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Abstract

Background and Objective: The Lar Cu-Mo prospect is located in Sistan suture zone, southeast of Iran. In 
this study, the chemical composition of biotite is determined using electron probe micro-analyzer in shoshonitic 
igneous rocks. Shoshonitic rocks are syenitic to monzonitic in composition that can be divided into the granular 
and porphyroid groups. Methods: Studying biotites generally occurs as primary and secondary types. The primary 
biotites are large poikilitic phenocrysts associated with Fe-Ti oxides, giving the rocks a spotted texture. In addition, 
secondary biotites show varying size, color, and shape. All of the Lar analyzed biotites are Mg-and Ti-rich and 
F- and Cl-poor. Analyses of the Lar biotites suggested that crystallization took place at an average temperature of 
731°C and 640°C for primary and secondary samples, respectively. Results: Estimation of the oxygen fugacity, 
based on chemical composition and Fe3+ content of biotite, shows that the oxygen fugacity was limited in fayalite-
magnetite quartz to middle of HM buffers in quality and was about 10−12 to 10−14 bar in quantity for primary and 
secondary type, respectively. Halogen fugacity ratios in biotite show that the Lar porphyroid rocks (ore-bearing) 
are affected mainly by meteoric water than granular type (barren). Calculated halogen fugacity values for biotite in 
the Lar Cu-Mo prospect are consistent with many other porphyry copper-forming systems. Conclusion: The Lar 
Cu-Mo prospect was formed by the hydrothermal activity related to the syenitic to monzonitic porphyroid igneous 
rocks with shoshonitic nature which introduces the Lar igneous complex volcanic sequence. The hydrothermal 
alterations are limited and occurred as silicic, potassic, phyllic, propylitic, and argillic. Hypogene sulfide minerals 
mainly occur as disseminated and sulfidic and silicic veins and veinlets consisting of chalcopyrite, bornite, 
molybdenite, and minor pyrite. Biotite as main ferromagnesian mineral of host rocks occurs as primary in less 
altered rocks and secondary in the alteration areas.
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INTRODUCTION

The Lar Cu-Mo prospect is located at 20 km 
North of Zahedan, Southeastern part of Iran 
[Figure 1a]. The prospect is mainly a part 

of the Lar igneous complex (LIC). Although the 
LIC has been subject of several petrological and 
geochemical MSc thesis and projects,[1-5] we have 
few published information about the Lar Cu-Mo 
prospect[6-8] that is the most complete study about 
mineralization in the Lar Cu-Mo prospect. Based 
on Moradi (2016), the Lar Cu-Mo prospect is a 
porphyry type deposit regarding to size, grade, 
and the host rock and different regarding to 
alteration types, mineralization style, and fluid 
characteristics. The mineralization covers an area 
of 0.75 km2 and contains several million tonnes 
of mineralized rocks averaging 0.16% Cu and 
0.01% Mo.[9]

In this study, in addition to describing geological and 
mineralogical features of the Lar Cu-Mo prospect, we present 
new biotite electron probe micro-analyzer data due to the 
composition of biotite reflects the chemical characteristics 
of the rocks, associated hydrothermal fluids, and the 
physicochemical conditions of their formation.[10-13] With data 
obtained, the chemical composition of biotite and its halogen 
chemistry, temperature, and oxygen fugacity values were 
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calculated in the shoshonitic igneous rocks and alteration 
zones. All these helped constrain the physicochemical 
conditions of the Lar Cu-Mo prospect.

MATERIALS AND METHODS

One hundred samples were collected from the surface and 
drill holes. Standard thin-polished sections were made out 
of the samples. The samples were examined by polarized 
microscope for petrographic descriptions at the University 

of Sistan and Baluchestan, Zahedan, Iran. Ten and five thin-
polished sections were selected from less-altered igneous 
rocks (syenitic to monzonitic igneous rocks with granular and 
porphyritic textures, andesite, and tuff) and alteration areas 
(potassic, propylitic, and argillic), respectively, for electron 
microprobe analysis to determine the biotite composition.

In general, there are two types of biotites in the Lar Cu-Mo 
prospect, namely, primary and secondary biotites. They were 
then analyzed by the automated JEOL JXA-8600 superprobe 
of Yamagata University with accelerating voltage of 15 kV, 

Figure 1: (a) Geological maps of a main tectonostratigraphic units of Iran and location of the Sistan suture zone (SSZ),[14] 
(b) geological subdivisions of the SSZ consist of Neh-Ratuk accretionary prism and Sefidabeh forearc basin between blocks of 
Lut and Afghan[15] and location of the Lar Cu-Mo prospect, (c) the Lar Cu-Mo prospect[16]
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a beam current of 20 nA, a beam diameter of about 5 μm, 
detection limits of 0.05 wt. %, and maximum 40 s counting 
interval. The diameter of the focused electron beam is 
about 5 μm. Data were processed by an online computer 
using the oxide ZAF in the XM-86 PAC program of JEOL. 
Calibration standards for the mentioned minerals were 
apatite, wollastonite, albite, adularia, synthetic SiO2, TiO2, 
Al2O3, Fe2O3, MnO, MgO, CaF2, and NaCl. In each sample, 
several grains and points of biotite were analyzed according 
to textural relations, and an average of the analytical results 
was taken to represent the typical composition of the biotite 
in each sample. The chemical composition and formula 
calculation of biotite based on 22 atoms of oxygen are listed 
in Table 1.

The Lar Cu-Mo prospect is geologically located in the Sistan 
suture zone (SSZ) [Figures 1a and b]. The SSZ is known as 
remnants of an oceanic basin that extends as an N–S trending 
belt over more than 700 kilometers along the border area 
among Iran, Afghanistan, and Pakistan. Based on Camp and 
Griffis (1982)[7] the SSZ is characterized by the following 
features: (A) Ophiolites, (B) Flysch-type rocks, and (C) non-
ophiolitic igneous rocks that are different in age, composition, 
and genesis and can be divided according to their age and 
nature as follows:
1.	 Eocene calc-alkaline rocks of the accretionary prism that 

are known as indicators of subduction of the Lut block 
beneath the Afghan block.[17]

2.	 Early Oligocene Zahedan calc-alkaline I-, rare S, and 

Alterations Rocks
Syenite Syenite Quartz 

syenite
Monzonite Andesite Tuff Potassic Propylitic Argillic

Texture Porphyry Granular Porphyry Porphyry Porphyry Porphyry Porphyry Porphyry Porphyry

Number of samples 2 3 1 2 1 1 3 1 1

Number of points 6 9 8 9 9 7 71 21 15

Av. Av. Av. Av. Av. Av. Av. Av. Av.

SiO2 38.35 38.98 38.10 39.14 38.21 38.95 37.33 36.77 36.87

TiO2 3.55 3.59 3.68 3.44 3.33 3.23 2.13 1.73 2.12

Al2O3 15.16 14.65 15.15 14.66 15.00 15.39 14.50 14.46 14.40

FeO 16.41 16.03 16.87 16.18 17.27 16.05 15.84 16.67 15.78

MnO 0.20 0.26 0.25 0.28 0.24 0.24 0.19 0.28 0.25

MgO 15.10 15.20 14.80 15.01 14.65 15.58 14.15 13.78 14.55

CaO 0.03 0.04 0.04 0.09 0.03 0.04 0.12 0.17 0.32

Na2O 0.12 0.13 0.17 0.12 0.14 0.23 0.26 0.26 0.27

K2O 9.14 9.02 9.03 8.83 8.58 8.55 8.96 8.85 8.15

BaO 0.08 0.11 0.14 0.14 0.23 0.22 0.11 0.14 0.12

Cl 0.09 0.11 0.07 0.09 0.04 0.03 0.06 0.03 0.15

F 0.31 0.24 0.22 0.40 0.23 0.23 0.30 0.16 0.31

O=–Cl 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.03

O=–F 0.13 0.10 0.09 0.17 0.10 0.10 0.13 0.07 0.13

H2O 4.05 4.07 4.06 4.04 4.04 4.11 3.86 3.85 3.83

Total 102.44 102.31 102.48 102.23 101.89 102.75 97.67 97.08 96.96

Numbers of cations 
on the basis of 22 O

Si 5.56 5.64 5.54 5.66 5.58 5.60 5.68 5.66 5.63
IVAl 2.44 2.36 2.46 2.34 2.42 2.40 2.32 2.34 2.37

T site 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
VIAl 0.15 0.14 0.14 0.16 0.17 0.21 0.28 0.29 0.23

Ti 0.39 0.39 0.40 0.37 0.37 0.35 0.24 0.20 0.24

Fe 1.99 1.94 2.05 1.96 2.11 1.93 2.01 2.15 2.02

Table 1: Representative average chemical composition (wt. %) and structural formula of biotite in the Lar 
prospect

(Contd...)
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hybrid-type granitoids related to subduction and collision 
events in the area.[18-26]

3.	 Oligocene to middle Miocene alkaline and calc-alkaline 
igneous rocks from Zahedan to Nehbandan cities.[7]

4.	 Quaternary volcanic rocks like Mount Taftan related to the 
Makran active subduction of the Oman oceanic lithosphere 
under the Makran accretionary prism and the SSZ.[27]

The SSZ was divided into Neh-Ratuk accretionary prism and 
Sefidabeh forearc basin.[7] The LIC is located in the Sefidabeh 
forearc basin. It is a late Oligocene elliptical (8 by 5 km in plan 
view) igneous complex that is hosted by flysch-type rocks.

The Lar Cu-Mo prospect is located in the western and 
southwestern part of the LIC and consist of flysch-type rocks, 
igneous rocks, silicic veins, and silicic veinlets [Figure 1c]. 

Igneous rocks in the mineralized area are two types of 
extrusive and intrusive rocks that are shoshonitic in nature.[27] 
The extrusive rocks occur as lava and pyroclastic rocks and 
lay on the flysch-type rocks. The intrusive rocks occur as stock 
and dikes. The intrusive stocks are mainly pinkish-to-grayish 
porphyroid and granular syenite and monzonite. These rocks 
have been invaded by mineralized and non-mineralized silicic 
veins and veinlets and a few aplitic and micro-syenitic dikes. 
There are structurally at least two fault and fracture systems 
in the mineralized area with NW-SE and NE-SW trends. The 
NW-SE system is mainly associated with mineralization and 
has been cut by the younger NE-SW system.

The mineralized area has a different color from surrounded 
non-mineralized rocks due to hypogene and later supergene 
alterations [Figure 2a]. The volcanic rocks and hornfels, 

Alterations Rocks
Syenite Syenite Quartz 

syenite
Monzonite Andesite Tuff Potassic Propylitic Argillic

Mn 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.04 0.03

Mg 3.26 3.28 3.21 3.24 3.19 3.34 3.21 3.16 3.31

O site 5.81 5.78 5.83 5.76 5.86 5.86 5.77 5.84 5.84

Ca 0.00 0.01 0.01 0.01 0.00 0.01 0.02 0.03 0.05

Na 0.03 0.04 0.05 0.03 0.04 0.06 0.08 0.08 0.08

K 1.69 1.67 1.67 1.63 1.60 1.57 1.74 1.74 1.59

Ba 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

A site 1.73 1.71 1.73 1.68 1.64 1.64 1.83 1.84 1.72

Cl 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.02

F 0.07 0.05 0.05 0.09 0.05 0.05 0.07 0.04 0.07

OH 3.92 3.93 3.94 3.90 3.94 3.94 3.92 3.96 3.91

XMg 0.62 0.63 0.61 0.62 0.60 0.63 0.61 0.60 0.62

Xphl 0.57 0.57 0.56 0.57 0.55 0.59 0.59 0.56 0.63

Xsid 0.21 0.18 0.22 0.18 0.22 0.20 0.19 0.22 0.18

Xan 0.22 0.25 0.22 0.25 0.23 0.21 0.22 0.23 0.19

Biotite halogen 
composition

log XF/XOH −1.75 −1.90 −1.90 −1.64 −1.90 −1.90 −1.75 −2.00 −1.75

log XCl/XOH −2.59 −2.59 −2.60 −2.59 ‑ ‑ −2.59 ‑ −2.29

log XF/XCl 0.85 0.70 0.70 0.95 ‑ ‑ 0.85 ‑ 0.54

log (ƒH2O)/(ƒHF) 5.18 5.30 5.31 5.09 5.37 5.40 5.47 5.77 5.52

log (ƒH2O)/(ƒHCl) 4.74 4.73 4.73 4.75 ‑ ‑ 4.88 ‑ 4.61

log (ƒHF)/(ƒHCl) −1.07 −1.20 −1.20 −0.97 ‑ ‑ −1.29 ‑ −1.68

IV (F) 2.75 2.90 2.88 2.64 2.87 2.92 2.77 2.98 2.82

IV (Cl) −3.52 −3.52 −3.49 −3.52 ‑ ‑ −3.55 ‑ −3.94

IV (F/Cl) 6.28 6.42 6.38 6.16 ‑ ‑ 6.32 ‑ 6.77

T°C 727 733 726 719 703 710 643 618 643
OH is calculated by OH=4−(Cl+F); XMg=Mg/Sum of octahedral cations; IV: Intercept value. IV (F), IV (Cl), IV (F/Cl), log (ƒH2O)/(ƒHF), 
log (ƒH2O)/(ƒHCl), and log (ƒHF)/(ƒHCl) were calculated using the equations of Munoz (1984, 1992); XF, XCl, XOH, Xsid, and Xan are the mole 
fractions of F, Cl, OH, siderophyllite, and annite in biotite, respectively

Table 1: (Continued)
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especially on the eastern side of the mineralized area, 
have dark color [Figure 2a]. The supergene mineralization 
is characterized by the presence of iron hydroxides, 
Cu-carbonates, and secondary sulfides, such as chalcocite 
and covellite that partially replaced the hypogene minerals, 
such as chalcopyrite and bornite, along the fractures. They 
are often associated with tectonized domains, and they are 
more intense in the faulted and fractured zones and directions. 
The hypogene alteration is mainly characterized by quartz 
formation mainly as silicic vein and veinlets. However, there 
is no alteration pattern in the Lar mineralized zone like the 
typical porphyry Cu deposits; there are evidence of potassic, 
propylitic, and phyllic hypogene alterations. The potassic 
alteration zone is characterized by the veins containing 
biotite and K-feldspar associated with bornite, chalcopyrite, 
and (or) molybdenite. It seems that plagioclase was usually 
replaced by K-feldspar in the host rocks. Propylitic alteration 
is more widespread in peripheral parts of the mineralized 
zone, especially in the hornfels and metavolcanic rocks, 
where epidote, calcite, chlorite, and minor sericite partially 
replaced magmatic pyroxene, hornblende, and biotite. Minor 
actinolite was formed along the cleavage of the primary 
amphibole in a few samples. Argillic alteration locally occurs 
in outcrops and shallow depths.

The Cu-Mo mineralization is primarily associated with 
silicic veins and veinlets that occur in porphyroid syenite 
and monzonite [Figure 2b and c]. In general, according to 
the paragenetic sequence, the predominant primary sulfides 
are pyrite, chalcopyrite, molybdenite, and bornite, followed 
by magnetite, minor native copper, and enargite. Chalcocite, 
covellite, malachite, azurite, hematite, and limonite are the 
secondary minerals developed from the primary ones through 
weathering. Quartz is the dominant gangue minerals.

As mentioned above, the rock units in the mineralized area 
are mainly igneous rocks. The syenitic to monzonitic rocks 
is dominantly medium-to-coarse-grained, porphyroid and 
occasionally granular and cataclastic in texture. There is 
extreme variation in the ratio of phenocrysts to groundmass 
in porphyroid syenite to monzonite as the groundmass ratio 
is <30%. These rocks consist of K-feldspar, plagioclase, 
biotite, apatite, titanite, clinopyroxene, amphibole, quartz, 
epidote, and opaque minerals. In general, biotite in the Lar 
prospect porphyroid and granular intrusive rocks occurs as 
phenocrysts, tiny crystals in the groundmass, and inclusions 
in the other minerals [Figure 3a]. The biotite phenocrysts are 
mainly brown-to-green in color, varying in texture, shape, and 
size, and they are partially replaced by chlorite. The biotite 

Figure 2: Field photographs of the (a) LIC and Lar Cu-Mo mineralized area, (b) mineralized silicic vein, and (c) mineralized silicic 
veinlets
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crystals are weakly to strongly deformed, bent, and occur 
usually as isolated bands due to mylonitization [Figure 3b] 
and have inclusions of plagioclase, biotite, titanite, apatite, 
pyroxene, and opaque minerals [Figure 3c]. It seems that 
most of the biotites are secondary biotite as they occur in 
open spaces and veins. The biotite is sometimes surrounded 
Fe-Ti oxides [Figure 3d].

The extrusive rocks are mainly trachyte, latite, tuff, and 
andesite with porphyry texture. The phenocrysts are sanidine, 
plagioclase, augite, hornblende, biotite, quartz, and opaque 
minerals that consisting of 50% of the rock volume. The 
groundmass is composed of fine-grained crystals of feldspar 
as major mineral and minor ferromagnesian minerals.

RESULTS

A total of 32, 16, and 107 points were analyzed on the biotite 
phenocrysts of intrusive, extrusive, and altered samples (from 
potassic, propylitic, and argillic areas), respectively [Table 1].

Biotite compositions, when referred to Al versus Fe/(Fe+Mg) 
diagram (Rieder et al., 1998)[28] [Figure 4a], clearly plot in the 
biotite field near to the biotite and phlogopite line boundary. 
The biotites fall in the field of primary and re-equilibrated, 
respectively [Figure 4b], and have a narrow range in chemical 
composition of SiO2, Al2O3, TiO2, and MgO. It seems that the 
biotites are Mg- and Ti-rich and F- and Cl-poor and fall into 
the field of calk alkaline orogenic area [Figure 4c and d].

The biotites have fluorine and chlorine contents ranging from 
0.22-0.40 and 0.07-0.11, 0.23 and 0.03-0.04, 0.16-0.31 and 
0.03-0.15 wt. %, in intrusive, extrusive rocks and samples of 
alteration areas, respectively.

The concentration of Ti and Ti/Fe2+ is very sensitive in biotite 
to temperature, making it possible to use biotite to obtain 
reliable temperature estimation in igneous and metamorphic 
rocks.We used the empirical Ti-Fe2+ geo-thermometer of 
Luhr et al. to calculate the biotite precipitation temperatures 
[Table 1]. Biotite compositions from the Lar samples 
show average temperature of 731°C and 640°C in primary 
and secondary samples, respectively, with the following 
equation:[29,30]

( )
2

838

1.0337 +

° =
 −  

T K
Ti

Fe

The biotite compositions can be used to discriminate 
qualitative evaluation of oxygen fugacity. According to 
Wones and Eugster (1965) diagram, the comparison of biotite 
compositions with common oxygen buffers (quartz-fayalite-
magnetite [QFM]; nickel-nickel oxide [NNO] and hematite-
magnetite [HM]) shows that the Lar biotites are mostly 
located between QFM to middle of HM buffers [Figure 5a]. 
The samples plotting between the NNO and HM buffers are 
related to more magnetite and titanite-bearing rocks in the Lar 
prospect, indicating fairly oxidizing conditions. Moreover, 
other samples with more ilmenite and plot in the field of QFM 
represent a more reducing conditions during crystallization. 
A qualitative estimation of oxygen fugacity can be obtained 
using the Fe/(Fe+Mg) value of biotite in f (O2) - T space for 
biotite + K-feldspar + magnetite equilibrium (Wones and 
Eugster, 1965) [Figure 5b]. According to the reasonable 
average crystallization temperatures of 731°C and 640°C for 
the Lar biotites, estimated f(O2) values are about 10−12-10−14 

bars in primary and secondary biotites, respectively 
[Figure 5b].[31]

Figure 3: Cross-polarized light photomicrographs of (a) K-feldspar megacryst poikilitically encloses small grains of plagioclase, 
biotite, titanite, apatite, pyroxene, and opaques, (b) biotite with deformed cleavage, (c) biotite phenocrysts with inclusions of 
apatite, titanite, and opaque minerals, (d) Fe-Ti oxides surrounded by rime of biotites

d
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Figure 4: (a) Chemical composition of the Lar prospect biotites in the plots of (a) ΣAl versus Fe/(Fe+Mg) from Rieder et al.,[28] 
(b) 10*TiO2−(FeO+MnO)−MgO from Nachit et al.,[30] (c) Mg−(Fe2++Mn)−(AlVI+Fe3++Ti) from Foster,[36] (d) FeO-MgO-Al2O3 from 
Abdel-Rahman[37]

dc

ba

Biotite composition is useful in the calculation of 
the fluorine and chlorine fugacities for responsible 
hydrothermal fluids of mineralization and hydrothermal 
alteration processes, represented by log (fHF)/(fH2O) and 
log (fHCl)/(fH2O), respectively.[32,33] Halogen fugacity can be 
computed using equations of Munoz,which are based on the 

revised coefficients for the halogen–hydroxyl exchange.[33,34] 
These equations are as follows:
•	 log (fH2O)/(fHF)

fluid=1000/T (2.37+1.1 (XMg)
biotite)+0.43−

log (XF/XOH)biotite,
•	 log (fH2O)/(fHCl)

fluid=1000/T (1.15+0.55 (XMg)
biotite)+0.68−

log (XCl/XOH)biotite,

Figure 5: Plot of (a) variations of Fe3+–Fe2+–Mg in biotite collected from the Lar prospect igneous rocks; diagram after Wones 
and Eugster;[38] Fe3+ calculated according to Dymek,[10] (b) Log f(O2) – T for the biotite stability as a function of Fe/(Fe+Mg) ratio 
at total pressure of 2070 bars.[31] Curve labelled 0 represents maximum phlogopite stability and area bounded by curve labelled 
100 is the annite stability field. The pink- and blue-colored areas are chemical composition of the Lar primary and secondary 
biotites. Similar symbols as in Figure 4
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•	 log (fHF)/(fHCl)
fluid=−1000/T (1.22+1.65 (XMg)

biotite) 
+0.25+log (XF/XCl)

biotite.

Where XF, XCl, and XOH are the mole fractions of F, Cl, 
and OH in the hydroxyl site of biotite, respectively, (XMg)
biotite is the sum of Mg/sum octahedral cations, and T is the 
temperature in Kelvin for the halogen exchange. The log 
(ƒH2O)/(ƒHF), log (ƒH2O)/(ƒHCl), and log (ƒHF)/(ƒHCl) ratios for 
fluids equilibrated with the Lar biotites were calculated using 
equations of Munoz (1992), estimated temperatures and 
fluorine and chlorine contents [Table 1], and were illustrated in 
Figure 6. According to Figures 6a and b, there are two distinct 
trends in log (ƒH2O)/(ƒHF), log(ƒH2O)/(ƒHCl), and log (ƒHF)/(ƒHCl) 
ratios in the granular and porphyroid igneous rocks.

The porphyroid igneous rocks have different and higher 
ratios of log (ƒH2O)/(ƒHF), log (ƒH2O)/(ƒHCl), and log (ƒHF)/
(ƒHCl), indicating the fact that they were probably affected 
by later meteoric water reaction on exchangeable sites. In 

other words, orthomagmatic fluids first caused the potassic 
alteration in the Lar porphyroid igneous rocks; then, influx 
of meteoric water caused the dissolution of early-formed 
copper sulfides, resulting in remobilization of Cu-Mo into 
the silicic veins. This may suggest that the granular rocks 
were not/or less affected by the hydrothermal fluids which 
are responsible for Cu-Mo mineralization. Furthermore, 
the halogen-fugacity ratios in potassic, propylitic, and 
argillic alterations are distinctive from each other [Figure 6c 
and d]. According to different halogen-fugacity ratios of 
biotite indicate different temperature, pressure, and fluid 
composition.

In general, biotites that were formed under the same 
physicochemical conditions will produce linear chemical 
trends on the log (XF/XOH), log (XCl/XOH), and log (XCl/XF) 
versus XMg diagrams (Zhu and Sverjensky, 1992).[33] Based 
on Figure 7, the chemical compositions of log (XF/XOH), log 
(XCl/XOH), and log (XF/XCl) versus XMg from the Lar biotites 

Figure 6: (a) Relationships of biotite halogen contents in and (b) porphyroid and granular igneous rocks, (c and d) alteration 
areas of the Lar Cu-Mo prospect. Similar symbols as in Figure 4

dc

ba
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show different trends of composition. On the other hand, 
different slopes suggest that the chemical compositions of 
biotites were influenced by varying halogen-bearing fluids, 
variation in ƒO2 and ƒS2 of the fluids, and wall rock and 
hydrothermal fluids reactions.

XMg, Xsid, and Xan of the biotite from the Lar prospect were 
used to calculate the halogen intercept values such as IV (F), 
IV (Cl), and IV (F/Cl), respectively, using the following 
equations of Munoz:[39]

•	 IV (F)biotite=1.52 XMg+0.42 Xan+0.20 Xsid−log (XF/XOH),
•	 IV (Cl)biotite=−5.01−1.93 XMg–log (XCl/XOH).

Where XMg, Xsid, and Xan in biotite were obtained from Gunow 
et al. (1980)[40] as follows:
•	 Xsid=[(3−Si/Al)/1.75] (1−XMg)
•	 Xan=1−(XMg+Xsid).

The IV (Cl) of the granular igneous rocks is more negative 
than porphyroid type, and IV (F) and IV (F/Cl) values in 
porphyroid igneous rocks are less than the granular type 
[Table 1].

The Lar biotite intercept values of F, Cl, and F/Cl are consistent 
with other porphyry copper deposits of (IV (F) (1.1-3.0) and 
IV (F/Cl) (4.60-7.0).[41-43] Although the halogen fugacity and 

intercept values of the Lar biotites fall into the field of the 
Sarcheshmeh porphyry copper deposit, the IV (Cl) of later 
tends to be more Cl-rich than the Larsample [Figure 8]. 
Moreover, the Sarcheshmeh porphyry copper deposit was 
formed by the hydrothermal activity related to a sub-volcanic 
Miocene granodioritic stock, which introduces the Eocene 
andesitic volcanic and granitoids sequence;[44] however, the 
Lar Cu-Mo prospect is related to the shoshonitic intrusions 
that intruded to the volcanic rocks of the Oligocene LIC.

CONCLUSION

The Lar Cu-Mo prospect was formed by the hydrothermal 
activity related to the syenitic to monzonitic porphyroid 
igneous rocks with shoshonitic nature which introduces the LIC 
volcanic sequence. The hydrothermal alterations are limited 
and occurred as silicic, potassic, phyllic, propylitic, and argillic. 
Hypogene sulfide minerals mainly occur as disseminated and 
sulfidic and silicic veins and veinlets consisting of chalcopyrite, 
bornite, molybdenite, and minor pyrite. Biotite as main 
ferromagnesian mineral of host rocks occurs as primary in less 
altered rocks and secondary in the alteration areas.

The Lar biotites are Mg- and Ti-rich and F- and Cl-poor and 
mainly fall within the field close to the phlogopite–biotite 

Figure 7: Plot of XMg versus (a) log (XF/XOH), (b) log (XCl/XOH), and (c) log (XF/XCl) for the Lar Cu-Mo prospect biotites. Similar 
symbols as in Figure 4
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boundary composition. The high Mg and low AlVI contents 
of the Lar biotites reflect a slightly fractionated magma. 
Calculated halogen fugacity and F, Cl, and F/Cl intercept 
values of the Lar biotites are consistent with porphyry-style 
mineralization system. The weak correlations, especially 
between halogen fugacity in the biotite structure of the 
porphyroid (ore-bearing) and granular (barren) igneous rocks, 
and primary and secondary biotites indicate that the biotite 
has been equilibrated with a heterogeneous fluid or mixing of 
magmatic and meteoric fluids occurred in the Lar prospect. The 
trend of the biotite chemistry across iso-fugacity ratio contours 
(parallel lines representing the calculated log (ƒH2O/ƒHF), 
log (ƒH2O/ƒHCl) and log (ƒHF/ƒHCl)) also indicates that these 
biotites were equilibrated with different fluids. It seems that 
orthomagmatic fluids first caused the potassic alteration in the 
Lar porphyry intrusions. Then, influx of meteoric water caused 
the dissolution of early-formed copper sulfides, resulting in 
remobilization of Cu-Mo into the silicic veins.
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