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Abstract
The Ghorveh-Seranjic (GS) skarn is located in the northern part of the Sanandaj-Sirjan zone, NW Iran, which is part of Alpine-
Himalaya orogenic belt. The GS metamorphic complex is the oldest unit in the GS area composed of marble, dolomitic marble,
greenschist, and amphibolite of Early Jurassic age. The complex is intruded by NW-SE trending Late Jurassic peraluminous
granitoids, which caused contact metamorphism and resulted in the development of skarn, hornfels and crystallization of marble.
The skarn is showing distinct textural, mineralogical and geochemical zonation. At least four stages of skarn development have
been recognized; stage I, clinopyroxene+garnet±vesuvianite±quartz±calcite±scheelite± pyrrhotite; stage II, garnet+
clinopyroxene +vesuvianite+scheelite±apatite+calcite±pyrrhotite; stage III, amphibole+vesuvianite+epidote+chlorite±quartz
±calcite±pyrrhotite±pyrite±chalcopyrite and stage IV, quartz+calcite±amphibole±epidote±chlorite±pyrite±chalcopyrite.
Scheelite occurs in stages 1 and 2 together with garnet and clinopyroxene, and its abundance slightly increases with vesuvianite
growth. In general, mineral chemistry of the GS skarn shows enrichment in Ca, Al and Mg. Two types of garnet, clinopyroxene
and vesuvianite are identified in the prograde stage within the GS skarn. Variable Mg:Mn:Fe proportions in clinopyroxene of the
early prograde stage suggest formation from a relatively homogeneous F-rich volatile phase. Mineralogical documentation of the
GS skarn indicates that presence of the F-rich volatile phase affected zoning patterns and mineral abundances. Addition of
fluorine increases the solubility of Al in the hydrothermal fluid by forming strong Al-F complexes, causing an increase in
vesuvianite instead of clinopyroxene during the late prograde substage, resulting in high garnet/clinopyroxene ratios. The
presence of granditic (grossular-andradite) and subcalcic (grossular-almandine-spessartine) garnet during the skarn evolution
suggests variable Fe/Mn and Fe2+/Fe3+ ratios during the prograde stage of the skarn formation. Subcalcic garnet formed in a
relatively reduced environment compared to the granditic garnet. Paragenetic reconstructions indicate that clinopyroxene, garnet
and scheelite grew together during the prograde stage. These minerals were stable and coexisted at temperatures between 580 °C
and 400 °C and at a logfO2 = −18 to −28.
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Introduction

Skarns are calc-silicate rocks that can form during regional or
contact metamorphism and from a variety of metasomatic

processes involving fluids of magmatic, metamorphic, mete-
oric, and/or seawater origin (Meinert et al. 2005). Skarn-
forming minerals show ranges of compositional variation, re-
veal important information about skarn-forming environments
such as compositions of the protolith and associated igneous
rocks, depth of formation, oxygen fugacity and type of skarn
(Zuo et al. 2015; Kamvong and Zaw 2009; Lehrmann et al.
2009; Grammatikopoulos and Clark 2006; Meinert et al.
2005; Ciobanu and Cook 2004; Cepedal et al. 2000;
Meinert, 1995; Einaudi and Burt 1982; Shimazaki 1980).
Skarn-forming minerals may provide a continuous record of
the physicochemical evolution of a skarn system. Details of
skarn mineralogy and zonation can be used to construct
deposit-specific exploration models.
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In the NW-SE trending Sanandaj-Sirjan zone (SSZ), NW
Iran, a variety of granitoid bodies emplaced in several stages
duringMesozoic times (Mohajjel et al. 2003). Intrusive bodies
are widespread and have substantial contact aureoles, which
are frequently associated with ore mineralizations including
the iron skarn deposit at Zafar-Abad (Barati and Gholipoor
2014), Galali (Barati 2012), Baba-Ali and Hamekasi
(Zamanian and Radmard 2016; Payder 2016; Payder et al.
2010; Zamanian. 2007), the Shams-Abad iron deposit
(Ghorbani 2013), the Deh–Hossein and Nezam-Abad tung-
sten-tin (±Cu) deposits (Abdi 2007), the Malayer-Esfahan
Pb-Zn district (Ghorbani, 2007; Momenzadeh, 1976) and the
Ebrahim-Attar tungsten skarn mineralization (Salami et al.
2013; Daneshvar 2012). The GS Pluton is a major granitoid
in the northern part of the SSZ (Fig. 1a), that emplaced at ca.
145.7 + 1.1 Ma (Azizi et al. 2016) and is associated with an
insignificant scheelite occurrence. Although the presence of
scheelite mineralization is reported based on regional geo-
chemical sampling (Salami et al. 2013; Daneshvar 2012),
there has been no detailed mineralogic, petrographic and geo-
chemical work on the skarn evolution and its mineral chemis-
try. In this work, we combine a comprehensive dataset based
on regional and local geological documentation, petrographic
and mineralogical data to relate the genesis of the calc-silicate
minerals with the magmatic evolution of the host intrusive
body.

Geological setting

The NW-SE trending Sanandaj Sirjan zone (SSZ) is a com-
plex plutonometamorphic structural zone in Iran with 50–
100 km width and more than 800 km length. The Main
Zagros fault is situated in the southwest of the SSZ and is
considered as the suture zone between the Arabian and
Iranian plates (Stocklin 1968; Falcon 1974). The SSZ is par-
allel to the Zagros fold-thrust belt system and extends into
Turkey, where it is known as Taurus orogenic belt (Bozkurt
et al. 2000; Robertson et al. 2007; Dilek et al. 2010).
Basement of the SSZ mainly consists of a Precambrian meta-
morphic complex, which occurs as a tectonic window (Lake
Urumieh: Hassanzadeh et al. 2008, Azizi et al. 2011a; east and
north of Golpaygan: Mohajjel and Fergusson 2014) (Fig. 1a).
The Jurassic metamorphic rocks are overlain by non-
metamorphic Cretaceous rocks, especially in the northwestern
part, between Ghorveh and Sanandaj towns (Shakerardakani
et al. 2015). From north to south, the SSZ can be divided into
two main parts (Fig. 1a): (i) the southern part, consisting of
Early to Middle Jurassic deformed metamorphic rocks; and
(ii) the northern part composed of various granitoid bodies,
which are younger than Early Jurassic (Azizi et al. 2016; Azizi
et al. 2015a,b; Shahbazi et al. 2015; Yajam et al. 2015; Azizi

and Asahara, 2013; Azizi et al. 2011a,b; Shahbazi et al. 2010;
Mahmoudi et al. 2011; Hassanzadeh et al. 2008).

The study area is located in the northern SSZ, in which the
main units are marble, dolomitic marble, greenschist, and am-
phibolite of Early to Middle Jurassic metamorphic age
(Mohajjel et al. 2003), which have been invaded by granitoid
intrusion (Middle to Late Jurassic) (Fig. 1b). The metamor-
phic sequence comprises of layers of dark gray metamorphic
limestone (0.1 to 5 m) containing organic material and black
metachert followed by a massive, kilometer-thick cream-col-
ored metamorphic limestone unit (Figs. 1b). The regional
metamorphic complex rocks of Early Jurassic are cut by
Middle to Late Jurassic intrusive bodies causing contact meta-
morphism. The mineral assemblages of regional metamor-
phism consist of calcite± clinopyroxene± tremolite± epidote
± albite± opaque± titanite showing predominantly greenschist
and locally amphibolite facies. Contact metamorphism with
mineral assemblages of andalusite+cordierite+biotite+musco-
vite+K-feldspar+plagioclase occurred at low pressure (<
2 kbar) and at a temperature of 580 ± 50 °C (Sheikhi et al.
2012) evolving hornfels and skarn.

In the study area the regional metamorphic complex is
invaded by the GS intrusion resulting in the development of
skarn, hornfels and marble. The hornfels zone is limited and
only observed in the southwestern part of the study area, as a
cordierite bearing hornfels. The Upper Jurassic GS pluton has
a sigmoid-shape, NW-SE extending trend, with granite to
quartz-monzogranite composition. It contains fine- to medi-
um-grained, rounded/elliptical shaped mafic microgranular
enclaves with monzodiorite to monzogabbro composition
(Fig. 2a). The pluton is often cut by leucogranite aplite-
pegmatite dikes (Fig. 2b) and quartz veins, which have a radial
relationship with the contacts (Fig. 2c). The aplite dikes are
crosscutting the whole sequence including the skarn zones.

The GS pluton is a peraluminous to strongly peraluminous
granitic garnet free intrusion with calc-alkaline to alkaline
affinity (Azizi et al. 2016) showing a high degree of fraction-
ation and a high Rb/Sr ratio (average ~21).

At the contact of the GS pluton with marble, a skarn zone
of 100 m length and 0.3 to 4 m width is developed. The GS
skarn is in direct contact with the pluton, and only in the
southeastern part of the district a zone of endoskarn is devel-
oped within the pluton (Fig. 2d).

Sampling and analytical methods

A total of 271 samples was collected along traverse lines con-
secutively from the intrusive bodies towards the wall rocks, to
undertake petrographic and mineral chemistry studies. The
petrographic studies include identification of mineral assem-
blages, textures, alteration and metasomatic replacements.
Mineral abundance was calculated based on modal mineral
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content; i.e., the actual mineral content is given in volume%.
The modal analysis was performed using a Zeiss Axioplan
research microscope. Based on optical microscopic observa-
tions, sixteen polished-thin sections with representative calc-
silicate minerals (e.g. garnet, vesuvianite, clinopyroxene)
from the GS skarn were selected for electron probe
microanalyser (EPMA). EPMA analyses were obtained using

a Cameca SX-50. Mineral compositions were determined by
wavelength dispersive X-ray spectrometery (WDX) analysis
for all measured elements. The system’s five WDS spectrom-
eters were equipped with PET, LIF, PET, TAP and TAP crys-
tals. Operating conditions were as follows: acceleration volt-
age of 15 kV, beam current of 15 nA, and beam diameter of
10 μm (to avoid light element migration) for vesuvianite,

Fig. 1 a Simplified tectonic map of Iran showing the Sanandaj–Sirjan
zone (SSZ) (modified from Dilek et al. 2010; Mohajjel et al. 2003) and
occurrence and distribution of metallic mineralizations associated with
Late Jurassic intrusions. Study area is within the quadrangle in the west
of the map. Localities codes: 1, Zafar-Abad, Fe; 2, Hamedan Galali,
Baba-Ali and Hamekasi, Fe; 3, Shams-Abad, Fe; 4, Dehe-Hossein, W-
Sn + Cu; 5, Nezam-Abad, W-Sn + Cu; 6–7, Malayer-Isfahan, Pb-Zn; 8,
Ebrahim-Attar tungsten skarn. b Detailed geologic map of the Ghorveh-

Seranjic (GS) skarn showing host rocks, intrusive bodies, dikes and skarn
localities. Modified from a geologic map of the Ghorveh by Hosseini,
1999. c Detailed interpretative map of the GS skarn showing zonation
patterns. d Composition changes map in garnet within quartz-garnet and
garnet-vesuvianite-clinopyroxene zones from the GS skarn. Numbers
indicates the maximum subcalcic component (spessartine+almandine)
in garnet at various green points
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epidote and amphibole and 1 μm for clinopyroxene, garnet
and scheelite. Acquisition times were selected as 20 s on peak
and 10 s on each background. Calibration standards were al-
bite (Na), orthoclase (K), corundum(Al), wollastonite (Ca, Si),
periclase (Mg), rutile (Ti), rhodonite (Mn,), magnetite (Fe),
chromium oxide (Cr), F-phlogopite (F), KCl (Cl), pure metal
(W). The Kα lines were measured for all elements except for
W (Mα) and data were reduced using the PAP procedure
(Pouchou and Pichoir 1984-1985). R function (Arai 2010)
and WinPyrox (Yavuz 2013) programs were used to recast
garnet and pyroxene analyses in order to estimate ferric and
ferrous iron and end-member components of garnet and
clinopyroxene following a normative calculation. Selected an-
alytical results are presented in Tables 1 to 6. Mineral abbre-
viations are from Whitney and Evans (2010). Chemical for-
mula and end-member proportions for the minerals were cal-
culated by using the Deer et al. (1992) method.

Major element analyses of the fresh nine samples were
performed using a PANalytical Axios Advanced X-ray fluo-
rescence (XRF) on fused glass beads, composed of sample
material and lithium borate flux of 1:5 ratio, in order to

eliminate mineralogical effects and reduce inter-element ef-
fects. Trace and rare earth elements (REEs) were analyzed
using an Agilent 7700 x inductively coupled plasma-mass
spectrometry (ICP-MS), following lithium meta-borate fusion
and HNO3 total digestion. The analytical error for most ele-
ments is less than 2%. The detection limit for trace elements
and REEs analysis is 0.01 to 0.1 ppm. ArcMap software was
used for calculating the area of the GS skarn zones.

Petrography and mineral assemblage of skarn zones

The GS skarn is heterogeneous and coarse-grained with an
internal zoning. The principal skarn minerals are garnet,
clinopyroxene, vesuvianite, amphibole, epidote, quartz, and
calcite together with scheelite, chlorite, titanite, pyrrhotite, py-
rite, chalcopyrite and apatite as subordinate or accessory min-
erals. Based on the relictic textures of the protoliths, both
endo- and exoskarn zones are developed in the GS skarn.
Endoskarn is limited, while exoskarn is widespread in the
area.

Fig. 2 Exposures of intrusive and skarn rocks. a rounded/elliptical
shaped mafic microgranular enclaves of monzodiorite within quartz
monzogranite (view to the east); b leucogranite aplite dikes crosscut the
plutonic rocks (view to the northeast); c) quartz vein crosscut the pluton
toward the skarn contact (view to the northeast); d fine-grained crystals of
clinopyroxene, garnet, plagioclase in hand sample of typical endoskarn

zone; e exoskarn zone occurs as lenses at the contact of the pluton and the
marble (view to the north); f quartz-garnet zone occurs as veinlet within
garnet-vesuvianite-clinopyroxene zone, containing quartz and garnet
(view to the east); g-i Outcrop features of exoskarn zones.
Abbreviations: Cpx = clinopyroxene, Grt = garnet, Ves = vesuvianite,
Qz = quartz, Pl = plagioclase
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Endoskarn occurs as a narrow zone of 2 to 15 cm width
restricted to the southwestern contact with medium- to fine-
grained granular granite texture (Fig. 2d). It is composed of
prograde minerals (e.g. clinopyroxene, plagioclase and gar-
net), retrograde minerals (e.g. epidote, amphibole and sericite)
(Fig. 3a) and minor amounts of residual minerals from the
intrusion (e.g. orthoclase, apatite and pyrite). Garnet is locally
developed by replacement of primary igneous minerals, par-
ticularly plagioclase, and its abundance increases toward the
exoskarn zone. Plagioclase crystals are commonly associated
with apatite showing distinct sericitization. Clinopyroxene oc-
curs as dark green and fine-grained crystals replacing the orig-
inal mafic minerals of the quartz-monzogranite intrusion.

Exoskarn zones occur as lenses within the marble in the GS
intrusion border with a sharp contact. Four different mineral
assemblages were recognized based on morphological,

mineralogical and textural relationship of mineral assem-
blages; quartz-garnet, garnet-vesuvianite-clinopyroxene,
clinopyroxene-vesuvianite and forsterite-clinopyroxene (Fig.
1c and b-i).

The forsterite-clinopyroxene zone rarely occurs along the
boundary between the marble and clinopyroxene-vesuvianite
zone as a partially narrow border zone. Its thickness varies
from 1 to 40 cm and comprises less than 2% of the skarn.
The zone is recognized by calcite-dolomite (20–60 vol%),
forsterite (10–30 vol%), diopsidic clinopyroxene (5–
10 vol%), brucite (2–5 vol%) and serpentine (2–5 vol%) min-
eral assemblage showing mainly granoblastic texture of vari-
ous grain size (<0.1–10mm). Forsterite mainly occurs as fine-
grained, subhedral to euhedral homogeneous crystal of
<0.6 mm in length. Type Ib clinopyroxene occurs as a light
green fine- to coarse-grained, subhedral to euhedral, short-

Fig. 3 Photomicrographs of the mineral assemblages and their textural
properties in the endoskarn (a), clinopyroxene-forsterite zone (b),
clinopyroxene-vesuvianite zone (c-e), garnet-vesuvianite-clinopyroxene
zone f-h) and quartz-garnet zone (i). a) clinopyroxene, garnet and
plagioclase crystals in XPL; b) serpentinization resulting from
clinopyroxene alteration, Diagonal upwards in XPL and diagonal
downwards in PPL; c) vesuvianite porphyroblasts in the marble,
Diagonal upwards in PPL and diagonal downwards in XPL; d)
clinopyroxene replaced by vesuvianite and increasing vesuvianite and
scheelite abundance toward the marble front in XPL; e) replacing of
clinopyroxene by amphibole and nematoblastic texture in XPL; f)

garnet poikiloblasts consist of relict clinopyroxene, Diagonal upwards
in PPL and diagonal downwards in XPL; g) epidotic filaments within
part of type I garnet, Diagonal upwards in XPL and diagonal
downwards in PPL; h) replacement of clinopyroxene by chlorite and
calcite, Diagonal upwards in PPL and diagonal downwards in XPL; i)
epidote crystals filling open-spaces between type IIa garnets in a quartz
matrix, Diagonal upwards in PPL and diagonal downwards in XPL.
Abbreviations: Cpx = clinopyroxene, Grt = garnet, Ves = vesuvianite,
Qz = quartz, Pl = plagioclase, Ser = sericite, Srp = serpentine, Cal =
calcite, Amp = amphibole, Sch = scheelite, Ep = epidote, Chl = chlorite
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prismatic crystals (0.2 mm to 10 mm in diameter). Brucite and
serpentine are common products of retrograde alteration
formed around and within fractures in clinopyroxene and
forsterite crystals (Fig. 3b).

The clinopyroxene-vesuvianite zonemostly crops out as the
outer zone of the GS skarn. Its thickness varies from 0.1 to 1m
and comparises less than 15% of the GS skarn. It is a light- to
dark-green rock with a granoblastic, poikiloblastic and
porphyroblastic texture composed of vesuvianite (30–
70 vol%), calcite (10–40 vol%), clinopyroxene (10–
30 vol%), quartz (5–10 vol%) and scheelite (0.5–1 vol%).
The ratio of clinopyroxene to vesuvianite is less than 1:2.
Type I vesuvianite is formed as felted masses, anhedral crys-
tals, khakish-yellow replacing interstitial clinopyroxene with
scheelite in the calcite matrix. Type II vesuvianite is green-
gray in color, showing various sizes and textures and often

forms coarse tabular and/or prismatic, subhedral-euhedral, up
to 5mm long porphyroblastic crystalswithin the marblematrix
(Fig. 3c). Scheelite is present as fine-grained (<0.2 mm),
subhedral to anhedral, homogeneous, colorless to white crys-
tals, mainly intergrown with clinopyroxene and vesuvianite
(Fig. 3d) and scheelite is mainly associated with vesuvianite
(Fig. 4). Clinopyroxene occurs in subhedral to euhedral short
prismatic, slightly light-green (type I) or brownish-green (type
II) crystals with a grain size ranging from 0.2 to 4 mm.
Clinopyroxene is index mineral of the prograde stage of GS
skarn and exhibits a granoblastic texture. Insignificant
(<1 vol%) fine-grained flattened wedge-shaped titanite crys-
tals were found as relictic inclusions in the prograde
clinopyroxene. Calcite is present as fine- to coarse-grained
rhombohedral crystals (<0.1–2 mm) forming the matrix.
Retrograde alteration of the zone includes replacement of

Fig. 4 Schematic diagram
showing paragenetic relationships
of mineral assemblages in the GS
skarn zones, based on paragenetic
relation and microtextural data

Fig. 5 Back-scattered electron (BSE) images from the GS skarn garnets:
a epitaxial growth of type IIb garnet with oscillatory zoning on
preexisting garnet (type I) in the garnet-vesuvianite-clinopyroxene zone;

b Zoning of type I garnet with replacing or interstitial scheelite in the
garnet-vesuvianite-clinopyroxene zone. Abbreviations: Grt = garnet;
Sch = scheelite
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clinopyroxene by an amphibole±chlorite+carbonate±hematite
mineral assemblage (Fig. 3e).

The garnet-vesuvianite-clinopyroxene zone is composed
dominantly of garnet, vesuvianite and clinopyroxene and
minor amounts of scheelite, calcite, quartz and sulfides
(pyrrhotite and chalcopyrite). Garnet-vesuvianite-
clinopyroxene zone is the most widespread of all these
zones and makes up approximately 75% of the GS skarn.
This zone is recognized with its brownish-green color in
hand specimen, by its granoblastic, poikiloblastic texture
under the microscope. The mineral assemblage of this zone
is composed of garnet (50–70 vol%), vesuvianite (10–
30 vol%), clinopyroxene (2–20 vol%), calcite (up to
5 vol%), quartz (up to 2 vol%), scheelite (up to 1 vol%)
and pyrrhotite (up to 1 vol%). Garnet is the most abundant
mineral in this zone and occurs as a prograde stage mineral
(Fig. 4) with euhedral to anhedral shape. Subhedral garnet
shows its best features toward the intrusion, especially
those associated with quartz veins. At least two prominent
populations of garnets are distinguished in hand specimens
and thin sections based on their optical and textural rela-
tionship. The early prograde-stage (type I) garnet is brown-
ish to blackish-red in color, coarse-grained, poikiloblastic,

euhedral to subhedral, and typically anhedral in shape
when associated with quartz and calcite inclusions. The
textural evidence shows grossular-rich garnet (type I) and
clinopyroxene (type Ia) are formed contemporaneously.
The late prograde-stage (type IIb) garnets are pale to mod-
erately reddish-brown, anhedral and/or occurs as over-
growths on preexisting garnets and/or between type I gar-
nets. Type IIb garnets contain clinopyroxene (type Ia) rel-
icts (Fig. 3f) and are typically anisotropic associated with
epitaxial growth with oscillatory zoning on preexisting
garnets (Fig. 5a). Scheelite is rare and is mainly formed
as disseminated and sporadic crystals in type I garnet
(Fig. 5b). Two distinct vesuvianite generations were iden-
tified in hand specimens and thin sections. In detail, type I
vesuvianite forms relict in type IIb garnet, while type II
vesuvianite occurs as porphyroblastic crystals that crosscut
the late prograde garnet and contains relicts of type Ia
clinopyroxene. Epidotization and carbonatization are the
main alteration processes that occurred in the garnet-
vesuvianite-clinopyroxene zone (Fig. 3g). Retrograde min-
erals such as amphibole, epidote, chlorite, quartz and cal-
cite are commonly overprinting the garnet-vesuvianite-
clinopyroxene zone (Fig. 3g–h).

Fig. 6 a Ternary diagrams
showing compositional variation
of garnet from the GS skarn and
garnet data from other scheelite-
bearing skarn of different redox
conditions (MacTung, Canada
from Dick and Hodgson 1982;
Pine Creek, California from
Newberry 1982; Otjua, Namibia
from Steven and Moore 1994;
Kara, Tasmania from Zaw and
Singoyi 2000; Kozbudaklar,
Turkey from Orhan 2017;
CanTung from Khin Zaw 1976;
King Island, Tasmania from
Kwak and Tan 1981).
Representative EPMA data from
the GS skarn are given in Table 1;
b almandine+spessartine vs.
grossular diagram of the GS
garnet
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The quartz-garnet zone is closest to the intrusive body and
occurs as a narrow, 1 cm to 0.5 m wide zone (Fig. 2f–g).
Boundary between the quartz-garnet and garnet-vesuvianite-
clinopyroxene zones is gradual in quartz-garnet veinlets (Fig.
2c–d), extending from the intrusion toward the garnet-
vesuvianite-clinopyroxene zone. It is recognized by a mineral
assemblage of garnet (10–50 vol%), quartz (5–80 vol%), and
vesuvianite (up to 10 vol%) with porphyroblastic to
granoblastic textures. Garnet is observed as single coarse-
grained (≥2 cm in diameter) crystals, light red to orange in
color (type IIa garnet), within the quartzitic matrix near the
intrusion (Fig. 3i). Quartz is fine- to medium-grained,
subhedral to anhedral. Quartz typically occurs in small veins
or veinlets that crosscut earlier mineral assemblages of the
retrograde alteration stage. There is no scheelite in this zone.
Coarse-grained euhedral garnet occurs within each vein. In the
retrograde stage, fractures in garnets are filled by epidote,
quartz, calcite and chlorite. Epidote rarely develops filling
the vugs between coarse-grained garnets with a granoblastic
texture. Chlorite is a retrograde alteration product of garnet
and occurs as a very fine-grained (<0.1 mm), sheet-like crys-
tals at rims and fractures of garnet.

Results

Mineral chemistry of garnet

The compositional variation of the GS skarn garnets is given
in Table 1 and plotted on a grossular-andradite-pyralspite ter-
nary diagram together with other scheelite skarn deposits with
different redox conditions as reference (Fig. 6a).

EPMA data show that the GS garnets from three dis-
tinct clusters (Fig. 6a) are dominated by grossular and
some andradite and pyralspite (Table 1). Type I garnet
has a grossular-andradite composition (of Grs65.68
And25.47 to Grs47.80 And41.11) with spessartine (Sps6.17–
10.30) and almandine (Alm1.31–3.98), collectively less than
15% (Table 1). Type II garnet has a subcalcic composition
between grossular-pyralspite with intensely varying an-
dradite proportions. Type II garnet is a grossular-
andradite-pyralspite (of Grs44.13 And23.42 Pyr32.16 to
Grs51.07 And24.75 Pyr23.64) and a grossular-pyralspite (of
Grs70.94 Pyr28.38 to Grs60.07 Pyr38.68) in the garnet-
vesuvianite-clinopyroxene and quartz-garnet zones, re-
spectively. Type I garnet has been found in most scheelite

Fig. 7 a Ternary diagrams
showing compositional variation
of clinopyroxene from the GS
skarn and clinopyroxene data
from other scheelite-bearing skarn
of different redox conditions
(MacTung, Canada from Dick
and Hodgson 1982; Pine Creek,
California from Newberry 1982;
Otjua, Namibia from Steven and
Moore 1994; Kara, Tasmania
from Zaw and Singoyi 2000;
Kozbudaklar, Turkey from Orhan
2017; CanTung from Khin Zaw
1976; King Island, Tasmania
from Kwak and Tan 1981).
Representative EPMA data from
the GS skarn are given in Table 2;
b johannsenite vs. hedenbergite
diagram of clinopyroxene from
the GS skarn; c) Clinopyroxene
composition from the GS skarn,
compared to those of “oxidized,”
“reduced,” and Costabonne
(magnesian) W skarns (Einaudi
et al. 1981) and from W-F Mo-
poor skarn (Newberry 1998)
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skarn deposits (Einaudi et al. 1981; Newberry 1982;
Fonteilles et al. 1989; Timon Sanchez et al. 2009; Orhan
2017). The composition of type I and IIb garnets in the
garnet-vesuvianite-clinopyroxene zone represent a wide
range from grossular to andradite and show an evolution
similar to those of Pine Creek and Kozbudaklar skarns.
The composition of type IIa garnet in the quartz-garnet
zone shows a similar evolution to those of Otjua and
Cantung skarns (Fig. 6a). The subcalcic garnets without
andradite (type IIa) in the quartz-garnet zone convert to
less subcalcic toward the marble front and finally be-
comes dominantly subcalcic garnet with andradite (type
IIb) in the garnet-vesuvianite-clinopyroxene zone (Fig.
1d). The grossular vs. almandine+spessartine proportion

displays a constant correlation in type I garnet and a neg-
ative correlation in type IIa, b garnets (Fig. 6b). The com-
position of garnets (type I and IIb) in the garnet-
vesuvianite-clinopyroxene zone are more andradite-rich
than type IIa garnet in the quartz-garnet zone. The gros-
sular content of type IIa garnet in the quartz-garnet zone
increase with slightly increasing manganese and ferrous
iron, indicating that the skarn-forming fluid may have
changed during the skarn evolution (Orhan 2017). Mg,
Cr and Ti contents are very low in all the GS skarn gar-
nets and their content is overally less than 0.02 apfu
(atoms per formula). Very low content of TiO2 in the
garnet crystals of the GS skarn implies a much larger
activity of SiO2 during their hydrothermal formation

Table 3 Representative chemical compositions and calculated mineral formulae of vesuvianite in exoskarn zones

Zones Vesuvianite-clinopyroxene zone Garnet-vesuvianite-clinopyroxene zone

Sample no. Gh-148 Gh-148 Gh-231 Gh-231 Gh-08 Gh-08 Gh-241 Gh-241

Position 4b 4c 2b 3a 2a 2b 1a 1d

Type I I I II I I II II

Oxides (wt%)

SiO2 36.41 36.25 37.37 36.09 37.66 37.42 37.17 36.55

TiO2 0.07 0.01 0.08 0.13 0.15 0.12 0.04 0.05

Al2O3 17.36 17.50 17.35 17.61 17.69 17.48 19.13 18.40

Cr2O3 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.02

FeO* 5.28 5.07 4.31 5.38 3.72 3.92 5.80 6.15

MnO 0.42 0.53 0.60 0.77 0.37 0.49 1.33 1.91

MgO 1.23 1.27 1.49 0.93 1.52 1.57 0.07 0.06

CaO 36.93 36.94 35.53 36.46 35.46 35.94 34.67 34.29

Na2O 0.08 0.06 0.13 0.06 0.09 0.08 0.04 0.02

K2O 0.00 0.00 0.01 0.01 0.00 0.00 0.04 0.01

F 1.64 2.05 2.07 1.87 1.79 2.00 1.62 1.57

Cl 0.04 0.08 0.08 0.03 0.08 0.06 0.04 0.03

Total 99.46 99.78 99.01 99.35 98.54 99.08 99.96 99.05

Calculated mineral formulae (apfu)**

Si 17.96 17.98 17.87 17.99 17.93 18.05 17.85 18.05

Al 9.90 9.84 10.11 9.80 9.75 9.84 9.89 9.82

Mg 1.77 1.71 1.72 1.92 1.76 1.66 1.84 1.89

Fe 1.39 1.46 1.43 1.38 1.40 1.50 1.44 1.35

Ca 18.47 18.53 18.34 18.42 18.75 18.38 18.57 18.35

Mn 0.11 0.10 0.10 0.10 0.11 0.09 0.12 0.09

F 3.49 3.15 3.22 3.62 3.03 2.87 3.35 2.77

Cl 0.39 0.35 0.39 0.33 0.37 0.31 0.35 0.35

OH 5.12 5.51 5.39 5.05 5.60 5.82 5.30 5.88

Total 58.60 58.60 58.57 58.61 58.70 58.53 58.70 58.54

Mg/Fe 1.27 1.17 1.20 1.39 1.26 1.11 1.28 1.40

FeO* = total iron content

** Calculated based on 76 oxygen atoms per formula unit
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(Dingwell and Brearley 1985). These low values allow a
clear differentiation between skarn garnets (Table 1) and
igneous garnets in general (Dingwell and Brearley 1985).

Mineral chemistry of clinopyroxene

EPMA data of clinopyroxene from the various skarn zones of
the GS skarn are given in Table 2. The compositional variation
is plotted in the diopside-hedenbergite-johansenite ternary di-
agram together with other scheelite skarn deposits with differ-
ent redox conditions (Fig. 7a). Generally, each single crystal
of clinopyroxene is almost homogeneous, although there are
variations between crystals. The GS skarn clinopyroxene has
high Fe/Fe +Mn ratios (0.80–0.96), Cr2O3, TiO2, and Na2O
contents. Significantly lower contents of Cr, Ti, and Na indi-
cate that the origin of clinopyroxenes is metamorphic (Berger
et al. 2005). Early prograde clinopyroxene is predominantly
composed of hedenbergite (type Ia) (Hd58.18–75.02 Di28.66–16.31
Jo13.16–8.67) and diopside (type Ib) (Hd38.02–48.65 Di53.35–43.67
Jo8.64–7.67) in endoskarn, (garnet-vesuvianite-clinopyroxene
and clinopyroxene-vesuvianite) and (forsterite-clinopyroxene
and garnet-vesuvianite-clinopyroxene) exoskarn zones, re-
spectively. Late prograde type II clinopyroxene has an inter-
mediate composition between hedenbergite and diopside
(Hd27.67–45.84 Di57.99–43.46 Jo14.33–10.70) in clinopyroxene-
vesuvianite and forsterite-clinopyroxene zones (Fig. 7b) with
a slight increase of the johansenite component. Manganese
enrichment in clinopyroxene is a common process during
the late prograde substage of calcic tungsten-bearing skarns
(Einaudi et al. 1981; Steven and Moore 1994; Orhan 2017).
Type Ia clinopyroxene is present as relictic inclusion in type
IIb garnet and type I vesuvianite in the garnet-vesuvianite-

clinopyroxene zone. Type II clinopyroxene occurs with
granoblastic texture in vesuvianite-clinopyroxene and
forsterite-clinopyroxene zones.

Type Ib clinopyroxene in the forsterite-clinopyroxene zone
is compatible with clinopyroxene from magnesian skarns,
such as Costabonne deposit (Fig. 7c) and oxidized skarns
(e.g. King Island), while type Ia clinopyroxene with
hedenbergite-enrichment in clinopyroxene-vesuvianite and
garnet-vesuvianite-clinopyroxene zones indicate a moderately
reduced to moderately oxidized environment in the early

Fig. 8 Chemcial compositions (based on EPMA results) of vesuvianite
from the GS skarn, plotted in terms of Fe +Mg + (Al + Ti) = 100 mol%.
Each point represents one analysis. Representative EPMA data from the
GS skarn are given in Table 3. Abbreviations: VesI = type I vesuvianite,
VesII = type II vesuvianite

Table 4 Representative chemical compositions and calculated mineral
formulae of amphibole in exoskarn zones

Sample no. Gh-88 Gh-88 Gh-272 Gh-272 Gh-14 Gh-14

Position 4a 4b 1c 1d 2a 2b

Oxides (wt%)

SiO2 43.05 41.51 44.49 41.31 40.53 40.74

TiO2 0.18 0.18 0.23 0.22 0.28 0.26

Al2O3 9.19 10.48 8.06 10.90 12.21 12.01

FeO* 23.34 23.94 22.43 25.52 25.65 25.89

MnO 1.33 1.45 1.74 1.24 1.45 1.53

MgO 7.09 6.33 7.60 5.52 3.32 3.52

CaO 11.50 11.33 11.47 11.37 11.76 11.53

Na2O 1.51 1.63 1.55 1.60 1.69 1.69

K2O 1.13 1.60 0.72 0.99 1.53 1.69

F 0.70 0.76 0.78 0.12 0.89 0.92

Cl 0.01 0.09 0.10 0.14 0.12 0.11

Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00

Total 99.03 99.32 99.17 98.94 99.43 99.89

Calculated mineral formulae (apfu)**

Si 6.57 6.58 6.75 6.32 6.37 6.36

Al iv 1.43 1.42 1.25 1.68 1.63 1.64

Al vi 0.22 0.29 0.19 0.29 0.63 0.57

Ti 0.02 0.03 0.03 0.03 0.03 0.03

Cr 0.00 0.00 0.00 0.00 0.00 0.00

Fe3+ 0.75 0.58 0.69 0.94 0.16 0.31

Fe2+ 2.23 2.48 2.15 2.32 3.21 3.07

Mn 0.17 0.19 0.22 0.16 0.19 0.20

Mg 1.61 1.44 1.72 1.26 0.78 0.82

Ca 1.88 1.85 1.86 1.86 1.98 1.93

Na 0.45 0.48 0.46 0.47 0.51 0.51

K 0.22 0.31 0.14 0.19 0.31 0.34

F 0.34 0.37 0.38 0.06 0.44 0.45

Cl 0.00 0.02 0.02 0.04 0.03 0.03

OH 1.66 1.61 1.60 1.90 1.53 1.52

Total 17.55 17.65 17.46 17.53 17.80 17.78

Mg/(Mg + Fe2+) 0.42 0.37 0.44 0.35 0.20 0.21

Fe3+/(Fe3++Alvi) 0.77 0.67 0.79 0.77 0.20 0.35

FeO* = total iron content

** Calculated based on 24 oxygen atoms per formula unit
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prograde stage such as King Island, Cantung and Pine Creek
scheelite skarns (Fig. 7 a, c).

Type II clinopyroxene in the vesuvianite-clinopyroxene
zone is similar to clinopyroxene from the Pine Creek scheelite
deposit, which characterizes a moderately reduced environ-
ment. The hedenbergite to johansenite proportion of early
and late clinopyroxene in the clinopyroxene-bearing zones
of the GS skarn show two clusters (Fig. 7b). In spite of the
narrow range of johansenite, type Ib diopside-rich
clinopyroxene and type II clinopyroxene show a negative cor-
relation between the hedenbergite and johansenite compo-
nents (Fig. 7b). Similar negative hedenbergite-johansenite
correlations are reported toward the granitic rocks, from the
Sargipali scheelite skarn in India (Chowdhury and Lentz
2011) and the Kozbudakhlar scheelite skarn in Turkey
(Orhan 2017). Type Ia hedenbergite-rich clinopyroxene shows
a constant correlation between the hedenbergite and
johansenite components. The comparison between consider-
ably magnesium-rich clinopyroxene (early) and slightly
manganese-rich clinopyroxene (late) indicate that the skarn-
forming fluid changed during the skarn evolution.

Mineral chemistry of vesuvianite

Chemical analyses of the GS vesuvianite are presented in
Table 3. In general, each single crystal of vesuvianite is almost
homogeneous, though there are insignificant compositional
variation between crystals. The optical and textural character-
istics of vesuvianite show a clear correspondence with chem-
ical oscillations. Late vesuvianite tends to have consistently
low magnesium concentrations (Fig. 8), in averaging around
0.08 wt% MgO. The manganese content is very low (0.37–
1.91 wt% MnO) with an average of 0.80 wt% MnO. The
fluorine content in vesuvianite is high (1.57–2.07 wt% F),
which is a common phenomenon in formation of vesuvianite
as a dominant calc-silicate mineral and is quite compatible
with other W-F-Sn skarns (Jahns 1944; Kwak and Askins
1981; Dobson 1982). The chlorine content is very low,
<0.08 wt%. Type I vesuvianite is present as relictic inclusion
in type II garnet, developed during the late prograde substage,
in the garnet-vesuvianite-clinopyroxene zone. Type II vesuvi-
anite occurs as poikiloblastic crystals with relictic inclusion of
clinopyroxene in the early retrograde stage of vesuvianite-
clinopyroxene and garnet-vesuvianite-clinopyroxene zones.

Mineral chemistry of amphibole

EPMA data indicate that amphiboles of the GS skarn are calcic
(Table 4), falling sporadically into the hastingsitic and ferro-
edenitic hornblende fields (Leak 1978; Fig. 9a). The manganese
to Fe/Fe +Mg proportion of amphibole from the GS skarn dis-
plays a relatively negative correlation, which is similar to the GS
skarn clinopyroxene, and shows a systematic Mn enrichment

(Fig. 9b). Elevated F content in amphibole (0.12–0.92 wt%) as
well as in vesuvianite (1.57–2.07 wt%) is reflecting an enrich-
ment of F in the volatile phase during the scheelite-bearing hy-
drous skarn formation (Gaspar and Inverno 2000; Zaw andClark
1978; Newberry et al. 1997). These fluorine values are common
in W and Sn skarns and are similar to those reported in amphi-
boles from Riba de Alva (Gasper and Inverno 2000) and
Cantung E-zone skarns (Zaw and Clark 1978) (Fig. 9c). Low

Fig. 9 a) Plot of Mg/(Mg + Fe) against Si of amphibole classification
criteria of Leak (1978). I = ferro-edentic hornblende, II = magnesio-
hastingsitic hornblende, III = magnesian hastingsitic hornblende, IV =
hastingsitic hornblende; b) Mn versus Fe2+/(Fe2++Mg) of amphibole
from the GS skarn; c) F versus FeO diagram of amphibole from the GS
skarn, compared to those from the Cantung E zone (Zaw and Clark 1978);
Alaskan W skarns (Newberry et al. 1997); Riba de Alva scheelite skarn
(Gaspar and Inverno 2000); d) Compositions of epidote from the GS
skarn
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chlorine content (0.01–0.14) is similar to the other hydrous min-
erals of the GS skarn.

Mineral chemistry of epidote

Representative analyses of epidote from the various skarn
zones are given in Table 5. The pistacitic component (Ps =
Fe3+/(Fe3++AlVI) of the GS skarn zones is in the range of 0.21
to 0.30 (Table 5, Fig. 9d), and fits to the aluminum-enriched
clinozoisite subgroup with the mineral species of ‘epidote’
(Armbruster et al. 2006).

Mineral chemistry of scheelite

Chemical analyses of scheelite from the GS skarn are given in
Table 6. The calculated powellite content is very low (Pw%<
7%). and there is no chemical zoning in each single crystal of
scheelite. The paragenetic and textural relations between the

prograde anhydrous minerals indicate that this low-Mo schee-
lite formed during the prograde alteration. Low-Mo scheelite
is typical of scheelite formed during retrograde alteration
(Gaspar and Inverno 2000). Mo-rich scheelite formed during
prograde alteration in many oxidized tungsten skarns (Einaudi
et al. 1981; Kwak 1987; Newberry 1998).

Discussion

Conditions of the GS skarn formation

Petrological and textural studies of mineral assemblages in the
GS skarn show that skarn evolution occurred in four stages
(Fig. 4). Stage I and II mineral assemblages are dominated by
anhydrous minerals i.e. clinopyroxene and garnet with differ-
ent compositions, hydrous mineral (vesuvianite) and subordi-
nate amounts of sulfide mineral (pyrrhotite). Scheelite mostly

Table 5 Representative chemical
compositions and calculated
mineral formulae of epidote in
exoskarn zones

Sample no. Gh-
88

Gh-
88

Gh-
14

Gh-
190

Gh-
190

Gh-8 Gh-8 Gh-
271

Position 1a 1c 3a 1a 1d 2b 1a 1c

Oxides (wt%)

SiO2 37.96 38.08 37.79 37.91 38.08 38.37 38.59 37.80

TiO2 0.14 0.08 0.17 0.14 0.15 0.29 0.05 0.05

Al2O3 21.53 21.84 21.78 22.61 23.08 23.43 24.96 21.97

Cr2O3 0.00 0.06 0.02 0.00 0.00 0.00 0.00 0.00

FeO* 12.76 12.91 12.79 12.51 12.40 11.99 9.12 12.31

MnO 0.61 0.40 0.68 1.00 0.67 0.53 0.23 0.42

MgO 0.01 0.02 0.03 0.03 0.03 0.04 0.05 0.01

CaO 23.09 22.88 22.40 22.65 23.04 23.27 23.28 22.84

Na2O 0.00 0.02 0.02 0.00 0.00 0.01 0.16 0.01

K2O 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00

Total 96.10 96.28 95.67 96.84 97.45 97.92 96.44 95.40

Calculated mineral formulae (apfu)**

Si 3.05 3.05 3.05 3.02 3.01 3.02 3.05 3.05

Ti 0.01 0.00 0.01 0.01 0.01 0.02 0.00 0.00

Al 2.04 2.06 2.07 2.12 2.15 2.17 2.32 2.09

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe3+ 0.86 0.86 0.86 0.83 0.82 0.79 0.60 0.83

Mn 0.04 0.03 0.05 0.07 0.05 0.04 0.02 0.03

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Ca 1.99 1.96 1.93 1.93 1.95 1.96 1.97 1.98

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 7.99 7.98 7.98 7.99 7.99 7.99 8.00 7.98

Al/(Al + Fe3++
Cr)

0.70 0.70 0.71 0.72 0.72 0.73 0.79 0.72

Fe3+/(Al + Fe3+) 0.30 0.30 0.29 0.28 0.28 0.27 0.21 0.28

FeO* = total iron content

** Calculated based on 12.5 oxygen atoms per formula unit
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Table 6 Representative chemical
compositions and calculated
mineral formulae of scheelite in
exoskarn zones

Zone Clinopyroxene-vesuvianite zone Garnet-vesuvianite-clinopyroxene zone

Sample no. Gh-8 Gh-8 Gh-190 Gh-271 Gh-271 Gh-244

Position 1a 2d 3a 1a 4b 1a

Oxides (wt%)

WO3 79.46 78.24 80.01 78.96 79.01 79.32

CaO 19.47 19.83 20.03 19.96 19.49 19.39

Fe2O3 0.03 0.05 0.01 0.03 0.04 0.03

MoO3 1.02 0.98 1.05 1.01 0.99 0.97

MgO 0.00 0.00 0.00 0.00 0.00 0.00

PbO 0.00 0.00 0.00 0.00 0.00 0.00

total 99.98 99.1 99.53 99.96 99.53 99.71

Calculated mineral formulae (apfu)*

W 0.98 0.97 0.98 0.97 0.98 0.98

Ca 0.99 1.02 1.01 1.02 1.00 0.99

Fe 0.00 0.00 0.00 0.00 0.00 0.00

Mo 0.06 0.06 0.06 0.06 0.06 0.06

Mg 0.00 0.00 0.00 0.00 0.00 0.00

Pb 0.00 0.00 0.00 0.00 0.00 0.00

total 2.04 2.05 2.05 2.05 2.04 2.03

Mo/(Mo +W) 5.8 5.7 6.0 5.8 5.7 5.6

* Calculated based on 4 oxygen atoms per formula unit

Fig. 10 Temperature-XCO2

diagram in pfluid = 2 kb showing
the general environment of skarn
evolution at the GS skarn (from
endoskarn to exoskarn indicated
by dotted area). The numbers on
reaction (2) indicate mole %
pistacite in epidote, whereas those
for reactions (1) and (4) indicate
mole% of grossular in grandite
garnets. gr100 is pure Ca-Al garnet
(grossular) gr20–80 are andradite-
grossular solid solution.
Reactions from Newton (1966);
Gordon and Greenwood (1971);
Sweeney (1980). XCO2 = CO2/
(CO2 + H2O). Abbreviations:
Grt = garnet, Ves = vesuvianite,
An = anorthite, Qz = quartz,
Wo =wolastonite, Cal = calcite,
Di = diopside, Zo = zoisite, Chl =
chlorite
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occurs in stage I and II together with clinopyroxene and gar-
net. Abundance of scheelite slightly increases with vesuvian-
ite development (Fig. 4). The stage III mineral assemblage is
dominated by hydrous minerals i.e. vesuvianite, amphibole,
epidote overprinting garnet and clinopyroxene. Additionally,
pyrrhotite, pyrite and chalcopyrite as rare minerals developed
only during stage III. The stage IV mineral assemblage con-
sists of quartz and calcite typically in veins and veinlets cross-
cutting stage III and earlier mineral assemblages.

The early prograde skarn stage with anhydrous minerals,
such as garnet and clinopyroxene, suggests a high temperature
magmatic fluid origin (Kwak 1986; Meinert et al. 2003).
Grossular-rich garnet (type I) composition together with pri-
mary euhedral quartz crystals, minor anorthite and the absence
of wollastonite in the endoskarn mineral assemblages indicate
the upper temperature limit of the skarn formation (T =
630 °C, 2 kbar) based on the reaction Gr + Qz = An+2Wo
(Fig. 10, reaction 1). The calculated equilibration temperatures
using the garnet-clinopyroxene Fe2+-Mg geothermometer of
Ravna (2000) showed that the anhydrous mineral assemblage
(stage I) formed between 530 °C to 620 °C at 2 kbar (Sheikhi
et al. 2012). Grossular-bearing assemblages are indicative of
low concentration of CO2 during metamorphism (Le
Anderson 1981; Deer et al. 1992), and the early anhydrous
assemblages have fluid XCO2 < 0.4. Shifts of the invariant
intersection of the reactions Gr + Qz = An+2Wo and Gr +
2CO2 = An+2Cc + Qz (Fig. 10, reactions 1 and 4) are a func-
tion of the grossular component in garnet. These curves indi-
cate that endoskarn formed at a temperature of <630 °C and
XCO2 < 0.4. Abundance of F-bearing minerals such as vesu-
vianite, instead of clinopyroxene, absence of wollastonite in
the early prograde stage and also the mineral chemistry of
hydrous minerals (Tables 3 and 4) suggest the presence of a

F-rich fluid phase. The abundance of F in the hydrothermal
system stabilizes vesuvianite even at higher CO2 conditions
(Dobson 1982), although, the absence of wollastonite and the
occurrence of vesuvianite in the mineral assemblage are gen-
erally considered to be indicative of low XCO2 conditions
(Hochella et al. 1982). With time and due to temperature de-
crease, the lower temperature limit as well as the minimum
XCO2 of the prograde skarn assemblage is constrained based
on epidote absence, which indicates a minimum temperature
of ≈450 °C and a fluid composition of XCO2 < 0.1.

Stability fields of dominant calcsilicate minerals in the GS
skarn are a function of oxygen fugacity (fO2), temperature
(Fig. 11) and CO2/(CO2 + H2O) ratio or XCO2 (Fig. 10).
The (Fe,Mn)–Mg interdiffusion coefficient is strongly fO2-
sensitive (Dimanov and Wiedenbeck 2006). More oxidizing
conditions would favor the formation of andradite and diop-
sidic clinopyroxene relative to hedenbergite (Gamble 1982;
Gustafson 1974). Furthermore, grossular-rich garnet (Grs60–
70) requires lower fO2 compare with andradite-rich (Grs65–47
And25–41) equivalents (Einaudi and Burt 1982) .
Clinopyroxene enrichment sequence of Mg–Fe–Mn is due
to fluid depletion and temperature decrease (Capitani and
Mellini 2000; Meinert 1987). The rarity of magnetite with
garnet-quartz-hedenbergite-rich clinopyroxene suggests pro-
grade skarn formation along a T- fO2 path according to the
reaction 9CaFeSi2O6 (Hd) + 2O2 = 3Ca3Fe2Si3O12 (And) +
9SiO2 (Qtz) + Fe3O4 (Mt) (Fig. 11, reaction 7 from Burton
et al. 1982).

Formation of subcalcic garnet comparative to grandite gar-
net, indicates reducing conditions and more depth, which is
compatible with field evidence and mineral chemistry data,
i.e. as iron speciation of garnet changes with increasing dis-
tance from the intrusion, from ferric to ferrous garnet.

Fig. 11 Temperature-oxygen
fugacity (fo2) diagram at 2 kb
showing the environment of the
GS skarn formation (gray area),
modified from Liou (1974).
Reactions are from Greenwood
(1967); Gordon and Greenwood
(1971); Gustafson (1974).
Abbreviations: Adr = andradite;
An = anorthite; Hd =
hedenbergite; Hem = hematite;
Mag =magnetite; Ccp =
chalcopyrite; Py = pyrite Po =
pyrrhotite; Cal = calcite; Qz =
quartz; Wo =wolastonite;
NNO=Ni-NiO buffer; FMQ=
Fayalite-Magnetite-Quartz buffer;
PPM = pyrrhotite-pyrite-
magnetite buffer; MH =
magnetite-hematite buffer
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Garnet with a significant almandine component (alm25–35)
forms only at an oxidation state along or below the Ni-NiO
buffer. The increasing trend of aFe and Fe2+–Mn2+ replace-
ment in the grossularite garnet during the garnet precipitation
is associated with a decrease in oxygen fugacity. The decrease
in oxygen fugacity triggers scheelite deposition (Shimazaki
1977) causing an increase in the scheelite quantity in the late
prograde stage. In addition, absence of graphite in the pro-
grade skarn (exoskarn) assemblages provides a lower limit
of oxygen fugacity, thus the GS skarn formed at temperatures
between 580 to 400 °C and log fO2 = −18 to −28 (Fig. 11).

Geochemical evolution of the GS skarn

The GS skarn mineral assemblages are dominated by Ca-Al-
Mg rich and Fe3+ poor minerals, though the Fe content of
minerals increased during skarn evolution similar as reported
in many other skarns (e.g. Pine Creek, Newberry 1982;
Costabonne, Lummen and Verkaeren 1986). In the GS skarn,
there is a Fe enrichment in skarn minerals with increasing
proximity to the intrusion, suggesting that Fe, in addition to
other components (Al, Si), was introduced into the skarn from
the intrusive body.

The elemental composition trend of clinopyroxene in the
GS skarn shows that type Ib clinopyroxene (the marginal
zone) has the highest johannsenite amount, which is not com-
patible with typical Mn enrichment trends in the fluid phase. It
seems that the wall rock composition (dolomitic marble) cre-
ated an unusual increase of johannsenite. Type Ib and II
clinopyroxene displays hedenbergite-johannsenite negative
correlations, and an increase in hedenbergite with decreasing
distance from the intrusive body. In general, the Mg:Fe:Mn
proportions in the clinopyroxene of the skarn zones which
reflects the local variations in wall rock-fluid and this is a
common process during the prograde stage of scheelite-
bearing skarn compatible with the fluctuation model of
Nakano (1989, 1991). The Fe/Mg ratios of clinopyroxene re-
flect mostly the concentration of the components in the fluid
phase rather than its oxidation state. The decrease of the Fe/
Mg ratio in clinopyroxene with distance from hydrothermal
conduits reflects increasing dolomitic component in the wall
rock.

Garnet geochemical composition of the GS skarn indicates
lowMgO (<0.5) and variableMn-Fe2+ and Fe3+ contents. The
Fe2+/Fe3+ ratio of garnets decreases with the increasing dis-
tance from the intrusion front, which is compatible with their
Fe/Mn ratios. Type I and II garnet data show a decreasing
trend in the Fe-Mn contents with distance from the intrusive
body as Fe and Mn are supplied by hydrothermal fluid rather
than by local dolomitic rocks (Chowdhury and Lentz 2011).
The Fe/Mn ratio of GS garnet reflects depletion ofMn in fluid,
as it precipitated Fe-rich and Mn-poor garnets near the intru-
sive front. The GS garnet compositions are not a simpleT
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function of distance from the intrusive body, but reflect rather
the latest paths of fluid flow controlled by the host rock
(Newberry 1983). Calcium activity decreases and iron-
manganese activity increases towards the intrusion front caus-
ing subcalcic garnet and quartz precipitation. Distribution of
scheelite in different garnet-bearing zones of the GS skarn
shows that scheelite is soluble in the fluid where calcium
activity is low. An increase in calcium activity close to the
marble front triggered scheelite deposition. Therefore,
subcalcic garnet and quartz assemblages can be used as hy-
drothermal fluid path and development of scheelite-bearing
zone.

Textural evidence and mineral assemblages indicate that no
tungsten minerals occurred during the early magnesian skarn
and minor scheelite is mostly associated with iron-rich min-
erals (e.g. type Ia, II clinopyroxenes, type I, IIb garnets)
formed during the late prograde phase similar to the King
Island (Kwak and Tan 1981) and Southern Cordillera
scheelite-bearing skarns (Newberry and Einaudi 1981)
(Table 8).

Formation of highly pure scheelite in the GS skarn is
due to reduced conditions as well as Mo-poor hydrother-
mal fluids. Generally, Mo-poor W-F skarns develop in
association with peraluminous granites (Newberry et al.
1997; Newberry 1998). In addition, all those granitoids
are highly fractionated, have high Rb/Sr ratios (Table 7)
with water released relatively late in the crystallization
history (Newberry and Swanson 1986; Meinert 1993),
and are coarse-grained, have low W contents, lack hydro-
thermal alteration, and are commonly associated with peg-
matite dikes (Meinert et al. 1980; Newberry and Einaudi
1981, Newberry and Swanson 1986, Newberry et al.
1997, Newberry 1998, Gaspar and Inverno 2000).

Conclusions

The GS sheelite-bearing skarn developed at the contact of
impure Lower Jurassic dolomitic and the Middle Jurassic
Ghorveh granite during prograde and retrograde stages.
The mineral assemblage and compositions of individual
mineral species are affected by many factors including;
magma-wall rock compositions, nature of derived mag-
matic hydrothermal fluids (especially F content), depth
and temperature.

Elemental variation trend in the GS skarn clinopyroxene
suggests that it has experienced local variations in
Mg:Mn:Fe proportions due to changes in the pristine do-
lomitic host rock composition. The high johannsenite con-
tent in type Ib clinopyroxene indicates a local high Mn
content in dolomitic host rock.

The high garnet/clinopyroxene abundance ratio implies the
dominance of oxidizing condition, while presence of an F-rich

volatile phase affects the zoning patterns and mineral abun-
dances in the GS skarn. It is due to increase in Al solubility of
the hydrothermal fluid and increase in vesuvianite abundance
instead of clinopyroxene, resulting to high garnet/
clinopyroxene ratios in the GS skarn. Also, the F-rich volatile
phase acts as a catalyzer in scheelite deposition, which is not
associated with the marble front or quartz veins, yet it is most-
ly related to the vesuvianite occurrence. Presence of a high
grossular component in garnet, Mo-poor scheelite,
hedenbergite- and diopside-rich clinopyroxene, pyrrhotite as
the dominant sulfide mineral with later subcalcic garnets
developement in the GS skarn, strongly resemble to moder-
ately reduced scheelite-bearing skarns. Clinopyroxene and
garnet co-occurrence and lack of replacement textures be-
tween them, indicate that prograde stage in the GS skarn
formed at temperature range of 580 °C and 400 °C and
logfO2 = −18 to −28.
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