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The Eocene pluton intrudes the Paleozoic accretionary wedge in the Kal-e-Kafi area (NE
of Anarak, Isfahan province, Central Iran). Metaperidotites of this Paleotethys- related
accretionary prism consist of metalherzolite, metaharzburgite and metadunite and are
associated with the listwaenites and metasediments (schist and marble).

Rock-forming minerals of the Kal-e-Kafi metaperidotites are olivine (forsterite and
chrysolite, Mg# =0.86-0.92 with Ca0<0.02 wt%), orthopyroxene (enstatite, Mg# =0.84-
0.86), clinopyroxene (Mg# =0.90-0.94, Al,O3 0.03-2.08 wt%), tremolite, magnesio-
hornblende, anthophyllite, serpentine, talc, chlorite, chromian spinel (Cr# =0.58-0.72),
magnetite and plagioclase. All these minerals are metamorphic products and are not
relicts of the primary igneous mineralogy, except the inner parts of Cr-spinels.
Chemical composition of the core of Cr-spinel crystals reveal that the protolith of the
studied rocks were mantle peridotites which belong to the depleted and moderately
depleted peridotite series.

The field relationships, petrography evidences, chemical characteristics of minerals
and results of the thermobarometry calculations, show that the peridotites in the Kal-e-
Kafi area have suffered a regional metamorphism in P-T condition of greenschist facies
during the Paleozoic, intrusion of the Kal-e-Kafi pluton, caused a progressive contact
metamorphism at 630 to 750 °C under a pressure less than 1 kbar (pyroxene hornfels
facies) during the Eocene.

Keywords: Metaperidotite; Paleozoic; Kal-e-Kafi pluton; Eocene; Regional and contact
metamorphism; Anarak; Central Iran.

INTRODUCTION lithosphere rocks. According to Coleman (1977),

Ophiolite assemblages are relicts of the ancient oceanic ophiolites are metamorphosed in two ways: (1) internal
crusts which are situated along the sutures (Coleman, metamorphism, which includes events that affect the
1977; Dilek and Newcomb, 2003). Petrological studies ophiolite minerals assemblage (e.g., serpentinization,
of these rock suits will be a great help in understanding as well as rodingite and liswaenite formation); and (2)
the geological history of the area and pre, syn and post- external metamorphism which is related to the ophiolite
obduction geological events affected the past oceanic emplacement, orogenic events and post-obduction
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metamorphism induced by either magma intrusion or
regional metamorphism (e.g., Oliver et al., 1972; Paktunc,
1984; Dymek et al., 1988; Melcher et al., 2002; Torabi et
al., 2011a; Khalili et al., 2016).

The ophiolites of Iran can be generally classified into
two Paleozoic and Mesozoic age groups (Figure 1; Shafaii
Moghadam and Stern, 2014). The ophiolites in north,
northeastern of Iran and western part of the Central-East
Iranian Microcontinent (CEIM; Yazd and Posht-e-Badam
blocks) are remnants of the Paleozoic Paleo-Tethys
oceanic crust (Torabi, 2011, 2012 a,b). On the other hand,
the ophiolites situated along the Zagros thrust zone and
around of the CEIM (Figure 1) are remnants of the Neo-
Tethys oceanic crust and belong to the Mesozoic (Torabi
etal., 2011b).

The Paleozoic age Jandaq, Anarak, Bayazeh and
Posht-e-Badam ophiolites (Figure 2) are metamorphosed
under P-T conditions of the upper amphibolite (Torabi
et al., 2011b), greenschist and blueschist (Torabi, 2011,
2013), lower amphibolite (Khalili et al., 2016), and upper
greenschist to lower amphibolite facies (Nosouhian et al.,
2019), respectively.

The mantle peridotites of the Naein, Piranshahr and Deh-
Salm Mesozoic ophiolites, have been metamorphosed
under amphibolite (Shirdashtzadeh et al., 2014) and
lower-amphibolite (Hajialioghli and Moazzen, 2014),
respectively.

In the northeast of the Anarak city (Isfahan Province,
Central Iran), the metamperidotites and listwaenites are
associated with the Paleozoic schist and marble unit.
These Paleozoic rocks are in contact with the Kal-e-
Kafi Eocene pluton (Figure 3). The Kal-e-Kafi Paleozoic
unite are considered to be a remnant of a Permo-Triassic
accretionary prism (Bagheri, 2007; Bagheri and Stampfli,
2008) however, yet, no petrological study has been
reported on these peridotites. In this contribution, we
provide petrological studies on these metaperidotites to
provide information regarding the geological evolution of
this area. Moreover, we study the effects of the Kal-e-Kafi
Eocene pluton on the peridotite unit.

In this research, we used the results of the field study,
petrography evidences and chemical affinities of minerals
to determine the conditions of this contact metamorphism.
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Figure 1. The main structural units of Iran and location of ophiolites and Kal-e-Kafi area (Stocklin, 1968; Bagheri, 2007; Zanchi et al.,

2009, slightly modified).
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Figure 2. Simplified geological map of the Anarak-Khur area (Yazd Block, Central Iran; Aistov et al., 1984; slightly modified), and
location of the study area.
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REGIONAL GEOLOGY

The main structural units of Iran are: Folded Zagros,
Zagros Thrust Zone (ZTZ), Urumieh-Dokhtar magmatic
arc (UDMA), Central-East Iranian Microcontinent
(CEIM), Sanandaj-Sirjan Zone (SSZ), Alborz, Kopet
Dagh, Eastern Iran, and Makran (Stocklin, 1968;
Bagheri, 2007; Zanchi et al., 2009; Figure 1). The CEIM
is located between the convergent Arabian and Eurasian
plates. This microcontinent was affected by a complex
system of active intracontinental strikeslip faults that has
divided this microplate into four main crustal domains,
including: the Lut block, the Tabas (Kerman) block, the
Posht-e-Badam block and the Yazd (Naein) block, from
the east to the west, respectively (Figure 1). Several
ophiolitic belts are present in and around of the CEIM
that are remnants of the Paleo- Tethys and Neo-Tethys
oceanic crusts.

The Kal-e-Kafi area is situated in the western part of the
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Figure 3. Simplified geological map of the Kal-e-Kafi area, north- Geological studies of t'he Kal-e-Kafi area indicate th?t
east of Isfahan Province, Central Iran, based on 1:100000 scale the 10W?rm95t rock unl'ts of the area are the Paleozoic
map of Kabudan (sheet 6856), after Sharkovski et al. (1984). metaperidotites and liswaenites which are covered
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by Paleozoic metasediments (schist and marble)
(Torabi, 2013; Figure 4). The Anarak area ophiolite
and metamorphic rocks have passed the greenschist
metamorphism condition (Torabi, 2013). There are no
chromitite in the Anarak area ophiolite (Torabi, 2012b).
40Ar/3%Ar isotopic analyses of these metamorphic rocks
indicate the ages of 319.0 and 333.9 Ma (Carboniferous
age; Bagheri and Stampfli, 2008). The Cretaceous
limestones overlie the Paleozoic metamorphic rocks with
erosional angular unconformity (Nazari et al., 2019). The
Cenozoic rock units of the area are Eocene volcanic and
intrusive bodies, skarn and hornfels (Figure 3).

This Eocene pluton cuts all the rock units in the area
from Paleozoic to Eocene (Nazari et al., 2019). The Kal-
e-Kafi pluton presents a wide range of composition from
gabbro to anorthosite, diorite, monzonite and granite
(Salim, 2019; Salim et al., 2018). Intrusion of the Eocene
magma into metaperidotites in northern part of the area,
caused contact metamorphism. The skarn and hornfels
are formed by contact metamorphism between the Kal-e-
Kafi pluton and Paleozoic marble and schist, respectively
(Ranjbar et al., 2016). The hornfels and skarn were
formed by thermal metamorphism occurrence in the P-T
condition of hornblende hornfels and pyroxene hornfels
facies.

The K-Ar dating of the study area Eocene volcanic
rocks yield 53 and 48 Ma (Yakovenko et al., 1981; Aistov
et al., 1984). The U-Pb dating of zircons from the Kal-
e-Kafi pluton yield the Early Eocene ages of 50.3 and
52+1 Ma (Ahmadian et al., 2016). The younger phase of
this pluton formed the Kal-e-Kafi porphyry Cu-Mo-Au
deposit (Mahdavi et al., 2015; Ahmadian et al., 2016).

The lower Oligocene lamprophyric dykes and stocks,
intruded into the Eocene volcanic rocks of the area, which
are exposed in the east of the Kal-e-Kafi area (Nazari et
al., 2019).

Schist

METHODS OF STUDY

Chemical analyses of minerals from 10 metaperidotite
samples were conducted by wave-length-dispersive
electron probe microanalyzer (EPMA) using a JEOL
JXA-8800R, JEOL JXA-8600 at the Earth Science
Department of Kanazawa University (Kanazawa, Japan)
and Department of Earth and Environmental Sciences of
Yamagata University (Yamagata, Japan), respectively.
These analyses were performed with an accelerating
voltage of 20 kV, a beam current of 20 nA with 3-pm
probe beam diameter, detection limits of 0.05 wt%,
and a maximum 40-s counting interval. Representative
chemical analyses of the minerals and their calculated
structural formula are shown in Tables 1 to 9.

XRD analyses of the metaperidotite samples were
carried out by Bruker D8 Advance X-ray diffractometer at
the Central Laboratory of the University of Isfahan. The
trace element contents of clinopyroxenes from the Kal-
e-Kafi metaperidotites were obtained by laser ablation
ICP-MS (LA-ICP-MS) using an ArF 193 nm Excimer
Laser coupled to an Agilent 7500S at the Earth Science
Department of the Kanazawa University (Japan) (Table
10).

The amounts of Fe’* and Fe?" in minerals were
estimated by assuming mineral stoichiometry. All the
metamorphic reactions presented in this article are from
Spear (1995). Minpet 2.02 software was used to plot
minerals chemical composition in diagrams. The Cr#,
Mg# and Fe# of minerals are calculated as Cr/(Cr+Al),
Mg/(Mg+Fe?") and Fe?'/(Fe*’+Mg) atomic ratio of
minerals, respectively. Mineral names abbreviations are
from Whitney and Evans (2010).

PETROGRAPHY
Metaperidotites of the Kal-e-Kafi area are grayish-
green to dark-green in color and in the hand specimen.

Hornfels

-~

Figure 4. Field photographs of the studied metaperidotites, granitoid intrusive body of the Kal-e-Kafi and Paleozoic schist and marble.
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These rocks do not show clear lineation and foliation.
According to the petrography and mineral assemblages,
the metaperidotites of this area comprise three principal
rock types that are include metalherzolite, metaharzburgite
and metadunite (Figure 5).

Metalherzolites are characterized by the presence of
high amounts of tremolite and chlorite. Metaharzburgites

are rich in talc, anthophyllite and enstatite. Metadunites
are in contact with the Eocene pluton and are characterized
by olivine and serpentine mineralogy. Petrography study
of these metaperidotites indicates that granoblastic,
porphyroblastic, nematoblastic and poikiloblastic are the
main textures and Jack-straw texture is restricted to the
tremolite-bearing metalherzolites.

Figure 5. Photomicrographs (in crossed-polarized light) of (A) Olivine neoblasts associated with tremolite and, (B) Formation of chlorite
around Cr-Magnetite in the metalherzolites. (C) Formation of orthopyroxene at the expense of talc and olivine and, (D) Clinopyroxene
associated with orthopyroxene and serpentine in the metaharzburgites. (E) Olivine neoblasts and mesh texture containing serpentine
and, (F) Subhedral Cr-spinel grain in the metadunites.
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Metalherzolite

Rock-forming minerals of metalherzolites are olivine,
tremolite, serpentine, clinopyroxene, chromian magnetite,
magnetite and chlorite. The studied metalherzolites
exhibit the porphyroblastic, granoblastic, nematoblastic,

poikiloblastic, jack-straw and mesh textures.
Olivine neoblasts are in equilibrium with the pyroxene
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minerals (Figure 5A). There are magnetite inclusions in
olivines.

Some of the olivines are altered to serpentine minerals
(Figure 5A). X-ray diffraction (XRD) pattern shows that
the main serpentine minerals of metalherzolites are of
antigorite type (Figure 6). Antigorites are associated with
the chlorites.

A)

Sample B705: Metalherzolite |

Sample B707: Metaharzburgite | B)

Ser
AtgChl

En
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50 60 70 80

Figure 6. X-ray diffraction patterns of the metalherzolite and metharzburgite samples from the Kal-e-Kafi area.
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Tremolite is the most important Ca-bearing silicate in
the metalherzolites, but small amount of clinopyroxene is
also present (Figure 5A).

Chromian spinels are relicts of the primary igneous
mineralogy. They are the most resistant minerals against
the metamorphism and alteration. Primary chromian
spinel is accessory mineral of these metaperidotites. This
mineral is anhedral to subhedral in morphology. The
modal abundance of spinels in all samples are less than
3 vol% and partly are altered to magnetite and chromian
magnetite, but in some rock samples their internal parts
remain intact.

Chlorites exhibit a faintly green pleochroismus. They
are common in the matrix and sometimes in veinlets.
These minerals are often associated with tremolite
and magnetite spinel and in form of accumulations
with serpentines (Figure 5B). Chlorite content of the
metalherzolites is higher than the metaharzburgites.

Metaharzburgite

These rocks are composed of olivine, orthopyroxene,
talc, anthophyllite, serpentine, magnetite, Cr-spinel, + low
amounts of clinopyroxene, chlorite and tremolite. Near to
the Kal-e-Kafi Eocene pluton, minor amount of plagioclase
(<2 vol%) is also present in the metaharzburgites.
Main textures of metaharzburgites are porphyroblastic,
granoblastic, poikiloblastic, nematoblastic and mesh
texture.

Olivine grains in the metaharzburgites present slightly
higher modal abundance than in the metalherzolites and
more serpentinization.

Orthopyroxene makes the poikiloblastic and
porphyroblastic textures, and found with talc, olivine
and anthophyllite (Figure 5C). Some orthopyroxene
porphyroblasts partially replaced by serpentine in margin
that indicates a retrograde metamorphism occurrence
(M3) after formation of metamorphic orthopyroxenes
(M2).

Talc is a common product of metamorphism in the
metaharzburgites. It is formed along the cleavages and
cracks of some minerals, such as orthopyroxene and
olivine (Figure 5C).

Anthophyllite can be identified by its parallel extinction
and lack of twinning. This mineral makes sheaf-like
aggregates and fills the cracks (Figure 5C).

Low amounts of clinopyroxene observed in the
metaharzburgite (less than 2 vol%). Clinopyroxenes are
fine grained and anhedral in morphology (Figure 5D).
They are associated with orthopyroxene and serpentine
and possibly have metamorphic nature.

Most of the Cr-spinels in the metaharzburgites are
completely changed into the magnetite and chromian
magnetite (Figure 5B), but in some cases they have fresh

core.

Plagioclases of the metaharzburgites which are in
contact with the Eocene pluton, are generally small in size
and anhedral to subhedral in morphology.

X-ray diffraction analysis (XRD patterns) of serpentine
minerals in the metaharzburgites shows that serpentines
are mostly antigorite which caused to development of the
mesh-texture in these rocks (Figure 5D).

Metadunite

Metadunites present lesser outcrops than the other
types of metaperidotites in the Kal-e-Kafi area. They are
found in contact with the Eocene pluton. Metadunites
have yellow-green colour in hand specimen and present
higher degrees of serpentinization than metaharzburgite
and metalherzolite. The main texture of metadunites is
granoblastic, but serpentinization process makes the mesh
texture.

The main minerals are olivine and serpentine and the
minor minerals are orthopyroxene, clinopyroxene and
spinel (Figure 5E). Olivines are euhedral and larger than
that in metaharzburgite and metalherzolite. Chromian
spinels are euhedral to subhedral in morphology and occur
as disseminated grains (Figure 5F). Some of the Cr-spinel
grains are altered to chromian magnetite and magnetite.

Olivine grains are highly dissected by network
serpentine veins, forming interlocking or equigranular
texture. Antigorite and lizardite are the main varieties of
serpentine that are present in metadunites (Figure 5F), but
antigorite is the predominant serpentine mineral.

MINERAL CHEMISTRY
Olivine

Chemical composition of olivines in the studied
metaperidotites shows that olivines are rich in Mg and
are forsterite and chrysolite in composition (Figure 7A;
Deer et al.,, 1992). The forsterite content of olivines
varies from 86 to 91% in metalherzolites, 87 to 91% in
metaharzburgites and 90 to 91% in metadunites (Table 1).

Olivines in the studied metaperidotites have very low
content of CaO (<0.02 wt%). FeO* and MnO contents
of olivines are 8.78 to 13.33 and 0.16 to 0.36 wt% in
metalherzolites, 8.98 to 12.44 and 0.06 to 0.30 wt% in
metaharzburgites and 7.90 to 10.04 and 0.14 to 0.24 wt%
in metadunites, respectively (Table 1).

Orthopyroxene

Othopyroxenes in the studied metaperidotites, have
enstatite composition (Figure 7B) in the classification
diagram of pyroxenes (Deer et al, 1992). Enstatite
amount varies from 86.10 to 87.27% in metalherzolites,
83.63 to 91.05% in metaharzburgite and 90.1 to 91.10%
in metadunites, respectively. The Mg# content of
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Figure 7. (A) The classification diagram of olivines (Deer et al., 1992); (B) Wo—En—Fs graph of orthopyroxenes from Deer et al. (1992);
(C) Wo-En-Fs graph of clinopyroxenes from Deer et al. (1992). (D) Chemical classification graph of amphiboles into four principle
groups (Leake et al., 1997); . The chlorites from the Kal-e-Kafi metaperidotites are clinochlore in composition.

othopyroxenes in metalherzolites, metaharzburgites and
metadunites are calculated as 0.87 to 0.88, 0.86 to 0.91
and 0.83 to 0.86, respectively (Table 2).

Clinopyroxene

Clinopyroxenes of the studied metaperidotites have
low contents of TiO, (0-0.12 wt%), Al,Oz (0.03-2.08
wt%), Na,O (0-0.32 wt%) and Cr,O; (0-0.06 wt%).
Mg# values of these clinopyroxenes vary from 0.93 to
0.99 wt% (Table 3). Mineral chemistry of the analyzed

clinopyroxenes shows that these minerals are diopside in
composition (Figure 7C).

Amphiboles
Amphiboles in the studied metaperidotites can be
classified into calcic and magnesian (Figure 7D) types.
Amphiboles in the studied metalherzolites are calcic
in composition and have low contents of Al,O; (<2.12
wt%) and Na,O (<0.48 wt%), and high values of Mg#
(0.92-1) (Table 4). Si values of this type of the analyzed
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Figure 7. Continued. (E) Classification diagram of the Ca-amphiboles (Leake et al., 1997); (F) Classification diagram of the Fe-Mn-Mg
orthorhombic amphiboles (Leake et al., 1997). (G) Chemical classification diagram of chlorites (Hey, 1954). The chlorites from the

Kal-e-Kafi metaperidotites are clinochlore in composition.

amphiboles ranges from 6.94 to 8.02 apfu (atoms per
formula unit). Chemical compositions of amphiboles in the
metalherzolites, metaharzburgites and metadunites indicate
that they are tremolite, tremolitic-hornblende, magnesio-
hornblende, tschermakitic hornblende, tschermakite,
magnesio-anthophyllite  and  magnesio-gedrite  in
composition (Figures 7E and F) (Leake et al., 1997).
Magnesian amphiboles can be found in the
metaharzburgites and metadunites. They are magnesio-
anthophyllite in composition (Figure 7F). MgO and Al,0O4

values of the analyzed anthophyllites range from 30.64 to
41.83 and 0.1 to 3.68 (wt%), respectively. They have very
low amount of Na,O (0.01 to 0.68; average: 0.19 wt%)
(Table 5).

Serpentine

The average Mg# content of the analyzed
serpentines reaches up to 0.83 in metalherzolite, 0.90
in metaharzburgite and 0.91 in metadunites (Table
6). The average value of Cr,O5 in serpentines of the
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Table 4. Electron microprobe analyses of calcic-amphiboles (wt%) in metaperidotites of the Kal-e-Kafi area and their calculated
structural formula.

Sample B804 B804 B804 B804 B807 B807 B807 B807 B807 B807
Analysis 192 193 196 197 268 269 271 272 274 277

Lithology Metalherzolie

Si0, 52.81 53.21 56.69 55.68 58.47 58.76 57.22 58.65 57.44 59.20

TiO, 0.00 0.00 0.08 0.04 0.00 0.00 0.01 0.00 0.00 0.01

Al)O, 1.21 0.98 1.81 1.80 0.52 0.47 2.12 0.56 1.18 0.12

Cr)0, 0.20 0.21 0.40 0.31 0.14 0.03 0.32 0.22 0.17 0.00

FeO* 3.56 3.22 2.73 3.02 4.36 3.70 2.77 2.63 4.41 2.10

MnO 0.09 0.07 0.05 0.03 0.17 0.16 0.15 0.20 0.17 0.12

MgO 28.12 28.47 23.20 24.58 21.54 21.95 22.50 22.35 21.61 23.73

CaO 9.37 9.06 12.95 12.24 12.57 12.69 12.09 12.84 12.39 12.28

Na,O 0.18 0.19 0.48 0.41 0.03 0.05 0.30 0.06 0.17 0.03

K,0 0.05 0.03 0.06 0.04 0.03 0.03 0.07 0.04 0.05 0.04

Total 95.38 95.24 98.04 97.85 97.69 97.81 97.24 97.32 97.43 97.63

Oxygen#= 23

Si 6.909 6.936 7.668 7.442 7.994 8.017 7.751 8.012 7.860 7.968
Ti 0.000 0.000 0.008 0.004 0.000 0.000 0.001 0.000 0.000 0.001
AIM! 0.000 0.000 0.000 0.000 0.077 0.075 0.090 0.089 0.050 0.000
ALY 0.186 0.150 0.289 0.283 0.006 0.000 0.249 0.000 0.140 0.020
Cr 0.020 0.022 0.042 0.033 0.015 0.003 0.034 0.024 0.018 0.000
Fe?* 0.000 0.000 0.000 0.000 0.279 0.264 0.000 0.217 0.120 0.000
Fe’* 0.390 0.351 0.309 0.337 0.219 0.158 0.314 0.083 0.385 0.236
Mn 0.010 0.007 0.006 0.004 0.020 0.018 0.017 0.023 0.020 0.014
Mg 5.486 5.533 4.677 4.897 4.390 4.465 4.544 4.552 4.408 4.761
Ca 1.313 1.266 1.876 1.753 1.841 1.855 1.755 1.880 1.817 1.770
Na 0.045 0.048 0.126 0.106 0.008 0.013 0.080 0.015 0.046 0.008
K 0.008 0.006 0.010 0.007 0.004 0.006 0.013 0.006 0.009 0.007
Sum 14.367 14.319 15.012 14.866 14.854 14.875 14.847 14.901 14.871 14.785
Mgt 1.00 1.00 1.00 1.00 0.94 0.94 1.00 0.98 0.92 1.00

metalherzolite and metaharzburgite (~0.14 wt%) is lower
than the metadunites (~0.8 wt%) (Table 6). According to
the X-ray diffraction analysis (XRD patterns), the main
serpentine type in the studied metaperidotites identified
as antigorite (Figure 6).

Talc

This mineral has high Mg# (0.8-0.98) and is a common
mineral in the orthopyroxene- bearing rocks of the area
(metaharzburgites). The Al,O;, FeO* and Na,O contents
of the analyzed talcs range 0.41 to 2.09, 0.1 to 7.36 and
0.04 to 0.52 wt%, respectively (Table 7). SiO, value in the
analyzed talcs is nearly twice the MgO amount (Table 7).

Chlorite

Chlorites in the metaharzburgites have SiO, and Al,0O;
values of 31.12-32.24 and 17.51-20.06 wt%, respectively,
and FeO* and MgO amounts range from 2.76-3.25 and
31.26- 31.91 wt%, respectively. The Mg# of the analyzed
chlorites is 0.945-0.954 (Table 8). The studied chlorites
are plotted in the clinochlore field of classification
diagram of chlorites (Hey, 1954) (Figure 7G).

Spinel

Spinels of the studied rocks show systematic
compositional variation along their core to rim path.
Spinel cores are enriched in Cr and depleted in Mg (Table
9). The Cr#, Mg# and TiO, value of chromian spinels
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Table 5. Electron microprobe analyses of anthophyllite (wt%) in metaperidotites of the Kal-e-Kafi area and their calculated structural

formula.

Sample B707 B861 B861 B801 B801 B801 B801
Analysis 186 168 170 179 180 184 186
Lithology Metaharzburgite Metadunite

Si0, 55.02 49.79 52.20 58.55 53.79 42.53 58.50
TiO, 0.00 0.17 0.01 0.00 0.00 0.00 0.00
Al 04 1.64 3.68 0.74 0.29 0.19 0.10 0.53
FeO* 3.25 5.80 6.41 1.70 1.98 5.23 1.77
Cry)0, 0.33 0.35 0.10 0.04 0.00 0.06 0.01
MnO 0.01 0.04 0.14 0.00 0.05 0.10 0.00
MgO 31.83 30.64 31.73 32.19 3431 41.86 31.78
CaO 0.00 0.01 0.06 0.00 0.02 0.01 0.02
Na,O 0.05 0.86 0.07 0.12 0.06 0.01 0.17
K,0 0.02 0.19 0.02 0.00 0.01 0.01 0.06
Total 91.82 91.18 91.38 92.85 90.41 89.85 92.83

Oxygens#= 23

Si 7.685 7.106 7.387 8.107 7.549 5.822 8.124
Ti 0.000 0.018 0.001 0.000 0.000 0.000 0.000
Al 0.270 0.619 0.123 0.047 0.031 0.016 0.087
Cr 0.036 0.039 0.011 0.004 0.000 0.006 0.001
Fe* 0.306 0.417 0.268 0.197 0.232 0.599 0.206
Fe?* 0.073 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.001 0.005 0.017 0.000 0.006 0.012 0.000
Mg 6.628 6.519 6.693 6.644 7.178 8.544 6.579
Ca 0.000 0.002 0.009 0.000 0.003 0.001 0.003
Na 0.014 0.238 0.019 0.032 0.016 0.003 0.046
K 0.004 0.035 0.004 0.000 0.002 0.002 0.011
Sum 15.017 15.273 15.023 15.032 15.018 15.004 15.056
Mgt 0.99 1.00 1.00 1.00 1.00 1.00 1.00

in the metaharzburgites and metadunites are 0.64-0.72,
0.24-0.31, 0.1-0.32 (wt%), and 0.65-0.7, 0.20-0.24,
0.1-0.2 (wt%), respectively (Table 9). All Cr-spinels in
metalherzolites have been converted to magnetite (Table
9).

Plagioclase

All plagioclases in the metaharzburgites have anorthite
composition (Average: Ang;Abg ¢Or( 1) (Figure 7H; Table
12). Anorthite content of plagioclases in the gabbros
varies from 83.8 to 94.2% (Average: 91.6%).

DISCUSSION
Contact metamorphism

The Kal-e-Kafi intrusive body comprises the four
phases of magma intrusion ranging in composition

from gabbro to diorite, monzonite and granite (Figure
2; Ahmadian et al., 2016; Salim et al., 2018). The Ti-in-
biotite thermometer of the Kal-e-Kafi granitoids shows
the crystallization temperature of 707 to 761 °C (average
745 °C; Salim, 2019).

The intrusion of the Eocene Kal-e-Kafi pluton increases
the thermal gradient of the surrounding rocks leading to
contact metamorphism in the surrounding rock units as
skarn, hornfels and metaperidotites at the expense of the
host rocks (Ranjbar et al., 2016).

Metamorphic evolution of metaperidotites

The presence of fine magnetite inclusions in the olivine
neoblasts of metaharburgites indicate probably reveals
that the magnetite inclusions have formed by partially
serpentinization of primary olivines and pyroxens by

A pM
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Table 8. Electron microprobe analyses of chlorites and plagioclases (wt%) from metaharzburgites of the Kal-e-Kafi area and their
calculated structural formula.

Sample  B7071 B707 B707 B707 B707 B707 |Sample 22-3a 22-3a 22-3a 22-3b 22-3b 22-3b
Analysis 220 167 169 171 177 189  |Analysis 20 21 22 1 2 3
Mineral Chlorite Plagioclase
SiO, 32.24 31.33 31.33 31.12 31.51 3192 [SiO, 45.28 46.11 45.42 44.52 44.89 44.54
TiO, 0.04 0.08 0.04 0.09 0.11 0.10 |TiO, 0.03 0.02 0.06 0.04 0.02 0.00
AL)O4 17.51 19.60 19.69 20.06 19.54 18.81 |ALO; 35.66 35.41 35.02 35.33 35.53 34.94
Cry)04 1.71 0.59 0.80 0.73 0.67 0.64 |FeO* 0.14 0.18 0.16 0.21 0.25 0.13
FeO* 2.76 3.11 3.23 3.25 3.15 324  |MnO 0.00 0.02 0.07 0.01 0.00 0.08
MnO 0.01 0.02 0.01 0.01 0.01 0.00 |MgO 0.03 0.03 0.00 0.01 0.00 2.06
MgO 31.91 31.26 31.52 31.30 31.25 31.61 |CaO 18.93 18.41 18.58 19.00 19.29 17.21
CaO 0.01 0.00 0.01 0.00 0.02 0.01 |Na,O 0.75 0.98 0.92 0.66 0.58 0.93
Na,O 0.00 0.01 0.00 0.00 0.00 0.00 |K,0 0.01 0.02 0.02 0.02 0.02 0.00
K,0 0.01 0.00 0.02 0.01 0.02 0.00 |Total 100.83  101.18  100.25 99.80  100.58 99.89
Total 86.19 85.98 86.64 86.56 86.28 86.32

Oxygen#=28 Oxygen#=8
Si 6.123 5.954 5.919 5.884 5.970 6.045 |Si 2.072 2.099 2.090 2.061 2.063 2.054
Ti 0.006 0.011 0.006 0.013 0.016 0.014 |Ti 0.001 0.001 0.002 0.001 0.001 0.000
ALY 1.877 2.046 2.081 2.116 2.030 1.955 |Al 1.922 1.898 1.898 1.926 1.923 1.898
AV 2.040 2.340 2.300 2.349 2.329 2.240 |Fe¥* 0.005 0.007 0.006 0.008 0.010 0.005
Cr 0.256 0.088 0.119 0.108 0.099 0.095 |Mn 0.000 0.001 0.003 0.000 0.000 0.003
Fe?* 0.438 0.493 0.510 0.513 0.498 0.514 Mg 0.002 0.002 0.000 0.001 0.000 0.142
Mn 0.002 0.003 0.002 0.001 0.002 0.000 |Ca 0.928 0.898 0.916 0.943 0.950 0.850
Mg 9.034 8.855 8.877 8.823 8.827 8.924 |Na 0.067 0.086 0.082 0.059 0.052 0.083
Ca 0.001 0.001 0.002 0.000 0.004 0.001 K 0.001 0.001 0.001 0.001 0.001 0.000
Na 0.000 0.003 0.000 0.000 0.000 0.000 |Sum 4.998 4.993 4.998 5.000 5.000 5.035
K 0.002 0.000 0.005 0.003 0.005 0.001 |Ab 6.70 8.70 8.20 5.90 5.20 8.90
Sum 19779 19.794 19.821 19.810 19.780  19.789 |An 93.20 91.20 91.70 94.00 94.70 91.10
Fe'# 0.05 0.05 0.05 0.06 0.05 0.05 |Or 0.10 0.10 0.10 0.10 0.10 0.00
Mg# 0.95 0.95 0.95 0.95 0.95 0.95

initial retrograde hydration of peridotites (M1) (Oliver 2 Diopside + 5 Antigorite — 6 Forsterite + Tremolite +

et al.,, 1972; Paktunc, 1984). During the progressive 9 H,O )
metamorphism (M2), magnetites have been surrounded
by metamorphic olivines (Nozaka, 2003, 2005; Khedr 5 Antigorite — 6 Forsterite + Talc + 9 H,O 3)

and Arai, 2012). Partial serpentinization of some olivine

neoblasts and formation of late-stage chlorites around
of the tremolites indicate occurrence of a retrograde
metamorphism (M3) (Trommsdorff and Evans, 1980)
after prograde metamorphism.

According to the following reactions, metamorphic
olivines (neoblasts) may be formed during progressive
metamorphism of metaperidotites (Spear, 1995):

Brucite + Antigorite — 2 Forsterite + 3 H,O

(1

N>

Chemical composition of olivines in peridotites is
likely controlled by whole-rock chemistry and the grade
of metamorphism (Mancini et al., 1996; Paktunc, 1984).
According to DeHoog et al. (2010) the calcium content
in olivine structure is dependent on temperature. During
metamorphism, the low equilibrium temperature of the
metamorphic olivines will cause to decreasing the CaO
content (Ca0<0.02 wt%) in comparison to the igneous
olivines (Ca0>0.04 wt%). Therefore, the very low CaO
content of olivines in the studied metaperidotites indicates
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Thermally metamorphosed mantle peridotites from Central Iran

their metamorphic origin.

Forsterite content of the analyzed metamorphic olivines
is similar to the composition of metamorphic olivines
reported from the metamorphosed mantle peridotites
(e.g., Springer, 1974; Arai, 1975; Pinsent and Hirst,
1977; Nozaka, 2018). Therefore, the mantle peridotites
should be the protolith of the studied metaperidotites.
The NiO (wt%) versus Fo (mole%) contents of olivines
graph (Figure 8A; Nozaka, 2010) shows that the analyzed
olivines have metamorphic nature. The NiO against Fo
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binary diagram (Figure 8B) shows that the olivines of the
studied metaperidotites are similar to the metamorphic
olivines with magnetite inclusions from Braszowice -
Brzeznica serpentinites (SW Poland; Wojtulek et al.,
2017). The forsterite content of olivines and their variable
MnO contents reveal that these samples are of the
deserpentinized peridotites (Guotana et al., 2018; Figure
80C).

Metamorphic orthopyroxene forms at the expense
of olivine, anthophyllite and talc at temperatures above
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Figure 8. (A and B) NiO (wt%) against Fo (mole.%) content graph of olivines (Nozaka, 2005; Wojtulek et al., 2017; respectively); (C)
Forsterite content versus MnO values (wt%) plot of olivines (Guotana et al., 2018). Compositions of metamorphic olivines from the
Happo-O’ne peridotite complex (Khedr and Arai, 2012), Tari-Misaka (Arai, 1975), Ohsa-Yama (Nozaka, 1995) in Japan, and abyssal
peridotites (Warren, 2016) are also included for comparison. (D) CaO values Cr,O3 contents diagram (The field of metamorphic
orthopyroxene is from Pinsent and Hirst ,1977; Desmarais, 1981; Tracy et al. 1984; Nozaka, 2010, samples).The fields of residual and

melt impregnation clinopyroxenes are from Seyler et al. (2007).
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700 °C (Spear, 1995; Pawley, 1998). This mineral is
formed according to the reactions:

Talc + Forsterite — Enstatite + H,O 4)

Anthopyllite + Forsterite — Enstatite + H,O %)
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Figure 8. Continued. (E and F) Cr,0O; values AlL,O; and
CaO against Al,O3; graphs (Frost, 1975). Fields of contact
metamorphic orthopyroxene are from Arai (1975); Pinsent
and Hirst (1977). (G) Diagram to distinguish the igneous and
metamorphic clinopyroxene (Veblen and Ribbe, 1982). (H)
Cr,05 values Al,O; (Wt%) diagram. The fields of residual and
melt impregnation clinopyroxenes are from Seyler et al. (2007).
The field of metamorphic clinopyroxene is from Nozaka and
Shibata (1995). (I) Na,O values TiO, (wt%) diagram (Wojtulek
etal., 2017).

The low CaO content of orthopyroxenes is a
prominent feature of the metamorphic orthopyroxenes
(Nozaka, 2010). The CaO and Cr,0O; values of the
studied orthopyroxenes (average of 0.27 and 0.26,
respectively) are in range of those formed from low-grade
metamorphism of peridotites (Nozaka, 2010) and are also

A pM
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similar to the reported metamorphic orthopyroxenes from
the Jandaq metaultrabasic rocks in Central Iran (Torabi et
al., 2011a). The CaO (wt%) against Cr,05 (wt%) content
diagram (The field of metamorphic orthopyroxene is from
Pinsent and Hirst, 1977; Desmarais, 1981; Tacy et al.,
1984; Nozaka, 2010, samples) used to identify the type of
orthopyroxenes (Figure 8D). Chemical composition of the
studied orthopyroxenes reveal that they are similar to the
metamorphic orthopyroxenes. In the Cr,0; against Al,O3
and CaO versus Al,O; graphs (Frost, 1975; Figure 8 E,F),
orthopyroxenes of the Kal-e-Kafi area metaperidotites
are plotted in the field of orthopyroxenes with contact
metamorphism nature.

The low amounts of CaO (0 to 0.6 wt%,; average: 0.27
wt%) and the wollastonite endmember contents (0to 1.12%;
average: 0.54%) of these orthopyroxenes indicate that
they are similar to the “Non-calciferous” orthopyroxenes
which are produced by thermal metamorphism of strongly
serpentinized peridotites by intrusion of granitic masses
(Arai, 1974).

The average content of Na,O in clinopyroxenes of the
Kal-e-Kafi metaperidotites is 0.01 wt%, therefore, can
not be considered as primary clinopyroxenes (e.g., Khedr
and Arai, 2012). In the (Ti+Na+Cr) versus Al (Berger et
al., 2005; Figure 8G) and Cr,O; against Al,O5 (Seyler
et al.,, 2007, Nozaka and Shibata, 1995; Figure 8H)
diagrams, the studied clinopyroxenes plotted in the field
of clinopyroxenes with metamorphic nature. The Na,O
against TiO, graph of the metamorphic clinopyroxenes
(Wojtulek et al., 2017) (Figure 8I), shows that the studied
clinopyroxenes are nearly similar to the clinopyroxenes
from serpentinites.
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The chondrite-normalized REE patterns (REE values
of chondrite are from Sun and McDonough, 1989) of the
clinopyroxenes in the Kal-e-Kafi area metaperidotites
(Figure 9) indicate that there two types of clinopyroxenes
in these rocks. (1) Clinopyroxenes of metalherzolites are
enriched in light rare earth elements (LREE) and exhibit a
nearly flat heavy rare earth elements (HREE) patterns. (2)
On the other hand, clinopyroxenes of the metaharzburgites
exhibit a flat and almost depleted patterns for LREE and
HREE. The REE patterns of the studied clinopyroxenes
are different from clinopyroxenes of supra-subduction
zones (SSZ) (Bizimis et al., 2000) and abyssal peridotites
(Johnson and Dick, 1992; Warren and Shimizu, 2010),
likely due to their metamorphic nature.

The primitive mantle-normalized multi-elements spider
diagram (McDonough and Sun, 1995) of the studied
clinopyroxenes (Figure 9) indicate that clinopyroxenes of
metalherzolites have higher values of the most of trace
elements than the clinopyroxenes of metaharzburgites.
Clinopyroxenes of metaharzburgites are enriched only
in U and Pb and for other elements show depletion (<I)
(Figure 9).

The chondrite-normalized REE  patterns and
primitive  mantle-normalized  spidergram  of the
studied clinopyroxenes (Figure 9) indicate that trace
element concentrations of clinopyroxenes from
metalherzolites exhibit more variations than the
clinopyroxenes of metaharzburgites and HREE contents
of both clinopyroxenes are transitional between chemical
composition of clinopyroxenes from supra-subduction
zones (SSZ) (Bizimis et al., 2000) and abyssal peridotites
(Johnson and Dick, 1992; Warren and Shimizu, 2010).
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Figure 9. (A) Chondrite-normalized REE patterns and (B) Primitive mantle-normalized multi-elements spidergram of clinopyroxenes
from the Kal-e-Kafi metaperidotites. Normalizing values of chondrite and primitive mantle are from Sun and McDonough (1989) and
McDonough and Sun (1995). The field of clinopyroxenes in abyssal-peridotites and supa-subduction zone peridotites are from Johnson
and Dick, 1992; Warren and Shimizu, 2010 and Bizimis et al., 2000, respectively.
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Table 10. Geochemical compositions of clinopyroxenes in metaperidotites of the Kal-e-Kafi area (Major elements in wt% by EPMA
and trace elements in ppm by LA-ICP-MS).

Sample B809 B809 B809 B809 B807 B807 B807 B807
Analysis 201 202 206 208 191 192 195 196
Lithology Metaharzburgite Metalherzolite

SiO, 55.17 54.77 54.98 55.85 56.07 56.20 56.07 56.11
TiO, 0.09 0.12 0.00 0.00 0.00 0.00 0.00 0.00
Al 04 1.44 2.08 1.10 0.65 0.05 0.03 0.10 0.05
Cr,04 0.02 0.01 0.06 0.00 0.00 0.00 0.00 0.06
FeO* 1.91 1.92 1.88 1.73 1.45 0.94 0.95 091
MnO 0.08 0.08 0.04 0.05 0.09 0.08 0.08 0.08
MgO 16.66 16.59 16.99 17.09 17.35 17.64 17.63 17.60
CaO 24.96 24.67 25.05 24.80 24.74 24.90 24.93 24.83
Na,O 0.01 0.01 0.00 0.00 0.01 0.00 0.02 0.00
K,0 0.01 0.00 0.01 0.01 0.02 0.01 0.03 0.02
NiO 0.03 0.04 0.04 0.02 0.03 0.04 0.00 0.01
Total 100.38 100.29 100.17 100.20 99.82 99.85 99.81 99.67
Li 20.088 11.107 12.022 7.479 3.433 3.982 3.396 4.334
Rb 0.121 0.314 0.010 0.089 4.532 4.531 4.531 4.553
Sr 14.759 27.528 12.456 28.395 27.205 24712 25.288 25.972
Y 1.139 0.584 0.583 1.847 2.306 2.256 2.291 2.339
Zr 0.065 0.175 0.005 0.624 49.793 49.971 50.514 50.536
Nb 0.305 0.028 0.067 0.335 1.018 1.044 1.011 1.029
Ba 0.832 0.793 0.043 1.520 21.728 21.660 21.818 21.252
La 0.039 0.129 0.025 0.181 2.191 2.153 2.191 2.203
Ce 0.160 0.293 0.140 0.532 3.983 3.988 3.992 3.955
Pr 0.032 0.036 0.026 0.085 0.488 0.470 0.474 0.468
Nd 0.207 0.161 0.163 0.448 1.835 1.800 1.853 1.787
Sm 0.098 0.042 0.062 0.147 0.303 0.316 0.302 0.323
Eu 0.031 0.044 0.029 0.077 0.074 0.073 0.078 0.072
Gd 0.132 0.056 0.070 0.195 0.277 0.283 0.280 0.303
Tb 0.024 0.012 0.013 0.038 0.048 0.044 0.046 0.048
Dy 0.193 0.082 0.102 0.303 0314 0.286 0.318 0.324
Ho 0.042 0.020 0.020 0.061 0.074 0.070 0.074 0.074
Er 0.124 0.064 0.065 0.210 0.235 0.220 0.223 0.226
Tm 0.019 0.008 0.008 0.032 0.034 0.039 0.034 0.034
Yb 0.110 0.053 0.058 0.206 0.262 0.249 0.274 0.251
Lu 0.012 0.006 0.005 0.022 0.041 0.045 0.041 0.044
Hf 0.001 0.005 0.002 0.011 1.315 1.298 1.337 1.309
Ta 0.002 0.002 0.002 0.041 0.092 0.092 0.092 0.085
Pb 0.619 3.510 0.273 1.011 1.297 1.307 1.283 1.675
Th 0.081 0.005 0.003 0.227 1.345 1.384 1.458 1.361
6] 0.386 0.061 0.024 0.437 0.411 0.432 0.433 0.459

C4



Thermally metamorphosed mantle peridotites from Central Iran

Some clinopyroxenes from metaharzburgites show a slight
depletion in La, Ce and Pr relative to Nd (Figure 9A).

The LREE-enriched shapes of clinopyroxenes from
metalherzolites of the Kal-e-Kafi area (Figure 9A) can
be attributed to the metasomatic enrichment events
(Beccaluva et al., 2001), which probably imposed by the
Eocene pluton and thermal metamorphism.

The calc-alkaline nature of the Eocene pluton (Salim et
al., 2018), as well as probably partially carbonation of the
host serpentinized peridotites (formation of listwaenites)
(Salim et al., 2018) and presence of tremolite can be the
sources of Calcium for crystallization of metamorphic
clinopyroxene. This calc-alkaline magma was rich in
fluids (subduction-related magma) and it’s interaction
with the country rocks formed contact metamorphism as
skarn, hornfels and metaperidotites.

According to petrography evidences, tremolites are
observed in two types of prismatic and acicular crystals
(Scotford and Williams, 1983). Prismatic tremolites
present poikiloblastic texture with magnetite and chlorite
inclusions. Acicular tremolites show nematoblastic and
jack-straw textures and have intergrowth with olivine
and serpentine minerals. The margins of some tremolites
are replaced by chlorite which points to the retrograde
metamorphism after progressive metamorphism (Evans,
1977, Torabi et al., 2011a). Tremolites are formed at the
expense of clinopyroxene according to the reaction:

Diopside + Antigorite — Forsterite + Tremolite + H,O (6)

The Na content of amphiboles in the host rock controls
by the temperature of the intrusive body (Frost, 1975).
Wide chemical composition ranges of calcic amphiboles in
the studied metaperidotites from tremolite to hornblende,
tschermachite, anthopyllite and gedrite (Figures 7E and
F) possibly corresponds to the intrusion of the Kal-e-
Kafi pluton. Moreover, the extensive variations in MnO
content of the olivines (0.6-0.36 wt%) and the high Al,0;
value of chlorites (18-20 wt%) in the studied rocks can
be attributed to the interactions of metaperidotites with
the Kal-e-Kafi Eocene pluton. According to the low value
of Ti (<0.08 apfu) in these amphiboles, it is concluded
that all amphiboles in the studied metalherzolites have
metamorphic nature (Leake, 1965; Figure 10A). In the
Na versus Si diagram, most of the amphiboles are plotted
long the prograde metamorphism trend (Figure 10B)
(Fields are from Frost, 1975; Pinsent and Hirst, 1977;
Nozaka, 2005).

Anthophyllites probably have formed by the reactions
of talct+olivine and talctorthopyroxene at temperatures
between 600 to 700 °C and pressures less than 12 kbar
(Spear, 1995). These minerals are formed according to the
reactions:

Talc + Forsterite — Anthophyllite + H,O @)
Talc + Enstatite — Anthophyllite ®)

According to the petrography evidences, mineral
chemistry and XRD patterns, the studied serpentine
minerals are largely identified as antigorite (Figure 6).
The antigorite is stable up to ~800°C (Gualtieri et al.,
2012). They probably broken down to forsterite and talc
by increasing the metamorphic grade. Lizardite is also
observed in margin of some olivine neoblasts and fills
the fractures (Figures 5 A,E,F). Lizardite is product of the
retrograde metamorphism process and serpentinization
of olivines (M3). Chrysotile breaks down to talc and
forsterite, and antigorite breaks down to talc, forsterite
and chlorite during high grade metamorphism (Spear,
1995; Bucher and Grapes, 2011). These reveals that the
talc, olivine and Mg-chlorite in the studied rocks are
formed during the progressive metamorphism.

Chlorite content of the metalherzolites is higher than
the metaharzburgites. Mg-chlorite in metaperidotites
(Mg-rich rocks) is stable at temperatures higher than the
720 °C (Spear, 1995).

According to the petrography characteristics, primary
Cr-spinels break down to magnetite and chromian
magnetite by increasing the degree of metamorphism
(Evans and Frost, 1975; Frost, 1975; Barnes and Roeder,
2001; Mellini et al., 2005; 2009) through the following
reaction:

Al-Spinel + Serpentine + H,O + O, — Chlorite +
Cr-Magnetite )

The presence of Mg-chlorite, chromian magnetite and
magnetite in the studied metaperidotites point to the
metamorphism at about 720 °C.

The metaharzburgites are found in the contact of the
Eocene pluton, therefore, their plagioclases probably
are formed by the Eocene magma. These plagioclases
(Ang;_94) are chemically similar to the plagioclases from
the gabbros in the Eocene Kal-e-Kafi pluton (Angs.g4)
(Average: 91.6%) (Salim, 2019 and Salim et al., 2018)
(Figure 7H).

The Cr-spinel is the only primary mineral that may
preserve its original chemical composition even in
completely serpentinized peridotites and can show
chemical zoning from the core to rim, whereas the other
primary minerals (olivines and pyroxenes) may completely
alter to serpentine (Arai et al., 2006). According to Evans
and Frost (1975), the Cr content of spinels increases with
increasing the grade of metamorphism up to the middle
amphibolite facies conditions. Increasing the Cr# content
may be occurred due to the reactions between Cr-spinels
and chlorite from host rocks (Colas et al., 2014, Gervilla
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Figure 10. (A) Diagram to identify the nature of amphiboles (Leake, 1965); (B) Na values against Si diagram, tremolites field of contact
metamorphism is from Frost (1975); Pinsent and Hirst (1977); Nozaka, (2005). (C) Compositional variations of Cr-spinels from the
Kal-e-Kafi metaperidotites in ternary plot of the Cr—Al-Fe>* atomic ratio. Compositional fields of ophiolitic Cr-spinel, Cr-magnetite and
ferritchromite are from Barnes and Roeder (2001), the field of Alaskan-type spinels is from Ahmed and Hariri (2008) and Abdel Halim
et al. (2016); and the high-T altered spinel field is from Arai et al. (2006). (D) MnO against Cr# diagram (after Khedr and Arai, 2017).

et al., 2012). Mineral assemblages and chemistry of the
Cr-spinels in the studied metaperidotites form the Kal-e-
Kafi area indicate that they are similar to the Cr-spinels
which formed as a result of the contact metamorphism by
a granitic intrusion (e.g., Ahmed and Surour, 2016).
Using the APP*-Cr3*-Fe3" ternary diagram to show the
chemical position of Cr-spinels (Ahmed et al., 2016)
indicate their ophiolitic Cr-spinel composition (Figure
10C). In the MnO (wt%) versus Cr# diagram (Figure 10D;
after Khedr and Arai, 2012), and Cr# against Mg# (Figure
10E; Merlini et al., 2009; Grieco and Merlini, 2012) graph
all the spinels are plotted in the primary Cr-spinel field.
The Cr,05 content of Cr-spinels from the metaperidotites

(42.37 to 47.69 wt %) attest that they originated from a
depleted to moderately depleted mantle source (e.g., Dick
and Bullen, 1984; Conrad and Kay 1984; Haggerty, 1988;
Kepezhinskas, et al., 1995; Kamenetsky et al., 2001;
Figure 10F), belonging to the SSZ peridotites (Juteau and
Maury, 1999; Figure 10G).

According to OSMA plot diagram (Arai, 1994; Figure
10H), the partial melting of the studied metaperidotites
has taken place at about 30% in a supra-subduction zone
(SSZ) or a back-arc basin environment.

According to the above mentioned paragraphs, the
minerals of these metaperidotites can be classified
as primary (core of some Cr-spinels), metamorphic
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late alteration (lizardite, chlorite in the margin of some
tremolites).
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Figure 10. Continued. (E) Mg# versus Cr# diagram (Merlini et
al., 2009; Grieco and Merlini, 2012) of Cr-spinels from the Kal-
e-Kafi metaperidotites. (F) TiO, against Cr# binary plot (after
(Juteau and Maury, 1999). (G) Fo (Ol) against Cr# (Sp) diagram.
Olivine-spinel mantle array (OSMA) and melting trends with
fertile mantle MORB (FMM) are from Arai (1994). The passive
margin, abyssal and supra-subduction zone (SSZ) peridotites
are from Dick and Bullen (1984), Parkinson and Pearce (1998),
Pearce et al. (2000) and Choi et al. (2008). (H) Al,O; against
TiO, in spinels tectonic discrimination diagram (fields of SSZ
and MOR peridotites, as well as the spinels from modern back-
arc basin, are adopted from Kamenetsky et al. (2001).

estimation of metamorphism of ultramafic rocks. Therefore,
Bucher and Frey (1994) suggested the microscopic
evidence, phase relationships and reactions involving
volatile components (e.g., H,O) to determine the P-T
conditions of metamorphism in metaperidotites. However,
since our observation confirm that the Kal-e-Kafi pluton
was responsible for progressive metamorphism of the
metapridotites, and the average crystallization temperature
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at 745 °C (Salim, 2019). Therefore, this metamorphic
event has been occured at temperatures below 745 °C.

Petrography evidences that indicate occurrence of a
progressive metamorphism in the studied metaperidotites
are as follows:

1- The mineral assemblages of tremolite+olivine in
metalherzolites and olivine+orthopyroxene+anthophyllite
in metaharzburgites indicate a metamorphic event at
temperatures up to 700 °C (Evans, 1977, Spear, 1995).

2- High abundances of tremolite and antigorite in the
studied matalherzolites, absence of quartz, as well as
the presence of talc in the metaharzburgites show that
temperature of metamorphism probably is less than
800 °C and hence, peak metamorphism conditions never
exceeded therelated reactions (Desmarais, 1981; Giacobbe
et al., 2012; Gualtieri et al., 2012). Tremolite is the main
Ca-bearing mineral and is stable at temperatures above
650 °C (Bucher and Frey, 1994), which will decompose
to diopside and enstatite by increasing metamorphic grade
to above 800 °C.

3- The presence of Mg-chlorite and absence of Al-
spinel in the studied metaperidotites, indicate that the
temperature of metamorphism was below 720 °C (Forst,
1975; Sanford, 1982, Tracy et al., 1984). As the maximum
stability limit for Mg-chlorite is ~720 °C and by increasing
the metamorphic grade, chlorites will break down to Fo +
En + Al-spinel (Bucher and Grapes, 2011).

4- The absence of green spinel (Al-rich) in the studied
metaperidotites indicates that the temperature of prograde
metamorphism was less than 750 °C (Dymek et al., 1988).

5- According to the following reaction, formation of
orthopyroxenes in the studied metaperidotites possibly
indicates that the temperature of metamorphism should
be more than 700 °C (CMSH system Spear (1995):

Tremolite + Olivine = Orthopyroxene + H,O (10)
6- High amount of antigorite in the studied rocks and

its stability point to the temperatures less than 750 °C
(Swartz et al., 2013).
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Figure 11. Combination of the P-T condition of metamorphism and metamorphic facies (Yardley, 1989) and graph of petrogenetic
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Antigorite = Talc + Forsterite + H,O (11)

7- The presence of anthophyllite crystals in the studied
metaperdotites likely corresponds with a long duration of
the thermal supply to the system (e.g., Nozaka, 2011).

8- The olivinetorthopyroxenettremolite mineral
paragenesis indicates that the maximum temperature
of thermal metamorphism reachs up to approximately
750 °C (Fujimaki and Yomogida, 1986a and b).

9- Using the phase relationships of the CMSH (C = CaO,
M=MgO, S =Si0,, H=H,0) system, which are designed
based on the mineral assemblages and reactions that occur
in ultramafic rocks (Spear, 1995), suggest the temperature
range of 630 to 720 °C for contact metamorphism of the
studied metaperidotites (Figure 11).

CONCLUSIONS

Intrusion of the Eocene age Kal-e-Kafi pluton
caused the thermal metamorphism (characterized by
olivine, orthopyroxene, clinopyroxene, tremolite, Mg-
anthophyllite, serpentine, talc and chlorite) in the host
metaperidotites. The presence of magnetite inclusions
in metamorphic olivines and associated rock types
(regionally metamorphosed Paleozoic schist and marble)
indicate that the Kal-e-Kafi metaperidotites were partly
metamorphosed in the greenschist facies at the Paleozoic
(M1) before being progressively metamorphosed in
pyroxene hornfels facies P-T condition in Eocene (M2). A
late-stage retrograde metamorphism in greenschist facies
(M3) caused to the chlorite and lizardite formation (M3)
by partial replacement of tremolite, and serpentinization
of some metamorphic olivines and orthopyroxenes,
respectively.

Chemical characteristics of inner parts of Cr-spinels
show that the Kal-e-Kafi metaperidotites possibly derived
from depleted to moderately depleted mantle rocks which
passed about 30% partial melting in a supra subduction
zone environment.
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