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(EPMA), the crystallographic characteristics, crystal chemistry and thermodynamic
conditions of ilvaite have been investigated in the formation of skarn deposits. The
Gholamabad iron skarn deposit (1.3 Mt with an average grade of 37.2% FeOQ) is
located 30 km SW of Dehgolan, North Sanandaj-Sirjan Zone (N-SaSZ). Skarn
formation has occurred in this deposit at the contact of alkali granite porphyry (Upper
Jurassic) and tuffaceous siltstone sequence (Triassic-Jurassic), which was
accompanied by progressive alteration of brown andradite-hedenbergite near the
intrusive body and retrograde alteration of epidote-actinolite-calcite in the vicinity of
volcanic rocks. llvaite with empirical formula,
Cag.goFe?*1.83Fe3%0.08Al0.04MnN0.04MQ0.02Si2.140s(OH), formed from the reaction of
andradite, magnetite, and quartz minerals during retrograde alteration stage
(temperature 400 to 470 °C and AlogfO,(HM) between -4.2 and -4.0). Then, in the
final stage of retrograde alteration, with increasing Xcoz activity (0.05 to 0.005) and
decreasing oxygen content (AlogfO(HM) < -4.5), ilvaite has been decomposed to the
magnetite, calcite, and ferroactinolite assemblage at temperature 270 to 350 °C.
According to the results of EPMA, the high ratio of Fe?*/ Fe3* (avg.= 1.90) and low
content of Mn?* (<0.05 assumed six cation sum) in the ilvaite of Gholamabad deposit
indicates that it belongs to Fe skarn deposits, which is different from other skarn
systems. In general, although ilvaite is a trace mineral in most skarn systems, the
results of this approach show that the composition and thermodynamics of ilvaite can
be used to distinguish different types of skarn deposits and the evolution of
geochemical-skarnification processes.

[ DOI: 10.22034/KJES.2023.9.1.101355 ]

Introduction
llvaite—a mixed-valence calcium and iron

silicate  with a  general  formula
CaFe,*"Fe* (Si07)O(0OH) has previously
been described as a retrograde mineral in

several Zn-Pb and Fe skarn deposits as well as
in one Sn-W-F (Be) skarn (Einaudi et al.,
1981; Franchini et al., 2002). Trace element
composition of ilvaite is sensitive to
physicochemical parameters of magmas such
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as temperature, oxygen fugacity, water
content, and melt composition, and can
therefore be a robust tool in petrogenetic and
metallogenic  studies of skarn systems
(Meinert, 1987; 1992). The Mn-rich species
occur exclusively in marble hosted distal Zn-
(Pb) skarn deposits, whereas the Fe-rich
species occur in Fe, Au, Sn and W skarn
deposits (Pesquera and Velasco, 1986; Miao et
al., 2019; Wang et al., 2023). The Gholamabad
iron skarn deposit (1.3 Mt with an average
grade of 37.2% FeO) is located 30 km SW of
Dehgolan, North Sanandaj-Sirjan Zone (N-
SaSz).

This study documents the occurrence of
ilvaite from the Gholamabad Fe skarn deposit,
and elucidates the physicochemical conditions
of its formation and evolution. In this
contribution, by using microscopic evidence,
X-ray diffraction (XRD) and electron
microprobe analysis (EPMA), the
crystallographic ~ characteristics,  crystal
chemistry and thermodynamic conditions of
ilvaite have been investigated in the formation
of skarn deposits.

Materials and Methods

About 35 samples were collected from
different areas and subjected to petrographic
studies. Mineralogical studies of ilvaite were
first performed by ZEISS Axioplan 2
transmission-reflection  light  microscope.
Then, to ensure the presence of this mineral,
three samples were analyzed by X-ray
diffraction (XRD) and CuKos primary beam
(A=1.54059 A), 40 kV power and 35 mA
current in the Salamanca (Spain). In order to
identify the chemical composition and textural
characteristics, about 20 points of the ilvaite
mineral were subjected to electron
microanalysis (EPMA) along  with
backscattered electron images (BSE) at the
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Novosibirsk Institute of Geology and
Mineralogy (Russia). This analysis was
performed by Cameca SX100 -electron
microscope technology with a current of 34
nA, an accelerating voltage of 20 kV, an
electron beam diameter of of 5 microns, and a
counting time of 20 seconds.
Results and Discussion

Local geological findings revealed that the
Gholamabad iron deposit consists of three
main rock units: (1) limestone sequence with
volcanic interlayers known as tuffaceous
siltstone (Triassic-Jurassic), (2) leucogranite
mass (Upper Jurassic), and (3) magnetite
layers with calc-silicate skarn (Sartipi, 2005).
Granitoids of the area known as the
Bolbanabad granite consist of alkaline
leucogranites with pink color and porphyry-
granular texture along with limited outcrops of
mafic rocks (Azizi et al., 2011; Yajam and
Ghalamghash, 2019). The alkali granite and
syenogranite porphyry consist of quartz,
granophyric orthoclase and plagioclase with
rare minerals zircon, titanite, magnetite, and
ilmenite. Skarn formation has occurred in this
deposit at the contact of alkali granite
porphyry (Upper Jurassic) and tuffaceous
siltstone sequence (Triassic-Jurassic), which
was accompanied by progressive alteration of
brown andradite-hedenbergite near the
intrusive body and retrograde alteration of
epidote-actinolite-calcite in the vicinity of
volcanic rocks. llvaite with empirical formula,
Cao.goFe? 188Fe% 0.98Al0.04MnN0 04Mgo.02Si2.1408(
OH), formed from the reaction of andradite,
magnetite, and quartz minerals during the
retrograde alteration stage (temperature 400 to
470 °C and AlogfO,(HM) between -4.2 and -
4.0).
Conclusions
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Although ilvaite is a relatively rare mineral,
its complex formula and its compositional
variability make it a potentially valuable
indicator of the geochemical environment of
skarn systems. This contribution revealed that
there are systematic variations in ilvaite
composition among skarn affinities. Ilvaite
from the Gholamabad Fe skarn is similar in
composition to ilvaite from Au skarns and
suggests similar conditions of formation for
both skarn types. The high content of FeO
(avg.= 52.51 wt%) and high Fe*?/Fe*? ratio
(avg.= 1.90) in the composition of the
Gholamabad ilvaite implies high Fe activity
and low fO,, which is similar to associated
intrusive rocks. Ilvaite from Fe and Au skarns
also contains more Fe and less Mn than ilvaite
from Zn-Pb skarns, which probably formed
under higher fO, conditions. The higher
amounts of Al,Oz and TiO,, as well as the
presence of F and Sn, clearly distinguish
ilvaite from the Sn skarn from other skarn
systems.
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Fig. 2. Field images from different parts of the Gholamabad Fe deposit. a) A view of the main working pit of
the mine (view to south). b) Tuffaceous siltstone unit. ¢) Upper Jurassic leucogranite. d) Fe-oxide ore bands in

calc-silicate skarn.
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Fig. 3. Field and photomicrographs from skarnification in the Gholamabad Fe deposit. a) zoning of leucogranite
body, hornfels, calc-silicate skarn, and tuffaceous siltstone (view to NE). b) contact point of Fe-oxide ore with
tuffaceous siltstone unit (view to north). ¢) retrograde alteration with hedenbergite, andradite, and quartz
assemblage. d) prograde alteration with actinolite, magnetite, epidote, and ilvaite assemblage. €) open-space
filling texture of pyrrhotite and marcasite within andradite. f) disseminated texture of magnetite. g) vein-veinlets
texture of magnetite. h) late carbonate veins within tuffaceous siltstone. Abbreviations from Warr (2021) (Adr:
andradite, Qz: quartz, Hd: hedenbergite, Act: actinolite, Ep: epidote, Mag: magnetite, llv: ilvaite, Cal: calcite,
Mrc: marcasite, Pyh: pyrrhotite).
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Fig. 4. Various images from ilvaite mineralogy in the Gholamabad Fe deposit (except image a). a) ilvaite with
orthorhombic crystals with black gummy polish (adopted from mindat.org). b) photomicrograph of ilvaite
phenocryst within pyrrhotite. c¢) photomicrograph of ilvaite, hedenbergite, and pyrrhotite minerals. d)
photomicrograph of prismatic ilvaite accompanied with hedenbergite-actinolite and calcite. €) BSE image of
magnetite inclusions within ilvaite. f) BSE image of the prismatic ilvaite crystal in which fractures are enclosed
by the pyrrhotite and marcasite minerals. Abbreviations from Warr (2021) (Hd: hedenbergite, Act: actinolite,
Mag: magnetite, llv: ilvaite, Cal: calcite, Mrc: marcasite, Pyh: pyrrhotite).
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Fig. 5. XRD diffractograms from retrograde alteration with ilvaite and other minerals.
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Table 1. Electron microprobe analysis of ilvaite from the retrograde alteration in Gholamabad deposit.
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Pt-01 Pt-02 Pt-03 Pt-04 Pt-05 Pt-06 Pt-07 Pt-08 Pt-09 Pt-10 Pt-11 Pt-12 Pt-13 Pt-14 Pt-15 Pt-16 Pt-17 Pt-18 Pt-19 Pt-20
Weight percent (wt%)
SiO2 29.84 30.06 29.57 29.74 30.19 29.14 29.07 29.76 29.87 29.22 28.65 28.72 29.46 29.45 29.57 28.88 28.81 295 29.63 29.5
TiO2 BDL BDL BDL BDL 0.03 0.02 0.02 0.02 002 BDL 002 BDL 0.03 BDL BDL 0.03 0.02 BDL BDL 0.02
Al203 164 138 07 072 089 022 087 041 025 043 035 045 065 038 076 032 045 035 0.23 0.26
'FeO 51.05 51.11 52.1 52.01 52.18 52.45 51.85 53.07 52.48 52.66 51.62 52.47 53.34 53.31 52.84 51.68 52.41 52.64 53.71 53.34
MnO 0.83 067 0.74 061 057 056 057 0.62 148 057 148 132 0.74 067 136 133 032 054 037 0.26
MgO 0.11 004 0.03 0.04 012 011 013 021 023 014 016 014 023 027 011 012 0.09 0.08 0.12 0.13
CaOo 1411 14.03 13.89 14.01 14.13 13.88 13.98 13.89 14.17 13.98 13.52 13.43 13.72 14.32 14.12 13.73 13.77 13.95 141 14.06
Total 97.58 97.29 97.03 97.13 98.11 96.38 96.49 97.98 98.50 97.00 95.80 96.53 98.17 98.40 98.76 96.09 95.87 97.06 98.16 97.57
Cations based on 9 oxygens
Si 226 224 224 198 218 187 189 183 206 195 194 207 208 236 224 217 261 243 23 217
Ti 0 0 0 0 0.001 0.001 0.001 0.001 0.001 0 0.001 0 0.001 0 0 0.001 0.001 O 0 0.001
Al 012 01 0.05 0.05 0.06 002 006 0.03 0.02 003 003 003 0.04 0.03 005 002 0.03 0.02 0.02 0.02
Fe?* 165 175 182 191 179 212 213 221 187 19 204 18 198 178 188 196 167 175 178 177
2Fedt 1.02 098 095 113 103 105 0.97 099 106 112 101 108 0.98 0.87 085 087 0.76 086 097 1.12
Mn 0.04 0.03 0.04 0.03 0.03 0.03 003 003 0.07 0.03 0.08 0.07 004 003 0.07 0.07 0.02 0.03 002 0.01
Mg 001 0 0 0 0.01 0.01 0.01 0.02 002 001 001 0.01 0.02 0.02 001 001 0.01 0.01 0.01 0.01
Ca 090 090 090 090 090 090 091 0.89 090 090 089 083 0.86 091 090 090 0.90 0.90 0.90 0.90
Total cations 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Fe?*/Fe%* 162 179 192 169 174 202 220 223 176 175 202 172 202 205 221 225 220 203 184 158
FeOyFeOt+MnO 098 0.99 0.99 099 099 099 099 099 097 099 097 098 099 0.99 097 097 099 099 0.9 1.00

BDL.: below detection limit; NA: not analysed.

1 Alliron as FeO

2 Calculated from structural formula based on Droop et al. (1987).
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Fig. 8. Temperatures—logfO, diagram for the Ca-Fe-Si-O-H-C system (Berman, 1988). The diagram is
constructed for unit activity of mineral phases for ilvaite (0.7), ferro-actinolite (0.8), and andradite (0.7). The
line for the reaction in which CO; is a reactant is drawn for three values of Xcoz. The outer top x-axis shows
the values of oxygen fugacity in the hematite-magnetite (HM) buffer; the fO. scale on the y-axis is hormalized
oxygen (AlogfO,) with respect to the HM buffer (Martin and Delgado, 2010). Reactions involving ilvaite are
shown in bold; dotted red lines correspond to the indicated mineral buffers (QFM: quartz-fayalite-magnetite;
NNO: nickel-nickel oxide). The blue arrow indicates the postulated trajectory of fO, during Gholamabad skarn
development. An empirical pressure of Pf=Ps=50 MPa is assumed for the thermodynamic model, which is
paralleled with that of most skarn systems.
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