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Fig. 1. A: Accessing road map to the Avan skarn, and B: Location of the Avan skarn on the Iranian geo-structural zones

(Aghanabati, 2004).
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Table 1. Result of electron microprobe analysis of garnets from the garnet skarn and pyroxene- garnet skarn sub- zones

in the Avan skarn

Si0o, TiO, AlLO; FeO Mn MgO CaO Na,O KO0 P,0s Total
Pa.77 iso3 3457 015 9.09 1755 149 01 3316 0.02 0 0.04  96.17
Pa.77 iso2 3499 011 846 1797 132 015 3294 0.1 0 0.02  95.87
Pa.77 isol 35.01 0.5 9.15 1647 068 018 3439 0.02 0 0.04  96.44
Pa. 78 b8 36.4 047 848 175 11 017 339 0 001 0.01 98.04
Pa. 78 b7 3701 053 951 16.84 097 017 3397 0.04 0 0.03  99.07
Pa. 78 b6 37.08  0.39 8.4 179 124 017 333 0.02 0 0.01 9851
Pa. 78 b5 3697 047 962 167 129 02 3303 006 001 0.03 9838
Pa. 78 b4 355 058 831 178 117 017 3391 002 003 0.02 9557
Pa. 78 b3 36.67 024 813 1916 0.75 014 33.79 0 0.01 0.02 98091
Pa. 78 b2 36.73 025 779 188 117 012 34.03 0 0 0 98.89
Pa. 78 bl 3738 013 911 1771 12 021 3364 003 001 0.02 99.44
Pa. 78 a4 36.64 065 945 1647 152 025 3295 0 0.01 0.02 9796
Pa. 78 a3 37.09 067 9.89 1574 148 0.27 33.88 0 0.01 0.01 99.03
Pa. 78 a2 35.7 191 662 1925 113 005 3387 0.03 0 0 98.56
Pa. 78 al 3541 199 6.09 1979 11 005 33.73 0 0.01 0.02 98.19
Pa.77 less dark4 ~ 33.92 0 026 2765 03 006 3303 003 002 002 9502
Pa.77 lessdark3  35.03 0.04 298 2434 041 0.05 33.07 0 0 0.03  95.95
Pa.77 less dark2 36 028 827 1883 09 024 33.82 0 0 0.01  98.35
Pa.77 light3 34.48 0 0.44 2727 042 006 3344 0.03 0 0 96.14
Pa.77 medium3 3463 004 296 247 045 0.04 3391 0.02 0 0.02  96.77
Pa.77 less darkl ~ 36.6 035 793 1855 075 019 3365 0.02 003 0.03 98.09
Pa.77 dark4 36 036 797 1855 075 019 3511 0.04 0 0 98.97
Pa.77 dark3 36.38 059 991 1558 094 024 33.74 0 0 0.03  97.47
Pa.77 light2 36.13 0.1 33 2392 045 006 33.94 0 0 0.04  97.94
Pa.77 medium2  36.67 043 811 1812 0.95 021 33.04 0 0.02 0.03 9758
Pa.77 dark2 3715 045 106 1572 082 0.17 3489 0.02 0 0.03  98.85
Pa.77 lightl 35.47 0.2 35 2358 05 008 3445 0.01 0 0.01 97.8
Pa.77 mediuml  36.39 012 915 1743 159 013 32.38 0 0 0 97.19
Pa.77 darkl 3756 051 1018 1531 0.84 019 3414 002 001 0.01 9877
Pa.77 rim3 3462  0.08 29 2457 044 002 3379 003 001 002 96.48
Pa.77 core3 3584 037 84 18.02 094 024 3445 0.02 0 0.02 98.3
Average 36.002 04 732 1928 094 0.15 3365 0.016 0.006 0.019 97.78
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Table 2. Result of electron microprobe analysis of clinopyroxene from the pyroxene- garnet skarn sub- zones in the

Avan skarn
Pa.78 a3 Pa.78 a2 Pa.78 al Pa.78a  Average
SiO, 51.69 51.99 52.18 50.87 51.68
TiO, 0.07 0.09 0.03 0.15 0.085
Al,O3 2.43 1.27 1.82 2.44 2.24
FeO 5.7 8.15 5.08 9.59 7.13
MnO 0.42 1.38 0.48 1.56 0.96
MgO 14.6 12.17 15.14 114 13.33
CaO 25.52 24.61 26.26 25.29 25.42
Na,O 0.11 0.11 0.06 0.13 0.102
K,0 0 0.02 0 0.01 0.007
P,0s 0.04 0.01 0.02 0 0.017
ZnO 0 0.04 0.08 0.06 0.045
Total 100.58 99.84 101.15 101.5 101.02
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Fig. 2. Geological map of the Avan skarn, which is prepared by field surveing and based on satellite image.
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Fig. 3. Location of the Avan skarn (Sk), marbles (mb) and Upper Cretaceous altered volcanic rocks (K,") around the
granodiorites (gd) of Qaradagh batholith on the satellite image from the Google earth
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Fig. 4. A view from the marble zone, exoskarn zone (include garnet skarn and garnet- pyroxene skarn sub-zone, ore
skarn sub-zone), endoskarn zone and granodioritic intrusion (gd) in the Avan skarn (view to the east)
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and B: A Close view from the narrow exoskarn zone (Sk) between the granodioritic intrusion (gd) and marble zone
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Fig. 6. Microscopic images from the Avan contact metamorphic rocks (XPL light). A: Garnet veinlet along with fine
grained pyroxene crystals within the marble (bi-metasomatic skarn). B: Fibrous wollastonite and garnet in the calcite
matrix. C: Opaque minerals (pyrite, chalcopyrite and magnetite), which are formed at the retrograde stage between the
garnet crystals in the ore skarn sub-zone. D: Accompaniment of clinopyroxene and garnet crystals in the garnet-
pyroxene skarn sub- zone. E: Garnet and clinopyroxene crystals in the calcite matrix, and F: Accompaniment of garnet
and clinopyroxene in the endoskarn zone. Abbreviation of minerals from Whitney and Evans (2010). (garnet- pyroxene-
plagioclase skarn) (Grt= garnet; Cpx= clinopyroxene; Cc= calcite; Plg= plagioclase; Kf= alkali feldspar; Wo=
wollastonite; Chlo= chlorite; Op= opaque minerals).
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Fig. 7. A: Idiomorphic coarse- grained green garnets in the calcite matrix at the Avan skarn and B: Brecciated contact
between intrusion and exoskarn zone at the Avan skarn. Abbreviation of minerals from Whitney and Evans (2010) (Cc:

calcite; Grt: garnet; Sk: skarn; gd: granodiorite).
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(e
Fig. 8. Microscopic images from the ore minerals at the Avan skarn. A: Magnetite and pyrite in the ore skarn sub-zone.
Pyrite crystals are cut by chalcopyrite veinlets. B: Replacing magnetite by fine- grained pyrite and chalcopyrite crystals
along with chalcopyrite veinlets crosscutting the pyrites. C: Replacing magnetite by pyrite, chalcopyrite, bornite and
plated hematite. D: Pyrite and chalcopyrite between garnet crystals. E: Bladed hematite produced by martitization of
magnetite, and F: Supergene alteration of chalcopyrite to covellite and Fe- hydroxide along the fractures. Small pyrites

present as island along the fractures of chalcopyrites. Abbreviation of minerals from Whitney and Evans (2010). (Cpy=
chalcopyrite; Py= pyrite; Mt= magnetite; Bn= bornite; Cov= covellite; Hm= hematite; Gr= garnet).
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Fig. 9. Paragenetic mineral sequence in the Cu-Fe Avan skarn. Thickness of lines shows the concentration of minerals.
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Fig. 10. The SEM-BSE images from the garnet and clinopyroxene crystals in the garnet skarn sub-zone at the Avan
skarn. Indicated points on the images were analyzed by electron microprobe. A: Chemical zoning- bearing garnet
crystals (light color area), and B: Garnet (light grey color) and clinopyroxene (dark grey color) crystals. Points 1-4 were
analyzed on the clinopyroxene and points 5-6 on the garnets.
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Fig. 11. Chemical composition of the garnets and clinopyroxenes for the Avan skarn, which are analyzed by electron
microprobe, along with average composition of the analysis (blue points) on the triangular end-member diagrams of
clinopyroxene (diposide- hedenbergite- juhhansenite) and garnet (grossular- andradite- spessartite+Almandine)
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Table 3. Calculated chemical composition for the garnets from the garnet skarn and pyroxene- garnet skarn sub-zones

Sample Number Mineral composition Fe (mol) | Al (moal)
Pa.77 isol Na(0.003Ca.0MY(0.020)Mn.047)F> (1.13) Ti0.031)Al 0.88)Si 286012 113 0.88
Pa.77 iso02 Na0.001)Ca(2.92)MY(0.019)MN0.092)F€*" (1 24) T (0.007Al 0 82)Si 2.89)O12 1.24 0.82
Pa.77 iso3 N20.003)Ca(.93MY(0.012)MN(0 104)F€*" (1 21)Ti(0.009yAl 0.88)Si 2.85) 012 121 0.88

Pa.77 core 3 N20.003)Ca2.98M0(0.020)MN(0 062)F€*" (1 22) T (0.022)Al 0.78)Si 2.89)O12 1.22 0.78
Pa.77 rim 3 Na(0.004)Ca(3.00MJ(0.002Mn 0 03 Fe™ (1.72)Ti 0.005yAl 0 29)Si2.01)O12 1.72 0.29
Pa.77 dark 1 N20.003)Ca(.92MY(0.022)MN(0.057)F€*" (0.99) T (0.031)Al 0.95)Si 2.99)O12 0.99 0.95
Pa.77 light 1 Na0.001)Ca .05 M (0.000)MN(0.035)F€*" (1 63 Ti(0.012Al 0.3)Si 2.93)O12 1.63 0.34
Pa.77 medium 1 Ca.83MJ(0.016/MN.011)Fe> .17 Ti0.007)Al 0.8/ Si 2.97O12 117 0.88
Pa.77 dark 2 Na(0.003Ca2.95M0(0.02)MN(0.055)F>* (1.036) Ti(0.027Al 0.98)Si 2.93)O12 1.04 0.98
Pa.77 light 2 CazyM0.008)MNo.031)F€>" (165 T (0.006)Al (0.32)Si (2.98) 012 1.65 0.32
Pa.77 medium 2 Ca.88)MJ(0.026)MN(0.065) €™ (1.19) Ti0.026)Al 0.78)Si 2.99)O12 1.19 0.78
Pa.77 dark 3 Ca.93 MG (0.020)MN(0.065)F€*" (.05 Ti 0.036Al 0.95)Si2.94O12 1.05 0.95
Pa.77 Less dark 1 | Na©002)Ca.s2)Md(0.025MN o osyyFe> (126 Ti0.02)Al 0.76)Si 297012 1.26 0.76
Pa.77 light 3 Na0.005)Ca3.00M(0.00nMn0.03)F€*" (1.04)Al 0.044)Si 2.63)012 1.94 0.044
Pa.77 medium 3 | Na©.003Ca.09MJ(.005MN0.os2)Fe’ 173 Ti0.003Al 026)Si25)O12 1.73 0.29
Pa.77 dark 4 Na0.005)Ca3.0M(0.029MN.051)F€>" .24 Ti0.022)Al0.75)Si 2.89)O12 1.24 0.75

Pa.77 Less dark 2 Cal.93)MJ(0.020)MN(o.061)Fe> (1.27) Ti0.017)Al 0.78)Si 2.91)O12 1.27 0.78

Pa.77 Less dark 3 Ca.99)MJ(0.007MN(o.020)Fe> (1.72) Ti0.003)Al 0.206)Si 2.96)O12 1.72 0.3

Pa.77 Less dark 4 Na(0.006Ca(2.00/M0(0.008yMN(0.022)F€™>" (1.99)Al 0.026)Si 2.91)O12 1.99 0.026

Pa.78al Ca.96)MJ(0.006)MN(o.076)Fe> (1,35 Ti0.12)Al 0.59)Si 29)012 1.35 0.59
Pa.78a2 Nay0.004/Ca(2.95Md(0.006)MN0.077)F€** (1.3 T 0.12)Al 0.63)Si 2.0)O12 131 0.63
Pa.78a3 Ca2.89/M70.032MN(o 1yF€> (1.05) Ti 0.04Al 0.94)Si 2.96)O12 1.05 0.94
Pa.78a4 Ca2.85)M0 (0.03MN 0. 104)F€>" (1.00) T 0.039)Al(0.9)Si 2.96)012 1.09 0.9
Pa.78b1 N2y0.005)Ca(.87MY(0.025)MN 0.08)F €™ 1.18) Ti(0.008)2A 0.85)Si (2.98)O12 1.18 0.85
Pa.78b2 Ca2.93MJ0.0149MN 03)F€>* (1.26) Ti0.015/Al(0.75)Si 2.96)012 1.26 0.75
Pa.78b3 Ca2.91yMJ 0.016/MN0.05)F€>* (1.20) Ti 0.015Al(0.77)S1 2.95)012 1.29 0.77
Pa.78b4 N2y0.003)Ca(2.96MJ(0.021)MN 0.08)F€>* 1.21) Ti(0.036)Al 0.8)Si (2.89)O12 1.21 0.8
Pa.78b5 N2y0.009)Ca(.8)MY(0.024)MN 0.09)F€>* 1.00) Ti(0.028)Al 0.91)Si (2.97)O12 1.09 0.91
Pa.78b6 N2y0.003)Ca(.88MJ(0.021)MN 0.084)F €™ (1.18) T 0.024)A 0.8)Si (2.99)O12 1.18 0.8
Pa.78b7 N2y0.006)Ca(2.9)M7(0.02MN(0.065)F€>* (1.12) Ti(0.032yAl 0.89)Si(2.95/012 112 0.89
Pa.78b8 Ca(2A94)MQ(OA021)Mn(oA075)Fee+(1A18)Ti(0028)A|(oAsl)Si(2A94)012 1.18 0.81

N20.003)Ca2.94/Md(0.018)MN(0 065)F€” (1 31) T (00252l 0.1)Si 29012 131 0.7

Average garnets
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Table 4. Calculated chemical composition for the pyroxenes from the pyroxene- garnet skarn sub-zone

Sample Number Mineral composition Fe (mol) | Mg (mol)
Pa.78a Nao.001)Ca(.008)M (0.6 MN0.05)F € 0.10)F€™>* (0.11)Al 0.107)Si1.89)Os 0.3 0.63
Pa.78al Nay0.00/Ca.02M8(0.22 M o157 0.03)Fe** 0.10Al 007 Sia.9)0s | 0-106 0.82
Pa.78a2 Nay0.005/Ca0.99MJ(0.65yMN(0.04a)Fe”* (0.22)F€™ (0.034Al 0043 Sl (10606 |  0-254 0.68
Pa.78a3 Nay0.008/Ca.00M8(0.5MN013)F€> 0.0nFe™ 0107 Al0.104Si1.9)06 | 0-114 0.8
Average pyroxenes | Naooo7Ca.o0MJ.73MNsFe* 0.126F> 0.009Al 000 SiwenOs | 013 0.73
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Introduction

The Avan Cu-Fe skarn is located at the southern
margin of Qaradagh batholith, about 60 km north
of Tabriz. The Skarn-type metasomatic alteration
is the result of Qaradagh batholith intrusion into
the Upper Cretaceous impure carbonates. The
studied area belongs to the Central Iranian
structural zone. In regional scale, the studied area
is a part of the Zangezour mineralization zone in
the Lesser Caucasus. Several studies (Karimzadeh
Somarin and Moayed, 2002; Calagari and
Hosseinzadeh, 2005; Mokhtari, 2008; Baghban
Asgharinezhad, 2012; Mokhtari, 2012) including
master’s theses and research programs have been
done on some skarns in the Azarbaijan area
considering their petrologic and mineralization
aspects. However, before this study, the Avan
skarn aureole has not been studied in detail. In
this paper, various geological aspects of the Avan
skarn including mineralogy, bi-metasomatic
alteration, metasomatism and mineralization
during the progressive and retrograde stages of the
skarnification processes have been studied in
detail.

Research Method

This research consists of field and laboratory
studies. Field studies include preparation of the
geological map, identifying the relationship
between the intrusion and the skarn aureole,
identifying the relationship between different
parts of the skarn zone and also collecting
samples for laboratory studies. Laboratory studies
include  petrography,  mineralography  and
microprobe studies. Cameca SX100 Microprobe

belonging to Geological Survey of the Czech
Republic was used in order to determine the
chemical composition of the calc-silicate minerals
such as pyroxene and garnet in garnet skarn and
pyroxene- garnet skarn sub-zones.

Discussion and conclusion

Qaradagh batholith is composed of discrete acid
to mafic phases including gabbro, diorite, quartz
diorite, quartz monzonite, quartz monzodiorite,
tonalite, granodiorite, monzogranite and granite
porphyry which is dominated by granodiorite-
quartz monzonite. Granitoids of this batholith are
metaluminus, high K calc-alkaline I-type granite
(Moknhtari, 2008). The Avan Cu-Fe skarn is
related to the intrusion of granodioritic-quartz
monzonitic part of the Qaradagh batholith into the
Upper Cretaceous flysch- type rocks consisting of
biomicrite, clay limestone, marl, siltstone and
mudstone.

The Avan skarn consists of three zones of
endoskarn, exoskarn and marble. The main Cu-Fe
mineralized zone is related to the exoskarn zone,
which has 600 meters of length and 50 meters of
thickness, respectively. The Exoskarn zone
consists of garnet skarn, pyroxene-garnet skarn
and ore skarn sub-zones. Garnet, belonging to
ugrandite series (Adszgg) With more than 50
percentage in volume, is the most important
anhydrous calc-silicate mineral in the garnet skarn
and the pyroxene-garnet skarn sub-zones. Some of
the garnet crystals are zoned and their chemical
composition changes toward the rim to almost
pure andradite (Adg). Clinopyroxene which has
diopsidic  composition (Dizsg), is  another
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anhydrous calc-silicate mineral in the exoskarn
zone with an abundance that reaches up to 50
percent in volume in pyroxene-garnet skarn sub-
zone.

The ore skarn sub-zone is located toward the outer
part of the exoskarn zone and close to the border
of the marble zone. The abundance of ore
minerals in this sub-zone reaches up to 50
percentage in volume and includes magnetite,
hematite, pyrite, chalcopyrite, bornite, malachite
and goethite among which pyrite is the most
abundant. In this sub-zone, anhydrous calc-silicate
minerals of garnet and clinopyroxene have
undergone intensive alteration and are replaced
with hydrous calc-silicate (epidote and tremolite-
actinolite), oxide (magnetite and hematite) and
sulfide (pyrite, chalcopyrite and bornite) minerals.
Based on the textural and mineralogical studies,
the skarnification processes in the studied area can
be categorized into two main stages: 1) prograde
and 2) retrograde. During the prograde stage, the
heat flow of the granitoid has caused isochemical
metamorphism and changing more  pure
limestones to marble and marlly limestones to
skarnoid (metamorphism and bi-metasomatism).
The high temperature magmatic fluids have
caused prograde metamorphism during which
anhydrous calc-silicate minerals including garnet
and pyroxene have appeared. During the early
retrograde stage, i.e. the mineralization sub-stage,
lower temperature hydrothermal fluids have
caused hydrolysis and carbonization because of
which anhydrous calc-silicate minerals along with
their fractures and microfractures are changed to
hydrous calc-silicate (epidote and tremolite-
actinolite), oxide (magnetite and hematite), sulfide
(pyrite, chalcopyrite and bornite) and carbonate
(calcite) minerals. During the late retrograde
stage, relatively low temperature fluids have
altered anhydrous and hydrous calc-silicate
mineral assemblage formed during the previous
stages into a very fine grained mineral assemblage
including clay minerals, chlorite and iron
hydroxides.

Presence of replacement textures in ore minerals
and anhydrous calc-silicate minerals accompanied
with open filling textures in the anhydrous calc-
silicate minerals, for example oxide and sulphide

veinlets within the garnet crystals, indicate that
the mentioned ore minerals have been
simultaneously generated with hydrous calc-
silicate minerals (epidote and tremolite-actinolite)
during the early prograde stage. The presence of
minor amounts of wollastonite among the mineral
assemblage of the Avan skarn, intergrowth of
garnet and pyroxene, absence of reaction rim
between garnet and clinopyroxene and absence of
replacement textures indicate that these minerals
have been simultaneously generated within the
temperature ranges of 430-600 °C and fO, > 10°
% respectively.
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