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Abstract
Lherzolite is one of the main units in the Ab-Bid ultramafic complex from

Esfandagheh-HadjiAbad coloured mélange (South of Iran). The complex contains
harzburgite, dunite, lherzolite and pyroxenite dykes and the lherzolites mainly occur in
the margins. In the field, lherzolites occur as weakly foliated coarse-grained peridotites
with shiny pyroxene grains and cut by neumerous pyroxenitic veins. Textural features
such as elongation and undoluse extinction of minerals and porphyroclastic grains
indicate that the lherzolites were part of the upper mantle and experienced high P-T
deformational events. Mineral chemistry data such as Cr# values in spinels (10/33-
14/04) and fo contents of olivines (90/49-93/51)  from the Ab-Bid lherzolites suggest
that these rocks belong to the mantle. Evidences such as CaO (1/18-3/23) and MgO
(39/53-43/65) contents of whole rock compositions, Cr# (10/33-14/04) and Mg# (74/20-
78) values of spinels, besides textural features and REE normalized patterns show that
they have past a complex petrological history. At the first stage, they have partially
melted (< 10%) in an abyssal environment, then, they refertilized by ascending melts
and enriched in LREE. Tectonomagmatic discrimination diagrams indicate that Ab-Bid
lherzolites  belong to the abyssal peridotites and their petrogenetic evolutions are similar
to those from MOR type peridotites. Our data document the dependence of
Esfandagheh-HadjiAbad coloured mélange to the Neotethyan oceanic lithosphere in the
south of Iran.
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Introduction
Lherzolites are the essential parts of many

ophiolitic associations and ultramafic complexes all
around the world [12]. There are different ideas about

genesis and petrological evolution of these mantle
peridotites [3]. Some authors [9] believe that the
lherzolites are the more fertile parts of the upper
mantle which have not been affected by partial
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melting. As stated by Bodinier [5] chemical and
mineralogical variations in mantle rocks are attributed
to variable degrees of partial melting. In fact, the most
fertile lherzolites (with 15% clinopyroxene) are
interpreted as primitive mantle only weakly affected
by partial melting, while, the harzburgites (with less
than 5% clinopyroxene) show high degrees of partial
melting and melt extraction. So, these fertile
lherzolites together with chondritic meteorites, were
used to infer the composition of the Earth's primitive
mantle [19]. In many ultramafic suits such as Lanzo,
Italy [5]; Lherz, France [5] and Western Gneiss
Region, Norway [8], the lherzolites often considered
as residual mantle containing remnants of pristine
material. However, many cases show that the
lherzolites may also derived from combined processes
of partial melting and igneous refertilization.
Plagioclase lherzolites, in particular, are interpreted as
products of impregnation of previously depleted
peridotites by percolating melts [28]. Müntener  [22]
stated that the plagioclase peridotites in western Alps
and Apennines have been formed by a reaction
between extending lithosphere from embryonic ocean
basins and upwelling asthenospheric melts. Spinel
lherzolites from the Ronda Massif (S Spain) attributed
to refertilization of subcontinental lithosphere [18].

The Ab-Bid peridotitic complex (Hormozgan
province, Iran), is a large ultramafic massif (10 km x
4/5 km) dominantly composed of harzburgites, but in
marginal parts, it contains some distinctive lherzolite
outcrops with different field and perographical
characteristics. The aims of this work, are 1)
presentation of field, petrography, mineral and whole
rock chemistry of these lherzolites for the first time
and 2) using these data in order to clarifying
petrological evolutions of these rocks and the other
rock associations from the Ab-Bid complex.

Materials and Methods

Major – element in whole rocks were analyzed at
the laboratory of Acts lab in Canada with code 4B2 –
std options A 1 g. Samples are digested with aqua
regia and diluted to 250 ml volumetrically.
Appropriate international reference materials for the
metals of interest are digested at the same time. The
samples and standards are analyzed on Thermo ICAP
6500 ICP. Minor and trace element (Ti, Sr, Zr, … and
Rare earth elements) concentrations in whole rock
were analyzed by solution ICP MS (mass
spectrometry) at the same  laboratory with method 4
litho – research. Quantitative chemical analysis
(Electron microprobe analysis) was performed at

University of British Columbia, Canada, in the
Department of Earth, Ocean and Atmospheric
Sciences by using a fully-automated Cameca SX50
Scanning Electron Microprobe with 4 vertical
wavelength-dispersion X-ray spectrometers and a
fully-integrated SAMx energy-dispersion X-ray
spectrometer. One of the spectrometers has two
layered dispersion elements (W/Si, Ni/C), which allow
the quantitative analysis of the light elements (F, O, N,
C, B). There are standards for virtually all of the
elements and common alloys. The instrument can
produce X-ray element maps from EDS or WDS
spectrometers, back scattered electron images, and
secondary electron images. All electron microprobe
analyses were measured with the following operating
conditions: voltage, 15 kV; beam current, 20 nA; peak
count-time, 20 s; background count-time, 10 s; spot
diameter, 5 μm.

Results

Geological setting
Ab-Bid ultramafic complex is one of the mantle

peridotite bodies occuring in the Esfandagheh-
Hadjiabad coloured mélange at the south of Iran [2].
The complex is an elliptical relatively unaltered
peridotite body which has been emplaced in the
Esfandagheh-Hadjiabad ophiolite mélange. This
ophiolitic mélange locates at the northern border of
the Zagros thrust in this area and forms south-eastern
parts of Kermashah-Neyriz ophiolite belt [31].
Esfandaghe-Hadji Abad ophiolite mélange (which
hosts Ab-Bid ultramafic complex and the studied
lherzolites), is a part of Tethyan ophiolitic belt. Many
authors believe that ophiolitic complexes in this belt
have been formed in suprasubduction zone setting [38;
25; 11]. Researchers such as Alavi [1] and Mohajell
[21] believe that this belt shows the remnants of
Neotethys oceanic crust which have been detached
during the late Cretaceous. The last mapping of the
Esfandagheh-Hadjiabad coloured mélange [2] has
revealed that the Ab-Bid ultramafic complex
emplaced into the serpentinites, Cretaceous meta-
limestones and radiolarian cherts. All contacts are
tectonized and  the rock units show a typical ophiolitic
lithological assemblages. The studied lherzolites
comprise marginal parts of the Ab-Bid ultramafic
complex.

Field relationships
The Ab-Bid massif crops out as an elongate, NW-

SE-trending lens 10 km long and 4/5 km wide
between the Sanandaj-Sirjan metamorphic zone at the
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north-east and the Zagros thrust zone in the south-west
[Fig. 1] [2]. The contacts of the massif are faulted with
several meters wide schistose serpentinized
peridotites, suggests that the Ab-Bid complex has
been emplaced into the other rock units as a solid
mass. The massif mainly contains of harzburgites
which have been acted as the host of the other
lithological units. These rocks appear as homogeneous
coarse-grained outcrops without distinct layering or

foliation. They have various amounts of shiny
orthopyroxene crystals (up to 1 cm in diameter) and
dispersed small grains spinels. They show sharp and
tectonized contacts with all the rock units and the
highest degrees of serpentinization have been occured
in these contacts. There are two shapes of dunites in
the Ab-Bid. The first one form large massive dunites
in the north-west and east of Ab-Bid complex and
contain several chromitite ore deposits [Fig. 1]. The

Figure 1. a) Distribution of Iranian ophiolites and location of the studied area in Iran. b) Geological map of Ab-Bid ultramafic
complex [2].

Figure 2. a) Occurrence of Ab-Bid lherzolites and harzburgites in the Esfandaghe-Hadji Abad coloured mélange. b) Ab-Bid
lherzolite outcrop with the pyroxenite vein.
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second dunites are decimeter-meter wide dunitic
dykes crosscutting harzburgites throughout the massif.
They have intruded in various trends and contain
sporadic millimeter-sized spinels.

The lherzolites (investigated in this work) occur in
the south and south-west of the massif [Fig. 2a]. The
contacts with the harzburgites are often sharp,

tectonized and serpentinized.The lherzolites are
generally coarse-grained rocks without any foliation
and constitute about 15 percent of the Ab-Bid massif.
In the field, they have not distinctive layering, but
shiny pyroxene grains (ortho- and clino) with up to 6
milimetrs in diameters are found in them. There are a
lot of centimeter-sized pyroxenite dykes in this unit

Figure 3. Photomicrographs of Ab-Bid lherzolites. a) Deformed olivine porphyroclast with undoluse extinction
(Ol1) enclosed by second generations of fine-grained olivines, clino- and orthopyroxenes in a porphyroclastic
texture. Interstitial orthopyroxene crystals (Opx2) are seen in the lower part of the photo. b) Granular texture in Ab-
Bid lherzolites with large deformed clinopyroxene crystals. c) Orthopyroxene porphyroclast (Opx1) with curved
boundaries. Second generation of olivines (Ol2) and orthopyroxenes (Opx2) observe in its margins. d) Granular
textured olivine neoblasts with triple junction boundaries. e) Third generation of olivine grains (Ol3) which have
been formed in orthopyroxene porphyroclast (Opx1) probably due to incongruent melting of orthopyroxene during
melt-rock interaction. f) Interstitial greenish-brown spinel grains in the Ab-Bid lherzolites.
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[Fig. 2b]. The dykes have been intruded in different
directions and it seems that they followed the fracture
systems. Around the dykes, lherzolites have
serpentinized, but in other parts, the host rocks are
unaltered. In the field, Ab-Bid lherzolites can be easily
distinguished by their yellow-pale brown color against
dark red-brown color of the harzburgites.

Petrography
Ab-Bid massif periditites are fresh with usually less

than 10% secondary serpentine [Fig. 3], which occurs
as veinlets or is locally pervasive. The harzburgites
contain 65-75% Ol, 12-25% Opx, 1-3% Cpx, less than
2% Sp. At the thin-section scale, they display a
porphyroclastic microstructure, characteristic of
deformation by dislocation creep. A weak foliation
and lineation are marked by elongated spinels and
olivine porphyroclasts with curvilinear grain
boundaries, undulose extinction, and subgrain
boundaries. Orthopyroxenes, as well as small
clinopyroxenes, show irregular shapes and undulose
extinction. In these rocks, large porphyrocastic olivine
grains commonly display undulatory extinction and
kink banding with curved boundaries, and
intracrystalline deformation features are still observed
in them, but the neoblastic olivines are found as small
undeformed crystals with straight grain boundaries.

Modal compositions in Ab-Bid lherzolites are: 50-
65% Ol, 20-25% Opx, 10-16% Cpx, 2-4% Sp. The
lherzolites are characterized by coarse-grained
granular texture, but in some samples, they show
porphyroclastic texture with porphyroclasts of olivine
and orthopyroxene up to1 cm across in an
equigranular matrix of smaller olivines and pyroxenes
[Fig. 3a]. In these rocks, olivine occurs as large
porphyroclastic deformed grains (Ol1) (up to 7 mm in
size) with deformation twining and elongation in
which high temperature deformation recorded [Fig.
3a]. In addition, in the studied lherzolites, there are
some small neoblastic olivine grains (Ol2) without any
deformation features which have been formed around
orthopyroxene and olivine porphyroclasts [Fig. 3d].
Neoblastic olivines are polygonal with straight grain
boundaries and triple junctions [Fig. 3d]. Third
generation of olivines (Ol3) occur as small grain
aggregates which have been formed within or between
orthopyroxene porphyroclasts [Fig. 3e].
Clinopyroxene crystals are either independent
deformed porphyroclasts (up to 4 mm in size) [Fig.
3b] or occur as small undeformed grains (~0.4 mm).
The first group show undulatory extinction and some
of them contain fine orthopyroxene exsolution
lamellae. Orthopyroxene occurs either as deformed

coarse-grained porphyroclasts (up to 10 mm in size)
(Opx1) [Fig. 3c,d,e] or neoblastic undeformed fine-
grained crystals (up to 0.5 mm in size) (Opx2) which
have been formed between the first generation ones
probably by recrystallization processes [Fig. 3,c,d].
Opx1 gains may also contain exsolutions of
clinopyroxene and are typically in spatial association
with spinel [Fig. 3e]. Some clinopyroxenes and
orthopyroxenes are slightly folded or kinked and can
also include small grains of olivine. Orthopyroxene
porphyroclasts partly replaced by fine-grained
secondary olivines [Fig. 3c],

Spinel, the content of which ranges from 0.5 to 2
vol%, is usually brownish-green [Fig. 3f], although
some spinels tend to be dark-red and more opaque.
These minerals are interstitial and display a weak
shape-preferred orientation [Fig. 3f]. They have
placed between olivines and pyroxenes and their grain
size varies from 0.5 mm to 2 mm. Some of
orthopyroxene crystals embayed by secondary olivine
[Fig. 3c] and interstitial extensions of spinel between
adjacent crystals are frequent [Fig. 3f].

Mineral chemistry
Overally, mineral compositions in the Ab-Bid

lherzolites are magnesian and different mineral
generations have similar compositions. The
compositions of olivines are very similar and show a
little variations.They have fo values ranging from
90/49 to 93/51 with NiO contents from 0/28 to 0/45
wt.% [Table 1]. In MnO vs fo diagram ( not shown),
the most Ab-Bid lherzolitic olivines fall in the field of
olivine mantle array. Mg# vs NiO contents of olivines
from Ab-Bid lherzolites [Fig. 4a] show that the host
rocks are refractory mantle peridotites.

Spinels from the Ab-Bid lherzolites have a typical
Mg# [=100×Mg/(Mg+Fe)] between 73/20 and 78 with
Cr# [ = 100 × Cr/(Cr + Al)] varying from 10/33 to
14/04, TiO2 content for these spinels varies from 0/02
to 0/11 wt% [Table 2]. Compositionally, they are
chromespinel and in Al2O3 vs Cr2O3 diagram [Fig. 4c],
these minerals place in the  mantle array field.
Besides, as shown in figure 4b, the studied spinels
belong to the fertile mantle peridotites.

Orthopyroxenes in the studied lherzolites have
uniform compositions (Mg# between 91/05 and 93/01)
with Al2O3 and Cr2O3 contents varying from 1/92 to
4/79 and 0/13 to 0/45, respectively (Table 4). They are
enstatite and both porphyroclasts and smaller ones
have similar compositions. In Mg# vs Al2O3 diagram
for the orthopyroxenes [Fig. 5a], Ab-Bid
orthopyroxenes fall between fertile and refractory
mantle peridotites.
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Clinopyroxenes from the Ab-Bid lherzolites show
high Mg#values (91/75 – 93/92) along with Al2O3,
Cr2O3, TiO2 contents varying from 2/04 to 4/82 wt%,

0/16 to 0/96 wt% and 0/1 to 0/98 wt%, respectively
[Table 3]. They are diopside and two shapes of the
clinopyroxenes show similar chemical compsitions. In

Table 1. Representative olivine compositions from Ab–Bid lherzolites (Lhr: Lherzolite).
Sample R15 R15 R15 R15 R15 R15 Z18 Z18 Z18 Z18 Z18 Z18
Phase Ol Ol Ol Ol Ol Ol Ol Ol Ol Ol Ol Ol
Rock type Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr
SiO2 41.91 41.37 42.21 42.09 41.19 41.68 40.37 40.41 39.89 40.13 40.08 40.57
Al2O3 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01
TiO2 0.00 0.00 0.00 0.03 0.02 0.03 0.02 0.00 0.00 0.01 0.02 0.00
Cr2O3 0.00 0.02 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.04 0.00
FeO 8.30 9.22 8.25 9.23 9.06 9.35 9.00 9.53 9.25 9.62 8.87 9.27
MnO 0.16 0.06 0.09 0.05 0.20 0.13 0.17 0.13 0.14 0.13 0.13 0.13
MgO 50.21 49.95 50.70 50.74 49.82 50.82 49.70 49.82 49.98 50.26 50.15 49.65
CaO 0.03 0.00 0.01 0.00 0.03 0.00 0.00 0.02 0.00 0.02 0.00 0.14
NaO 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.05 0.01 0.00 0.03 0.00
NiO 0.35 0.37 0.44 0.35 0.40 0.35 0.42 0.39 0.40 0.45 0.45 0.42
Total 100.95 101.00 101.71 102.49 100.75 102.39 99.36 100.06 99.50 100.43 99.49 99.86
Si 1.01 1.00 1.01 1.01 1.00 1.00 0.99 0.99 0.98 0.98 0.98 0.99
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.05 0.03 0.01
Fe2 0.17 0.19 0.17 0.18 0.18 0.18 0.17 0.17 0.15 0.15 0.15 0.18
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.81 1.81 1.82 1.81 1.81 1.81 1.82 1.81 1.83 1.82 1.83 1.81
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 91.52 90.62 91.63 90.74 90.74 90.86 91.53 91.46 92.52 92.40 92.53 91.18
Fo 91.52 90.62 91.63 90.74 90.74 90.86 91.53 91.46 92.52 92.40 92.53 91.18
Fa 8.48 9.38 8.37 9.26 9.26 9.14 8.47 8.54 7.48 7.60 7.47 8.82

Standars are as Table 3.

Table 2. Representative spinel compositions from Ab–Bid lherzolites.
Sample R15 R15 R15 R15 R15 R15 R15 Z18 Z18 Z18 Z18 Z18
Phase Sp Sp Sp Sp Sp Sp Sp Sp Sp Sp Sp Sp
Rock type Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr
SiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03 0.02
Al2O3 56.72 58.60 54.80 55.12 55.61 55.10 55.28 57.28 56.26 56.13 56.27 55.25
TiO2 0.05 0.02 0.06 0.04 0.05 0.06 0.10 0.11 0.05 0.04 0.04 0.02
Cr2O3 11.59 10.47 12.82 12.56 12.57 12.96 13.46 10.17 10.95 11.09 11.75 11.53
FeO 11.56 11.64 12.57 11.71 12.65 13.26 13.06 12.84 12.97 12.82 13.43 12.66
MnO 0.11 0.05 0.11 0.13 0.12 0.10 0.14 0.09 0.05 0.05 0.12 0.12
MgO 20.19 20.33 19.22 19.16 19.53 19.29 19.30 19.42 19.30 19.25 19.15 18.96
CaO 0.00 0.04 0.04 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00
NiO 0.31 0.29 0.44 0.32 0.32 0.37 0.30 0.36 0.39 0.34 0.35 0.37
Na2O 0.00 0.00 0.07 0.00 0.01 0.03 0.01 0.00 0.00 0.00 0.00 0.00
K 2O 0.02 0.01 0.02 0.00 0.01 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Total 100.54 101.44 100.17 99.04 100.87 101.17 101.68 100.08 99.78 99.54 100.95 98.71
Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.73 1.76 1.70 1.72 1.71 1.69 1.69 1.75 1.73 1.73 1.72 1.73
Cr 0.24 0.21 0.27 0.26 0.26 0.27 0.28 0.21 0.23 0.23 0.24 0.24
Fe3 0.03 0.02 0.03 0.02 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.03
Fe2 0.22 0.23 0.25 0.24 0.24 0.25 0.25 0.25 0.25 0.25 0.26 0.25
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.78 0.77 0.75 0.76 0.76 0.75 0.75 0.75 0.75 0.75 0.74 0.75
Cr# 12.06 10.70 13.57 13.26 13.17 13.63 14.04 10.65 11.55 11.70 12.29 12.28
Mg# 78.00 77.46 75.46 75.74 75.88 75.01 74.70 75.26 75.26 75.27 74.20 75.03

Standars are as Table 3.
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the Al2O3 vs Mg# [=100×(Mg/(Mg+Fe))] diagram
[Fig. 5b], these minerals fall in the high pressure field
clinopyroxenes.

Whole rock chemistry
Lherzolites from Ab-Bid ultramafic complex show

variable degrees of serpentinization (LOI: 0/61 –
4/56%) [Table 5], but most of them are fresh and their

Mg# varies between 89/94 and 90/47. Ab-Bid
lherzolites have relatively high Al2O3 and CaO values
(3/29 And 90/47% respectively). So, they are
comparable with the mantle lherzolites worldwide
[29]. These rocks are enriched in iron (Fe2O3(T)
content averaging 8/86 with values as high as 9/21 %),
however in Cr vs Al2O3 diagram [Fig. 6] they fall in
the field of reference mantle peridotites.

Figure 4. Chemical variations of spinels and olivines from Ab-Bid lherzolites. a) Mg# vs NiO in olivines from Ab-Bid
lherzolites. Data sources: Fertile and refractory mantle from [40], Olivine interactions with basalt-like magma from [39]. b) In
Mg# vs Cr# diagram, spinel from Ab-Bid lherzolites fall in the fertile  mantle field. Data sources are as Fig. 4a. c) The studied
spinels fall in the mantle array field and their compositions are close to the metasomatic spinels. Fields from [17].

Table 3. Representative clinopyroxene compositions from Ab–Bid lherzolites.
Sample Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18
Phase CPX CPX CPX CPX CPX CPX CPX CPX CPX CPX CPX CPX
Rock type Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr
SiO2 54.03 52.92 52.17 52.44 52.65 53.01 52.84 52.84 51.34 52.58 51.49 51.08
TiO2 0.17 0.24 0.30 0.25 0.43 0.27 0.30 0.27 0.35 0.29 0.40 0.44
Al2O3 2.04 3.10 4.27 3.68 3.86 3.02 3.38 3.50 4.82 3.86 4.54 4.75
Cr2O3 0.16 0.51 0.56 0.45 0.67 0.45 0.51 0.63 0.82 0.85 0.82 0.76
FeO 2.01 2.10 2.17 2.24 2.09 1.95 2.15 2.11 2.07 2.08 2.04 2.00
MnO 0.08 0.06 0.08 0.07 0.03 0.11 0.04 0.10 0.03 0.09 0.08 0.04
MgO 17.39 16.52 16.41 16.56 16.17 16.93 16.50 16.43 16.24 16.28 16.03 16.12
CaO 23.79 23.45 23.50 23.36 23.62 23.64 23.64 23.70 23.23 23.59 23.61 23.25
Na2O 0.41 0.57 0.64 0.60 0.51 0.50 0.58 0.52 0.72 0.66 0.61 0.64
K2O 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00
NiO 0.02 0.00 0.02 0.09 0.00 0.02 0.05 0.04 0.00 0.07 0.06 0.04
Total 100.15 99.55 100.32 99.84 100.06 100.00 100.05 100.18 99.90 100.44 99.82 99.31
Si 1.95 1.93 1.89 1.90 1.91 1.92 1.92 1.91 1.86 1.90 1.87 1.87
Ti 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.09 0.13 0.18 0.16 0.17 0.13 0.14 0.15 0.21 0.16 0.19 0.20
Cr 0.00 0.01 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02
Fe3 0.02 0.02 0.06 0.05 0.01 0.04 0.03 0.03 0.07 0.04 0.06 0.06
Fe2 0.04 0.04 0.01 0.02 0.06 0.02 0.03 0.04 -0.01 0.02 0.01 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.94 0.90 0.88 0.90 0.87 0.91 0.89 0.89 0.88 0.88 0.87 0.88
Ca 0.92 0.92 0.91 0.91 0.92 0.92 0.92 0.92 0.90 0.91 0.92 0.91
Na 0.03 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.04 0.05
Mg# 93.92 93.75 92.63 92.78 92.55 93.81 93.68 92.71 93.62 93.62 92.55 93.62
Cr# 4.89 7.14 10.00 5.88 10.53 7.14 6.67 11.76 8.70 11.11 9.52 9.09
Wo 48.54 49.41 50.53 49.84 49.64 49.48 49.88 49.82 51.02 50.40 51.24 50.96
En 49.38 48.43 49.08 49.16 47.29 49.32 48.43 48.07 49.63 48.40 48.41 49.14
Fs 2.07 2.16 0.39 0.99 3.07 1.20 1.70 2.10 0.65 1.21 0.35 0.10

Standards: SiO2 (diopside), TiO2 (rutile,Astimex, synthetic), Al2O3 (disthen, MAC),Cr2O3 (chromium Oxide, Astimex, synthetic), FeO (fayalite.
USNM,Rockport), MnO (rhodonite, Astimex. Franklin, USA), MgO (Olivine,USNM, San Carlos), CaO (diopside), NiO (NiO, synthetic), Na2O (jadeite),
K2O (K-Felspar).  Opxt=Orthopyroxenite. Fe3+ and Fe2+ are calculate from stoichiometry. Mg# =100Mg/ (Mg+Fe2+).  Wo =Ca/ (Ca+Mg+Fe2+). En= Mg/
(Ca+Mg+Fe2+). Fs=Fe2+/ (Ca+Mg+Fe2+).
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The nature of these lherzolites as residues of partial
melting is shown by the amounts of CaO vs MgO
diagram [Fig. 7a], Mg# vs Cr# diagram for spinels
[Fig. 7b], and Cr# vs TiO2 wt % in spinel, from Ab-
Bid lherzolites [Fig. 7c]. So, all these diagrams show
that the studied rocks passed 5-10 % partial melting.
This evidence along with the higher values of
incompatible elements (Na2O, K2O, TiO2) compare
with the well-known depleted mantle peridotites [23;
24] suggest that the studied lherzolites have been

produced from low degrees of partial melting events.
On chondrite-normalized REE diagram [Fig. 8a],

Ab-Bid lherzolites show spoon-shaped patterns with
distinct flat trends for MREE and HREE, and clear
depletion of LREE, suggest they have been passed low
degrees of partial melting and then, they may have
been affected by impregnation and enriched with La.
In this figure, REE patterns of lherzolites, fall in upper
part of the field of MORB peridotites and are very
similar to refertalized refractory peridotites. Whole-

Table 4. Representative orthopyroxene compositions from Ab–Bid lherzolites.
Sample Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18 Z18
Phase OPX OPX OPX OPX OPX OPX OPX OPX OPX OPX OPX OPX
Rock type Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr Lhr
SiO2 55.98 56.07 56.29 56.39 55.07 56.39 54.60 55.11 55.83 54.46 55.76 55.38
TiO2 0.07 0.04 0.05 0.07 0.08 0.06 0.06 0.03 0.05 0.09 0.08 0.04
Al2O3 3.04 1.93 2.37 2.31 3.62 2.41 4.18 3.88 3.63 4.79 3.24 3.64
Cr2O3 0.26 0.14 0.17 0.18 0.28 0.18 0.45 0.40 0.32 0.37 0.30 0.37
FeO 6.75 7.04 6.76 6.96 6.64 6.95 6.75 6.78 6.47 6.64 6.79 6.55
MnO 0.16 0.12 0.15 0.17 0.16 0.14 0.17 0.14 0.13 0.19 0.15 0.13
MgO 34.14 34.63 34.66 34.43 33.67 34.33 33.78 33.56 33.77 33.32 34.14 33.94
CaO 0.28 0.20 0.21 0.30 0.36 0.26 0.23 0.40 0.33 0.44 0.29 0.52
Na2O 0.00 0.01 0.05 0.01 0.04 0.02 0.01 0.04 0.00 0.03 0.02 0.01
K2O 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NiO 0.12 0.04 0.07 0.13 0.07 0.06 0.07 0.08 0.09 0.04 0.05 0.05
Total 100.79 100.42 100.91 100.97 100.10 100.88 100.48 100.52 100.56 100.53 100.93 100.76
Si 1.92 1.93 1.92 1.93 1.90 1.93 1.88 1.89 1.92 1.87 1.91 1.90
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.12 0.08 0.10 0.09 0.15 0.10 0.17 0.16 0.15 0.19 0.13 0.15
Cr 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Fe3 0.03 0.06 0.05 0.04 0.04 0.04 0.06 0.04 0.01 0.05 0.04 0.05
Fe2 0.16 0.14 0.14 0.16 0.15 0.16 0.13 0.15 0.17 0.14 0.15 0.14
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
Mg 1.74 1.78 1.77 1.76 1.73 1.75 1.73 1.72 1.73 1.71 1.74 1.73
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg# 91.53 92.61 92.61 91.76 92.02 91.62 93.01 91.98 91.05 92.43 92.06 92.51
Cr# 5.35 4.80 4.53 4.87 6.25 0.00 5.56 5.88 6.25 5.00 7.14 6.25
Wo 0.54 0.38 0.39 0.56 0.53 0.52 0.53 0.53 0.52 1.07 0.53 1.06
En 91.04 92.26 92.24 91.24 91.53 91.15 92.51 91.49 90.58 91.44 91.58 91.53
Fs 8.42 7.36 7.36 8.19 7.94 8.33 6.95 7.98 8.90 7.49 7.89 7.41

Standards: SiO2 (diopside), TiO2 (rutile,Astimex, synthetic), Al2O3 (disthen, MAC),Cr2O3 (chromium Oxide, Astimex, synthetic), FeO (fayalite.
USNM,Rockport), MnO (rhodonite, Astimex. Franklin, USA), MgO (Olivine,USNM, San Carlos), CaO (diopside), NiO (NiO, synthetic), Na2O (jadeite),
K2O (K-Felspar).  Opxt=Orthopyroxenite. Fe3+ and Fe2+ are calculate from stoichiometry. Mg# =100Mg/ (Mg+Fe2+).  Wo =Ca/ (Ca+Mg+Fe2+). En= Mg/
(Ca+Mg+Fe2+). Fs=Fe2+/ (Ca+Mg+Fe2+).

Figure 5. a) Mg# vs Al2O3 diagram for orthopyroxenes, Ab-Bid orthopyroxenes fall between fertile and refractory mantle. Data for fertile
and refractory mantle are as Fig. 4.  b) Mg# vs Al2O3 diagram for clinopyroxenes, Ab-Bid clinopyroxenes fall in high pressure field. High
pressure field are from [ 20].
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rock primitive mantle-normalized spider diagram [Fig.
8b] for Ab-Bid lherzolites resembles fertile abyssal
peridotites, however the mobile right hand elements
have enriched slightly probably due to the mantle
metasomatism and refertilization.

Discussion

Lherzolites are essential members in ophiolite
associations and mantle peridotite complexes and their
mineralogical compositions suggest that they can form
by various mechanisms. Some authors believe that
they represent relatively fertile parts of the upper
mantle which may have been affected by low degrees
of partial melting events. Different mineralogical and

chemical features support this idea in the lherzolites
from oceanic or continental lithosphere related
lherzolitic suits [5]. The other researchers [35]
demonstrated that petrographical features and
chemical variations are hardly consistent with a simple
partial melting and may suggest that most of
lherzolites observed at the Earth surface record
refertilization processes. The refertilization
mechanism also provides a key to understanding the
paradoxical association of LREE-enriched
harzburgites with LREE-depleted lherzolites often
observed in mantle xenoliths and in tectonically-
emplaced peridotites [4].

Extensive refertilization in the Western Alps and
Betic peridotites is intrinsically related to the
lithospheric thinning processes that led to mantle
exhumation [18; 28; 22], which may suggest that
large-scale refertilization can occurs in tectonically-
emplaced orogenic peridotites. Similar LREE
depletion in Ab-Bid lherzolites along with enrichment
of La in these peridotites recognized in several spinel
peridotite xenoliths [17]. These phenomena attributed
to the magmatic refertilization of a previously
depleted lithospheric mantle [17]. These evidences
show spinel lherzolites can be secondary peridotites
from more depleted harzburgites. Covariations of
major-element values in whole rock and mineral
compositions  [Fig. 6 and Fig. 7a] in the Ab-Bid
lherzolites are comparable to those observed in several
suites of mantle rocks worldwide [5]. These
covariations were generally ascribed to variable
degrees of partial melt extraction [5; 6; 7], although in
most cases variable degrees of refertilization of a
refractory protolith would also account for the
observed modal and chemical trends [4]. In the case of
Ab-Bid, low degrees of partial melting event is
supported by petrographical and chemical evidences.

Table 5. Whole rock analyses of Ab–Bid lherzolites.
Sampel A13 B29 R15 Z18 Z22
SiO2 42.74 42.03 43.18 44.96 43.69
Al2O3 2.58 1.56 2.45 3.29 2.8
Fe2O3(T) 8.39 9.21 8.92 8.66 9.12
MnO 0.125 0.133 0.13 0.128 0.137
MgO 39.53 43.65 41.55 39.34 40.8
CaO 2.44 1.18 2.34 3.23 2.63
Na2O 0.16 0.1 0.14 0.26 0.23
K2O 0.02 0.03 0.02 0.02 0.03
TiO2 0.06 0.03 0.06 0.095 0.074
P2O5 < 0.01 0.02 < 0.01 0.02 < 0.01
LOI 4.56 2.41 1.25 0.61 1.43
Total 100.6 100.3 100.1 100.6 101
Sc 12 8 12 15 12
V 58 34 60 76 60
Cr 2760 3060 2690 3010 2460
Co 98 112 104 103 110
Ni 2040 2360 2220 2070 2060
Cu 20 10 20 30 30
Zn 60 60 60 60 70
Ga 2 2 3 4 3
Ge 1 1 1.1 1 0.9
Sr 8 10 < 2 3 8
Y 2.2 1.5 2 3.1 1.9
Zr 3 5 2 4 4
Ag 0.6 0.7 0.6 0.5 < 0.5
Sb 0.4 0.4 0.4 0.3 0.5
Ba 4 24 3 < 3 15
La 0.14 3.44 0.14 0.16 0.36
Ce 0.18 6.28 0.13 0.24 0.48
Pr 0.03 0.77 0.03 0.06 0.06
Nd 0.28 2.72 0.28 0.43 0.35
Sm 0.15 0.42 0.16 0.21 0.15
Eu 0.065 0.115 0.047 0.099 0.067
Gd 0.23 0.32 0.21 0.36 0.23
Tb 0.04 0.05 0.04 0.07 0.05
Dy 0.28 0.25 0.3 0.5 0.33
Ho 0.07 0.05 0.07 0.11 0.07
Er 0.23 0.17 0.2 0.31 0.21
Tm 0.04 0.026 0.03 0.05 0.036
Yb 0.27 0.15 0.2 0.32 0.26
Lu 0.041 0.023 0.031 0.049 0.039
Ta 0.05 0.2 0.04 0.04 0.03
W 0.8 0.7 < 0.5 0.7 < 0.5
Tl 0.08 0.07 0.06 < 0.05 < 0.05
U 0.02 0.07 0.01 0.02 0.01

Figure 6. Al2O3 (Wt%) vs Cr (ppm) diagram for bulk
rock compositions from Ab-Bid lherzolites. Reference
mantle peridotite field are from [23].
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Small amounts of clinopyroxenes, presence of
refractory olivine and orthopyroxene in these rocks
[Fig. 7b,c] along with their REE pattern [Fig. 8],
reveal that the Ab-Bid lherzolites have passed some
degrees of partial melting process. Indeed, as shown in
Fig. 7 , these peridotites can be formed by 5-10%
partial melting.

There is a line of evidence in the Ab-Bid lherzolites
suggest that these rocks have been partially melted
and then affected by refertilization processes. In the
field, the lherzolites cut by numerous pyroxenitic
veins and dykes [Fig. 2b]. These intrusives can act as
refertilization agents and change the mineralogy and
chemical compositions of the host peridotites. In
contrast with melt extraction, refertilization of a
refractory protolith involving precipitation of Cr- and
Al-bearing minerals, mostly spinel and pyroxenes.
Under the microscope, there are textural features
suggest that the Ab-Bid host lherzolites may have
impregnated by a melt. These textures include (1)
orthopyroxene porphyroclasts partly replaced by fine-

grained secondary olivines [Fig. 3d], (2) embayments
of orthopyroxene crystals by secondary olivine [Fig.
3d,e] and (3) interstitial extensions of spinel between
adjacent crystals [Fig. 3f]. These mineralogical and
textural characteristics have been identified as
evidence of melt-rock interactions [30; 37]. Mineral
chemical data from Ab-Bid lherzolites display some
aspects of melt rock interaction for the host rocks. As
shown in Fig. 4b, c and 5a chemical compositions of
the studied orthopyroxenes and olivines fall in an area
between refractory and fertile mantle. Influence of a
melt on the peridotites can change the composition of
their minerals and distributes them from refractory to
fertile domains. Melt flow and melt–rock reaction in
the mantle often leave chemical fingerprints in the
host peridotites. The most outstanding feature which
supports refertilization event on the Ab-Bid lherzolites
is their REE patterns. Spoon-shaped REE patterns in
these rocks [Fig. 6] are very similar to the well-known
refertilized refractory peridotites.

LREE patterns observed at the lherzolite cannot be

Figure 7. a) Bulk rock MgO vs CaO diagram for the Ab-Bid lherzolites [14]. b) Mg# vs Cr# diagram for spinels from Ab-Bid
lherzolites. Fields are from [15]. c) Cr# vs TiO2 wt % in spinel, from Ab-Bid lherzolites [26]. All diagrams show that the
studied rock passed 5-10 % of partial melting.

Figure 8. a) REE diagram for Ab-Bid lherzolites, nomalized to C1 chondrite. Data are from [5] and references therein for the
unmetasomatized fertile peridotites from the Pyrenees, and from [5] for the refertilized refractory peridotites from the East
Pacific Rise. b) Multi-element plot normalized to primitive mantle [36] for Ab-Bid lherzolites.
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explained by a simple partial melting model and
provide further evidence for the refertilization process.
Enrichment of highly incompatible elements
(including LREE) at melt infiltration sites is indeed
predicted by theoretical modelling of melt-consuming
reactions combined with melt transport [6]. This
enrichment results from segregation of volatile-rich
small melt fractions moving ahead of melt-consuming
reaction fronts. This mechanism, also referred to as
“percolative fractional crystallization”, was used to
explain enriched LREE compositions in “cryptically”
metasomatized mantle xenoliths [4]. In the Ab-Bid

lherzolites, discordant pyroxenite veins and dykes
[Fig. 2b] can act as a metasomatic agent.

whole rock and mineral compositions of the Ab-
Bid lherzolites and discrimination diagrams show that
these peridotites belong to the abyssal peridotites [Fig.
9a, b & Fig. 10], and in some diagrams they fall in the
field of MORB type peridotites [Fig. 9c]. Ab-Bid
complex consists one of the several ultramafic bodies
in Esfandaghe-Hadji Abad ophiolite mélange. This
mélange represents south-eastern continuation of the
Kermanshah-Neyriz ophiolite belt [31]. Shafahi
Moghadam [32, 33], represented ophiolites of this belt

Figure 9. Compositional variations of spinels from Ab-Bid lherzolites in discrimination diagrams. a) Relationship between Cr#
and TiO2 content diagram which shows Ab-Bid lherzolites are similar to the Abyssal peridotites. General boninite field is from
[34]. Abyssal peridotite and forearc peridotite [10]. b) Mg# vs Cr# discrimination diagram suggests that Ab-Bid lherzolites
represent partially melted Abyssal peridotites. c) Diagrams of TiO2 vs. Al2O3 (wt.%) of spinels from Ab-Bid lherzolites. Fields
are from [16].

Figure 10. Cr2O3 (wt.%) vs. Mg# in clinopyroxene from Ab-Bid lherzolites. Abyssal peridotite field taken from  [13], forearc
peridotite field and Back-arc-basin basalt (BABB) field from [13].
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as remnants of Neotethys oceanic lithosphere in
central Iranian plate which have been detached during
subduction of the Neotethys oceanic plate beneath
central Iran at Mesozoic era, especially in the upper
Cretaceous. Peighambari [27], considered that the
Deh-sheikh ultramafic complex, which consists some
parts of Esfandaghe-Hadji Abad ophiolite mélange is a
part of oceanic lithosphere which is located above a
subduction zone. Different evidences from the Ab-Bid
lherzolites along with discrimination diagrams
confirm these ideas. So, it is probably that the Ab-Bid
peridotites have been made some parts of Neotethys
oceanic lithosphere in this area and they have passed
petrological processes relevant to this geological
setting.

Conclusion
1- Ab-Bid ultramafic complex (South of Iran)

contains harzburgite, dunite lherzolites and
pyroxenitic veins.

2- Our results provide a unique set of features
indicating that the Ab-Bid lherzolites were formed by
polygenetic, multi-stage melting and refertilization
events.

3- Refertilization reactions have changed the modal
mineralogy and whole rock compositions of the
studied lherzolites.

4- These peridotites and their host Ab-Bid
ultramafic complex preserve evidence for the
evolution of Neotethys oceanic lithosphere in South of
Iran. Evidences show that this evolution involves
partial melting of abyssal peridotites and then,
refertilization processes in the sub-oceanic lithosphere
occured.
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