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Abstract - The current study is related to amphiboles in amphibolite rocks in the northwest of Golgohar Iron Mine
located in the southern part of Sanandaj-Sirjan metamorphic zone.Petrography observations indicate that the studied
rocks are of ortho-amphibolite type, formed from metamorphism of igneous rocks. The analysis of amphibole crystals
in amphibolites of the region was done by petrography, electron microprobe, and Raman spectroscopy. Raman spectral
pattern of the studied minerals was discussed in comparison to mineral type and chemistry characteristics. Based on
mineral chemistry studies, it was discovered that all amphiboles in the studied rocks are calcic with (Ca+Na) >1.34
and Si"Vbetween 6.27 and 6.76 atoms per formula unit. Based on their enrichment in the elements Al and Fe*, their
composition varies from tschermakite to magnesio-hornblende. Raman spectral peak pattern for amphiboles and ter-
restrial tremolite does not have significant discriminable differences. However, Raman peak patterns of tremolite have
clearly different features versus tschermakite. According to the general formula of amphiboles [A ,B,C.T,0,,(OH,
F, Cl),], the Raman spectrum variability of the tschermakite and tremolite can be due to the position of A site, Al
incorporation into M, + M, + M, sites and into the T site.
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INTRODUCTION

Background

Amphiboles (A B,C.T.0,,W,) are com-
mon rock-forming minerals that occur in wide
geological and lithological ranges (Deer et al.,
1992). Amphibole group minerals occur in a
great variety of igneous and metamorphic rocks
with a wide range of pressure and temperature

environments. A standard amphibole formula
has the ideal form of A B,C.T,O,,(OH, F, Cl),,
where A= Na, K; B=Na, Li, Ca, Mn, Mg, Fe*";
C= Mg, Fe*, Mn, Al, Fe*", Ti; and T=Si, Al. In
general, depending on the complex nature of
the amphibole structure, comparisons of amphi-
bole compositions are carried out following the
chemical analyses into the structural formulae
(Hawthorne ef al.,2012).
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The International Mineralogical Association
(IMA) amphibole nomenclature scheme (Leake,
1978; Rock and Leake, 1984), which is suitable for
the classification of amphibole analysis both from
electron-microprobe and wet-chemical analyses,
was revised by the 1997 IMA report (Leake et al.,
1997) and also by Hawthorne et al. (2012).

Mineral chemistry of amphibole can help us to
understand the lithospheric processes (Tiepolo et
al.,2007). Considering the capability of amphibole
to accommodate a wide range of major and trace
elements, its composition can be used to decipher
physico-chemical conditions during magmatism
and metamorphism (Anderson and Smith, 1995;
Holland and Blundy, 1994).

In order to characterize the amphibole in the
amphibolites from the NW of the Golgohar Iron
Mine in the Sanandaj-Sirjan belt, electron probe mi-
croanalyses along with an investigation by Raman
Spectroscopy were carried out. The results of these
two methods are presented in this contribution.

A combined Raman spectroscopy and electron
microprobe results provide a promising meth-
odological approach to understand particular
features of cation diffusion for fine-grained am-
phiboles during metamorphism, and is a useful
method to discriminate fibrous minerals with
similar structure and/or chemical composition.

In general, in the current work, two overall in-
novated aims are: i) for the first time, introducing
typological and mineral chemistry properties of
rock forming minerals in amphibolitic rocks from
the southern part of Sanandaj-Sirjan metamorphic
belt in northwest of Golgohar Iron Mine, and
ii) introducing experimental functions between
mineralogical and chemical characteristics and
Raman spectral patterns of each introduced am-
phibole type in the studied area.

Geological Settings

Metamorphic rocks of northwest of Golgohar
Iron Mine are located in the Sanandaj-Sirjan belt.
This belt is situated at the south and southwest
of Central Iran and northeast of Zagros orogen
(Figure 1). Structure of Sanandaj-Sirjan belt is con-
trolled by opening and later closure of Neotethys
at the southeastern margin of Gondwana (Alavi,
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1994). The main structure of the Sanandaj-Sirjan
belt can be summarized in three main events in-
cluding northeastward subducting of the Arabian
Plate beneath the Central Iranian Plate, the for-
mation of coloured mélange of Sanandaj-Sirjan
belt, and finally the continental collision between
two plates in Miocene.The most important rift-
ing phase in the Zagros Basin started apparently
during Permian (Ricou, 1994; Mehdipour Ghazi
and Moazzen, 2015). This phase was preceded
by a wide regional pre-Permian erosion on both
shoulders of the rift (Sanandaj-Sirjan Zone and
Arabian Plate Margin) indicated by Ordovician-
Carboniferous sediments missing in the Sanandaj-
Sirjan Zone and most other parts of Iran, which is
attributed to epeirogenic movements associated
with the Caledonian and Hercynian orogenies in
Europe and Northwest Africa (Stocklin, 1968;
Berberian and King, 1981; Aghanabati, 2006).
This was followed by major asymmetric mafic
(basalt, diabase, and some intermediate) volcanic
activity in the Late Permian along the Sanandaj-
Sirjan Zone. Neotethys began opening between a
lower plate in Arabia and the Sanandaj-Sirjan Zone
on the upper plate in Permian. By Late Permian,
Neotethyan simple shear rifting had affected the
whole length of the present-day Zagros orogen
(Mohajjel and Fergusson, 2000). A second rifting
phase started along the South Sanandaj-Sirjan
Zone during Triassic times.

The oldest rock units of Triassic to Early
Paleozoic at northwest of Golgohar Iron Mine
include amphibolite, biotite amphibolite, garnet-
staurolite schist, garnet schist, and lower grade
amphibole schist, biotite schist, greenschist,
gneiss, and metabasalts which are covered by a
sequence of younger marble, quartzite, and non-
metamorphic rocks such as mudstone, limestone,
and calcareous sandstones(Figure 1).

The mafic rocks have changed to greenschist
and amphibolite due to multiple phases of meta-
morphism. Amphibolites are exposed in the central
and southern parts of the studied area. These rocks
are dark green in colour and show clear lineation
as a result of deformation. They are crashed in
some places owing to activities in the shear zones.
Isoclinal microfolds are developed in amphibolites
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Figure 1. Distribution of the amphibolite rocks in northwest of Golgohar Iron Mine on the geological map with respect to
the tectonic units of Iran (from Sengor, 1990).

Figure 2. Field photographs of amphibolites in northwest of Golgohar Iron Mine; a-b: amphibolite with distinct deformation
and with the isoclinal microfold. c-d: massive amphibolites.

occasionally (Figures 2a-b). Original igneous METHODS AND MATERIALS

textures are preserved in some of the amphibolites

which show weak lineation and appear mainly as More than three hundred samples from dif-
massive amphibolite (Figures 2c-d). ferent rock types of the studied area were col-
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lected during the field investigations. Forty-five
thin sections were made from the amphibolite
samples and four well-studied representative
samples (HRS-218, HRS-222, HRS-255, and
HRS-263) with lowest alteration (lowest plagio-
clase change to clay) were chosen for Electron
Probe Microanalysis and Raman Spectroscopy.

Petrography
Based on microscopic studies, amphibolite is
ortho-amphibolite (monocline amphibole) and is

metamorphosed basic igneous rock. Mineralogi-
cal evidence confirming igneous protolith for the
amphibolite includes lack of calcite, rare quartz,
and relatively high content of ferromagnesian min-
erals (mainly amphibole). The mineral assemblage
includes hornblende + plagioclase + epidote +
rutile £ titanite. Coarse brown-green amphiboles
among sericitized and interlocked plagioclases
show granoblastic texture (Figures 3a, b, and c).
Textural relations among hornblende, plagioclase,
opaque minerals,and secondary chlorite can be

Figures 3a - c. Photomicrophotographs of amphibolite; sub-idioblastic amphiboles are interlocked in sericitized plagioclase,
forming granoblastic texture; d - f: Back scattered electron images of amphibolite samples; d, e. Sub-idioblastic grains of
amphibole with interdispersed plagioclase; f. Sub-idioblastic grains of amphibole in association with plagioclase, second-
ary chlorite, titanite, and opaque minerals. Abbreviation for minerals (Kretz, 1983): Amp: Amphibole, Pl: Plagioclase, Chl:

Chlorite, Ttn: Titanite, Rt: Rutile, and Opq: Opaque minerals.
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seen in back scattered electron images (Figures
3d, e,and f).

Electron Probe Microanalysis

Mineral chemical analyses were performed on
polished thin sections using an automated JEOL
JXA-8900 electron probe microanalyzer (EPMA)
at the EMS Laboratory of Yamagata University in
Japan with accelerating voltage of 15 kV, a beam
current of 20 nA, a beam diameter of about 5 um,
detection limits of 0.05 wt.%, and a maximum
40-s counting interval. The data were processed
by an online computer using the oxide ZAF in
the XM-86 PAC programme of JEOL.

Raman Spectroscopy

Micro-Raman Spectroscopy on amphiboles
was carried out by a JASCO micro-Raman
Spectrometer (with a triple monochromator of
3 x 60 cm) in the Renishaw Raman Laboratory
of Dr. Libowitzky in University of Vienna. The
488 nm line of an Ar laser was focused to an
area of ~1 pm on the sample surface through a
microscope (backscattering (180° geometry). The
laser power was ~10 mW on the surface of the
sample. The spectra were accumulated for 4-5
minutes to enhance the signal-to-noise ratio by
using a multichannel detector (photodiode array).
The wavenumber position and the full width at
half maximum (FWHM) of the Raman peak were
determined by carrying out a Lorentzian fitting
of the spectrum. The wavenumber position of the
Raman peak was calibrated using the 611 cm'
emission lines in Raman shift of a Ne lamp. The
spectral slit width was 3 cm, and the variation
in room temperature was within 20.5 °C. More
detailed analytical methods are described in Mi-
yamoto and Ohsumi (1995).

RESuULTS

Amphibole Mineral Chemistry

The amphibole analyses are given in Table
1, which shows wide ranges in major element
composition. Electron microprobe measurements

were conducted on at least 3-8 points within each
amphibole porphyroblast. In total, 42 of the 98
measured porphyroblasts have homogeneous
compositions. Amphibole analysis gives the total
sum ranging from 96 to 99.4 wt. %. Amphiboles
vary from 43.00 to 47.43 wt.% in SiO,, 10.07 to
15.15 wt.% in ALO,, 8.84 to 11.61 wt.% in CaO,
9.72 to 16.55 wt.% in FeO, and 0.004 to 0.012
wt.% in TiO, contents.

Amphibole classification (after Leake et al.,
2004) is based on the general chemical formula
of A, B,CV'T".0,,(OH;F; Cl),. Since the water
and halogen contents of the amphiboles are not
known, the amphibole formula is calculated to
23(0). The amphiboles are first classified based
on the number of atoms per formula unit (apfu)
of Ca and Na in the B site, i.e. (CatNa), The
recalculated amphibole analyses are classified

into four groups on the occupancy of the B sites:

1. When (Cat+Na), is <1.00 and the sum of L-
type ions (Mg, Fe, Mn, Li),is > 1.00, then
the amphibole is a member of the magnesium
+irontmanganese=£lithium group. This group
is named as the iron+magnesium+manganese
in the IMA (1978) nomenclature scheme.

2. When (Ca), is = 1.50,(Ca+Na),>1.00 and
Na_<0.50 apfu, then the amphibole is a mem-
ber of the calcic group.

3. When (Cat+Na), is > 1.00 and Na_, is in the
range of 0.50 to 1.50, then the amphibole is
a member of the sodictcalcic group.

4. When Na, > 1.50, then the amphibole is a
member of the sodic group. The previous
name of this group is called as the alkali
group by the IMA (1978) scheme.

In this study,the classification parameters of
CatNa, and Na have been used to separate four
amphibole analyses onto each amphibole groups.
The given diagram is harmonious with the bi-
nary amphibole plot by Mogessie et al. (1990).
Following the primary divisions at Na,< 0.50
and Na, > 1.50 between the calcic, sodic+calcic
and sodic amphiboles, the binary Ca+Nagvs.
Na, group classification diagram (Figure 4) is
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Figure 4. Plot of classification parameters on binary (Ca+Na),vs. (Na), diagram for amphibole group discrimination (Leake

et al., 1997). All analyzed amphiboles are calcic amphiboles.

redrawn according to the IMA (1997) rules. Ac-
cording to this classification, all amphiboles in
the amphibolites from northwest of Golgohar
Iron Mine are plotted in the calcic amphibole
field. The calcium amphiboles are defined by B
(Ca + ZM?*")/ZB > 0.75, BCa/2B > BEM*"/XB.
These amphiboles typically have (Ca+Na)B>1.77
with Si'V between 6.27 and 6.76 apfu on the Mg/
(Mg+Fe?") vs. Si classification diagram. The
studied amphiboles predominantly range from
tschermakite-hornblende to magnesio-hornblende
in composition(Leake et al.,1997) (Figure 5).
Amphiboles are characterized by Mg* which is
between 0.59 and 1.14, Si between 6.27 and 6.76
apfu (e.g. Leake, 1978).

The XMgvalues are in the range of 0.58-1.14,
and positively correlated with the Si contents.
The total aluminum content (Al ) shows a large
variation from 1.73 to 2.55 apfuand is negatively
correlated with the Si contents. Alkali (Na + K)
contents range from 0.03 to 0.42 apfu and cor-
relate negatively with Si, but positively with
Al, as commonly observed in calcic amphiboles
from calc-alkaline rocks (Féménias et al., 2006;
Reichardt andWeinberg, 2012). The Ti contents
show a similar trend and vary between 0.03 and
0.11 apfu (Figure 6). The analyzed amphiboles
are compositionally homogenous throughout
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the grains, and Al contents between individual
rims show a limited variation which suggests an
equilibrium during crystal growth (Spear, 1981).

Raman Spectroscopy Results

Raman spectroscopy can distinguish between
minerals which mineralogically and chemically
are very close (Blaha and Rosasco, 1978; Wang
et al., 1988a, 1988b; Lewis et al., 1996; Bard et
al., 1997; Fornero et al., 2008).

The observed bands of Raman spectra can be
ascribed only to the examined mineral without
any interference from sample holders or embed-
ding resin. All chemical bonds which change
their polarizability after interaction with the laser
incident beam are Raman-active (Fornero et al.,
2008).

The orientation of the sample, regarding to
the laser incident beam, indicates the intensity
of the Raman spectra. The intensity of Raman
bands does not indicate the amounts of the dif-
ferent chemical components since the orientation
of the sampleis usually uncontrolled (Fornero
et al., 2008). Amphiboles have mostly complex
chemical formulas with different electrovalence
substitutions in equivalent crystallographic sites.
Therefore, assigning bands in the spectral region
<600 cm' is very difficult. Vibrational modes of
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Figure 6. Compositional variations in amphiboles from northwest of Golgohar Iron Mine, Sirjan, Iran. Alkali (Na + K) con-
tents correlate negatively with Si, positively with Al, as observed in calcic amphiboles, and Ti contents show a similar trend.

the cations occurring in octahedral or cubic co-
ordination are active at this spectral region.This
is due to bending modes of the SiO,tetrahedra
and the vibrations of the OH - groups (Fornero
et al., 2008).

In this work, only the Raman region corre-
sponding to 100 - 1044 cm™ was analyzed. The

Raman spectra of amphiboles are shown in Fig-
ure 7. All of these spectra are very similar with
small differences in the case of very low-intensity
peaks (Figure 7). These amphiboles show broadly
similar spectra to terrestrial tremolite. In contrast,
terrestrial tremolite amphibole has quite dif-
ferent Raman spectra from amphiboles studied
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Figure 7. Micro-Raman spectra of the amphibole samples in the region of 100 - 1030cm™. (a,b). Amphibole sample HRS-

218; (c,d).Amphibole sample HRS-222.

here (Figure 7), although these two amphiboles
(HRS-218 and HRS-222) have the same space
group and nearly identical cell parameters (space
group: C2/m; cell parameters: a = 9.85 A°, b =
18.0-18.1 A°, c~5.3A°,p~ 105A°) (Mikouchi and
Miyamoto,2000). Studied amphiboles here have
Raman peaks near 660 and 665 cm™ which is simi-
lar to terrestrial tremolite that has the strongest
peak at 667 cm! (Figure 7). Instead, the strong
peak near 530 - 542 cm™ in these amphiboles is
very weak in tremolitic amphibole. Furthermore,
the presence of strong peaks at the 210 - 300 cm
'and 300 - 450 cm™ region in the amphiboles is
distinct from terrestrial tremolite (Figures 7 a - d).

Also, three peaks are present at 740, 920,
and 1020 cm' region in our amphiboles (Figures
7 - d), which are at higher wave number than
tremolite. These peaks (at 830, 940, and 970 cm’!,
respectively - see Figures7 - d) are part of O-Si-O
symmetric stretching vibrations (vs). The bands at
1020 cm™, may be ascribed to the antisymmetric
stretching vibrations (vas) of the Si-O, -Si bridges.
The bands at 730 - 740 cm™ are debatable, given
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the fact that 740 cm are the limit of vs. O-Si-
O and vs Si-O,-Si vibrations. The most intense
bands, appearing at 650 cm, are ascribed to the
vl symmetric stretching modes (vs) of the Si-Ob-Si
bridges. Considering bands in the 300 - 450 cm’!
spectral region, the assignments of the M-O vibra-
tions are problematic; to see vibrations produced
by Ca, Al, Mg, and/or Fe?" cations. Nevertheless,
the bands between 210 - 300 cm™! are assigned to
lattice modes. The following bands: 530, 538, and
540 cm! correspond to the deformation modes of
Si4011’
should be a liberational and translational vibration
of the OH- group.

with the observation that in this region there

DiscussIONS

Mesozoic amphibolite rocks are exposed in the
northwest of Golgohar Iron Mine at the southeast
Sanandaj-Sirjan metamorphic belt, south-central
Iran. Petrological studies show that amphibolites
record medium to high-grade metamorphic facies
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and are of ortho-amphibolite types. Plagioclase
amphibolite, epidote amphibolite, and biotite
amphibolite are the main ortho-amphibolite
rock resulted in this regard. Amphibolites from
this area were formed from igneous rocks with
calc-alkaline protolith in a continental setting in
Late Jurassic. Metamorphism changed the mafic
rocks into amphibolite short after emplacement.
Considering all these, Late Jurassic magmatism
in southeast Sanandaj-Sirjan Zone triggered
Neotethys ocean formation.

Both our amphiboles (tschermakite and
magnesio-hornblende) and tremolite belong to
calcic amphibole group (monoclinic amphibole).
Generally, amphibole formula may be written as
A B,CT,0,(OHF), (e.g. Leake et al., 1997).
In structural terms, the A, B, C, and T atoms are
in A sites, M,, M, +M, + M, and T (tetrahedral),
respectively (e.g., Leake et al., 1997).

In the case of our amphiboles, which are ts-
chermakite and magnesio-hornblende, the formu-
lais given as Ca,(Mg,AlFe*)Si AL,O,,(OH),and
Ca (Mg, (AlLFe*))Si AlO,(OH),. The formula
of tremolite is Ca,Mg_Si O,,(OH),. Therefore,
the difference in the Raman spectra between our
amphiboles (tschermakite and magnesio-horn-
blende) and tremolite is more likely due to the
difference of chemical compositions. Probably,
the presence of the vacant A site, Al incorpora-
tion into M, + M, + M sites, and into the T site
produces different Raman spectra of tschermakite
from tremolite.

Aluminum has an anionic radius, which is
intermediate between the optimum radii for
four-fold and six-fold co-ordinations, based on
geometric packing (Hess, 1980). Al**can have the
role of either a network-forming or a network-
modifying cation in aluminosilicate formation.
This is owing to the amphoteric nature of Al and
radii between four-fold and six-fold coordinates.

Because of substitutions of AI** for Si** in
tetrahedrons and A1**, Fe** for Mg?'in octahedrons
of the crystal lattice,it is supposed that the effect
of the availability of a permanent positive charge
can take place at the surface of amphiboles due
to the substitutions of AI** for Si** in tetrahedrons

and divalent cations for polyvalent cations in
octahedrons of their crystal lattice.

Substitution of AI** for Si*" may further
increase the localization of these modes. It is
probably the localized nature of the vas (T-O-T)
modes that cause the vas (Si-O, -Al) and vas (Si-
O,-Si) modes to appear at different frequencies.

Comparing Raman spectra for amphibole in
amphibolite of the Golgohar area with spectrum
for tremolite (Blaha and Rosasco, 1978; Lewis et
al.,1996; Bard et al., 1997; Rinaudo et al., 2003,
2004;), the following observations can be made:
(i) Two distinct bands at 602 and 1031 cm™ on
tremolite are the result of Si-O-Si bonding, and
one board band is formed by one component ly-
ing at 1020 cm™ on amphiboles studied here; (ii)
Si-O-Si bridge v, symmetric stretching modes
show vibration at slightly higher wave numbers
than in tremolites (660, 665 cm™); (iii) narrow
and well-defined band can be seen in the Raman
spectrum for tremolite, while amphiboles studied
here show more broad and convoluted bands.
This can be attributed to a more complex chemi-
cal composition and frequent substitutions in the
different structural sites of the amphiboles (e.g.
Gianfagna and Oberti, 2001).

CONCLUSIONS

Microprobe analysis of amphiboles represents
chemical compositions enriched in Al and Fe**
that indicate types close to the tschermakite and
magnesio-hornblende end-members in stoichi-
ometry.

The presence of weak Raman bands corre-
sponding to vas (Si-O-Si) modes, in addition to
the sharp and well-defined vas (Si-O-Al) bands
in the spectrum of crystalline amphiboles, implies
a small degree of disorder in the substitution of
Si-Al in the studied amphiboles. In these amphi-
boles, the presence of the half A1** ion in six-fold
coordination enhances the intensities of the bands
resulting from the nonbridging oxygens in the
900 - 1200 cm! region of the spectrum. However,
the presence of the half AI** ions as tetrahedrally
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coordinated network modifiers at the foursites
in the structure increases the intensities of the
symmetrical stretching bands of non-bridging
oxygens.

There are not discriminable differences in
Raman spectral peak pattern of amphiboles and
terrestrial in low region wave number. While
Raman peak patterns of tremolite have clearly
different features versus tschermakite tremolite.
This could be useful as a reliable tool for the same
discrimination by Raman technique. The general
differences between Raman spectral patterns of
studied amphiboles with Raman peak patterns
of introduced terrestrial tremolites are tied to the
fact that the analyzed tschermakite and magnesio-
hornblende amphiboles attributed to the complex
chemical composition and considerable substitu-
tions in the different tetrahedral, alkali, and more
likely OH structural sites in the amphiboles of
the studied area.
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