its from other parts of the world (Cooke
and Simmons, 2000; Simmons et al., 2005; Pirajno, 2009).

MINERALIZATION TYPE

With due at ten tion to the ev i dence re ported here and also
by the many other work ers (White and Hedenquist, 1990;
Hedenquist et al., 2000; Sillitoe and Hedenquist, 2003; Einaudi
et al., 2003; Moritz et al., 2003; Simmons et al., 2005; Pirajno,
2009; Moncada et al., 2012, 2017; Leary et al., 2016; Moussa et 
al., 2019), the min er al iza tion at Gh-Ku can be clas si fied as an
epi ther mal base and pre cious met als de posit. This in fer ence
can be jus ti fied as fol lows: 

– the min er al iza tion at Gh-Ku was struc tur ally con trolled by
faults and hosted by vol ca nic- pyro clastic units and a gran ite 
in tru sive body; 

– the hy dro ther mal al ter ations are char ac ter ized by min eral
as sem blages such as adu laria, seri cite, epidote, chlorite
and cal cite; 

– the ore min er als are py rite, chal co py rite, ga lena, sphalerite,
pyrolusite and psilomelane which are ac com pa nied by the
gangue min eral as sem blage of quartz, adu laria, seri cite,
epidote, chlorite and cal cite;

– the ore and gangue min er als rep re sent epi ther mal struc -
tures and tex tures in clud ing vein/veinlet, brecciated, cau li -
flower, comb, crustification, cock ade, vug infill, plumose,
flam boy ant and saccharoidal. 
Ad di tion ally, the rel a tively lower tem per a ture, sa lin ity and

den sity of the ore-form ing flu ids at Gh-Ku are char ac ter is tics of
epi ther mal base and pre cious metal de pos its which have also
been re ported for sim i lar de pos its from dif fer ent ar eas of NW
Iran (Heidari et al., 2015; Mehrabi et al., 2016; Zamanian et al.,
2019; Kouhestani et al., 2019a, b, 2020; Miranvari et al., 2020;
Ferdowsi et al., 2021; Ebrahimi et al., 2021; Ghasemi Siani et
al., 2022) as well as from other parts of the world (Albinson et
al., 2001; Sabeva et al., 2017; Li et al., 2018a, b; Soberano et
al., 2021; Chen et al., 2022). Fur ther more, the depth of min er al -
iza tion at Gh-Ku was de ter mined to be within the range of 700
to 1200 m, anal o gous to those of most other epi ther mal base
and pre cious metal de pos its (Hedenquist et al., 2000; Cooke
and Simmons, 2000; Simmons et al., 2005). The pres ence of

adu laria and car bon ates and lack of vug gy quartz and ad -
vanced argillic al ter ation (with a min eral as sem blage of alu nite,
kaolinite and pyrophyllite) and also lack of a min eral as sem -
blage such as alu nite, en ar gite, luzonite and tetrahedrite in the
ore-bear ing veins and veinlets show that the min er al iza tion at
Gh-Ku is nei ther of high-sulphidation (HS) nor in ter me di -
ate-sulphidation (IS) style (Hedenquist et al., 2000). Gen er ally,
the geo log i cal char ac ter is tics, paragenetic se quence, ore and
gangue tex tures, types of al ter ation, and na ture of ore-form ing
flu ids at Gh-Ku pro vide con vinc ing ev i dence that the min er al -
iza tion here has the great est re sem blance to epi ther mal de pos -
its of low-sulphidation (LS) style.

CONCLUSIONS

1. Hy dro ther mal so lu tions in the Gh-Ku area caused the for -
ma tion of quartz veins and veinlets along struc tural (fault)
zones. The vol ca nic-pyroclastic rocks to gether with gran ite are
the host rocks for the ore-bear ing quartz veins and veinlets.

2. Silicic, phyllic, in ter me di ate argillic and propylitic al ter -
ation zones were de vel oped around the quartz veins and vein -
lets.

3. The min er al iza tion in the study area took place in three
dis tinct stages. The min eral as sem blages formed dur ing stage
1 are quartz, py rite, chal co py rite and gold; dur ing stage 2
quartz, py rite, chal co py rite, ga lena, sphalerite and gold; and
dur ing stage 3 quartz and Mn-ox ides and hy drox ides (pyrolusite 
and psilomelane).

4. The mi cro-ther mo met ric con sid er ations of liq uid-rich 2-
 phase fluid in clu sions in the quartz crys tals showed that ho mog -
e ni za tion tem per a tures (Th) and sa lini ties of the in clu sions
stud ied vary within the range of 215 to 325°C and 2.6 to
10.4 wt.% NaCl eq., re spec tively.

5. On the ba sis of mi cro-ther mo met ric data, the ore-form ing
flu ids at Gh-Ku had den si ties within the range of 0.71 to 0.91
g/cm3 and ex pe ri enced hy dro static pres sures vary ing from 70
to 120 bars, cor re spond ing to depths of min er al iza tion ap prox i -
mately rang ing from 700 to 1200 m be low the wa ter ta ble.

6. The iso to pic val ues of ox y gen (d18OH2O: from +9.7 to
+12.5‰) and sul phur (d34SH2S: from –1.5 to –3.4‰) in di cate that 
the ore-form ing flu ids at Gh-Ku had a pre dom i nantly mag matic
sig na ture and grad u ally mixed with me te oric so lu tions dur ing
the evo lu tion ary trend of min er al iza tion. More over, con sid er -
ation of mi cro-ther mo met ric and sta ble iso tope data in di cate
that boil ing and mix ing were two ef fec tive fac tors con trib ut ing to
the de po si tion of the base and pre cious met als in the study
area.

7. The geo log i cal char ac ter is tics, min er al iza tion, ore and
gangue tex tures, types of hy dro ther mal al ter ation, and na ture of 
the ore-form ing flu ids, sig nify that min er al iza tion at Gh-Ku is es -
sen tially of epi ther mal type with a low-sulphidation (LS) style.
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