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1. Introduction

ABSTRACT

The Haji Abad ophiolite complex, cropping out in south Iran and northern part of Hormozgan Province
along Main Zagros Thrust. This complex consists of 2 sequences: northeastern and northwestern.
The ultramafic rocks in this complex include harzburgite, lherzolite, and dunite. Mineral chemistry
indicated that the average dominant pressure and temperature to forming these rocks range from 5 to
12 kbar and 1000-1383°C, respectively. To investigation the primary origin of these rocks, we used
the rare earth element (REE) indicators and Dy/Gd to Yb ratio. Additionally, these conditions and
the chemical composition suggest that the melts may have originated from spinel-peridotite facies
in the upper mantle. Furthermore, in this study, the tectonic setting of the two ophiolitic sequences
was accurately determined using pyroxene and chromium spinel geochemistry. The findings reveal
that the northwestern ultramafic rocks closely correspond to abyssal ophiolites formed in a MORB-
like setting, whereas the northeastern ultramafic rocks exhibit both abyssal and subduction-related

features (supra-subduction zone: SSZ).

Ophiolite complexes are generally remnants of oceanic fragments
those tectonically, have outcropped along or over continental crust.
Another interpretation of ophiolite complexes describes them as
fragments of the upper mantle and oceanic crust, which record
geological events from the stages of their formation to subduction
and the final closure of oceanic basins throughout earth’s history.
(Moores, 1982; Dilek and Robinson, 2003; Dilek and Furnes,
2011, 2014; Uysal et al., 2015). However, their important role

in understanding the geodynamic processes of earth’s crust
and associated petrological and geodynamic events cannot be
overlooked. The Iranian Mesozoic ophiolites belong to the Alpine-
Himalayan Orogenic Belt, and these complexes outcrop in various
regions of Iranian plateau, especially in the sedimentary-structural
High Zagros zone. In fact, these ophiolite complexes are remnants
of the Neotethys Ocean that exposed as ophiolitic sequences (Dilek
and Robinson, 2003; Dilek and Furnes, 2011, 2014). Recent Studies
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have shown that all ophiolite complexes in this orogenic belt formed
during the tectonic evolution of rifting-subduction processes (such
as MORB) and subduction zones (such as SSZ) of Neotethys. These
ophiolites are classified into 2 main age groups: one Jurassic group
(170 to 140 million years old) and next Cretaceous group (125 to
90 million years old). A younger group, ranging from Triassic to
Paleocene/Eocene, is also recognized. According to Furnes et al.
(2020), the ophiolites can be classified into 2 categories based
on the tectonic setting: some are related to the subduction zones
(around 76%), and others are unrelated to subduction zones (around
24%). Among the subduction-related ophiolites, the BA-type
ophiolites are the most common, representing about 43% of them.
Following that, BA (Back Arc)-FA (Fore Arc) ophiolites represent
about 19%, with VA (Volcanic Arc) and FA ophiolites being
subgroups (6% and 8%, respectively). Non-subduction-related
ophiolites include Mid-Ocean Ridge (MOR) types, represent about
19%, while the remainder (about 7%) consists of Plume-type and
continental margin ophiolites. The ophiolites in the Haji Abad
region are situated along the Zagros fault zone (crush zone) of High
Zagros Zone. The origin and tectonic setting of these rocks have
been a matter of debate for many years. Recent researches show the
beginning of rifting in Neotethyan ocean related to Paleozoic period
)Dercourt et al., 1993; Agard et al., 2005; Stampfli and Borel, 2002;
Sengor et al., 1988) and the inception of the Neotethyan ocean
subduction below the Iranian microcontinent started in 220Ma ago
(Agard et al., 2005; Berberian and King, 1981). In this stage the
ocean has been open between African and Iranian microcontinent
(MOR stage 220-190Ma) (Agard et al., 2005; Berberian and King,
1981; Sengor et al., 1988). Based on Ricou’s hypothesis (1971 and
1974), the cessation of convection cells and the closure of the mid-
ocean ridge (MOR) system around 95 million years ago triggered
geodynamic changes that resulted in the formation of deep faults in
the crust and lithosphere. These changes initiated the primary stages
of the obduction process and the formation of associated ophiolites
along the southern edge of the Africa plate (corresponding to the
current southern edge of the Zagros; Alavi, 1994). The obduction
process began approximately 95 million years ago (Alavi, 1994).
Previous studies indicate that following the obduction process in
the region, continued subduction of the Neotethys plate beneath
Central Iran occurred approximately 60 million years ago during
the Paleocene (Agard et al., 2005; Berberian and King, 1981). The
Neotethys lithospheric mantle underwent a significant geodynamic
process during this time. Subduction rollback of the Neotethys plate
and subsequent slab break-off at 55 million years ago (Agard et al.,
2005) induced deep lithospheric extensional forces. This process
during the Paleocene led to the formation of a pull-apart basin
resembling a local back-arc oceanic basin between the subducting

Neotethys plate and the Iranian microcontinent. Recent studies

based on volcanic and ultramafic rocks of this region have shown
that the Haji Abad ophiolite complex has different genesis types,
including fore-arc (FA) and supra-subduction zone (SSZ) origins
(Shafai Moghdam and Stern, 2015; Soltani Nezah et al., 2018;
Poosti et al., 2015; Ghasemi et al., 2002), and MOR genesis (Ebadi
and Mortazavi, 2022). This discrepancy or different result may
be due to the study of 2 distinct parts, such as the SSZ and MOR
ophiolites found in Oman and Turkey (Nasir, 2020; Goodenough et
al., 2010, 2014; Ambrose and Searle, 2019; Aldanmaz et al., 2009).

The Haji Abad ophiolites belong to the Mesozoic Alpine-Himalayan
ophiolitic belt in Iran. Generally, the Mesozoic ophiolites in Iran
are divided into 5 main subgroups: (1) Cretaceous Outer Zagros
Belt (ZOB): These complexes are mostly situated along the Main
Zagros Thrust. The age of these ophiolites is the Late Cretaceous to
Early Paleocene. Examples of these ophiolitic complexes include
the Maku and Salmas ophiolites in the northwest, the Kermanshah-
Kurdistan, Neyriz, Esfandagheh-Haji Abad ophiolites. these
ophiolitic complexes dating from the Late Cretaceous to Eocene
along the more than 1000 km Iran-Iraq border. (2) Cretaceous
ophiolites of the Inner Zagros Belt (ZIB): This group includes the
Nain, Dehshir, Shahrbabak, Balvard-Baft ophiolites, and parts of
the marginal and northern areas of the Central Iran block. (3) The
Late Cretaceous to Early Paleocene ophiolites: Covering regions
of Sabzevar, Torbat Heydarieh, and its northern parts. Group (4)
Ophiolites from Early to Late Cretaceous: Including the Birjand,
Nehbandan, and Tachel-Kooreh ophiolites located between Iran
and Afghanistan blocks. (5) the Late Jurassic to Cretaceous Makran
and Kahnooj Ophiolites (Shafai Moghadam and Stern, 2015). The
Haji Abad ophiolite complex, which is part of the ZOB, belongs
to the Kermanshah-Neyriz-Haji Abad-Esfandagheh ophiolitic belt.
This complex consists of two ophiolitic sequences in the northeast
and northwest of Haji Abad city (Fig. 1). Field studies in this area
show that the ophiolitic sequences in these two areas are similar
together, with minor differences. The lithology of these ophilite
sequences mainly includes peridotitic sections of the ultramafic
sequence, consisting of harzburgite, lherzolite, and dunite. Mafic
sections also outcrop in this complex in the form of pillow basalts
and gabbros. Acidic rocks are less frequent, but plagiogranites
can sometimes be found within the sequence. Radiolarian-bearing
limestone in the upper part of the complex constitutes the major

part of the sedimentary lithology.

2. Research methodology

In this study, we aim to conduct a detailed investigation of the
tectonic environment and genesis of the peridotitic rocks in the
Haji Abad ophiolite complex using mineral chemistry and trace
elements in bulk rock samples. This research will ultimately

provide a more precise determination of the origin and tectonic
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nature of these rocks. Samples used in this study were carefully
selected using a systematic approach from the study area. These
samples were sent to the Institute of Geophysics and Geology,
Chinese Academy of Sciences, Beijing (IGGCAS) in China for
geochemical, petrographic, and mineralogical analysis as a part of a
research opportunity. All analyses were carried out in the IGGCAS
laboratory using the CAMACA-8100 electron microprobe and the
INCA mass spectrometer. Representative results are provided in the
appendix. For better understanding of the bulk rock geochemistry;
rare earth elements (REEs) and trace elements were measured by
using inductively coupled plasma mass spectrometry (ICP-MS),
with the CAMACA (GSR52010) standard being used for these
analyses at IGGCAS.

3. Results

3.1. Petrography of the ultramafic rocks

The dominant lithology of the peridotites in the Haji Abad ophiolite
complex mainly includes harzburgite, lherzolite, and dunite. Due
to their position in the Zagros crush zone, the peridotites have been
intensively fractured. The petrography of these rocks reveals various
generations of olivine, orthopyroxene, and clinopyroxene minerals.
The main texture of the Haji Abad peridotites is predominantly

granular to porphyroclastic and mesh types (Figs. 4 and 5).

3.1.1. Harzburgites

The harzburgites in the Haji Abad ophiolite complex mostly exhibit
granular textures, and mesh textures due to serpentinization.
The mineralogy of these rocks primarily is olivine (~60-70
volume percentage), orthopyroxene (20-35%), and less than 2%
clinopyroxene (Figure 4). However, the chromian spinel content

(based on probe data) in the harzburgites significantly varies (Fig. 4).

3.1.2. Dunite

Most dunite rocks in these two sections have been serpentinized
and display mesh textures. These rocks primarily comprise olivine
(90-93%), and minor orthopyroxene (<1%), with low amounts
of chromian spinel and clinopyroxene. However, dunites in the
northeastern section exhibit a higher degree of serpentinization
compared to those in the northwestern section. Olivine crystals
typically range from 0.1-0.5 mm in length, with granular and

mosaic textures (Fig. 5).

3.1.3. Lherzolite

The lherzolites consist of olivine (~65%), orthopyroxene (15—
25%), clinopyroxene (10-15%), and minor chromian spinel (1-3%)
in the Haji Abad area. Most olivines have been altered to serpentine
minerals such as antigorite and chrysotile. Olivine crystals are

typically less than 0.5 mm in length and range from euhedral to
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subhedral. Neoblastic olivines, are usually euhedral to subhedral,
and commonly surrounded by clinopyroxene and orthopyroxene
(Fig. 5). Orthopyroxenes are generally subhedral and exhibit
exsolution with neogenic clinopyroxene, sometimes showing
undulose extinction. Clinopyroxene crystals are mostly anhedral,
varying in length from 0.5 to 1 mm. In addition, chromian spinel
crystals (based on probe data) are observed as semi-transparent

brown with a vermicular (worm-like) shape (Figure 4).

3.2. Crystal chemistry of Haji Abad ultramafic rocks

The mineralogy of the Haji Abad ultramafic sequence is simple,
predominantly comprising olivine, orthopyroxene, clinopyroxene,
and chrome spinel. Data is provided in the appendix, with Tables
2, 3, and 4 representing average chemical compositions of these

minerals for comparison.

3.2.1. Olivine
Electron microprobe data indicates that olivine across the ultramafic
lithologies of the Haji Abad ophiolitic sequence is Forsteritic (Fig. 6).

Forsterite content ranges from Fo in the northeastern section

89-91

to Fo,, ,, in the northwestern section. This parameter remains
relatively consistent across harzburgite, lherzolite, and dunite.
NiO, content varies, decreasing from lherzolite to harzburgite and
slightly increasing in dunite, with higher values in the northeast.
Cr,O, content shows significant variations that decreases from
lherzolite to harzburgite and dunite in the northeast but increases in

the northwest (Table 2, Appendix 1).

3.2.2. Chrome Spinel

Chrome spinel is a key tracer mineral in petrological processes and
magma source and petrogenesis. Opaque minerals in the ultramafics
are mainly Cr-rich chrome spinels. Most chrome spinels resemble
of typical ophiolitic sequences, and different from stratiform
chromitites or Alaskan-type deposits. The Mg# of chrome spinels
decrease markedly from lherzolite to harzburgite and dunite, with
lower values in the northeast section. Al,O, content decreases from
lherzolite to harzburgite and dunite in the northeast section, but

increases in the northwest section (Fig. 6).

3.2.3. Pyroxenes

Pyroxenes, as the second most dominant mineral group in the
ultramafic rocks, are present as orthopyroxene and clinopyroxene
in both harzburgite and lherzolite lithologies. Their chemical

compositions are as below:

- Orthopyroxene: Orthopyroxene, the dominant pyroxene in
harzburgite and lherzolite, is enstatitic type. In the northeast section,

compositions range from En while in the northwest section,

87.7-88.87
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they vary between En Overall, chemical analyses reveal

88.2-88.5"
similar oxide variations in both sections, with slightly differences.
However, average of ALO, content in orthopyroxenes is lower in

the northeast compared to the northwest section (Fig.7).

- Clinopyroxene: Clinopyroxene as one of the important keys
for interpreting magma source characteristics, shows ranges
from diopside to magnesian-augite in this region. The chemical
composition of this mineral is very different in this region as well
as, average of CaO and Al O, contents in harzburgite and lherzolite
are lower in the northeast section, while MgO content is higher in

northeastern ultramafics (Fig. 7).

4. Discussions

4.1. Pyroxene thermobarometry

The chemical composition of pyroxenes, particularly clinopyroxene,
is an important tool for determining formation temperature in
igneous rocks, especially when two types of pyroxenes—calcium-
poor orthopyroxene and calcium-rich clinopyroxene—coexist.
Since dunite rocks have little to no pyroxene phase, only harzburgite
and lherzolite were used in this study for temperature-pressure
determination. Based on the YPT (Soesoo, 1997) and XPT indices,
the average temperature range 1150-1300°C for the northeast and
1200-1250°C for the northwest section. The pressure conditions
during the formation of these rocks were approximately 6-13 kbar

for the northeast and 5-10 kbar for the northwest section (Fig. 8).

4.2. Evolution and petrogenesis of the Haji Abad Ophiolite
sequence

Geochemistry of index minerals and immobile elements has
always played a significant role in determining the genesis in most
petrological studies. In general, several proxies have been proposed
to determine the composition of mantle sources and the geochemical
stability fields of extracted magmas. The ratios of Dy/Yb can use
for differentiate between spinel- and garnet- facies stability fields
during partial melting of the mantle source (Jiang et al., 2009; Yang
et al., 2014). Typically, partial melting in the garnet stability field
produces melts with high Dy/Yb ratios (>2.5) and Gd/Dy >2, while
partial melting in the spinel stability field produces melts with low
Dy/Yb ratios (<1.5). According to this study, the Dy/Yb ratios for
both Haji Abad ophiolite sequences are <1, and the Gd/Yb ratios
normalized to chondrite are also less than 2 (McDonogh and Sun,
1995). Therefore, all ultramafic samples indicate origin from the

spinel stability field of the mantle.

4.3. Determination of partial melting percentage in the Haji
Abad ophiolite sequence

Several proxies are used to determine the percentage of partial

melting in ultramafic rocks. One of the highly accurate methods
is Cr# of chromite spinels in relation to the Fo content of olivines,
and the changes in Cr# versus Mg# of spinels in ultramafic rocks
(Arai, 1994; Hirose and Kawamoto, 1995). The percentage of
partial melting in the ultramafic rocks of both ophiolite sequences
show significant variations. Specifically, the lherzolite rocks in both
regions experienced 10-15% and 15-20% partial melting, while
the harzburgite rocks in both regions show more variation. Some
samples exhibit a partial melting ~10-20%, while others range from
20-30%. The dunite rocks from the northwest section show 10-20%
partial melting, whereas those from the northeast section show 20-
30%. Some samples from the northwest section tend to the boninitic

composition, which is not observed in the northeast samples (Fig. 11).

4.4. Tectonic setting and petrogenesis of the Haji Abad ophiolite
complex

Chromian spinels are widely recognized as key indicators for
identifying the tectonic setting of ophiolitic complexes, especially
within ultramafic rocks. To better understand the tectonic history
of these rocks, two main approaches were used: analyzing
the composition of chromian spinel and comparing pyroxene
compositions against spinel data. The results show that one group
of ultramafic rocks—mainly located in the northwestern part of the
Haji Abad area—is associated with an oblique extensional regime.
In contrast, another group—mostly found in the northeastern part
of Haji Abad —is linked to subduction-related environments,
resembling those of supra-subduction zones (Figures 12-a, b, and
¢). To validate these findings, a broader comparison was made with
other ophiolitic rocks in the region. The results clearly demonstrate
that the ultramafic rocks in and around northeastern Haji Abad

share strong physical and tectonic similarities (Table 6).

5. Conclusion

The ultramafic rocks of the Haji Abad ophiolite complex exhibit
significant lithological and genetic similarities. However, mineral
chemistry analyses reveal slight variations between the northeastern
and northwestern sections. The northeastern part shows higher
average formation temperatures, greater degrees of serpentinization,
and lower formation pressures compared to the northwestern
section. According to petrogenesis and tectonic setting study, most
northwestern samples fall in abyssal peridotite environments (mid-
ocean ridge settings), while northeastern samples demonstrate
affinities to supra-subduction zone (SSZ) settings, characteristic
of subduction-related tectonic environments. This comprehensive
study suggests that the Haji Abad ultramafic rocks represent two
tectonic episodes; northwestern section formed during the opening
of the Tethys Ocean under a mid-ocean ridge (MOR) or abyssal

setting and northeastern section developed during the closure or
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early subduction of the Tethys Ocean, under supra-subduction
conditions. These findings emphasize the multi-stage formation of
the Haji Abad ophiolite complex and reveal that the position of two
section is genetically similar, but tectonically distinct ultramafic
units after the closure of the Tethys Ocean.

The Haji Abad ophiolites indicate similar mineralogy and pressure-
temperature formation conditions in both northeast and northwest

sections. The northeastern section shows higher average formation
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temperatures, greater serpentinization, and lower pressures
compared to the northwestern section. Both sections derive from
a similar mantle source, characterized as spinel lherzolite facies.
Ultramafic rocks in the northeastern section exhibit affinities to
boninitic melts and subduction-like setting. The two ophiolite
sections represent tectonic settings—northwestern ultramafics
are linked to mid-ocean ridge environments, while northeastern

ultramafics are associated with supra-subduction zones.
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Table 1. Lithology and mineralogy characteristics of ophiolitic sequences in the Haji Abad Area.

Groups

Characteristics Ophiolite sequences NE

Ophiolite sequences NW

Peridotite unit Harzburgite, Lherzolite+Dunite

Harzburgite, Lherzolite+Dunite

Peridotite Mineralogy Olv+Cpx+Opx+Cr-Spl

Opx+Cpx+Olv+Cr-Spl

Degree of

Serpentinization Very High

Low-Moderate

Mafic unit Gabbro+Basalt

Basalt

Felsic unit Tonalitic and plagiogranite

Sedimentry unie Plagic Limestone +Radiolarite Chert

Plagic Limestone +Radiolarite Chert
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k%' Late Cretaceous:Orbitolina limestone, rudist limestone - Mesozoic Ophiolite relicts
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. . » » Symbols
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- JA: Paleocene massive limestone and dolomite

- CM1: late cretaceous limestone with tectonic melange

chertand in

- CM Coloured melange ccmplex including : oph:olmc ‘components, late-Cretaceous basic volcanics, keratophyre,

to medium bedded limestone

l: Kol2: late cretaceous red marl, white argillaceous limeston, gypsum and dolomite

- Pd: peridotite, including harzburgite, dunite containing locally chromitite horizons and minor lehrzolite
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- Kuv: Basalt, partly with pilow structure, minor keratophyre, dacite, rhyolitic lava and tuff

- Kuf: Flysch type sediments, alternation of grey to pale green shale, sandstone calcareous sandstone and thin
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Figure 1-a) Distribution of Mesozoic ophiolites in the Haji Abad area, Hormozgan Province. b) Geological

map from Geological Survey of Iran scale: 1:250,000 (Sabzehei (1994). The stars indicate the study area.
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Figure 2 - a) Distribution of Massive and Lense shape ultramafic rocks of sharp contact with pelagic
limestones in the northwest and northeast of Haji Abad. b) Distribution of dunite hills with a gradual

boundary overlying harzburgite.
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Figure 3 - a) Pillow basalts of different sizes within the ophiolitic sequence in the northwest of Haji Abad.
b) Strongly deformed and spilitic basalt due to interaction with seawater associated with deep marine sediments
(pelagic limestones and shales). ¢) Pseudomorph of olivine with chromite veins in peridotites. d) Massive
harzburgite bodies with lower degrees of serpentinization in comparison to the northeastern section. ¢) Lherzolite
masses in the northeastern part of Haji Abad, exhibiting a higher degree of serpentinization compared to the

western section (based on petrography and field data).
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Figure 4 - a) Olivine crystals in the harzburgites with a mesh texture in the northeastern section. Olivine: large
granular crystals (0.1-0.4 mm) exhibiting kink-band deformation and undulose extinction. b) Serpentinized
lherzolites interbedded with harzburgites, containing large orthopyroxene crystals (0.5-2 mm), with undulose

extinction and clinopyroxene exsolution. Clinopyroxene formed as irregular crystals between olivine and

orthopyroxene. ¢, d) Chromian spinels appear as euhedral to subhedral crystals scattered within harzburgites.

Additionally, granular magnetite likely formed due to Serpentinization. Symbols and annotations after Kretz (1983).
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Figure 5-a) Lherzolite shows orthopyroxene between neogenic olivine crystals. b) Exsolution of orthopyroxene

and neogenic clinopyroxene in the lherzolite. ¢, d) Different degrees of serpentinization of dunite within the

Haji Abad ophiolitic sequence in northeastern (c) and northwestern (d) sections. The northeastern section

exhibits highest degree of serpentinization (d). Symbols and annotations after Kretz (1983).
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Table 2. Representative composition of olivines in the two ophiolitic sequences in the Haji Abad area.

S Ll(n;ln‘zlll)gte Lheero‘li/te G2 Ha:;zlb;xi%ite Harzb;;gite G2 Dunite GINE 3;;1:;
% Ave. Ave. Ave. Ave. Ave. Ave.
Sio, 41.222 40.588 40.63 41.09 40.703 42.17
TiO, 0.027 0.014 0.01 0.01 0.012 0.01
ALO, 0.148 0.010 0.01 0.06 0.023 0.36
Cr,0, 0.032 0.008 0.01 0.02 0.005 0.08
FeO 8.636 8.514 8.57 8.79 8.593 8.81
MnO 0.115 0.123 0.12 0.13 0.126 0.13
MgO 49.583 50.515 50.38 49.52 50.069 48.12
Ca0O 0.076 0.030 0.03 0.04 0.044 0.14
Na20 0.025 0.030 0.37 0.02 0.022 0.03
NiO 0.355 0.364 0.01 0.39 0.374 0.36
K,0 0.003 0.026 0.01 0.01 0.006 0.01
P,0, 0.009 0.013 0.03 0.01 0.014 0.01
Si 1.009 0.989 0.99 1.01 0.995 1.04
Ti 0.000 0.000 0.00 0.00 0.000 0.00
Al 0.004 0.000 0.00 0.00 0.001 0.01
Cr 0.001 0.000 0.00 0.00 0.000 0.00
Fe¥* 0.028 0.031 0.03 0.02 0.018 0.02
Fe?* 0.148 0.142 0.14 0.16 0.157 0.16
Mn 0.002 0.003 0.00 0.00 0.003 0.00
Mg 1.805 1.834 1.83 1.81 1.825 1.76
Ca 0.002 0.001 0.00 0.00 0.001 0.00
Te 0.119 0.126 0.12 0.13 0.130 0.14
Fo 90.881 91.207 91.13 90.75 91.044 90.33
Fa 8.880 8.628 8.70 9.05 8.767 9.27
Ca-0l 0.119 0.039 0.04 0.06 0.058 0.25
Mgt 0.924 0.928 0.93 0.92 0.921 0.92
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Table 3. Representative composition of chrome spinels in the two ophiolitic sequences in the Haji Abad area.

Sample Lherzolite Lherzolite G2 Harzburgite Harzburgite G2 Dunite Dunite
G1NE NW G1NE NwW GINE G2 NW
% Ave. Ave. Ave. Ave. Ave. Ave.
Sio, 0.23 1.08 0.19 0.12 0.12 0.10
Tio, 0.03 0.07 0.03 0.05 0.03 0.03
AlLO, 34.00 36.11 32.11 37.97 27.27 38.64
Cr,0, 34.95 32.34 36.56 31.23 42.81 30.09
FeO 16.02 13.95 17.12 14.61 16.49 15.38
MnO 0.09 0.13 0.04 0.07 0.12 0.00
MgO 14.74 16.36 14.13 16.00 13.46 15.76
CaO 0.03 0.02 0.03 0.02 0.04 0.03
ZnO 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 0.04 0.09 0.05 0.03 0.01 0.06
NiO 0.01 0.01 0.02 0.07 0.00 0.06
K,0 0.02 0.01 0.01 0.01 0.03 0.01
P,0, 0.06 0.04 0.01 0.01 0.03 0.02
Si 0.05 0.24 0.05 0.03 0.03 0.02
Ti 0.01 0.01 0.00 0.01 0.01 0.01
Al 9.28 9.67 8.83 10.15 7.64 10.29
Cr 6.43 5.85 6.81 5.61 8.18 5.42
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Continued from Table 3. Representative composition of chrome spinels in the two ophiolitic sequences

\va

in the Haji Abad area.
Sample Lherzolite Lherzolite G2 Harzburgite Harzburgite G2 Dunite Dunite
G1NE W G1NE NwW GINE G2 NW
Fe** 0.18 0.08 0.27 0.19 0.14 0.26
Fe* 2.93 2.58 3.09 2.59 3.17 2.67
Mn 0.02 0.03 0.01 0.01 0.02 0.00
Mg 5.09 5.54 4.93 5.41 4.79 5.32
Ca 0.01 0.00 0.01 0.01 0.01 0.01
Zn 0.00 0.00 0.00 0.00 0.00 0.00
Mgt 63.48 68.06 61.49 67.62 59.89 66.31
Cr# 41.00 37.73 43.58 35.61 51.68 34.58

SUT ol aibte 25l 15 55 53 352 50 S8 S 5w 551 oS 5 okl —F s

Table 4. Representative composition of orthopyroxenes in the two ophiolitic sequences of

the Haji Abad area.
Srirte Lherzolite Lherzolite Harzburgite Harzburgite
G1NE G2 NW G1NE G2 NW
% Ave. Ave. Ave. Ave.
Sio, 55.492 55.058 55.98 55.28
TiO, 0.041 0.032 0.03 0.04
ALO, 3.217 3.097 2.55 3.55
Cr,0, 0.809 0.761 0.74 0.79
FeO 5.715 5.482 5.59 5.55
MnO 0.103 0.119 0.10 0.10
MgO 32.896 33.665 33.64 33.02
CaO 1.820 1.705 1.42 1.71
Na20 0.033 0.021 0.04 0.03
K20 0.010 0.006 0.01 0.01
NiO 0.085 0.081 0.08 0.01
PO, 0.012 0.008 0.01 0.09
Si 1.918 1.907 1.93 1.91
Al 0.082 0.092 0.07 0.09
AlIYD 0.049 0.034 0.04 0.05
Fe¥* 0.028 0.064 0.03 0.04
Cr 0.022 0.021 0.02 0.02
Ti 0.001 0.001 0.00 0.00
Fe?* 0.137 0.100 0.13 0.12
Mn 0.003 0.003 0.00 0.00
Mg 1.695 1.738 1.73 1.70
Ca 0.068 0.063 0.05 0.06
Na 0.002 0.001 0.00 0.00
K 0.000 0.000 0.00 0.00
Wo 3.501 3.235 2.71 3.30
En 87.793 88.535 88.86 88.24
Fs 8.705 8.230 8.43 8.46
Mg# 0.93 0.95 0.93 0.93
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Table 5. Representative composition of clinopyroxenes in the two ophiolitic sequences of the Haji

Abad area.
Sl e Lherzolite Lherzolite Harzburgite Harzburgite
G1NE G2 NW G1NE G2 NW

% Ave. Ave. Ave. Ave.
SiO, 52.589 52.133 53.13 52.39
TiO, 0.078 0.119 0.08 0.11
ALO, 3.823 4.196 2.95 4.08
Cr,0, 1.163 1.308 0.95 1.12
FeO 2.858 2.358 233 2.46
MnO 0.044 0.043 0.03 0.04
MgO 18.136 17.426 17.85 17.84
CaO 21.351 22.188 22.50 21.84
Na,O 0.120 0.330 0.17 0.19
K,0 0.010 0.006 0.01 0.01
NiO 0.043 0.049 0.05 0.02
PO, 0.032 0.027 0.02 0.05
Si 1.902 1.890 1.93 1.90
Al 0.098 0.110 0.08 0.10
AIYD 0.065 0.069 0.05 0.07
Fe** 0.018 0.038 0.02 0.02
Cr 0.033 0.037 0.03 0.03
Ti 0.002 0.003 0.00 0.00
Fe** 0.071 0.048 0.05 0.05
Mn 0.001 0.001 0.00 0.00
Mg 0.977 0.942 0.96 0.96
Ca 0.828 0.862 0.87 0.85
Na 0.008 0.023 0.01 0.01
K 0.000 0.000 0.00 0.00
Fe2/(Fe2+Fe3) 0.952 0.799 0.93 0.86
Fe3/(Fe3+Fe2) 0.374 0.678 0.52 0.39
Wo 43.735 45.952 45.75 44.95
En 51.64 50.17 50.50 51.04
Fs 4.63 3.87 3.76 3.99
Mg# 0.93 0.95 0.95 0.95
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Figure 6 - a) Compositional variations of chrome spinel (after Stevens, 1994).

b) Compositional variations of olivine (after Deer et al., 1978).
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Figure 7 —a and b) Pyroxene compositions in the Haji Abad ophiolitic sequence show similarities between the two

studied sections. (after Poldevaart and Hess, 1951).
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Figure 8 - a, b) Determination of temperature and pressure of pyroxene formation using the

method proposed by Soesoo (Soesoo, 1997).

239doms Ol (oo (bl S s $5dS 5 S sl 5 sl S S
w5 bl emen 23 8 B s OT (gl 1) LSS Y B (ol
45 gozee S5 Oloj )3 355 5e ,Lis (Dick and Bullen, 1984) o5 5 ¢SKs
ol LS Y N e o sl g S e ST s gl il (gla SIS
(Jaques and Green, 1980) af}jﬁ}&)bﬁ@«?}:l{}q)w ol bl
33 5LT b (baeSGlel sl aled ¢ amimylid-los 5 SIS e slaedls

O JS8) L1 5,8 Lie 5 42 8 15 sl 423 S 03 5dos

AT o il adl 45 goseo iy W90 W0 38 ot —F'—F
55 oo ool (6305 sl b gy 51 KBl Il (slaesKim 5 b 3 s g
A3 Sl o S Crt Ol 0 Sl k5 o3linnl (335 )l 5.0 g0 o Sl 355 51 (S
Gty Jml 53 552 5o Mgl ol 55 Crtf Ol s ol i 55 5 50 (5l 5351 Fo
Lo )3 Ol i Ol e (Arai, 1994; Hirose and Kawamoto, 1995 &l &:;u\jﬂ,|
w55 OLLE jl 4 sazen ool 55 ol I 55 a Sl ol s 13 g
YooA0 510\ o dibate 53 a ys adsi ) SR ST Cs 5 ol 4 S
sl (LeKin &l Sl 53 pl 5 Llodkd b a3 famis sy
e ps b gal I (S 45 () 5bar i e OLES 1y (63L 5 Dl ks aiate 93 o s

T2l (Sl gt dsgono 3359 5 9 JolsS —Y—F
O 03 gl A dden S ote b ol 5 et ls sla SIS 3 eslinl
O gl e cpiz JS sb 4 bilazdls wliieKow Sllas iy )3 33
S o 8.8 i 53 pled g5 65k Olke 5 238 ot S5 03l
Olgea L35 o DY/YD (slaceus 5o gl ol OT i aile Sl LSk
i o33 dob 53 S s Jnl (oL Slaes i o b 1y e s
(S 55k « (Jiang et al., 2009; Yang et al., 2014) wS™ fae slas § e
YU DY/Yb s b e 5 e 5,8 (gL Ol )3 idw wpd
ol oL Ols 3 ide 93 &S = 53 0355 0 Y<GA/Dy 5 (Y/0 <)
O g o) ool S e 5 (1/8>) 0l Dy/Yb Cod b el
Oljae &S el Jmys opl 5 055 V> 5UT b= 2dsdl JI5 55 ,» Dy/Yb
Y 5| S 53 (McDonough and Sun, 1995) s ,uS™ & sdd Hleigs Gd/YD
o0l Sl sl (gladi soi oled i 5 ol 4 (Y 58 sadsd) i e
(b5 a8 gl JSK8) wisl o ai S liul idu 5l o5 8 L

Sl 3 go 5 5 (i sLd 5 Led laesla b ol s g 53 0k plail (g
5 Gn e bl syl ST JKE) )l Sl hen SIS S5 5 oS
e s B a6 ST Sl ) la Ko (Brey and Kohler, 1900) LS

WYY



TEE=1 1V () PO <1 ol (a0 pole/ (5191 359:a5 50 (puso Sauw g 53le /.. 559 5 (s 43 il pg S 9 pansSg py IS I 03laiul

LUl sl ST Sl 457 (6 503 Cslis ok oo |y idn 3 5l ooy R-ARWERTS TE DR PR-C UYL NWSTIgr-F PPN WSTS TR RPN Epgs-EE Y
.(b}a—\\L_gLaJi,ﬁz):ﬁ&a.\;_:js-ligjuéhd}a}):y\y;ﬁl LR RN S ) S 5 ds )3 Yoot O &S s e Ol il Jled

(6 Jled zde UT b dilaie (adSBLl D5l 53 55 g0 55 olis olulei = £ J sl

Table 6. Representative trace elements from northeastern Haji Abad ultramafics. (Lz= Lherzolite, Hz = Harzburgite).

Group 1
Type | Sample | Nb | Ta La Ce Pr Sr Nd | Zr | Hf | Sm | Eu [ Gd | Tb | Dy | Ho | Er | Tm | Yb Lu
Lz OR 2 0.01 | 0.02 | 0.01 | 0.04 | 0.00 [ 1.00 | 0.01 | 0.39 |0.01 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00 | 0.02 | 0.01
Lz OR 3 0.02 | 0.02 | 0.03 | 0.05 | 0.01 | 9.69 | 0.02 | 0.23 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.01 | 0.00 | 0.01 | 0.00 | 0.03 | 0.01
Lz OR 5 0.03 | 0.01 | 0.04 | 0.07 | 0.01 | 6.27 | 0.04 | 0.29 | 0.01 | 0.01 | 0.01 | 0.02 | 0.01 | 0.05 | 0.02 | 0.05 | 0.01 | 0.08 | 0.02
Lz OR 6 0.02 | 0.02 | 0.02 | 0.04 | 0.01 | 1.67 |0.02|0.25|0.01 | 0.01 | 0.00 | 0.02 | 0.01 | 0.05 | 0.02 | 0.05 | 0.01 | 0.08 | 0.01
Lz ORS8B | 0.03 [ 0.02| 0.11 | 024 | 0.03 | 991 | 0.11 | 0.60 | 0.02 | 0.03 | 0.01 | 0.03 | 0.01 | 0.04 { 0.01 | 0.04 | 0.01 | 0.06 | 0.01
Lz ORS8C | 0.02]0.02|0.02| 0.05 | 001 | 1.93 |0.02|0.39]|0.01|0.01|0.00|0.02]|0.01 {0.040.01]0.05]0.01]0.08 | 0.01
Lz OR14 | 0.01 |0.02|0.02 | 0.05 | 0.01 | 242 | 0.02 | 0.21 | 0.01 | 0.00 | 0.00 | 0.01 | 0.00 | 0.02 | 0.01 | 0.02 | 0.00 | 0.04 | 0.01
Lz | Lardgarm | 0.01 | 0.01 | 0.02 | 0.04 | 0.00 | 8.18 | 0.02 [ 0.20 | 0.01 | 0.00 | 0.00 | 0.01 | 0.00 { 0.01 | 0.00 | 0.01 | 0.00 | 0.03 | 0.00
Hz OR 1 0.03 1 0.03 | 022 | 0.50 | 0.05 | 10.10 | 0.19 | 0.63 | 0.02 | 0.04 | 0.01 | 0.04 | 0.01 | 0.04 | 0.01 | 0.03 | 0.01 | 0.04 | 0.01
Hz OR11 | 0.01]0.02]0.01 | 0.03 [ 0.00 | 3.11 |0.01 [ 0.22]0.01 | 0.00 | 0.00 | 0.01 | 0.00 { 0.01 | 0.00 | 0.01 | 0.00 | 0.02 | 0.00
Hz OR13 | 0.01]0.02 | 0.01 | 0.03 | 0.00 | 2.68 | 0.01 |0.17|0.01| 0.00 | 0.00 [ 0.00 | 0.00 | 0.01 | 0.00 | 0.02 | 0.00 | 0.04 | 0.01
Hz OR16 |0.02]0.02|0.12 | 0.26 | 0.03 | 558 | 0.10 | 0.40 | 0.01 | 0.02 | 0.01 | 0.02 | 0.00 | 0.03 | 0.01 | 0.02 | 0.00 | 0.03 | 0.01
Hz OR 4 0.01]0.02 | 0.02 | 0.05 | 0.00 | 2.53 | 0.02 | 0.21 | 0.01 | 0.00 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00 | 0.02 | 0.00 | 0.03 | 0.01
Hz OR 7 0.02 1 0.02 | 0.04 | 0.10 [ 0.01 | 1.62 | 0.05 | 0.37 | 0.01 | 0.01 | 0.01 | 0.02 | 0.01 | 0.05 | 0.01 | 0.05 | 0.01 | 0.08 | 0.01
Hz OR10 | 0.01]0.02|0.03| 0.08 | 0.0l | 1.44 | 0.04 | 0.36 | 0.01 | 0.01 | 0.00 | 0.01 | 0.00 | 0.02 | 0.01 | 0.02 | 0.00 | 0.03 | 0.01
Du OR12 | 0.01 | 0.02 | 0.01 | 0.02 | 0.00 | 3.07 | 0.01 | 0.22 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00
Du ORS8A | 0.02]0.02|0.03 | 0.07 | 0.01 | 2.68 | 0.03 |0.47|0.01 | 0.01 | 0.00 | 0.01 | 0.00 [ 0.02 | 0.01 | 0.02 | 0.00 | 0.04 | 0.01
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Table 7. Representative trace elements from the northwestern Haji Abad ultramafics. (Lz= Lherzolite, Hz = Harzburgite).

Group 2
Type | Sample | Nb Ta | La Ce Pr Sr Nd Zr Hf | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
Lz DG7 | 0.02 [ 0.0 | 0.05| 0.10 | 0.01 | 2.00 | 0.05 | 0.30 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00 | 0.03 | 0.00 | 0.03 | 0.00 | 0.05 | 0.01
Lz DG6 | 0.05 | 0.02 | 0.07 | 0.15 | 0.01 | 1.36 | 0.07 | 0.37 | 0.02 | 0.02 | 0.01 | 0.04 | 0.01 | 0.08 | 0.02 | 0.07 | 0.01 | 0.09 | 0.02
Lz HP2 | 0.05 | 0.02 |0.18 | 0.38 | 0.05 | 9.38 | 0.17 | 1.04 | 0.03 | 0.04 | 0.02 | 0.05 | 0.01 | 0.07 | 0.02 | 0.07 | 0.01 | 0.09 | 0.02
Lz HP4 | 0.02 | 0.02|0.06 | 0.11 | 0.02 | 2.19 | 0.05 | 0.27 | 0.01 | 0.01 | 0.01 | 0.02 | 0.01 | 0.04 [ 0.01 | 0.04 | 0.01 | 0.06 | 0.01
Lz HP8 | 0.02 | 0.02 | 0.05| 0.11 | 0.01 | 5.34 | 0.04 | 0.26 | 0.01 | 0.01 | 0.00 | 0.02 | 0.00 | 0.03 | 0.01 [ 0.03 | 0.01 | 0.05 | 0.01
Hz | HP13 | 0.04 | 0.01 | 0.22 | 0.40 | 0.05 | 13.80 | 0.21 | 0.83 | 0.03 | 0.06 | 0.02 | 0.09 | 0.02 | 0.14 | 0.03 | 0.11 | 0.02 | 0.14 | 0.02
Hz | HP14 | 0.06 | 0.01 | 0.11 | 0.24 | 0.03 | 9.67 | 0.10 | 0.70 | 0.02 | 0.03 | 0.01 | 0.03 | 0.01 | 0.07 | 0.02 | 0.06 | 0.01 | 0.08 | 0.01
Hz DG3 | 0.02 | 0.02 | 0.04 | 0.08 | 0.01 | 2.02 | 0.05 | 0.20 | 0.01 | 0.02 | 0.01 | 0.06 | 0.01 | 0.12 [ 0.03 | 0.11 | 0.02 | 0.13 | 0.02
Hz DG8 | 0.11 | 0.04 | 0.20 | 0.37 | 0.05 | 10.80 | 0.21 | 1.17 | 0.04 | 0.05 | 0.02 | 0.07 | 0.01 | 0.10 [ 0.02 | 0.09 | 0.01 | 0.11 | 0.02
Hz DG9 | 0.04 | 0.03 | 0.04 | 0.08 | 0.01 | 1.55 | 0.04 | 0.38 | 0.02 | 0.02 | 0.01 | 0.04 | 0.01 | 0.10 [ 0.02 | 0.10 | 0.02 | 0.12 | 0.02
Hz | DG10 | 0.02 | 0.02 | 0.08 | 0.15 | 0.02 | 1.52 | 0.06 | 0.32 | 0.01 | 0.02 | 0.00 | 0.02 | 0.00 | 0.04 | 0.01 | 0.04 { 0.01 | 0.07 | 0.01
Hz | DG13 | 0.06 | 0.01 | 0.09 | 0.22 | 0.04 | 28.70 | 0.26 | 1.42 | 0.09 | 0.14 | 0.06 | 0.25 | 0.05 | 0.40 | 0.08 | 0.30 | 0.04 | 0.31 | 0.05
Hz HP6 | 0.03 | 0.01 [ 0.05| 0.10 | 0.01 | 6.55 | 0.04 | 0.33 | 0.01 | 0.01 | 0.00 | 0.02 | 0.00 | 0.03 | 0.01 | 0.03 [ 0.01 | 0.05 | 0.01
Hz HPY9 | 0.03 | 0.01 | 0.07 | 0.14 | 0.02 | 5.23 | 0.07 | 0.60 | 0.01 | 0.02 | 0.01 | 0.03 | 0.01 | 0.05 [ 0.01 | 0.05 | 0.01 | 0.06 | 0.01
Hz | HP10 | 0.01 | 0.01 | 0.02 | 0.04 | 0.00 | 15.40 | 0.02 | 0.18 | 0.01 | 0.01 | 0.01 | 0.03 | 0.01 | 0.08 | 0.02 | 0.07 | 0.01 | 0.10 | 0.02
Hz | HP11 | 0.01 | 0.02 | 0.02 | 0.05 | 0.01 | 1.25 | 0.02 | 0.20 | 0.01 | 0.01 | 0.00 | 0.01 | 0.00 | 0.02 | 0.01 | 0.03 { 0.01 | 0.05 | 0.01
Du | HPL2 | 0.01 | 0.01 | 0.02 | 0.05 | 0.01 | 2.85 | 0.02 | 0.19 | 0.01 | 0.01 | 0.00 | 0.02 | 0.01 | 0.05 | 0.01 | 0.05 | 0.01 | 0.08 | 0.01
Du | HP12 | 0.04 | 0.02 | 0.04 | 0.09 | 0.01 | 4.45 | 0.04 | 0.59 | 0.02 | 0.02 | 0.01 | 0.04 | 0.01 | 0.09 | 0.02 | 0.09 | 0.01 | 0.13 | 0.02
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Figure 9 - a) Dy/Yb versus La/Yb diagram, from Rajesh et al. (2013), indicating mantle melting from spinel peridotite
for the Haji Abad ultramafics. b) (La/Sm)CN versus (Gd/Yb)CN diagram, highlighting a spinel-rich source with

enrichment and subsequent reduction in melting percentage. Values are normalized to chondrite (McDonough and

Sun, 1995).
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Figure 10. Temperature vs. pressure diagram for Haji

Abad ultramafic rocks, showing that the ultramafic

rocks of Haji Abad fall within the spinel mantle

temperature-pressure range (Jaques and Green, 1980).
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Figure 11. Determining the genesis and tectonic setting for the Haji Abad ultramafics (a, b) Fo in olivine

and TiO: in spinels plotted against Cr# in spinels (adapted from Pearce et al., 2000), showing the melting
degrees in the ultramafics of the Haji Abad region. OSMA data adapted from Arai (1994).
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Table 8. Comparison of the tectonic environment and other measured parameters of the ultramafics in Haji Abad with the Mesozoic ultramafics

from the Haji Abad to Esfandagheh region.

Mesozoic Ophiolite in Haji Abad-Esfandagheh region

Cr#% Reference
Lherzolite =~ Harzburgite Dunite  Type of Spinel Pressure(kbar)  Tectonic setting
Sikhoran-Soghan 42.0-52.06 42.0-52.06  52.4-76.4 Cr-Spinel ~4-6 Proto-forearc -SSZ Sepidbar et al, 2021
. Cr-Spinel-Al
Dehsheikh 19.1-33.6 - 413-6063 553 561 Chromite ~10 Sz Peighambari et al., 2016
. Cr-Spinel-Al
AB bid 19.1-33.6 166-28.5  33.7-57.8 Chromite ~16 SSZ-Mantle flow Mohamadi et al., 2017
Lardgarm (BALA Cr-Spinel-Al
NE) 32.0-88.5 40-40.5 43-86.7 Chromite ~26 fore-arc-SSZ Rostami et al, 2016
Daragah(NW of Haji . . .
Abad) 30.0-33.0 39.6-42.2 2351-48 Cr-Spinel ~10 MOR Ebadi and Mortazavi, 2022
Haji Abad 24.1- .
'E (NW) 25.6-52.5 24.0-41.7 4831 Cr-Spinel ~5-10 MOR
§ This study
2
= Haji Abad 36-03- Cr-Spinel-Al
(NE) 33.5-60.3 28.0-63.64 67.1 Chromite 5-13 SSZ
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Figure 12. Tectonic setting determination by using (a, b) TiO: and Fe*/Fe** versus Al:Os in

chrome spinels from the ultramafic rocks of Haji Abad, from Kamenetsky et al. (2001). ¢) ALOs

versus Cr# in chrome spinels from the ultramafic rocks of Haji Abad, based on Morishita et al.

(2015).
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Appendix 1. Representative composition of olivines in lherzolites from the Haji Abad region.

Comment OR-8B OR-3 OR-8A HP-2 DG-6 HP-8
Group Group 1(NE) Group2(NW)

Rock type LZ LZ LZ LZ LZ LZ
type ol ol ol ol ol ol
Sio, 39.43 55.77 40.25 38.70 40.67 3891
FeO 8.52 5.63 8.84 0.01 0.07 0.00
MnO 0.07 0.06 0.11 8.65 8.61 8.49
MgO 50.62 34.36 49.54 0.12 0.13 0.12
CaO 0.01 0.89 0.08 51.28 49.05 51.46
Na,O 0.01 0.03 0.00 0.03 0.06 0.01
NiO 0.36 0.01 0.38 0.01 0.07 0.02
K,0 0.00 0.00 0.03 0.38 0.39 0.39
PO, 0.00 0.00 0.00 0.01 0.09 0.00
Total 99.09 99.22 99.30 0.00 0.05 0.00

Si 0.97 1.45 0.99 99.19 99.19 99.40
Fe3 0.06 0.00 0.01 0.95 1.01 0.95
Fe2 0.11 0.12 0.17 0.10 0.00 0.10
Mn 0.00 0.00 0.00 0.07 0.18 0.07
Mg 1.85 1.33 1.82 0.00 0.00 0.00
Ca 0.00 0.02 0.00 1.87 1.81 1.87

tot. cat. 3.00 3.00 3.00 0.00 0.00 0.00
tot. oxy. 4.00 4.49 4.00 3.00 3.00 3.00

Te 0.07 0.08 0.12 4.00 4.01 4.00
Fo 91.30 89.97 90.70 0.12 0.13 0.12
Fa 8.62 8.27 9.08 91.21 90.84 91.41

Ca-Ol 0.01 1.67 0.10 8.63 8.95 8.46

Fe/Fe+tMg 0.06 0.08 0.08 0.04 0.08 0.02

Mg# 0.94 0.92 0.92 0.04 0.09 0.04
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Appendix 2. Representative composition of olivines in harzburgites from Haji Abad region.

Comment OR-4-G1-2 OR-13-04 OR-13-10-0 OL-HZ DG-9-G2-3 | DG-9-G2-5
Group Group 1(NE) Group2(NW)

Rock type HZ HZ HZ HZ HZ HZ
type ol ol ol ol ol ol
SiO, 41.098 39.194 38.532 41.831 40.359 39.722

Cr,0, 0.129 0.086 0.059 0.003 0 0
FeO 8.559 8.95 8.863 9.644 9.437 9.364
MnO 0.122 0.149 0.109 0.165 0.147 0.134
MgO 49.676 50.786 51.381 47.12 48.729 50.517
CaO 0.06 0 0.013 0.065 0.046 0.006
Total 100.11 99.619 99.39 99.253 99.282 100.063
Na,O 0.38 0.39 0.423 0.015 0.075 0.001
NiO 0 0.001 0 0.385 0.39 0.319
K,0 0 0.034 0.001 0.008 0.027 0
P,0, 0.041 0.025 0 0.005 0.003 0
Si 1.01 0.96 0.94 1.04 1.00 0.97
Fe3 0.00 0.08 0.11 0.00 0.00 0.06
Fe2 0.18 0.10 0.07 0.20 0.20 0.13
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.81 1.85 1.87 1.75 1.80 1.84
Ca 0.00 0.00 0.00 0.00 0.00 0.00
tot. cat. 3.00 3.00 3.00 3.00 3.00 3.00
tot. oxy. 4.01 4.00 4.00 4.04 4.00 4.00
Te 0.13 0.15 0.11 0.18 0.15 0.14
Fo 91.00 90.87 91.06 89.46 90.01 90.45
Fa 8.80 8.98 8.81 10.27 9.78 9.41
Ca-Ol 0.08 0.00 0.02 0.09 0.06 0.01

Fe2/F2/Mg 0.09 0.05 0.03 0.10 0.10 0.07

Mg # 0.91 0.95 0.97 0.90 0.90 0.93
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Appendix 3. Representative composition of oivines in dunites from the Haji Abad region.

Comment OR-8A-G7-1 | OR-8A-GY9-2 OR-8A-G9-1 HP-12-G13-1 | HP-12-G13-2BU | HPL2-G5-3
Group Group 1(NE) Group2(NW)

Rock type Du Du Du Du Du Du
type ol ol ol ol ol ol
SiO, 40.1 41.2 40.5 423 40.8 40.7
FeO 8.9 8.8 8.7 8.0 8.6 8.6
MnO 0.1 0.1 0.2 0.1 0.1 0.1
MgO 50.6 49.4 49.8 49.7 50.4 50.3
CaO 0.0 0.1 0.1 0.0 0.1 0.0
Na,O 0.0 0.0 0.1 0.0 0.0 0.0
NiO 0.4 0.4 0.3 0.4 0.4 0.4
K,0 0.0 0.0 0.0 0.0 0.0 0.0
PO, 0.0 0.0 0.1 0.0 0.0 0.0
Total 100.1 100.1 99.7 100.7 100.4 100.2

Si 1.0 1.0 1.0 1.0 1.0 1.0
Fe3 0.0 0.0 0.0 0.0 0.0 0.0
Fe2 0.1 0.2 0.2 0.2 0.2 0.2
Mn 0.0 0.0 0.0 0.0 0.0 0.0
Mg 1.8 1.8 1.8 1.8 1.8 1.8
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Appendix 4. Representative composition of clinopyroxenes in ultramafic rocks from the Haji Abad region.

Comment | OR-8A-G7-2 | OR-8A-G5-4 | OR-7-G8-3 | OR-7-G8-4 | HP-8-1-07cpx | DG-6-G1-4 | DG-3-G5-1 | DG-4-G14-3
Group Group 1(NE) Group 2(NW)

Rock type LZ LZ HZ HZ LZ LZ HZ HZ
type cpx cpx cpx cpx cpx cpx cpx cpx
Si0, 52.02 5139 52.03 51.78 51.12 5222 52.18 51.86
TiO, 0.06 0.04 0.14 0.13 0.10 0.12 0.12 0.10
ALO, 3.36 3.60 473 4.60 3.44 3.18 4.64 3.84
Cr0, 1.14 129 1.52 1.45 0.77 1.01 131 1.10
FeO 249 274 225 3.07 1.93 223 2.93 2.81
MnO 0.00 0.02 0.00 0.03 0.08 0.01 0.00 0.02
MgO 17.90 19.39 15.82 19.79 19.92 17.46 18.94 18.60
Ca0 21.80 20.54 22.58 19.06 21.46 275 20.01 20.63
NiO 0.05 0.04 0.02 0.01 0.05 0.04 0.05 0.04
PO, 0.00 0.00 0.01 0.05 0.09 0.02 0.02 0.05
Total 99.03 99.18 99.81 100.15 99.29 99.42 100.43 99.15

Si 1.91 1.88 1.90 1.87 1.87 1.91 1.88 1.89
Al(iv) 0.09 0.12 0.10 0.13 0.13 0.09 0.12 0.11
Al(vi) 0.05 0.03 0.10 0.06 0.02 0.05 0.08 0.06
Fe(iii) 0.03 0.09 0.00 0.05 0.16 0.05 0.03 0.03

Cr 0.03 0.04 0.04 0.04 0.02 0.03 0.04 0.03
Fe(ii) 0.04 0.00 0.06 0.05 0.10 0.02 0.06 0.06

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.98 1.06 0.86 1.06 1.09 0.95 1.02 1.01

Ca 0.86 0.80 0.88 0.74 0.84 0.89 0.77 0.81
TOTAL 4.01 4.03 4.00 4.02 4.05 4.02 401 401

Wo 44.81 41.36 48.73 38.89 42.30 46.63 40.77 4234

En 51.20 54.34 47.49 56.18 54.64 49.79 53.68 53.14

Fs 3.99 431 3.78 492 3.06 3.57 4.65 452
Mg# 0.96 1.00 0.93 0.96 0.91 0.98 0.95 0.94
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Appendix 5. Representative composition of orthopyroxenes in ultramafic rocks from the Haji Abad rgion.

Comment | OR-8B-1 | OR8B-1 | OR-1 | OR7- | HP2-P | HP20 | DGS | DGs
Group Group 1(NE) Group 2(NW)

Rock type LZ LZ HZ HZ LZ LZ HZ HZ
type opx opx opx opx opx opx opx opx
SiO, 52.76 53.00 56.54 55.21 53.31 55.57 53.62 54.34
TiO, 0.02 0.04 0.02 0.04 0.04 0.00 0.00 0.00
ALO, 3.45 3.50 2.53 3.39 291 2.63 438 3.77
Cr,0, 1.11 1.01 0.90 0.90 0.67 0.51 0.97 0.54
FeO 4.45 5.54 5.23 5.53 5.90 5.84 5.81 5.79
MnO 0.10 0.12 0.11 0.10 0.14 0.15 0.10 0.07
MgO 29.54 34.64 34.27 32.47 35.04 33.11 33.57 33.38
CaO 7.65 1.27 0.54 2.50 0.93 1.19 1.04 1.07
NiO 0.02 0.07 0.00 0.01 0.09 0.06 0.12 0.12
PO, 0.02 0.00 0.07 0.09 0.02 0.00 0.03 0.03
Total 99.17 99.20 100.31 100.23 99.05 99.10 99.63 99.13

Si 1.87 1.86 1.94 1.91 1.87 1.94 1.87 1.90
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Continued from Appendix 5. Representative composition of orthopyroxenes in ultramafic rocks from the Haji Abad

region.
Comment OR-8B-1 | OR-8B-1 OR-1 OR-7- HP-2-P HP-2-0 DG-8- DG-8-
Group Group 1(NE) Group 2(NW)
Rock type LZ LZ HZ HZ LZ LZ HZ HZ
type opx opx opx opx opx opx opx opx
Al 0.13 0.14 0.06 0.09 0.12 0.06 0.13 0.10
Al 0.02 0.00 0.04 0.05 0.00 0.05 0.05 0.05
Fe(iii) 0.12 0.16 0.00 0.02 0.17 0.01 0.09 0.06
Cr 0.03 0.03 0.02 0.02 0.02 0.01 0.03 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe(ii) 0.01 0.00 0.15 0.14 0.00 0.16 0.08 0.11
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.56 1.81 1.75 1.68 1.83 1.72 1.74 1.74
Ca 0.29 0.05 0.02 0.09 0.03 0.04 0.04 0.04
TOTAL 4.04 4.05 4.00 4.01 4.06 4.00 4.03 4.02
Wo 14.63 2.35 1.04 4.80 1.71 2.29 2.00 2.05
En 78.64 89.55 91.01 86.78 89.73 88.72 89.26 89.21
Fs 6.73 8.10 7.95 8.42 8.56 8.98 8.75 8.74
Mgt 1.00 1.00 0.92 0.92 1.00 0.91 0.95 0.94
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Appendix 6. Representative composition of Cr-Spinels in utramafic rocks from the Haji Abad region.

Comment 09-OR-3 OR-3-13 OR-4-3 OR-1-3 DG-6-3 DG-6-4 HP-6-3 HP-6-5
Group Group 1(NE) Group 2(NW)

Rock type LZ LZ HZ HZ LZ LZ HZ HZ
type chr chr chr chr chr chr chr chr
Sio, 0.003 0.007 0.04 0.01 0.047 0.061 0.03 0.10
Tio, 0.052 0.090 0.01 0.02 0.042 0.026 0.07 0.04
ALO, 31.773 28.713 25.23 27.28 39.503 39.224 35.09 37.65

Cr,0, 36.394 40.400 43.68 43.01 31.853 31.422 33.64 31.63
V,0, 0.000 0.000 0.00 0.00 0.000 0.000 0.00 0.00
FeO 18.096 16.707 17.58 17.04 13.220 13.271 17.05 16.97
MnO 0.282 0.302 0.00 0.00 0.000 0.000 0.00 0.00
MgO 12.523 13.092 13.60 13.29 15.458 15.844 14.70 14.51
CaO 0.003 0.000 0.04 0.00 0.041 0.050 0.02 0.02
K,0 0.000 0.000 0.01 0.01 0.010 0.000 0.01 0.00
PO, 0.000 0.000 0.00 0.03 0.008 0.000 0.06 0.00
Na,O 0.035 0.069 0.08 0.07 0.000 0.011 0.01 0.03
Total 99.241 99.461 100.27 100.77 100.182 99.912 100.67 100.98
Si 0.001 0.002 0.01 0.00 0.011 0.014 0.01 0.02
Ti 0.009 0.016 0.00 0.00 0.007 0.004 0.01 0.01
Al 8.960 8.154 7.18 7.70 10.545 10.474 9.52 10.11
Cr 6.885 7.697 8.34 8.14 5.704 5.629 6.13 5.70
Vv 0.000 0.000 0.00 0.00 0.000 0.000 0.00 0.00
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Continued from Appendix 6. Representative composition of Cr-Spinels in ultramafic rocks from the Haji Abad region.

Comment 09-OR-3 OR-3-13 OR-4-3 OR-1-3 DG-6-3 DG-6-4 HP-6-3 HP-6-5
Group Group 1(NE) Group 2(NW)
Rock type LZ LZ HZ HZ LZ LZ HZ HZ
type chr chr chr chr chr chr chr chr
Fe(iii) 0.136 0.113 0.45 0.15 0.000 0.000 0.32 0.14
Fe(ii) 3.485 3.253 3.10 3.26 2.504 2.514 2.97 3.10
Mn 0.057 0.062 0.00 0.00 0.000 0.000 0.00 0.00
Mg 4.467 4.703 4.90 4.74 5.220 5.352 5.05 4.93
TOTAL 24.000 24.000 24.000 24.000 24.000 24.000 24.00 24.00
Cr/Cr+Al 0.435 0.486 0.00 0.00 0.351 0.350 0.39 0.36
Mg# 56.176 59.113 0.61 0.59 67.582 68.036 0.63 0.61
Cr# 43.452 48.557 53.73 51.40 35.104 34.955 39.15 36.04
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Appendix 7. Representative composition of Cr-Spinels in dunite from the northwestern Haji Abad region.

Comment OR-8A- OR-12 OR-8A - OR-8A -5 HPL2 -4 HPL2 -§ HPL2 -4 HPL2 -5
Group Group 1(NE) Group 2(NW)

type chr chr chr chr chr chr chr chr
SiO, 0.16 0.25 0.36 0.02 0.13 0.04 0.01 0.07
TiO, 0.02 0.04 0.00 0.00 0.01 0.07 0.00 0.04
ALO, 31.85 17.58 38.41 33.34 28.00 33.64 36.82 36.14
Cr,0, 38.57 53.62 32.24 37.02 39.01 33.85 32.03 30.30
V,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 15.30 17.66 14.26 1591 20.66 17.49 17.39 16.49
MnO 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0.00
MgO 14.94 11.34 15.42 14.41 11.80 14.43 14.16 16.53
CaO 0.06 0.05 0.06 0.02 0.05 0.00 0.00 0.06
Total 100.96 100.90 100.80 100.76 99.78 99.57 100.53 99.95
NiO 0.00 0.02 0.00 0.00 0.04 LRk 0.11 0.24
K,0 0.00 0.01 0.00 0.00 0.00 0.03 0.01 0.00
PO, 0.00 0.01 0.02 0.04 0.01 0.00 0.00 0.09
Na,O 0.07 0.02 0.03 0.00 0.06 0.03 0.01 0.00
Si 0.04 0.06 0.08 0.00 0.03 0.01 0.00 0.02
Ti 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.01
Al 8.72 5.21 10.24 9.12 8.01 9.27 9.98 9.72
Cr 7.08 10.67 5.7 6.79 7.48 6.26 5.82 5.47
v 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe(ii) 0.12 0.00 0.00 0.08 0.44 0.43 0.20 0.76
Fe(ii) 2.85 3.72 2.70 3.01 3.75 2.99 3.15 2.38
Mn 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00
Mg 5.17 425 5.20 4.99 427 5.03 4.85 5.63
TOTAL 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00
Fe/Fe+Mg 0.36 0.47 0.34 0.38 0.50 0.40 0.41 0.36
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Continued from Appendix 7. Representative composition of Cr-Spinels in dunite from the northwestern Haji Abad region.
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Comment OR-8A- OR-12 OR-8A - OR-8A -5 HPL2 -4 HPL2 -5 | HPL2 -4 | HPL2 -5
Group Group 1(NE) Group 2(NW)
type chr chr chr chr chr chr chr chr
Cr/Cr+Al 0.45 0.67 0.36 0.43 0.48 0.40 0.37 0.36
Fe(ii) 2.85 3.73 2.87 3.01 3.75 2.99 3.15 2.38
Fe(iii) 0.12 0.02 0.17 0.08 0.44 0.43 0.20 0.76
Mgt 64.44 53.25 64.44 62.35 53.23 62.70 60.66 70.24
Cr# 44.82 67.17 36.03 42.69 48.31 40.30 36.86 36.00
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