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Abstract 

In this paper, we investigated two originated metamorphosed harzburgites of the metaperidotite complex from 

the northern part of the Gishaki area. Harzburgite rocks, as main ultramafic complexes of the studied area, were 

exposed in the scattered location of the area. Despite intensive alterations, harzburgitic units were discriminated 

using petrography and Raman spectroscopy studies of relict minerals. There are two meta-harzburgite types of 

regionally metamorphosed harzburgites (R-Hz) and thermal metamorphosed harzburgites (T-Hz) with different 

characteristics and antigorite types. Antigorite polymorphs, structurally discriminated using Raman spectroscopy, 

had certain specific chemical characteristics compared with other serpentine polymorphs in SiO2, MgO, and H2O 

contents presented as separated fields in scatter diagrams. Reviewed antigorites illustrated general differentiations 

in themselves, so that polymorphs hosted by T-Hz rocks could be considered as a group with typical thermal 

antigorite geochemical criteria such as lower H2O (< 12% due to dehydration process), high NiO (> 0.4 wt. % due 

to Ni tendency to high temperature phases through the recrystallization process), high SiO2 (because of the  high 

silica activity in the aureole), lower total octahedral cations (due to pressure reverse dependence), and higher FeO 

(due to high temperature and Fe2+ activity). The increase in Si and Fe2+ activities cause to lack of Tetrahedral and 

presence Octahedral Tschermak substitutions as temperature dependent phenomena in thermal antigorites. Diagrams 

of SiO2 versus calculated H2O, SiO2 versus total octahedral cation units, and FeO versus NiO clearly distinguished 

thermal antigorites from former usual antigorite polymorphs. Thermal antigorite in the Gishaki serpentinites could 

be considered as metamorphosed products related to metamorphic aureoles.  
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1. Introduction  

 

     The serpentinization process causes 

crystallization of structurally-different 

serpentine polymorphs, such as antigorite, 

lizardite, and chrysotile (Dilek et al., 2008; 

Evans, 2004, 2010). Serpentinization is a process 

characterized by dissolution-precipitation and 

reduction-oxidation reactions when the 

ultramafic rocks are fractured and exposed to 

water at crustal levels. Recent studies (Evans et 

al., 2013; Klein et al., 2015) have proposed that  
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serpentinization is dominated by incipient 

hydration involving a volume increase of ~20–40 

%, and it consumes water but does not release 

any significant dissolved species except for H2O 

(McCollom & Bach, 2009). When primary 

silicates are changed into serpentines, the density 

changes from 3.3 to 2.7 g/cm3 and the volume is 

significantly increased. The net result is a 

fracture system in which newly formed 

serpentine minerals, particularly the fibrous B 

polychrome, are formed. Because serpentinite 

does not expand, it fractures to accommodate the 

increase in volume (O'Hanley, 1992; Surour, 

2017; Ulven et al., 2014).  

     The present study aimed to investigate the 

chemical-structural variations in antigorite types 

as signs of different phases of local or regional 
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metamorphism processes. Petrography, mineral 

chemistry, and whole-rock geochemical 

information of serpentinites and metaperidotites 

were presented along with field and laboratory 

outcomes. Studies focused on antigorite 

polymorph characteristics. 

 

1.1. Geological Outline 

 

     Ophiolites, belonging to Late Cretaceous age 

in Turkey, Iran, and Oman, are parts of 

neotethyan oceanic lithosphere (Robertson, 

2002). Over the past years, some scientists have  

investigated the mantle sequences of these parts 

via geochemistry and petrogenetic studies 

(Alabaster et al., 1982; Dilek et al., 2007; Floyd 

et al., 1998; Garfunkel, 2006; Godard et al., 

2006; Godard et al., 2003; Robertson, 2002). 

     The Iranian ophiolite belt, in the parallel zone 

of the Zagros fold thrust belt, was formed in the 

southern margin of Eurasia (Shafii Moghadam et 

al., 2010).  Overextended from northwest to 

southeast, the Inner Zagros ophiolite belt can be 

traced for ~600 km. Tectono-magmatic models 

presented for Inner Zagros ophiolite belt 

(including Gishaki area) include narrow ocean 

model (Arvin & Robinson, 1994; Arvin & 

Shokri, 1997; Babaie et al., 2001; Berberian et 

al., 1982; Davoudzadeh, 1972; Desmons & 

Beccaluva, 1983; McCall & Kidd, 1982; Şengör, 

1990), arc basin model (Delaloye & Desmons, 

1980; Ghazi & Hassanipak, 2000), and back-arc 

basin model (Agard et al., 2006; Shahabpour, 

2005). Accordingly, Gishaki area, located south 

of the inner zone of central Iranian ophiolites, 

can be considered as part of the inner ophiolites 

with age and tectono-magmatic conditions 

similar to Nain-Baft and Dehshir ophiolites. 

     Gishaki ophiolite lithologies comprise the 

components of complete Penrose ophiolites, 

including tectonized harzburgites, lherzolites, 

various peridotites, and pillowed basalts. Figure 

1 depicts a local map of Gishaki area which 

extends over the southern part of the Inner 

Zagros ophiolite belt. This map consists of an 

oceanic mantle and crustal sequences, such as 

harzburgite, dunite, lherzolite, and other 

peridotites along with splitized pillow lava. 

According to Watters and Sabzehei (1970),  the 

belt containing Gishaki ophiolite was capped 

also by Turonian-Maastrichtian (93.5–65.5 Ma) 

Globotrunca-bearing pelagic limestone  resting 

conformably on the ophiolite. 

     Most important ultramafic complexes in the 

area are tectonized harzburgites as well as minor 

outcrops of dunite, lherzolite, and pillow lavas. 

Figure 1 illustrates a local map of Gishaki area 

which is discontinuously extended over the 

southern part of the Inner Zagros ophiolite belt. 

It is comprised of the oceanic mantle and crustal 

sequences which dominantly include meta-

harzburgites in the central and northern parts. As 

shown in Figure 1, the Gishaki area is intensively 

tectonized with more than 50 detectable linear 

structures as fractures and faults. Although the 

lithologies are melanges, in the local geology 

map, lithology units are separated based on the 

relatively dominant values of certain lithologies.  

Different evolutional phenomena can cause 

geochemical and mineralogical differentiations 

in harzburgitic lithologies. The two harzburgites 

originating from regionally metamorphosed 

harzburgites (R-Hz) and thermal metamorphosed 

harzburgites (T-Hz) have the same field 

characteristics; however, they have different 

petrographic and geochemistry attributes and 

different antigorite polymorph types, which is 

indicative of different thermal and former 

regional metamorphic conditions. Figure 1 

shows the metaperidotite and serpentinites that 

include these two types of harzburgites and the 

sampled locations.  

 

2. Materials and Methods 

 

     In order to identify the specific antigorites 

from other serpentine phases, more than 65 

samples were examined. Raman spectral patterns 

which allow for the rapid recognition of mineral 

polymorphs were used for polymorph 

classification. In addition to Raman 

spectroscopy, the petrographic studies and 

mineral chemistry analysis of samples were 

performed by use of scanning electron 

microscopy (SEM), transmission optical 

microscopy (TOM), electron microprobe 

analysis (EMPA), and (in some cases) X-ray 

powder diffraction (XRD). The microscopic 

investigation and analytical work were 

conducted in Iran and Austria at the Geology 

Department of Bahonar-Kerman University and 

Department of Lithospheric Sciences in the 

University of Vienna, respectively. Raman 

spectroscopy was recorded by Horiba Jobin, 

Yvon, Lab, and RAM-HR 800 spectrometer, a 

confocal micro-Raman system with 473/532/633 

nm laser excitation, z-focus, and a software-

controlled x-y sample stage for line scanning and 

mapping. A laser excitation of 532 nm was also 

employed for antigorite identification and 

classification. The XRD runs were done using a 

Bruker D8-Advance powder X-ray 

diffractometer, the theta-theta type with a 

scintillation counter, energy-dispersive Sol-X or 

position sensitive LynxEye detector and 105 

position sample changer, attachments for a Paar 
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XRK900 reaction chamber (298 - 1173 K) in the 

mineralogy and crystallography department of 

the University of Vienna. The machine used for 

the spot chemical analyses of minerals (EMPA) 

was an electron X-ray micro analyzer (Camera 

SX50) working at accelerating voltages up to 

30kV and beam currents up to 200nA for the 

electron beam and 1pA to 65nA for the ion-beam 

sample current. The used standards represent a 

set of natural oxides with the exception of 

synthetic nickel metal for Ni. The obtained data 

were normalized using oxygen and cation 

NORM programs.  

 

 

 
Fig. 1. Location and local geological map of the Gishaki area 

 

3. Results and Discussion 

 

3.1. Petrographic textural investigation  

 

     The matrix of the studied harzburgitic rocks 

was represented by serpentine minerals. 

Antigorites, lizardite, and chrysotile (identified 

via Raman spectrometry) were the main 

background minerals (Fig. 2). There existed two 

meta-harzburgites with different 

pseudomorphism levels: some were non 

pseudomorphic with no detectable remnant 

minerals except for certain spinels. Along with 

non-pseudomorphic textures (Fig. 2a), there were 

some pseudomorphic harzburgites with high 

serpentinization but detectable olivines and 

pyroxenes occurring with mesh-textured and 

bastite features (Fig. 2b). Olivines were   changed 

into serpentine minerals with Raman spectral 

patterns of lizardite while enstatite was altered to 

serpentine minerals with Raman spectral patterns 

of antigorite that could be considered as bastite 

(Fig. 2b). Other important minerals treated in the 

present study were relict pridotitic Cr-spinels 

whetherthe rock was regionally or thermally 

metamorphosed (Fig. 2b). Generally, because of 

their tectonized structures, all peridotites in the 

area were intensively changed. The major 

alteration was related to serpentinization, but 

there were some other minor changes such as 

chloritization and opasitization. Rock types were 

determined based on the relic pseudomorph 

minerals and using certain immobile minor 

elements in the bulk chemistry; therefore, 

harzburgites were selected. All selected samples 

had common olivine relics or non-

pseudomorphic mesh structures of serpentine 

minerals. Pseudomorph types were identified in 

petrography and confirmed with Raman 

measurements despite major changes (Figs. 3).  

Two classes of harzburgitic rocks were 

detected in the studied area. The first class had 

common olivine relicts along with considerable 

amounts of bastites as enstatite relicts and some 

other altered orthopyroxenes identified with 

Raman as diopside. In this class, there was 
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evidence of regional low grade metamorphism 

which led to serpentinization but still remnant 

mineral surroundings as pseudomorphs even 

though some Clino-pyroxenes. In some samples 

associated with the central and western parts of 

the study area, there were a few clinopyroxene 

pseudomorphs analyzed with Raman 

spectroscopy as clinoenstatite. These common 

meta-harzburgites represented as regionally 

metamorphosed harzburgites and indexed as R-

Hz. Other rock types related to the northern part 

of the study area had more non-pseudomorphic 

textures than the first. In this class, there was 

some evidence related to thermal 

metamorphisms such as recrystallization 

structures and low pseudomorph features. In this 

type, we were unable to find the clear 

surrounding margins as enough reason to call 

pseudomorph to altered minerals (Mason & 

Berry, 1968; Read, 1973; Sinkankas, 1968). This 

type of meta-harzburgites represented as thermal 

metamorphosed harzburgites and were indexed 

as T-Hz. Regarding antigorite textures, former 

antigorites were not deformed and were visible 

as fibrous textures (mostly in replaced in OPX 

pseudomorphs) as could be seen in R-Hz rocks 

(Fig. 2 and 3). On the contrary, as observed in T-

Hz rocks, recrystallized antigorites were 

deformed as cluttered fine grain textures with 

less or no detectable relict minerals (Fig. 3). The 

average pseudomorphic textures were about 17 

% in T-Hz types while about 40 % in R-Hz types. 

There were some non-pseudomorphic rocks in T-

Hz, with overall serpentinization, classified as 

harzburgites using bulk geochemical data. Table 

1 summarizes the mineralogy characteristics of 

the serpentinized harzburgites. 

Based on Sokkary and Salloum (1985), in 

comparing the usual type of pseudomorphism 

through serpentinization, there were certain other 

types as thermal metamorphic based 

pseudomorphism, which could be a reasonable 

model for T-Hz rocks in the current study. Our 

suggestion is a metamorphic-based formation 

model for thermal antigorites. In this type, there 

are more non-pseudomorphic textures affected 

by thermal metamorphic processes such as 

recrystallization.  

 
Table 1.  Mineralogy of the studied regional metamorphosed harzburgite and thermal metamorphosed harzburgites based on 

petrography, Raman spectroscopy, and XRD data (R: Rare- VR: Very rare- C: Common- VC: Very common- A: Absent) 
No. sample DD-16 DD-26 DD-19 DD-26 DD-6 DD-66 DD-9 DD-3 DD-1 DD-16 

Rock Type R-Harz T-Harz T-Harz R -Harz T-Harz T-Harz T-Harz R-Harz R-Harz R-Harz 

PSD.Text % 15 10 15 50 30 10 20 40 40 45 

NPSD.Txt % 85 90 85 50 70 90 80 60 60 55 
Mesh .Text R R C VC C R R C C C 

Antigorite VC VC VC R VC VC VC VC C VC 

Lizardite C C C VC C C C C C C 

Chrysotile R C C R R C R C C C 

OPX. PSD C R R C R R R C VC C 

CPX.  PSD R VR VR R VR VR VR R R R 

OL. PSD R R C C R R R C C C 
Spinel C C R R R C R R C C 

Magnetite R R VR R R R R R C C 

Tremolite A A A A A R R R A A 

Brucite A A R A R R A R A A 

 

 
Fig. 2.  A) Non-pseudomorphic texture of T-Hz rocks, recrystallized thermal antigorites in background matrix; B) pseudomorphic 

texture of R-Hz rocks with some pseudomorph minerals such as OL, OPX and spinels, and fibrous antigorites replaced in OPX 
pseudomorphs; All microphotographs were taken with crossed-nicols. Abbreviations are based on Whitney and Evans (2010) 
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Fig. 3. Some samples of selected point antigorite polymorphs in both T and R harzburgitic rocks under Laser measurement, 

from the study area 

a) Selected point in a normal antigorite replaced in a PX pseudomorph from an R-Hz sample 
b) Selected point in a normal fibrous antigorite sample of Gishaki area from an R-Hz sample 

c) Massive texture of a deformed antigorite sample from a T-Hz sample 

d) Selected point in recrystallized antigorite grains of a T-Hz sample  

 

3.2. Raman spectroscopy 

 

     The three main minerals of the serpentine 

group, namely chrysotile, antigorite, and 

lizardite, have a very similar chemical 

composition but significantly different 

structures. The naturally-occurring intergrowths 

of the three types of serpentine minerals are very 

common. Raman spectroscopy is a precise, 

simple, and rapid technique which requiresno 

specific sample preparation, which is useful in 

serpentine polymorph discrimination (Petriglieri 

et al., 2015).  There were three main peaks in the 

Raman spectrum of antigorite minerals (Fig. 4): 

a) the band around 230 cm-1 is a low number 

main peak of serpentine minerals that return to 

O-H-O vibrations; b) the band around 380 cm-1 

that return to vibrations of the Mg–OH groups; c) 

the band around 690 cm-1 attributed to the 

symmetric stretching mode of the Si–Ob–Si 

groups. The antigorite polymorphs were 

discriminated based on reference Raman spectra 

(Fig. 4). The used spectrum range and laser 

excitation for serpentine group mineral 

identification have been confirmed by several 

previous studies (Kloprogge et al., 2002; 

Korybska-Sadło et al., 2018; Mikouchi & 

Miyamoto, 2000; Petriglieri et al., 2015) 
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Fig. 4. A) Range of main peak wavenumbers of Raman spectra for Antigorite; B) waterfall diagram of all studied antigorites in 

the range of antigorite spectral pattern 

 

3.3. Mineral chemistry 

 

     Table 1 illustrates the results of electron 

microprobe analyses of antigorite minerals. 

According to Dungan (1979), the structural 

formula of antigorite could be calculated on an 

anhydrous 14(O) basis. The compositional 

distribution of antigorite from the studied 

serpentinites is listed in Table 1, and the 

structural formula for two types are given as 

follows:  

 

Antigorites in R-Hz: A 5.79 Si4O10(OH)8 

Antigorites in T-Hz: A 6.17 Si4O10(OH)8 

 

Where: A = Mg + Ca + Mn + Fe2++Ni  

There were some significant T-Hz-related 

dissimilarities between R-Hz and recrystallized 

antigorite in the structure and composition of the 

formed antigorite. These special characteristics 

can be summarized as follows: 1) SiO2 content of 

thermal antigorite is relatively high (up to 45.1 

wt%) owing to the high silica activity in certain 

fragments that could belong to the former 

metamorphic aureoles; 2) the structural formula 

of antigorites formed in R-Hz is characterized by 

higher total octahedral occupancy compared with 

the antigorite formed in T-Hz; 3) Tschermak 

substitution is recorded in R and T antigorite is 

the temperature dependence;  4) the calculated 

H2O content in T antigorite is low (10.8–11.8 wt. 

%) due to the relatively higher rate of 

dehydration whereas T antigorite  generated by 

progressive regional metamorphism contains up 

to 12 wt. % calculated H2O.  
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Table 2. EMPA of antigorite in serpentinites produced by regional and thermal metamorphism (Major oxides in wt. %) 
No MgO SiO2 Al2O3 TiO2 MnO Cr2O3 FeO CaO NiO Na2O K2O Total Calc.H2O Total OCT Genesis 

40 39.558 43.568 0.000 0.000 0.023 0.008 3.471 0.060 0.108 0.000 0.003 86.799 13.202 5.819 Regionally 

41 40.907 43.981 0.000 0.000 0.057 0.000 3.186 0.045 0.114 0.010 0.000 88.300 11.700 5.884 Regionally 

42 40.184 44.089 0.005 0.015 0.021 0.000 3.199 0.061 0.181 0.000 0.000 87.755 12.245 5.819 Regionally 

43 40.327 44.006 0.008 0.011 0.055 0.014 3.153 0.053 0.180 0.007 0.021 87.834 12.167 5.836 Regionally 

50 40.152 43.620 0.004 0.000 0.063 0.000 3.363 0.032 0.151 0.001 0.000 87.387 12.613 5.861 Regionally 

51 40.302 43.641 0.011 0.000 0.079 0.005 3.449 0.054 0.109 0.006 0.000 87.655 12.345 5.875 Regionally 

69 41.181 41.486 0.021 0.002 0.014 0.005 3.754 0.025 0.384 0.001 0.000 86.873 13.127 6.138 Regionally 

86 40.060 42.183 0.422 0.000 0.059 0.000 3.339 0.029 0.063 0.002 0.001 86.158 13.842 5.947 Regionally 

44 40.061 44.891 0.011 0.000 0.025 0.014 2.867 0.048 0.438 0.009 0.011 88.375 11.625 5.743 thermally 

45 39.763 44.629 0.011 0.000 0.027 0.006 2.923 0.093 0.466 0.007 0.009 87.933 12.067 5.746 thermally 

46 40.285 44.515 0.004 0.008 0.026 0.001 3.003 0.113 0.496 0.009 0.005 88.465 11.535 5.803 thermally 

47 40.367 44.820 0.011 0.000 0.037 0.002 2.894 0.064 0.472 0.018 0.000 88.685 11.315 5.778 thermally 

48 40.412 45.155 0.006 0.000 0.048 0.002 2.961 0.110 0.500 0.000 0.003 89.197 10.803 5.765 thermally 

49 40.279 44.779 0.001 0.000 0.048 0.012 2.766 0.116 0.474 0.012 0.005 88.492 11.508 5.772 thermally 

52 40.009 44.814 0.003 0.005 0.016 0.002 2.768 0.081 0.470 0.000 0.000 88.167 11.833 5.744 thermally 

53 40.223 44.923 0.004 0.000 0.043 0.011 2.889 0.087 0.465 0.006 0.009 88.660 11.340 5.760 thermally 

54 40.158 44.851 0.000 0.000 0.025 0.000 2.962 0.078 0.508 0.000 0.010 88.591 11.409 5.764 thermally 

55 40.167 44.729 0.000 0.000 0.006 0.009 2.942 0.071 0.468 0.002 0.012 88.406 11.594 5.770 thermally 

56 40.299 44.912 0.003 0.013 0.043 0.013 2.909 0.069 0.429 0.014 0.002 88.705 11.295 5.765 thermally 

57 40.181 45.026 0.088 0.000 0.020 0.000 3.104 0.082 0.471 0.002 0.007 88.981 11.019 5.755 thermally 

58 40.368 44.761 0.000 0.000 0.031 0.009 2.994 0.099 0.489 0.003 0.023 88.775 11.225 5.790 thermally 

59 40.131 44.646 0.000 0.000 0.028 0.015 2.983 0.085 0.512 0.000 0.008 88.407 11.593 5.779 thermally 

 

Continue of Table 2.  Cations calculated on the basis of 14 oxygens (anhydrous) 
No Mg .Si Al  Ti Mn Cr Fe Ca Ni An K Total OCT Genesis 

40 5.529 4.091 0.000 0.000 0.003 0.000 0.272 0.006 0.008 0.000 0.000 5.819 Regionally 

41 5.619 4.058 0.000 0.000 0.007 0.000 0.245 0.004 0.009 0.002 0.000 5.884 Regionally 

42 5.549 4.090 0.000 0.001 0.003 0.000 0.248 0.006 0.014 0.000 0.000 5.819 Regionally 

43 5.567 4.080 0.000 0.000 0.006 0.000 0.244 0.005 0.014 0.001 0.002 5.836 Regionally 

50 5.577 4.069 0.000 0.000 0.007 0.000 0.262 0.003 0.011 0.000 0.000 5.861 Regionally 

51 5.584 4.062 0.001 0.000 0.009 0.000 0.268 0.005 0.008 0.001 0.000 5.875 Regionally 

69 5.808 3.930 0.001 0.000 0.002 0.000 0.297 0.003 0.029 0.000 0.000 6.138 Regionally 

86 5.668 4.008 0.024 0.000 0.007 0.000 0.265 0.003 0.005 0.000 0.000 5.947 Regionally 

44 5.483 4.127 0.001 0.000 0.003 0.000 0.220 0.005 0.033 0.002 0.001 5.743 Thermally 

45 5.473 4.126 0.001 0.000 0.003 0.000 0.226 0.009 0.035 0.001 0.001 5.746 Thermally 

46 5.521 4.098 0.000 0.000 0.003 0.000 0.231 0.011 0.037 0.002 0.001 5.803 Thermally 

47 5.511 4.110 0.001 0.000 0.004 0.000 0.222 0.006 0.035 0.003 0.000 5.778 Thermally 

48 5.486 4.117 0.000 0.000 0.005 0.000 0.225 0.011 0.037 0.000 0.000 5.765 Thermally 

49 5.508 4.113 0.000 0.000 0.006 0.000 0.212 0.011 0.035 0.002 0.001 5.772 Thermally 

52 5.486 4.128 0.000 0.000 0.002 0.000 0.213 0.008 0.035 0.000 0.000 5.744 Thermally 

53 5.491 4.119 0.000 0.000 0.005 0.000 0.221 0.009 0.035 0.001 0.001 5.760 Thermally 

54 5.489 4.118 0.000 0.000 0.003 0.000 0.227 0.008 0.038 0.000 0.001 5.764 Thermally 

55 5.501 4.115 0.000 0.000 0.001 0.000 0.226 0.007 0.035 0.000 0.001 5.770 Thermally 

56 5.499 4.116 0.000 0.000 0.005 0.000 0.223 0.007 0.032 0.002 0.000 5.765 Thermally 

57 5.472 4.119 0.005 0.000 0.002 0.000 0.237 0.008 0.035 0.000 0.001 5.755 Thermally 

58 5.511 4.104 0.000 0.000 0.004 0.000 0.229 0.010 0.036 0.000 0.003 5.790 Thermally 

59 5.500 4.110 0.000 0.000 0.003 0.000 0.229 0.008 0.038 0.000 0.001 5.779 Thermally 
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The chemical variations in serpentine 

polymorphs have been corroborated in many 

studies (Dungan, 1979; O'Hanley and Wicks 

1995; Page 1968). The studied serpentines 

showed different chemical characteristics in 

SiO2, MgO, and calculated H2O contents 

compared with other serpentine polymorphs 

(Table 1). Generally, in the current study area, 

antigorites had the highest SiO2 and MgO, the 

lowest total octahedral cations, and low 

calculated H2O in comparison with other 

serpentine polymorphs. Figure 5 shows the 

locations of the studied samples in chemistry 

discriminant diagrams related to serpentine 

polymorphs. As illustrated in Figure 5, despite 

the similar chemical contents of all antigorites, 

there are some differences between antigorites 

that hosted by different harzburgitic rocks too. 

Antigorites hosted by T-Hz have textural and 

chemical characteristics close to evidence of a 

thermal metamorphism phenomenon as  shown 

in some of the previous research (Marcello 

Mellini et al., 1987; Surour, 2017; Wunder et al., 

2001). 

 

  
Fig. 5. Discriminating diagrams of serpentine polymorphs (by modification from Dungan (1979), O'Hanley and Wicks (1995), 

Page (1968), and Surour (2017) (shape classified) with genetic color classification from normally and thermally metamorphosed 
antigorites 

 

     The recrystallized or thermal antigorite in the 

T-Hz rocks of the Gishaki serpentinites is 

considered as a sign for a thermal metamorphism 

process in hosted metaperidotite rocks. Thermal 

antigorite could be distinguished by several 

geochemical factors. High SiO2 (Table 1) and 

high formation temperature are ascribed to SiO2 

activity in the granitoid aureole contact. The 

binary relationship between NiO versus FeO 

(Fig. 6) was used to distinguish the thermal and 

normall antigorites. In the former antigorites, 

both NiO (more than 0.4 %) and FeO (more than 

3.1%) were high while in normal antigorites, NiO 

was less than 0.4%, and FeO was less than 3.1% 

(Fig 6). This could be attributed to the more 

tendency of Ni to high temperature phases 

through the recrystallization process. 

     The obtained results of cation units in the 

analyzed antigorite samples are listed in Table 2. 

The results indicated  the  Tschermak substitution 

(Padrón-Navarta et al., 2013) of Al3+ and Cr3+ 

mainly by Mg2+ in the octahedral sites rather than 

Si4+ in the tetrahedral sites. The sum of Si cations 

was relatively higher around 4 atoms regarding 

thermal antigorites  due to the function of SiO2 in 

the contact aureole.  On the contrary, this type of 

substitution (Al3+ and Cr3+ in tetrahedral sites) 

could be expected in normally-originated 

antigorites with relatively less Si atom activity. 

SiO2 activity is temperature dependent because 

of thermal metamorphism in contact aureole. The 

presence of tetrahedral Tschermak substitution in 

normal antigorite and its absence in some 

samples superimposed by thermal effect was also 

temperature dependent. We suggest that this is 

possible despite Al3+ (IV) and Si4+ radius 

relations because SiO2 activity in contact aureole 

is a dominant factor. Based on the collective 

EMPA data of the studied serpentinites, the 

antigorite genetic type can be predicted, which 

has been previously done in other ophiolitic 

serpentinites worldwide (M Mellini , 1986; M 

Mellini et al., 2010; Marcello Mellini et al., 

1987). In this sense, factors such as dehydration 

process and Fe, Si, and Ni activities in the same 

polymorphs can be used as a tracer of the 

metamorphic type in ophiolitic serpentinites.  
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Fig. 6. Thermal and normal antigorites in A) SiO2 versus calculated H2O diagram; B) NiO versus FeO diagram; C) total 

octahedral versus SiO2 diagram 

 

4. Conclusions 

 

Gishaki serpentinites in the Iranian Inner 

Zagros ophiolitic belt belonging to the central 

locality of the Alpine-Himalayan orogenic belt, 

contained two types of harzburgitic rocks with 

different antigorite forms. Therefore, in the 

central and northern parts of the studied area, 

there are some meta-harzburgites with thermal 

evidence and recrystallized antigorite 

polymorphs.  In contrast, there are other normal 

antigorites formed with the pseudomorphic 

features of regionally metamorphosed 

harzburgites.  

Antigorite polymorphs in the Gishaki area 

recorded regional and thermal metamorphism 

with different textural and chemical composition 

features. The results indicated some deformed 

recrystallized textures along with relatively 

higher SiO2 contents, high total octahedral 

occupation cations, high NiO and FeO, and low 

calculated H2O contents for certain antigorites 

occurring in non-pseudomorph thermally 

originated harzburgitic rocks.  

Tetrahedral Tschermak substitution occurred 

in regionally formed antigorites but not in 

thermal types, which is because of the high-

temperature condition and Si contents. 

Therefore, the sum of Si cations was relatively 

higher around 4 atoms in terms of thermal 

antigorites due to SiO2 activity in the contact 

aureole. In contrast, the same Tschermak 

substitution of Al3+ and Cr3+ in tetrahedral sites 

could be expected in normal antigorites with 

relatively less Si atom activity.  

Finally, the present work provided useful 

discriminating aspects for normal and thermal 

antigorite minerals in contact aureoles that can be 

used for metaperidotites and serpentinized 

complexes in Alpine type ophiolites.  
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