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1. Introduction

ABSTRACT

Astmal deposit is located in the northwest of Iran and is structurally located in the Arasbaran
Magmatic zone. Skarn mineralization related to the Eocene-Oligocene granodiorite rocks which have
been permeated to the Upper Cretaceous rocks. Mineralization has formed in the exoskarn zone, and
the metasomatic process has started immediately after the penetration of the granodiorite into the
limestone. Significant amounts of Si, Mg, and Fe elements lead to the development of anhydrous
calc-silicate minerals with medium to coarse grains, and also significant amounts of Cu, Fe elements
along with volatile substances such as CO,, H,S are added to the skarn system. As a result, hydrated
calcsilicates (epidote, tremolite, and actinolite), sulfides (pyrite and chalcopyrite), oxides (magnetite
and hematite) and carbonates (calcite) have been replaced anhydrous calcsilicates. The results of *S
isotope analysis on pyrite and chalcopyrite ores are in the range of -1.8 to +6.1 %o, which indicates the
magmatic source of sulfide. Also, the results of 80 and 8D isotope data on magnetite, sericite and
epidote minerals, which are in the range of -56 to -73 %o for hydrogen and -0.5 to +6.8 %o for oxygen,

indicate a mixture of magmatic fluids associated to the small amounts of meteoric fluids.

The Astmal sulfide-bearing calcic skarn located to the northern
part of Siahroud sheet, and NW Iran, is formed into impure
limestones. The present contribution focuses principally
on skarn fluid sources with studying on stable isotopes in
metasomatic alteration and mineralization during prograde
and retrograde stages of skarn forming processes. Several

studies have examined the deposit in the past decade, and

most authors believed Astmal is a typical skarn-type deposit
based on geo-chronological, isotopic, and mineralogical
studies that mainly focused on the Arasbaran magmatic belt.
Alteration took place in three progressive, intermediate and
regressive stages, and magnetite entered the skarn complex
at the end of the first stage and copper sulfide in the middle

stage. The prograde-stage skarn, consisting dominantly of
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garnet, pyroxene, is associated in time and space with the
granitic intrusive rocks. The petrography, major, and trace
element compositions have been contributed in this research.
However, due to a lack of systematic stable isotope studies,
it is actually rarely known in regarding to the origin and
evolution of ore-forming fluids. The main focus of the paper
is placed on the source and evolution of the fluids in the
Astmal Cu skarn deposit. This is obtained through newly
acquired oxygen, hydrogen and sulfur isotope analyses of
quartz, garnet, epidote, chlorite, and sulfur isotopes on

sulfide minerals.

2. Research Methodology

Field work included geological studies, delineating
approximately the skarn and marble contact, and sampling
along exoskarn zone from the Qaradagh granitoid rock to the
Cretaceous Limestones. Nine oxygen, hydrogen and sulfur
bearing samples (Magnetite, epidote, sericite, and pyrite
and chalcopyrite minerals) have been selected and sent for
Queen University laboratory for stable isotope analyses. Five

samples are studied for fluid inclusion in Karaj Laboratory.

3. Results

In order to determine of the sulfur source in the Astmal area,
5 sulphide minerals including 3 chalcopyrite and 2 pyrite
related to the middle stage were collected and analyzed. The
results of sulfur isotope analysis of pyrite are in the range
of -1.8 to +1.6 %o and for chalcopyrite mineral in the range
of +0.6 to +4.4 %o. Considering the values of 3*S in ores
are not completely in equilibrium with the fluid, the analysis
values of sulfur in each sample have been calculated in
the condition of equilibrium with the constituent fluid.
Since these minerals are formed in the middle stage of
skarn and the thermal range in this stage is 400 to 500
°C; therefore, liquid sulfur values were calculated in this
range. The values of A34SH2S of chalcopyrite mineral
for temperatures of 400 to 500 °C are between 0.5 to 4.3
%o and for pyrite mineral in the range of 5.4 to 2.7 %o.
(Liand Liu, 2006; Ohmoto and Rye, 1971). The 6*S values of
sulfides derived from mantle vary in the range of -7 to +7 %o
(Ohmoto, 1986; Hoefs, 2005), considering that the 834S
values of pyrite and chalcopyrite in the Astmal samples range
from -1.8 to +1.6 %o. On the basis of the isotopic results, the
origin of sulfur can be attributed to the magmatic origin.

Four samples of oxygen isotope analysis were performed

on magnetite, sericite and epidote minerals. The results of
these analyzes are reported based on the average ocean water
standard. The values of oxygen 8'%0 for magnetite mineral is
-0.5%o, epidote is +1.5%o, and for sericite mineral is +3.4 and
+6.8 %o. The 3'30 values of oxygen derived from the mantle
vary from -4 to +14 %o (Ohmoto, 1986; Hoefs, 2005), since
the 60 values of magnetite, epidote and sericite Astmal
range occur from -0.5 to +6.8 %o, the origin of oxygen can
be attributed to the magmatic origin. The values of oxygen
analysis in each sample are calculated in the condition of
equilibrium with the forming fluid, and because these
minerals are formed in the middle and receding stage of
skarn, the calculated temperature for magnetite is 400 and
for epidote is 300 °C. The values of A™OH,O for the mineral
epidote are 4.3 %o and magnetite 7.7%o. These values were
calculated according to the 3'*0 isotopic separation factor of
Zheng, 1993 and Cole et al., 2004. The results of 6D analysis
for epidote and sericite minerals are in the range of -56 to
=73 %o.

4. Discussion

Field observations and mineralogical studies, the structure
and texture of minerals show that Astmal mineralization was
formed by the injection of Oligocene granodiorite intrusive
into the Upper Cretaceous volcanic-sedimentary rocks. These
intrusive rocks are type I and ACG granodiorites and belong
to active continental margins (Baghban-Asgharinejhad, 2012).
Simultaneously with the placement of this mass, a large volume
of solution entered the host rock and caused metasomatism,
alteration and mineralization of skarn-calcic type. Alteration
took place in three progressive, intermediate and regressive
stages, and magnetite entered the skarn complex at the end
of the first stage and copper sulfide in the middle stage. With
the beginning of the emplacement of the intrusive mass at a
temperature of about 600 °C, the progressive metasomatic
alteration began and significant amounts of Fe, Mg and Si
elements entered the system and the exoskarn zone was
formed. The formation of wollastonite and cordierite minerals
in marble and hornfels indicates a temperature of about
550 °C for the progressive metasomatic stage. In the middle
stage, when the temperature is around 450 °C, elements of
iron, copper, sulfur, etc. enter the system along with volatile
substances and form epidote, tremolite-actinolite, magnetite,
pyrite and chalcopyrite minerals. Sulfur (pyrite and

chalcopyrite) and oxygen (magnetite and epidote) isotope
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studies at this stage show that the mineral-forming fluid is
derived from magma. Acetamal isotopic values indicating
a magmatic origin are similar to known deposits in the
world (e.g., Meinert et al., 2005; Frikken and Cooke, 2005;
Cooke et al., 2011).

5. Conclusion
As observed minerals of the progressive stage and epidote

mineral in the middle stage of Astamal mineralization,

203

the oxygen isotope values are similar to the skarns of
different regions in the world. High amounts of oxygen
isotope in the middle stage in epidote can be caused by
digestion of crustal rocks by magma. The amounts of
hydrogen isotopes are limited and are related to hydrous
minerals of the middle and retrograde stage in the Astamal
skarn, so the analysis of minerals is limited to epidote
and sericite and they show changes of -56 to -73 %o,

which mainly indicate the origin of magmatic fluids.
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Figure 5. Microscopic images of the Astamal exoskarn; a) recrystallization of fine grain calcites; b) Garnet

aggregates; ¢) Diopside with carbonate and epidote minerals; d) Wollastonite sheets in associated to augite and

carbonate minerals; e) Cordierite crystals with carbonate and epidote minerals; f) Epidote minerals aggregate;

g) Tremolite crystals which altered to sericite and carbonate minerals; h) A veinlet that filled by chlorite and

carbonate minerals. (Cal=Calcite, Grt=Garnet, Di=Diopside, WO=Wollastonite, Aug=Augite, Crd=Cordierite,
Ep=Epidote, Tr=Tremolite, Chl=Chlorite), Abbreviations from (Whitney and Evans, 2010).
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Tablel. XRD (X-ray powder diffraction) analyses results on the samples from

the Astamal skarn.

Lab. Code Minerals
Ast 3-1 Q, Alb, Natrojar, Mus, Illi, Gyp
Ast 8 Andra, Mag, Cpyx
Ast 10 Plag, Andra, Cpyx
Ast 13 Chl, Amph, Act
Ast 3-2 Q, Cpyx, Bio, Hor
Ast 4 Q, NatroJar.
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Figure 6. Microscopic images of the ores in the Astamal; a) Magnetite is converting to the hematite; b) Fine grains of the pyrites; ¢) Coarse
grains of chalcopyrites in the fractures; d) Chalcopyrite is converting to covellites. (Mag=Magnetite, Py=Pyrite, Ccp=Chalcopyrite,
Cov= Covellite), Abbreviations from (Whitney and Evans, 2010).
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Table 2. Paragenesis of the silicates, oxides, carbonates and sulfides minerals in the Astamal skarn.

Minerals Prograde Stage . Middle Stage (Early retrograde) Late Stage (Late retrograde) Supergene

Garnet e e—— Y
Diopside P —
Wollastonite | &=
Cordierite o : :
Magnetite i —
Pyrite —

Chalcopyrite : Essssa——

Covellite P ]
Actinolite
Tremolite ' _—
Epidote : ——
Chlorite : :-'
Quartz : — : :
Calcite
Sericite : e
Hematite —_—
Malachite : : : —
Azurite i —_—]

Goethite P
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Figure 7. 8"0 and &*S variations for sulfur and oxygene (Hofez, 2005) in contrast to the Mazrach and Anjerd skarns in NW Iran (data from

Hassanpour and Rajabpour, 2019; 2023).
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Figure 8. "0 and 8D variations for hydrogene and oxygene (Taylor and ONeil, 1977) in contrast to the Anjerd skarn in NW Iran
(data from Hassanpour and Rajabpour, 2019).
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Table 3. 8D, 3'%0, §**S isotopic data from the Astamal skarn.

Sample No. Mineral Values of Values of $'*0 Values of 6D
84S(CDT) (VSMOW) (VSMOW)

AS1A Chalcopyrite 1.3

Al Chalcopyrite 0.6

A91 Chalcopyrite 4.4

A8 Pyrite 6.1

A41 Pyrite -1.8

A42 Epidote 5.1 -56
AS2A Sericite 6.8 -63

A3 Sericite 4.3 -73
A92 Magnetite -0.5
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Ad = Andradite
Ce = Calcite
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Figure 9. A LogfO,-T diagram shows skarn calk silicates steability (Einaudi, 1982), Astamal locations are

shown by black spots.
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Figure 10. A XCO,-T diagramin in 300 Mpas. pressure for Si-Al-Mg-Ca-C-O-H system (Perkins et al., 1986), Astamal locations

are shown by blackn spots.
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Figure 11. Log fS,- Log fO, diagrams, for andradite composition in 400-700-degree tempratures from (Einaudi, 1982;
Baghban-Asgharinejhad, 2012), Astamal locations are shown by black spots.
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