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1-Introduction

Numerous volcanic-hosted stratabound copper deposits often termed as “Manto-type”, have been recognized in
several places of Iran (Maghfouri et al., 2017), forming an economically important Cu mineralization. The most
important Manto-type Cu deposits in Iran include the Keshtmahaki Cu(Ag) deposit in the Sanandaj-Sirjan zone
(Boveiri et al., 2013), the Abbas Abad deposit in the Sabzevar zone (Maghfouri et al., 2014), the Kashkouieh,
Kahak, and Veshnaveh in the Urumieh—Dokhtar Magmatic Assemblage (UDMA) (Abolipour et al., 2015), the
Varzag deposit in the Lut Block, and the Qeblebolagh and Mari deposits in the Alborz Magmatic Assemblage
(AMA) (Maghfouri et al., 2017). Except for the Cretaceous Keshtmahaki deposit, all other Manto-type deposits
in Iran formed within the Eocene volcano-sedimentary sequence (Maghfouri et al., 2014, 2017).

The Yamaghan deposit in southeast Zanjan, NW Iran, occurs within an Eocene volcano-sedimentary sequence
(Karaj Formation). The Karaj Formation has a maximum thickness of 350 m and is mainly exposed in the
district. The succession is composed of clastic sedimentary and volcanoclastic deposits in the lower parts, and
basic to intermediate lava flows in the upper parts (Asiabanha et al., 2012). The deposit is stratabound (i.e.,
restricted to particular units) but discordant concerning the strata. Mineralization is lithologically controlled by
andesite mega porphyry. Sulfide minerals occur as both veins and veinlets, as disseminated throughout the host-
rocks or as filling the amygdules of the andesite flows. The mineralized veins range from a few millimeters to
10 cm in width. They are easily recognized in the outcrop because of the presence of green to blue secondary
copper minerals such as malachite and azurite. Pyrite, chalcocite, bornite, and chalcopyrite are the major sulfide
minerals present, and together with quartz, calcite, epidote, and chlorite gangue comprise a late stage of vein
filling. Normally, the host rocks in the vicinity of orebodies have experienced hydrothermal alteration
genetically linked to primary copper mineralization. This event is commonly characterized by extensive regional
propylitic alteration and associated with the ore-related hydrothermal calcic-sericite alteration. These alteration
types developed pervasively, disseminated, filling amygdules within the andesitic flow, and around ore-bearing
veinlets. Propylitic alteration minerals are observed in most locations, suggesting that it was initially
widespread, but was subsequently overprinted and obliterated by later ore-related hydrothermal calcic- sericite
alteration stages.

This paper describes the local stratigraphic and geological features together with the relationships between the
copper sulfide mineralization and the host rocks. Descriptions are supplemented by petrographic, fluid
inclusions, Electron Probe Micro Analysis (EPMA) geochemical and mineralogical studies to constrain the
conditions for the genesis of the Yamaghan deposit.

2- Methodology

Detailed fieldwork has been carried out at different scales in the Yamaghan area. During the fieldwork,
stratigraphic sections were measured, sampled, and described in detail. Determination of the mineralogy and
paragenesis of the ore deposit is based on geometry and petrographic studies of over 90 polished thin and thick
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sections, supplemented by XL30 scanning electron microscopy. Sulfides (n=60) were quantitatively analyzed
using a Cameca SX100 electron microprobe at the Mineral Processing Research Centre of Iran under operating
conditions of 25 kV acceleration voltage and a 20 nA beam current, and 1-3 pm beam diameter.
Microthermometric measurements of fluid inclusions were performed on a Linkam THMS 600 combined
heating/freezing stage with a German Zeiss microscope at Tarbiat Modares University, Iran.

3- Results and discussion

Similar to Manto-type deposits, the Yamaghan mineralization is hosted by a volcano-sedimentary sequence. The
Manto-type deposits in Chile and Iran are restricted to certain units or are stratabound (Kojima et al., 2009;
Maghfouri et al., 2017). Copper mineralization in the deposit is hosted by andesitic flow rocks. In the Manto-
type deposits, the ores are discordant to the strata, and mineralization is structurally controlled by veins (Wilson
and Zentilli, 2006). The occurrence of the vein-hosted mineralization in the andesite flow indicates that there is
a strong stratigraphic control on metal deposition at the Yamaghan deposit. Typically, chalcocite, bornite, and
chalcopyrite occur in the mafic to felsic volcanic flows, and tuff rocks as dissemination, veins, and filling
amygdules, fractures, and flow top breccia in the Chilean Manto-type deposits (Wilson, 2000; Kojima et al.,
2009). Chalcocite and bornite, the major components of the Yamaghan deposit, have been identified as a late
phase in the veins.

Quartz grains from the ore-bearing vein-veinlets of the Yamaghan deposit have 230-390°C trapping temperature
with salinities ranging from 4 to 21 wt.% NaCl equiv. The abundances of Cu and Ag in the ore-bearing andesite
are up to 50,000 and 30 ppm, respectively. Mineralization in the deposit formed in two stages: stage one
includes volcanic activity and eruption of andesitic lava; syngenetic disseminated pyrites formed in this stage.
During the host rock deposition, disseminated pyrites formed under reducing conditions resulting from sulfate-
reducing bacterial activities. Microscopic studies have established a diagenetic scheme (early diagenetic)
covering the period from deposition until after lithified rocks in this stage. The earliest recorded diagenetic
changes involve the reddening of the footwall strata by the production of thin hematite rims on sandstone grains.
Hematite is derived from the break- down of unstable, iron-rich minerals such as pyroxenes and amphiboles in
volcanic rocks (Walker et al., 1978). In the second stage, increasing thickness of the sediments, basin
subsidence, and burial diagenesis accompanied by the entry of metal-rich fluids into the reduced host rock,
caused the replacement of the first stage pyrites by copper sulfides. During burial diagenesis (stage two) of the
volcano-sedimentary sequence, brine fluids derived through related diagenesis of the sequence leached copper
from detrital ferromagnesian minerals and redeposited the metal in the andesite rock.

4-Conclusion
The geology, ore mineralogy, alteration characteristics, and fluid inclusion studies suggest that the Yamaghan
Cu(Ag) deposit in southeast Zanjan, NW Iran, could be classified as Manto-type mineralization.
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Fig. 5. (a) General view of ore-bearing mega porphyry andesite (view to the southwest), (b) Hand specimen of
chalcocite-rich vein in the mega porphyry andesite, (c) Silicic vein-veinlets in the mega porphyry andesite, and
(d) Amygdule texture, filled with calcite and quartz in the mega porphyry andesite.
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Fig. 6. Microscopic photographs of alteration at the Yamaghan deposit; (a) Epigenetic (Ep) and calcification
(Cal) in the mega porphyry andesite, (b) Silicic (Qtz)-sulfide vein-veinlets in the host rock, (c) Carbonate-
sulfide vein in the chloritic (Chl) alteration, (d) Replacement of bornite (Bn) by chalcocite (Cc) and formation
of fibrous hematite (Hem 1), (e) Sericitization (Ser) and hematitic (Hem Il) alteration around the sulfides, and
(f) Formation of zeolite (Zeo) in the open space filling and related to carbonate (Cal) alteration and sulfide
(Sul) mineralization.
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Fig. 7. Microscopic photographs of ore minerals at the Yamaghan deposit; (a) Disseminated framboidal pyrite
(Pyl) in the andesite mega porphyry, (b) Microphotographs of framboidal pyrite (Pyl) and euhedral pyrite
(Py2), (c) Disseminated pyrite (Py2) in the andesite mega porphyry, (d) Replacing pyrite (Py2) by bornite (Bn)
and primary chalcocite (Cc 1), (e) Microphotographs of replacing pyrite (Py2) by bornite (Bn), (f) Replacing
plagioclase by chalcocite (Cc Il) in the andesite mega porphyry, and (g) Replacing pyrite (Py 2) and bornite by

chalcocite (Cc I).
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Fig. 8. Microscopic photographs of ore minerals in the Yamaghan deposit; (a) Reflected light image showing
intergrowth of bornite (Bn) with chalcocite (Cc I1), (b) Micro-photograph of exsolution texture of chalcopyrite
(Cpy 1) and bornite and replacement of chalcopyrite | with bornite, (c) Native copper in the Yamaghan
deposit, (d) Replaced by chalcopyrite (Cpy 1) with chalcocite (Cc I1), (e) Replaced of chalcopyrite (Cpy I) and
bornite (Bn) with malachite and chalcocite (Cc II) supergene minerals, (f) Replaced by chalcopyrite (Cpy II)
with chalcocite (Cc Il), and (g) Replaced of covellite (Cv) with digenite (Dg), chalcocite with covellite (Cv),
and bornite (Bn) with chalcocite (Cc).
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Fig. 9. The paragenetic sequence of mineralization stages at the Yamaghan deposit.
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Fig. 10. (a-b) Histograms of Fe and Ag element distribution in the chalcocite mineral, and (c) Histogram of Ag
element distribution in the bornite mineral.
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Table 1. EPMA data for elements (%) in the chalcocite (b.d: Below detection).
Point No. Ti Mn Fe Ni Mg S Cu As
Chalcocite 9 b.d 0.01 0.81 b.d 0.02 20.88 76.87 b.d
Chalcocite 16 0.02 b.d 0.89 b.d 0.01 19.95 79.46 b.d
Djurleite 8 b.d b.d 0.39 b.d b.d 20.76 79.41 b.d
Digenite 1 b.d 0.01 0.1 b.d 0.03 21.63 77.96 b.d
Digenite 2 0.01 0.04 0.07 0.1 b.d 222 77.02 b.d
Yarrowite 15 b.d 0.01 0.17 0.09 0.01 29.86 67.37 0.05
Covellite 11 b.d b.d 053 0.07 0.02 32.37 66.25 0.01
Covellite 3 0.01 0.01 0.09 0.34 b.d 31.69 66.95 b.d
Covellite 4 b.d b.d 0.12 b.d 0.02 32.19 66.13 0.07
Point No. Se Ag Cd Sh Te Pb Bi Total
Chalcocite 9 b.d 0.07 b.d b.d 0.03 0.12 b.d 98.81
Chalcocite 16 0.01 0.03 b.d 0.01 b.d 0.8 0.14 100.7
Djurleite 8 b.d 0.05 b.d 0.04 b.d 0.15 0.1 100.9
Digenite 1 0.04 0.32 b.d b.d 0.05 021 0.13 100.52
Digenite 2 0.04 0.36 b.d 0.01 0.01 0.1 0.05 100.08
Yarrowite 15 b.d 0.08 b.d b.d 0.02 0.01 0.05 97.72
Covellite 11 b.d 0.15 0.04 b.d 0.02 03 0.03 99.79
Covellite 3 0.02 0.86 0.02 0.02 0.01 0.1 0.09 100.29
Covellite 4 b.d 074 0.07 0.01 b.d 0.06 0.12 99.56
(b.d: Below detection) cus g SIS ;0 39240 calizee yolic soyo s EPMA Glaosls ol -Y Jgux
Table 2. EPMA data for elements (%) in the bornite (b.d: Below detection).

Point No. Ti Mn Fe Ni Mg S Cu

Bornite 21 0.01 0.01 11.73 0.01 b.d 24.19 62.01

Bomite 22 b.d b.d 11.39 0.16 b.d 23.77 63.28

Bomite 23 b.d b.d 16.97 0.11 b.d 5.88 38.44

Bomite 7 b.d b.d 11.01 b.d 0.02 25.8 63.1

Bomite 8 b.d b.d 11.39 b.d b.d 24.35 63.39

Bomite 15 0.01 b.d 10.89 b.d 0.02 25.76 62.56

Bomite 16 b.d 0.01 9.34 0.27 0.02 25.75 63.11

Bomite 17 b.d b.d 11.35 0.13 0.02 24.35 62.94

Point No. As Se Ag Te Pb Bi Total

Bornite 21 0.01 b.d 0.83 0.04 0.07 0.25 99.16

Bornite 22 b.d b.d 064 b.d 0.13 0.28 99.65

Bomite 23 0.09 b.d 021 b.d b.d b.d 61.7

Bomite 7 0.04 0.02 0.23 b.d 0.5 0.5 100.56

Bomite 8 b.d b.d 0.32 0.02 0.13 0.15 99.77

Bomite 15 b.d b.d 024 0.01 0.8 0.01 99.72

Bomite 16 b.d b.d 034 b.d 0.22 0.12 99.2

Bomite 17 0.07 0.03 021 0.06 02 0.13 99.52
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Fig. 11. Photomicrographs of fluid inclusion types; (a) Fla fluid inclusions, (b) FIb fluid inclusions, (c) Flla
(vapor-rich) and Fllb (liquid-rich) fluid inclusions, and (d) Flla and Fllb fluid inclusions.
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Fig. 12. (a) Histogram of homogenization temperatures of fluid inclusions, (b) Histogram of salinity of fluid
inclusions, (c) Diagram of density in the fluids of the Yamaghan deposit (Bodnar, 1983), and (d) Temperature

versus salinity plots (Pirajno, 2009).
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Table 3. Summary of fluid inclusion micro-thermometric data from the Yamaghan deposit.
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Number | Size | Origin | Type | Mineral | Th* Salinity Number | Size | Origin Type Mineral Th Salinity
(um) (Wt%NaCl) (um) (wt%NaCl)

1 9 Primary | L+V | Quartz | 370 4 32 Primary | L+V Quartz 363 20
2 7 Primary | L+V | Quartz | 260 11 33 9 Primary | L+V Quartz 368 18
3 12 Primary | L+V | Quartz | 332 16 34 9 Primary | L+V Quartz 380 15
4 10 Primary | L+V | Quartz | 320 17 35 9 Primary | L+V Quartz 380 17
5 14 Primary | L+V | Quartz | 294 14 36 9 Primary | L+V Quartz 334 16
6 15 Primary | L+V | Quartz | 344 18 37 6 Primary | L+V Quartz 330 14
7 12 Primary | L+V | Quartz | 389 20 38 9 Primary | L+V Quartz 340 15
8 12 Primary | L+V | Quartz | 260 13 39 21 Primary | L+V Quartz 345 14
9 15 Primary | L+V | Quartz | 292 14 40 9 Primary | L+V Quartz 350 19
10 20 Primary | L+V | Quartz | 230 13 41 9 Primary | L+V Quartz 342 9
11 15 Primary | L+V | Quartz | 375 14 42 12 Primary | L+V Quartz 274 11
12 25 Primary | L+V | Quartz | 385 16 43 12 Primary | L+V Quartz 320 14
13 12 Primary | L+V | Quartz | 383 20 44 9 Primary | L+V Quartz 296 12
14 30 Primary | L+V | Quartz | 390 19 45 9 Primary | L+V Quartz 370 18
15 30 Primary | L+V | Quartz | 363 21 46 20 Primary | L+V Quartz 299 13
16 25 Primary | L+V | Quartz | 349 19 47 6 Primary | L+V Quartz 315 12
17 9 Primary | L+V | Quartz | 390 22 48 12 Primary | L+V Quartz 372 20
18 18 Primary | L+V | Quartz | 338 10 49 12 Primary | L+V Quartz 298 13
19 12 Primary | L+V | Quartz | 315 11 50 18 Primary | L+V Quartz 332 14
20 8 Primary | L+V | Quartz | 312 10 51 10 Primary | L+V Quartz 375 20
21 25 Primary | L+V | Quartz | 320 12 52 12 Primary | L+V Quartz 385 21
22 18 Primary | L+V | Quartz | 363 18 53 12 Primary | L+V Quartz 345 20
23 12 Primary | L+V | Quartz | 319 10 54 12 Primary | L+V Quartz 370 19
24 10 Primary | L+V | Quartz | 290 8 55 10 Primary | L+V Quartz 362 18
25 12 Primary | L+V | Quartz | 326 11 56 8 Primary | L+V Quartz 375 17
26 9 Primary | L+V | Quartz | 318 12 57 21 Primary | L+V Quartz 334 18
27 9 Primary | L+V | Quartz | 310 13 58 15 Primary | L+V Quartz 335 6
28 9 Primary | L+V | Quartz | 298 10 59 18 Primary | L+V Quartz 330 14
29 9 Primary | L+V | Quartz | 305 12 60 20 Primary | L+V Quartz 343 17
30 9 Primary | L+V | Quartz | 355 21 61 15 Primary | L+V Quartz 325 13
31 9 Primary | L+V | Quartz | 354 19

*Th: Homogenization temperature

Jol a>ye 50 (VY IS) cwl onds LSS gl gnnS FSid 092 9 355

5 o)l zg,5 b plejen Slaass] slaclé Stage (1)

wolol ol 48,5 O g0 adgm 0 gy GlaKin Canisas

ass> JolSS by al> e ¥ o pliey (2lalS (95 S

£



Y O)LA.:: AR 0)50 AR ):Jl.:

e

A8 e ‘50)-3)[5 @HL'-“‘ o) :_r,fadr/y:a?"b

26 cos g e YU sbes Jdsa OVl opl 0,5 e
S 5o slasle Gy g ST laolS Sl 53 i,
SypFp Nghe (S8 balS jobe Koo g e 5l el oS
oo LS5 oSyl 3 slac s b oo 5l st stloyS YL
S )0 e o g Cacisdl @) e (Jol Al je b o
Sty SR Oyl a4 9sde pdinlSe cosul Gl

Sl o cred 4y aiS oo ol )8 s0pdlan sl SIS canisas
slas 3 SO 4 g Glaey e LS o SlalS oS
pgw al>ye o (DY SE) cul GudyelKe cojul) el
c2ge Singe 9 OmelienS] slaan]$ aswgs Stage (11D
@ Sais s (D ComsSIE oyl oy Gla gl o
K PR RN SN (| DRCR T P LTI

QO J8) 098 0

ol 5l szl ez ay 4 e Slaant el
S slod Guals g slojlaS axlg (s50k Hola b 0gd so o3la8
Wilson and ) ol 5 cile 4> 0 Voo 51 2aS slos b slojlas
Silpe et can; slp la «(Zentilli, 1999
s sl 9,555 saiSlol slas Sl nlply 3pdioe ool
siS1y (Hoefs, 2009) wiss o Ll 1 by O wlidgw H2S
Sty LS 4 e adse 0 dezse ool Lo S8
Sy JB lad oaisS g oasSTpails el b Jlasgnal
Stage pss al>ye 0 (@Y JSE) Sgd o yudy0lKe il
ol e g 5 Slakas] slaglg collad sl (1)
)‘| B Ly O e sboo u...l\).al g u;"’)"b" LgLQ&Lu
Slaaasl glaasly Sososs ogb e o5 le ax o Yoo
w3y = Seatsl JIg e 0 oleS SVl 25 o

-mchybasm

-Tixhymdesiﬁcbasall =]

Mega porphynitic andesite with

disseminated pyrite
- Olivine trachy basalt

-M-Ctysullilhicmn' Red sandstone tuff

[ rrachy basai

[ Trachy andesitic basalt [% 4 Ore-bearing mega porphyritic andesite
-'nnn'- Crystal lithic mﬂ‘ Red sandstone tuff -Oli\'ine trachy basalt DHydrothermal fluid

a2l e Siw g il oS lacKin LSas el SlaasT el (Jgl al> o @) tolios e HludlS JuSis JolSs VY S
‘9o 4.1.‘>).o 6’0 B (b) 9 "\"3""(5" J..S.m.t GbLa.‘>| .la.».‘;bo B o..\..SI)JdJ‘J J“'\‘;H‘)B L.SLQ"‘“ﬂ'.’. “5“..1)..\.»1 uLi).A.A S UM M Jj.la 3o |
oy il o [0 Ll Cantiial g (il o8 slacKiw | o (saiitands Eael g Wgd oo 5T Slga, H5bs By Sl SVl

g oo ety e Slodedlyw Lawgs Jol s sloca sl ye (nl 53 g o0
Fig. 13. Basin evolution with relation to mineralization at the Yamaghan deposit; (a) The earliest stage of
volcanic activity was explosive, producing a variety of footwall sediments. In this stage of basin evolution,
andesitic host rocks formed. During the host rock deposition, disseminated pyrites formed under reducing

conditions and (b) In stage two, brine fluids derived through related late diagenesis of the sequence, leached
copper from the footwall rocks, and redeposited the metal in the andesites. In this stage of mineralization,

stage one pyrite was replaced by copper sulfides.
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Table 4. Comparison of characteristics of the Yamaghan deposit with those of Manto-type deposits in Chile

and Iran.
Characteristics Yamaghan Manto-type Mari deposit Abass-Abad Koshkoyeh Kesht-Mahaki
deposit deposits deposit deposit deposit
Tectonic setting Alborz back-arc Arc and back-arc | Intra-arc Subduction arc Back-arc Intra-arc
basin magmatic basin magmatic basin
Host rock Trachyandesite Basalt and Trachyandesite Volcanic units Andesite Crystal lithic tuff
andesite
Mineralogy Chalcocite, Bornite, Chalcocite, Chalcocite, Bornite, Chalcocite,
Bornite, Chalcocite, Bornite, Digenite, Bornite, | Chalcocite, Bornite, Native
Chalcopyrite, Chalcopyrite, Chalcopyrite, Covollite, Native | Chalcopyrite, copper, Digenite,
Pyrite, Hematite Pyrite, Hematite, | Pyrite, Hematite copper Pyrite Chalcopyrite,
Digenite Covollite,
Acanthite
Gangue minerals | Carbonate, Carbonate, Carbonate, Quartz, Chlorite, Carbonate, Epidote,
Quartz, Chlorite, Chlorite, Quartz, Quartz, Chlorite, Epidote, Calcite, Chlorite, Quartz, Carbonate,
Epidote, Hematite Epidote Zeolite Hematite Chlorite, Quartz
Hematite, Zeolite
Ag 1-98 ppm 8-23 ppm 9-216 ppm - 6-23 ppm 1-35 ppm
Alteration Silicic, Carbonatic, Carbonatic, Sericitic, Silicic, Carbonatic, Silicic,
Carbonatic, Chloritic, Chloritic, Carbonatic, Chloritic, Carbonatic,
Sericitic, Sericitic, Silicic, Epidotic, Zeolitic, Chloritic | Sericitic, Silicic, Chloritic,
Chloritic, Hematitic, Sericitic, Silicic Hematitic Epidotic, Zeolitic
Hematitic, Albitic
Zeolitic
Geometry Stratabound Stratabound Stratabound Stratabound Stratabound Stratabound
Textures Open space Open space Open space Open space Open space Open space
filling, filling, filling, filling, filling, filling,
disseminated, disseminated, disseminated, disseminated, disseminated, disseminated,
vein-veinlets, vein-veinlets, vein-veinlets, vein-veinlets, vein-veinlets, vein-veinlets,
replacement replacement replacement replacement replacement
Age of host rocks | Eocene Cretaceous Eocene Eocene Eocene Lower
Cretaceous

Temperature and
salinity

230-390°C/4-
21% NaCl equiv.

150-300°C/15-
30% NaCl equiv.

90-268°C/3.4-
22% NaCl equiv.

178-240°C/25-34
% NaCl equiv.

128-145°C/20-
22% NaCl equiv.

Ore controlling

Pyrite and host

Pyrite, organic

Pyrite and host

Pyrite, organic

Pyrite, organic

Pyrite and host

parameter rock matter and host rock matter and host matter and host rock
rock rock rock
Type of deposit Manto-type Manto-type Manto-type Manto-type Manto-type Manto-type
Reference This study Kirkham (1996) Maghfouri et al. Samani (2001) Apolipour et al. Boveiri et al.
(2017) (2012) (2013)
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