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The Bir Tuluha ophiolite is one of the most famous chromitite-bearing occurrences in the Arabian Shield
of Saudi Arabia, where chromitite bodies are widely distributed as lensoidal pods of variable sizes sur-
rounded by dunite envelopes, and are both enclosed within the harzburgite host. The bulk-rock geochem-
istry of harzburgites and dunites is predominately characterized by extreme depletion in compatible
trace elements that are not fluid mobile (e.g., Sr, Nb, Ta, Hf, Zr and heavy REE), but variable enrichment
in the fluid-mobile elements (Rb and Ba). Harzburgites and dunites are also enriched in elements that
have strong affinity for Mg and Cr such as Ni, Co and V. Chromian spinels in all the studied chromitite
pods are of high-Cr variety; Cr-ratio (Cr/(Cr + Al) atomic ratio) show restricted range between 0.73 and
0.81. Chromian spinels of the dunite envelopes also show high Cr-ratio, but slightly lower than those
in the chromitite pods (0.73–0.78). Chromian spinels in the harzburgite host show fairly lower Cr-ratio
(0.49–0.57) than those in dunites and chromitites. Platinum-group elements (PGE) in chromitite pods
generally exhibit steep negative slopes of typical ophiolitic chromitite PGE patterns; showing enrichment
in IPGE (Os, Ir and Ru), over PPGE (Rh, Pt and Pd). The Bir Tuluha ophiolite is a unimodal type in terms of
the presence of Ru-rich laurite, as the sole primary platinum-group minerals (PGM) in chromitite pods.
These petrological features indicates that the Bir Tuluha ophiolite was initially generated from a mid-
ocean ridge environment that produced the moderately refractory harzburgite, thereafter covered by a
widespread homogeneous boninitic melt above supra-subduction zone setting, that produced the
high-Cr chromitites and associated dunite envelopes. The Bir Tuluha ophiolite belt is mostly similar to
the mantle section of the Proterozoic and Phanerozoic ophiolites, but it is a ‘‘unimodal” type in terms
of high-Cr chromitites and PGE-PGM distribution.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

There are several lines of evidence for chemical heterogeneity in
the Earth’s upper mantle, during magma production and the subse-
quent recycling of the crustal rocks back into the mantle. The man-
tle heterogeneity can be displayed on a large scale, from the size of
the ocean basin, to a minor scale, down to kilometer or even a
meter scale (Hart et al., 1992; Liu et al., 2008). Both fertile and
refractory mantle can be juxtaposed within the same area in the
mantle lithosphere (Liu et al., 2008; Ahmed and Habtoor, 2015),
which is used as a good indicator for second stage melting in form-
ing a refractory boninitic melt above supra-subduction zone set-
ting. Ophiolites are good windows of the mantle lithosphere
exposed on the Earth’s surface from which mantle heterogeneity
can be examined. Ophiolites may be formed in a variety of tectonic
settings, as indicated by the characteristic mineralogical and geo-
chemical properties. They include fertile mantle (mid-ocean ridge
(MOR)-related type) character, with Al-rich chromian spinels of
relatively low Cr-ratio (Cr/(Cr + Al) < 0.6), and refractory mantle
character (arc-related or supra-subduction zone (SSZ)-type) with
Cr-rich chromian spinels of high Cr-ratio (>0.6) (Dick and Bullen,
1984; Zhou et al., 1998; Dare et al., 2009; Arai et al., 2011). Ophi-
olites contain significant podiform chromitite deposits hosted by
harzburgites in the form of massive, nodular, banded, disseminated
and orbicular occurrences. Chromian spinel, both in chromitites
and/or in peridotites, occasionally survive alteration and can be
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used as a reliable petrogenetic indicator, even in highly serpen-
tinized ultramafic rocks (Liipo et al., 1995; Ahmed et al., 2005).
The primary chromian spinel chemistry provides important infor-
mation about the composition of the parental melt (Rollinson,
2008), magmatic processes (partial melting) and fractional crystal-
lization (Irvine, 1967; Roberts and Neary, 1993; Van der Veen and
Maaskant, 1995), post cumulus stages variation in the physico-
chemical conditions of parent magma (Ozawa, 1983; Leblanc and
Ceuleneer, 1992; Zhou and Robinson, 1997; Krause et al., 2007)
and subsolidus exolution or re-equilibration with co-existing
phases (Jan et al., 1992; Krause et al., 2007; Ahmed et al., 2008).
Platinum-group elements (PGE) are also important geochemical
monitors of deep-seated mantle processes that provide informa-
tion on the physico-chemical conditions and evolution of mantle
lithosphere (Leblanc and Ceuleneer, 1992; Liipo et al., 1995;
Ahmed and Arai, 2002; Ahmed et al., 2009).

Ophiolites are the oldest known oceanic fragments of the Ara-
bian shield and adjoining regions, which are used to identify
sutures between converging blocks of the lithosphere. The Arabian
shield ophiolites are abundant as varyingly dismembered mafic–
ultramafic assemblages that have suffered multiple phases of alter-
ation, deformation and greenschist facies metamorphism (Al-
Shanti and Gass, 1983; Nassief et al., 1984; Ahmed and Hariri,
2008). Limited detailed petrological studies on the ophiolitic upper
mantle rocks (peridotites and associated chromitites) of the Ara-
bian Shield concluded that the ophiolites of Saudi Arabia were pos-
sibly formed in a variety of tectonic settings, ranging from MOR to
SSZ settings (Neary and Brown, 1979; Quick, 1990; Ahmed et al.,
2012; Ahmed and Habtoor, 2015; Ahmed and Surour, 2016). The
main chromitite-bearing ophiolitic upper mantle rocks in the Ara-
bian Shield, arranged in a decreasing order of economic importance
are: Al’Ays, Wadi Al Hwanet, Bir Tuluha, and Jabal Tays areas (Al-
Shanti and El-Mahdy, 1988; Ahmed et al., 2012; Ahmed and
Habtoor, 2015). Thus, podiform chromitites and associated peri-
dotites of the Arabian Shield ophiolites can serve as markers of
the mantle dynamics and deep-seated processes taking place
beneath the Arabian Shield. Boninitic magma is widely considered
as the dominant parental magma for podiform chromitite deposits
in ophiolites, especially those of high-Cr varieties (Barnes and
Röeder, 2001). The Bir Tuluha ophiolite belt is one of the most
famous chromitite-bearing occurrences in the Arabian Shield of
Saudi Arabia. Despite that, there exists no single petrological study
describing geochemical and mineralogical characteristics of this
important area. The present study represents the first detailed geo-
chemical and mineralogical investigation of Bir Tuluha ophiolitic
upper mantle rocks, including podiform chromitites and their host
ultramafic rocks. The parental melt composition in equilibrium
with the upper mantle rocks is calculated in order to deduce the
tectonic setting and the style of melting regimes beneath the Ara-
bian Shield during the formation of podiform chromitites. A com-
parison with other ophiolite complexes of older and younger
ages worldwide is made to check the petrological similarity and/
or differences during the Earth’s history.
2. General geology and field setting

The Arabian Shield represents the exposed Precambrian base-
ment of the Arabian Plate. It is exposed in the Western part of
Saudi Arabia and in adjacent areas of Yemen and Jordan
(Johnson, 1998). Stoeser and Camp (1985) divided the Arabian
Shield into five geological terranes (microplates) bounded by four
ophiolite-decorated sutures (Fig. 1a). The western terranes (Asir,
Hijaz and Midyan) are separated by Bir Umq and Yanbu suture
zones, and are composed of volcano-sedimentary sequences in
ensimatic island arc environments (Stoeser and Camp, 1985;
Stoeser and Stacey, 1988). The eastern terranes (Afif and Ar Rayn)
have a continental affinity and join along the north-trending Al-
Amar suture zone. From the viewpoint of age, the known mafic-
ultramafic complexes in the Arabian Shield of Saudi Arabia are
divided into two distinct groups: (1) Precambrian mafic-
ultramafic complexes and, (2) mantle xenoliths enclosed in Ter-
tiary mafic lavas (Harrat) associated with, and subsequently after,
the opening of the Red Sea. The Precambrian mafic-ultramafic rock
complexes in the Arabian shield are represented mainly by the
ophiolite belts along suture zones, layered, and/or concentrically-
zoned (Alaskan type) mafic–ultramafic intrusions (Fig. 1a). The
ophiolites are found in various suture zones extended mainly in
the N-S direction throughout the Arabian Shield (Fig. 1a). The
upper mantle rocks of these ophiolite sequences are mainly ser-
pentinized harzburgites and less abundant dunites. According to
Al-Shanti and El-Mahdy (1988) and Stern et al. (2004), the ophio-
lite sequences in the Arabian Shield are divided into six belts
(Fig. 1a): (1) Al Amar-Idsas belt: located in the eastern part of the
Arabian Shield trending N–S, and associated with a profound
suture zone known as Al Amar-Idsas Fault. (2) Jebel Humayyan-
Jebel Sabhah belt: appearing to be parallel to Al Amar-Idsas belt.
(3) Al Bijadiyah-Halaban belt: situated at the eastern margin of
the Afif terrane. (4) Al Hulayfah-Hamdah (Nabitah) belt: trending
N–S in the central part of the Arabian Shield within Najd Plateau.
(5) Bir Umq-Jebel Thurwah belt: observed on a tectonic suture
between Al-Hijaz terrane in the north and Jeddah terrane in the
south. (6) Jebel Ess-Jebel Al Wasq belt: lying in the Northwestern
part of the Arabian Shield, it separates Madyan terrane in the north
from Al Hijaz terrane in the south.

The study area (Fig. 1a) lies approximately 250 km south of Hail
in Northern Saudi Arabia, bounded by Longitude 40� 450 and 40�
520 E and Latitude 25� 330 N and 25� 450 N and 25 km south of
the Al-Hulayfa town in the central part of the Arabian Shield. It
is of low relief in the north and increases gradually to the south
between Jabal Al Tin in the west and granite batholith in the east,
which is characterized by ridges and high land (Fig. 1b). The rocks
are strongly folded and sheared together with rocks of the Nuqrah
formation. Layered metagabbro and younger fresh gabbro occur in
a narrow band to the west and center of the study area, while dior-
ite intrude the south and center parts of the ophiolite (Fig. 1b). The
area also includes volcaniclastic rocks of the Hulayfah formation to
the west, and bimodal basalt and rhyolite of the Shammar group
and Shammar granites intrude in the eastern part (Fig. 1b). Minor
coarse-grained amphibolite occurs in a narrow band to the center
of the study area.

The ophiolite in Bir Tuluha is about 30 km long in the north-
south direction and 6 km wide (Fig. 1b), parallel to the general
strike of the stratified layered sequences in the area. The ultramafic
rocks occur to the west of the area and are strongly serpenitinized
and mylonitized, but harzburgite and dunite protoliths are still rec-
ognized. The study area is mostly flat-lying, with small mountains
not exceeding few tens of meters high. Serpentinized harzburgite
is the dominant rock type in the mantle section of the study area,
while serpentinized dunite occurs as envelopes surrounding
chromitite lenses, with variable thickness depending on the size
of chromitite pods. Ultramafic rocks of Bir Tuluha ophiolite are
highly sheared along the belt and completely altered to serpen-
tinites, talc-carbonate and chlorite-bearing varieties.

Previous studies (Al-Shanti and El-Mahdy, 1988) reported the
presence of 11 chromitite occurrences at Bir Tuluha area in differ-
ent forms, including massive pods, layers, schlieren, in situ float
boulders and mechanically displaced float boulders. Massive podi-
form chromitite lenses are mainly restricted to the northern-most
part of Bir Tuluha ophiolite, where 6 chromitite pods are investi-
gated in this study. Chromitite pods are trending generally in the
N-S directions, forming prominent outcrops on the country rocks



Fig. 1. (a) Map of the Arabian Shield showing the distribution of mafic-ultramafic rocks in the Kingdom of Saudi Arabia (modified from Collenette and Grainger (1994)).
Location of the study areas is shown as red rectangle. (b) Simplified geological map of Bir Tuluha ophiolite (modified from Kattan (1983)). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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as a result of their greater resistance to weathering (Fig. 2a, b). The
chromitite pods exhibit different shapes and sizes, ranging from
elliptical to lenticular individual bodies (Fig. 2a), but sometimes
occur as elongated bodies or boudinage (Fig. 2b). Regardless of
the shape and size of chromitite pods, thin sheaths of serpentinized
dunites, few tens of centimeters up to 2 m thick, envelope the
chromitite lenses. All chromitite pods are concordant to the folia-
tion in the surrounding serpentinized harzburgite. The chromitite



Fig. 2. (a) Field photo of individual fractured massive chromitite lens hosted by serpentinized harzburgite of Bir Tuluha ophiolite. (b) Field photo of small lensoidal chromitite
pods forming boudinage structure hosted by serpentinized harzburgite. (c) Coarse-grained orthopyroxene pseudomorph completely altered to bastite in serpentinized
harzburgite, plain polarized light (PPL). (d) Skeletal to vermicular chromian spinel (Spl) grain within serpentinized harzburgite, crossed-nicoles (CN). (e) Subhedral to
anhedral chromian spinel partly altered to ferritchromite (Ftchr) along rims and cracks, reflected light (RL). (f) Pale green serpentinite showing mesh texture pseudomorphs
after olivine of serpentinized dunite envelope. Magnetite (black lines and striations) filled the grain boundaries and cracks, PPL. (g) Fully serpentinized dunite envelope
consisting of antigorite (Antg) and chrysotile (Chry) serpentine, CN. (h) Subhedral to euhedral fresh chromian spinel (Spl) in serpentinized dunite envelope, RL. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lenses occur either as individual bodies or group of lenses, vary in
length from 2 m to more than 10 m, and are up to 2 m thick
(Fig. 2a, b).

3. Petrography

All ultramafic rocks of Bir Tuluha are highly serpentinized; all
primary silicate minerals are completely altered to serpentines,
carbonates and chlorite. Although the degree of serpentinization
is high, the ultramafic protolith could be recognized as harzburgite
by the bastite pseudomorphs, after orthopyroxene. Dunite envel-
opes around chromitite pods can be identified by its high shearing
and partly by the mesh texture habit. Serpentinized harzburgite is
medium-grained, black and sometimes dark greenish in color. Ser-
pentine minerals are represented by antigorite and sometimes
chrysotile and lizardite. The orthopyroxene pseudomorphs (bas-
tite) are coarse-grained, with magnetite striations filling the cleav-
age planes of the original orthopyroxene crystals (Fig. 2c).
Chromian spinels in harzburgite are mostly anhedral, amoeboid
and skeletal in shape (Fig. 2d), which are weakly to moderately
altered to ferritchromite (Fig. 2e). The serpentine minerals in
dunite envelopes are mainly antigorite and sometimes chrysotile
and lizardite, with characteristic mesh texture (Fig. 2f). Character-
istic cross-fibers of chrysotile are also common in the dunite envel-
opes (Fig. 2g). Serpentinized dunite contains abundant
disseminated euhedral to subhedral chromian spinel crystals
(<4% rock volume), are usually weakly altered and fractured than
those in the serpentinized harzburgite (Fig. 2h).

All chromitite pods in Bir Tuluha are mainly massive and com-
posed of more than 90% modal chromian spinel crystals. Massive
Fig. 3. Photomicrographs of chromitite pods in Bir Tuluha ophiolite belt. (a) Coarse-gra
irregular crystal edges, in the massive chromitite, RL. (b) Altered silicate mineral inclusion
group mineral grain (laurite) within fresh chromian spinel of chromitites, RL. (d) Polygona
of massive chromitite, RL.
chromitite is generally black and coarse-grained on the fresh sur-
face. In thin sections, chromitite is composed of granular aggre-
gates of coarse-grained (up to 10 mm) chromian spinel that have
a closely packed fabric, interlocking grains contain a variable quan-
tity (<10%) of interstitial silicate minerals. The chromian spinel
crystals are of various shapes; the most common are sub rounded
spherical, oval, polygonal, and irregular (Fig. 3a). Due to its brittle-
ness, chromian spinels are firstly affected by tectonic disturbances
through slight fracturing thus forming a network of irregular
cracks; these fractures are occasionally filled with gangue silicates.
Brecciation commonly affects the massive chromian spinel that is
located near the shearing planes and along fracture zones. In the
brecciated chromian spinel, the grains are broken along the frac-
tures forming a characteristic cataclastic texture (Fig. 3a). Chro-
mian spinel sometimes contains inclusions of silicate minerals
that are spherical to euhedral in shape, and are mostly of altered
olivine and orthopyroxene that range in size from several lm to
about 100 lm (Fig. 3b). Silicate mineral inclusions are often altered
to serpentine and chlorite minerals. Chromian spinels of chromitite
pods are slightly affected by serpentinization and post-magmatic
processes; the ferritchromite and Cr-rich magnetite rims are very
rare, which are focused on the periphery and along fractures of
chromian spinel grains. Eleven grains of platinum-group minerals
(PGM) were found among the 15 thin polished sections of the stud-
ied chromitite samples. These either as solitary inclusions within
chromian spinel (Fig. 3c), or within the matrix of brecciated chro-
mian spinel (Fig. 3d). They are mainly euhedral polygonal crystals
with sizes ranging from 10 to 40 lm across (Fig. 3c and d). Laurite
(RuS2) is the only PGM phase observed in the studied chromitite
pods.
ined chromian spinels (Spl) partly brecciated and cracked showing polygonal, and
s in fresh, cracked chromian spinel in massive chromitite, RL. (c) Euhedral platinum-
l euhedral laurite grain within the interstitial matrix of brecciated chromian spinels
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4. Geochemistry

4.1. Analytical techniques

Representative samples from Bir Tuluha serpentinized harzbur-
gites, dunites and chromitites have been analyzed for their major,
trace and rare-earth element (REE) composition. The bulk rock
analysis was performed on 0.2 g samples using inductively coupled
plasma-mass spectrometry (ICP-MS), following a LiBO2 fusion and
diluted nitric acid digestion. All analyses were carried out in the
ACME analytical laboratories, Canada. Table 1 shows the data for
major and some detectable trace elements. Almost all REE are
below the detection limits, that is why they are not included in
the data of Table 1. The bulk rock samples are also analyzed for
Table 1
Bulk-rock geochemistry of Bir Tuluha serpentinized harzburgite, dunite and chromitite. D
(ppm) is between brackets.

Rock type Serpentinized dunite Serpentinized
harzburgite

Sample 3 D2 O1 O2

SiO2 39.18 38.81 40.76 40.61
Al2O3 0.41 0.47 0.64 0.47
Fe2O3 8.93 9.26 7.06 6.86
CaO 0.1 0.15 0.18 0.14
MgO 38.38 38.8 38.94 39.02
Na2O 0.01 0.01 0.01 0.01
K2O 0.01 0.01 0.01 0.01
MnO 0.1 0.11 0.07 0.08
TiO2 0.01 0.01 0.01 0.01
P2O5 0.01 0.01 0.01 0.01
Cr2O3 1.556 0.689 0.357 0.386
LOI 12.42 12.6 12.88 12.94

Total 101.08 100.88 100.89 100.51
TOT/C 0.03 0.05 0.03 0.03
TOT/S 0.02 0.02 0.02 0.02

Trace elements (ppm)
Ba (1) 14 4 14 53
Co (0.2) 122.6 104.2 94.4 97.2
Ga (0.5) 0.5 0.5 0.5 0.5
Hf (0.1) 0.1 0.1 0.1 0.1
Nb (0.1) 0.1 0.1 0.1 0.1
Rb (0.1) 0.1 0.1 0.4 0.1
Sr (0.5) 7.3 4.2 19.3 13.2
Ta (0.1) 0.1 0.1 0.1 0.1
Th (0.2) 0.2 0.2 0.2 0.2
U (0.1) 0.1 0.1 0.1 0.1
V (8) 18 21 37 27
W (0.5) 1.9 1.3 2.4 2.1
Zr (0.1) 0.6 0.3 0.1 0.2
Mo (0.1) 0.1 0.1 0.1 0.2
Cu (0.1) 12.6 2.1 12.2 3.3
Pb (0.1) 0.1 0.1 0.8 0.3
Zn (1) 27 30 17 23
Ni (0.1) 2790 1412 2270 2252

Table 2
Whole rock geochemistry of platinum-group elements (in ppb) in chromitites, dunites an

Rock type Dunite envelopes Harzburgite host

Sample No. 3 D2 O1 O2

Ir 1 1 3 4
Os 1 1 3 4
Ru 3 2 6 7
Rh 1 2 1 2
Pd 1 1 8 1
Pt 4 3 6 7

Total PGE 11 10 27 25
Pd/Ir 1 1 2.67 0.25
Ru/Pt 0.75 0.67 1 1
total platinum-group elements (PGE) and Au contents using the
9000 ICP-MS after fire assay techniques at the Genalysis Laboratory
Services Pty. Ltd., Maddington, Western Australia. Laboratory stan-
dards were used for instrument calibration and drift correction.
Analytical accuracy and precision were routinely checked using
international standards, and by analyzing blanks and duplicates.
Detection limits were 1 ppb for all PGE except Au, which is
2 ppb. The PGE contents of the analyzed samples are listed in
Table 2.

Mineral chemistry of silicates and oxides in all rock types was
carried out using a JEOL electron-probe micro analyzer (EPMA)
JXA-8800 at the Center for Cooperative Research of Kanazawa
University, Japan. Analytical conditions were: 20 kV accelerating
voltage, 15 nA probe current and 3 lm beam diameter. The raw
etection limit (DL) for all major oxides is (0.01 wt%) while the DL of trace elements

Chromitite

P2a P4a P5a P5b C3

2.02 4.2 4.44 3.43 3.87
13.21 9.59 10.31 10.52 8.07
14.62 15.09 14.87 14.66 15.28
0.23 0.02 0.01 0.01 0.96
15.57 16.55 17.02 16.36 15.9
0.01 0.01 0.01 0.01 0.01
0.01 0.01 0.01 0.01 0.01
0.14 0.64 0.37 0.29 0.17
0.12 0.11 0.1 0.15 0.09
0.01 0.01 0.01 0.01 0.01
53.136 52.518 52.65 54.117 55.853
0.55 0.87 1.32 1.28 0.85

99.56 99.56 101.08 100.78 100.99
0.02 0.02 0.02 0.02 0.02
0.02 0.02 0.02 0.02 0.02

1 8 2 6 8
67.5 73.6 75.3 85.2 73.4
11.6 10.4 11.5 12.6 7.7
0.1 0.1 0.1 0.1 0.1
0.1 0.1 0.1 0.1 0.1
1.6 2 2.2 2.1 2.4
2 1.9 1.1 1.8 2.1
0.1 0.1 0.1 0.1 0.1
0.2 0.2 0.2 0.2 0.2
0.1 0.1 0.1 0.1 0.1
445 424 424 479 244
65.1 46.2 25.6 56.8 56.2
1.1 0.7 0.7 0.6 0.5
0.1 0.1 0.1 0.3 0.1
1.7 2.3 0.9 4.7 3
0.1 0.1 0.1 0.1 0.1
1 17 4 2 1
196 223 192 233 431

d harzburgite of Bir Tuluha ophiolite.

Chromitites

P2a P4a P5a P5b C3

45 33 37 34 35
56 14 19 41 37
103 80 83 97 91
6 8 9 9 9
2 1 5 1 5
5 6 8 7 3

217 142 161 189 180
0.04 0.03 0.14 0.03 0.14
20.6 13.33 10.38 13.86 30.33



Table 3
Representative microprobe analyses of chromian spinels in serpentinized dunites and harzburgites of Bir Tuluha ophiolite. Fe+3-ratio: Fe3+/(Fe3+ + Al + Cr) atomic ratio, Cr-ratio:
Cr/(Cr + Al), atomic ratio, Mg-ratio: Mg/(Mg + Fe2+) atomic ratio. n.d. = not detected.

Rock Type Dunite envelopes Harzburgite host

Sample 2 H3 O1

SiO2 0.07 0.23 0.25 0.05 n.d. 0.01 n.d. n.d. 0.02 n.d. 0.02 n.d.
TiO2 0.25 0.22 0.24 0.22 0.03 0.04 0.02 n.d. 0.06 0.03 0.07 0.06
Al2O3 11.61 12.00 13.07 10.78 23.62 26.25 24.65 23.25 27.17 28.06 27.57 26.81
Cr2O3 56.26 56.00 53.64 57.75 45.36 41.28 43.98 45.93 40.69 40.35 42.85 42.87
FeO⁄ 22.35 22.03 22.73 21.32 17.95 20.40 17.89 17.07 17.97 18.41 14.95 15.61
MnO 0.36 0.32 0.32 0.31 0.26 0.25 0.25 0.23 0.23 0.24 0.24 0.24
MgO 10.90 11.06 10.67 11.41 13.46 12.79 13.68 13.67 13.82 13.97 15.48 15.06
CaO n.d. 0.01 0.03 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Na2O n.d. n.d. n.d. 0.01 n.d. n.d. n.d. n.d. n.d. n.d. 0.03 n.d.
K2O n.d. n.d. 0.01 n.d. 0.01 n.d. n.d. n.d. n.d. n.d. 0.01 n.d.
NiO 0.11 0.09 0.10 0.07 0.06 0.07 0.09 0.09 0.11 0.10 0.07 0.12

Total 101.90 101.95 101.04 101.92 100.76 101.07 100.56 100.23 100.07 101.17 101.28 100.76

Oxygen atoms 4 4 4 4 4 4 4 4 4 4 4 4
Si 0.002 0.007 0.008 0.002 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000
Ti 0.006 0.005 0.006 0.005 0.001 0.001 0.000 0.000 0.001 0.001 0.002 0.001
Al 0.445 0.458 0.502 0.413 0.851 0.939 0.885 0.840 0.968 0.987 0.959 0.943
Cr 1.446 1.432 1.381 1.483 1.095 0.990 1.058 1.113 0.972 0.952 0.999 1.011
Fe⁄ 0.608 0.596 0.619 0.579 0.459 0.518 0.456 0.438 0.454 0.460 0.369 0.389
Fe2+ 0.480 0.473 0.488 0.456 0.395 0.432 0.388 0.383 0.384 0.387 0.323 0.336
Fe3+ 0.125 0.121 0.129 0.121 0.069 0.091 0.074 0.061 0.073 0.077 0.049 0.057
Mn 0.010 0.009 0.009 0.009 0.007 0.006 0.006 0.006 0.006 0.006 0.006 0.006
Mg 0.528 0.533 0.518 0.553 0.613 0.579 0.621 0.625 0.623 0.622 0.681 0.669
Ca 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0.002 0.002 0.002 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.001 0.002

Total 3.044 3.041 3.042 3.043 3.032 3.039 3.034 3.029 3.031 3.034 3.022 3.026
Fe2+ 0.48 0.47 0.48 0.45 0.39 0.43 0.38 0.38 0.38 0.38 0.32 0.33
Fe3+-ratio 0.06 0.06 0.06 0.06 0.03 0.05 0.04 0.03 0.04 0.04 0.02 0.03
Mg-ratio 0.52 0.53 0.52 0.55 0.61 0.57 0.62 0.62 0.62 0.62 0.68 0.67
Cr-ratio 0.76 0.76 0.73 0.78 0.56 0.51 0.54 0.57 0.50 0.49 0.51 0.52
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data were corrected with an online ZAF correction program. The
amounts of Fe3+ and Fe2+ in chromian spinel were calculated with
the assumption of spinel stoichiometry. Selected microprobe anal-
yses of the analyzed minerals are presented in Tables 3–5. Quanti-
tative analysis of PGM grains was carried out using two EPMA
laboratories; JEOL JXA-8800 at the Center for Cooperative Research
of Kanazawa University, Japan, and JEOL JXA-8200 at the Depart-
ment of Mineral Resources and Rocks of the Faculty of Earth
Sciences, King Abdulaziz University, Jeddah, Saudi Arabia. Analyti-
cal conditions in both laboratories were: 25 kV accelerating voltage
and 20 nA probe current. Standards used were pure metals for the
elements Os, Ir, Ru, Rh, Pt, Pd, Cu, and Cr, gallium arsenide for As,
and pentlandite for S, Fe and Ni. The Ka X-ray lines were used
for Ni, S, Fe, and Cr, La lines for Os, Ir, Ru, Rh, Pt and Cu, and Lb lines
for Pd and As. The microprobe analyses of PGM grains are listed in
Table 5.
4.2. Bulk-rock geochemistry

4.2.1. Major elements
Whole-rock major oxides of serpentinized harzburgites,

dunites, and chromitites from the Bir Tuluha ophiolite are given
in Table 1. The serpentinized harzburgites and dunites show more
or less comparable major oxides composition (Table 1). The low
SiO2 and CaO contents in harzburgites and dunites suggest that
silicification and carbonation processes are basically low and ser-
pentinization is the main alteration process. Loss-on-ignition
(LOI) values (12.4–12.94%) also indicate that both dunites and
harzburgites were highly hydrated (serpentinized). In the analyzed
chromitite samples, the Cr2O3 content is very restricted around the
high-Cr varieties, with ranges from 52.59 to 55.86 wt% (average
53.2 wt%). The other major oxides in chromitites also vary within
narrow ranges (average of MgO, Al2O3 and Fe2O3 are 16.28 wt%,
10.34 wt%, and 14.9 wt%, respectively) (Table 1).

4.2.2. Trace and REE geochemistry
The serpentinized harzburgites and dunites are characterized

by relatively high concentrations of compatible trace elements
which have a strong affinity for Mg and Cr, such as Ni, Co and V,
while they generally have low concentrations of incompatible ele-
ments (Table 1). Chromitite samples have lower Ni and Co con-
tents, but higher V content, compared with those in dunites and
harzburgites (Table 1). In the N-MORB normalized spider diagram
(Fig. 4), the harzburgites and dunites show comparable patterns;
they are highly depleted in Sr, Nb, Hf and Zr, and relatively
enriched in the fluid-mobile large ion lithophile elements (LILE),
such as Rb and Ba (Fig. 4). The REE contents are generally very
low in all the studied samples (Table 1), which is a general feature
of the ophiolitic mantle rocks (Johnson and Fryer, 1990); almost all
the REE are below the detection limits. Hence, the REE contents
and patterns are not included in this study.

4.3. Platinum-group elements geochemistry (PGE)

The PGE analyses for the Bir Tuluha harzburgites, dunites, and
chromitites are presented in Table 2. In general, serpentinized
harzburgites and dunites have much lower PGE contents relative
to the associated chromitite pods. Their PGE show flat or nearly
unfractionated patterns; mostly similar to the average mantle
PGE contents and patterns (Fig. 5a), where the Pd/Ir ratio is almost
around unity. The PGE contents in dunite envelopes are relatively
lower than those in the harzburgite host, which might be due to



Table 4
Representative microprobe analyses of chromian spinels in chromitite pods of Bir Tuluha ophiolite. Cr-ratio: Cr/(Cr + Al), atomic ratio, Fe+3-ratio: Fe3+/(Fe3+ + Al + Cr), atomic ratio, Mg-ratio: Mg/(Mg + Fe2+) atomic ratio. n.d. = not
detected.

Rock Type Chromitite

Sample C3 P1 P4b P5b P5a

SiO2 n.d. 0.91 0.003 n.d. n.d. n.d. n.d. n.d. 0.028 n.d. n.d. n.d. 0.001 0.009 n.d. n.d. n.d. n.d. n.d. n.d.
TiO2 0.11 0.09 0.09 0.14 0.10 0.11 0.12 0.10 0.11 0.11 0.11 0.11 0.14 0.15 0.11 0.095 0.10 0.16 0.11 0.15
Al2O3 10.40 9.68 10.19 10.49 14.17 13.99 14.94 15.04 11.76 11.39 12.17 11.60 12.36 12.67 12.04 11.66 12.29 12.89 11.87 12.33
Cr2O3 61.66 60.81 61.05 61.38 57.28 57.81 56.91 57.15 60.41 60.98 60.01 60.46 60.78 59.92 60.99 60.255 60.50 59.73 60.86 60.22
FeO⁄ 13.10 12.99 12.18 13.48 12.51 12.66 13.61 13.56 13.87 12.19 12.28 13.02 12.12 12.07 12.10 13.534 13.34 12.12 12.77 13.38
MnO 0.15 0.19 0.23 0.21 0.21 0.20 0.20 0.23 0.21 0.19 0.22 0.24 0.27 0.22 0.20 0.24 0.27 0.26 0.21 0.21
MgO 16.06 15.71 16.08 15.98 15.38 15.63 15.45 15.72 15.40 15.13 15.20 14.66 14.84 15.12 14.90 14.826 15.77 15.83 15.92 15.72
CaO n.d. 0.24 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Na2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
K2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.011 0.007 n.d. n.d. 0.003 n.d. n.d. n.d. n.d.
NiO 0.13 0.15 0.16 0.12 0.18 0.15 0.15 0.15 0.16 0.13 0.13 0.13 0.18 0.16 0.20 0.125 0.17 0.18 0.20 0.16

Total 101.61 100.75 99.97 101.79 99.83 100.56 101.37 101.96 101.95 100.11 100.12 100.25 100.69 100.32 100.52 100.74 102.43 101.17 101.93 102.17

Oxygen atoms 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
Si 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ti 0.003 0.002 0.002 0.003 0.002 0.002 0.003 0.002 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.002 0.004 0.002 0.003
Al 0.387 0.362 0.388 0.390 0.551 0.543 0.547 0.547 0.435 0.422 0.449 0.430 0.451 0.463 0.441 0.462 0.450 0.472 0.437 0.453
Cr 1.538 1.527 1.538 1.530 1.395 1.404 1.398 1.395 1.498 1.515 1.486 1.504 1.489 1.469 1.498 1.475 1.488 1.467 1.503 1.484
Fe⁄ 0.346 0.345 0.346 0.355 0.348 0.351 0.354 0.350 0.364 0.373 0.374 0.395 0.340 0.339 0.340 0.351 0.347 0.341 0.334 0.349
Fe2+ 0.253 0.249 0.257 0.257 0.285 0.289 0.289 0.283 0.286 0.297 0.297 0.319 0.273 0.260 0.269 0.276 0.275 0.271 0.264 0.274
Fe3+ 0.092 0.096 0.090 0.097 0.064 0.062 0.064 0.069 0.079 0.076 0.078 0.078 0.068 0.078 0.071 0.076 0.074 0.069 0.070 0.073
Mn 0.004 0.005 0.006 0.006 0.006 0.005 0.005 0.006 0.006 0.005 0.006 0.007 0.007 0.006 0.005 0.006 0.007 0.007 0.006 0.005
Mg 0.755 0.743 0.751 0.751 0.720 0.716 0.715 0.723 0.720 0.709 0.709 0.688 0.732 0.745 0.736 0.730 0.731 0.733 0.741 0.730
Ca 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ni 0.003 0.003 0.003 0.003 0.004 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.004 0.003 0.004 0.003 0.004 0.004 0.004 0.003

Total 3.034 3.025 3.036 3.036 3.025 3.024 3.025 3.028 3.031 3.029 3.030 3.031 3.027 3.029 3.028 3.031 3.031 3.026 3.028 3.027
Fe2+ 0.25 0.25 0.25 0.26 0.28 0.29 0.29 0.28 0.28 0.30 0.30 0.32 0.27 0.26 0.27 0.27 0.27 0.27 0.26 0.27
Fe3+-ratio 0.05 0.05 0.04 0.05 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.03 0.03 0.04
Mg-ratio 0.75 0.75 0.75 0.74 0.72 0.71 0.71 0.72 0.72 0.70 0.70 0.68 0.73 0.74 0.73 0.73 0.73 0.73 0.74 0.73
Cr-ratio 0.80 0.81 0.80 0.80 0.72 0.72 0.72 0.72 0.78 0.78 0.77 0.78 0.77 0.76 0.77 0.76 0.77 0.76 0.77 0.77
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Table 5
Microprobe analyses of laurite in chromitites from Bir Tuluha ophiolite. n.d. = not detected. Ru ratio = Ru/(Ru + Os + Ir).

Sample 1-Core 1-Rim 2-Core 2-Rim 3-Core 3-Rim 4-Core 4-Rim 5 6 7 8 9 10 11-Core 11-Rim

S 36.46 36.97 37.09 37.08 36.42 38.54 36.16 39.69 37.86 37.15 37.75 35.16 35.84 38.74 37.52 34.06
Os 5.86 5.49 3.79 1.59 4.17 2.00 1.87 1.00 1.85 2.00 1.25 0.42 2.31 3.47 2.82 1.51
Ir 1.34 1.19 3.03 1.79 4.07 2.56 3.65 2.78 4.42 2.66 1.52 2.59 1.56 3.19 4.48 6.21
Ru 52.82 52.17 52.31 54.94 51.43 55.44 53.75 54.75 54.89 54.79 54.68 51.25 51.70 48.97 51.86 50.25
Rh 0.84 0.95 1.10 1.42 1.56 1.28 1.42 1.20 1.25 1.15 2.45 1.53 2.55 1.82 2.17 2.60
Pt n.d. n.d. n.d. 0.25 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.24 0.06 0.31 n.d. n.d.
Pd n.d. 0.10 n.d. 0.12 0.02 n.d. 0.28 n.d. 0.43 0.11 0.30 2.43 1.67 2.00 2.14 2.08
Ni n.d. 0.01 0.44 0.33 0.38 0.05 0.13 0.05 0.04 0.05 0.09 0.75 0.10 n.d. n.d. 0.03
Fe 1.50 1.19 0.64 0.46 0.49 0.35 0.18 0.22 0.24 1.13 0.53 1.40 1.06 0.43 0.18 0.62
Cr 2.59 3.71 1.17 1.01 1.08 1.16 0.73 0.82 0.89 1.94 0.72 3.58 2.52 1.75 0.47 2.78

Total 101.41 101.77 99.55 99.00 99.61 101.37 98.15 100.51 101.87 100.98 99.28 99.36 99.36 100.66 101.64 100.13
Ru ratio 0.88 0.89 0.88 0.94 0.86 0.92 0.91 0.94 0.90 0.92 0.95 0.94 0.93 0.88 0.88 0.87

Atomic%
S 63.81 63.80 65.65 65.44 65.32 66.19 65.41 67.59 65.79 64.53 65.99 62.13 63.54 66.87 65.94 62.15
Os 1.73 1.60 1.13 0.47 1.26 0.58 0.57 0.29 0.54 0.59 0.37 0.12 0.69 1.01 0.84 0.47
Ir 0.39 0.34 0.89 0.53 1.22 0.73 1.10 0.79 1.28 0.77 0.44 0.76 0.46 0.92 1.31 1.89
Ru 29.32 28.56 29.37 30.75 29.26 30.20 30.84 29.57 30.25 30.19 30.32 28.72 29.07 26.81 28.91 29.08
Rh 0.46 0.51 0.61 0.78 0.87 0.68 0.80 0.64 0.67 0.62 1.33 0.84 1.41 0.98 1.19 1.48
Pt – – – 0.07 – – – – – – – 0.07 0.02 0.09 – –
Pd – 0.05 – 0.06 0.01 – 0.15 – 0.23 0.06 0.16 1.30 0.89 1.04 1.13 1.14
Ni – 0.01 0.42 0.32 0.37 0.04 0.12 0.04 0.04 0.05 0.08 0.73 0.10 – – 0.02
Fe 1.51 1.18 0.65 0.47 0.50 0.34 0.19 0.21 0.24 1.12 0.53 1.42 1.07 0.42 0.18 0.64
Cr 2.79 3.95 1.28 1.09 1.19 1.23 0.81 0.86 0.96 2.08 0.77 3.90 2.75 1.86 0.51 3.13

Fig. 4. N-MORB normalized spider diagrams of the chromitites, serpentinized
dunites and harzburgites of the Bir Tuluha ophiolite (normalization values are from
McDonough and Sun, 1989).
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the close association with the chromitite pods which collect the
PGE from the melt. The obvious positive Rh anomaly of one dunite
sample is most probably due to the nugget effect. The PGE concen-
trations in the chromitites of Bir Tuluha ophiolite are comparable
with those from podiform chromitites of ophiolites worldwide
(Fig. 5b). The total PGE contents vary from 142 to 217 ppb, with
an average of 178 ppb (Table 2). All the chromitite samples from
the Bir Tuluha ophiolite display a steep negative slope from Ru
to Pd in the PGE spider diagrams; being highly enriched in IPGE
(Os, Ir and Ru) and extremely depleted in PPGE (Rh, Pt and Pd)
(Fig. 5b). The Ru/Pt fractionation ratio is remarkably high, varying
from 10 to 30, with an average of 20, and the Pd/Ir ratio, one of
the best indicators for PGE fractionation, is very low, from 0.03
to 0.14, mostly similar to those from the PGE-rich chromitites of
the Oman ophiolite (Ahmed and Arai, 2002). The studied chromi-
tite pods are entirely overlapped with those from the Proterozoic
ophiolites of Egypt, Morocco, Saudi Arabia (Ahmed, 2013; Ahmed
et al., 2009, 2012; Ahmed and Habtoor, 2015), and Phanerozoic
ophiolite of Oman (Ahmed and Arai, 2002) (Fig. 5b).
5. Mineral chemistry

5.1. Chromian spinel

Representative analyses of chromian spinels from the chromi-
tite pods and serpentinized ultramafic rocks are listed in Tables 3
and 4. In general, chromian spinels from dunites and chromitite
pods in Bir Tuluha ophiolite are closely similar with high-Cr variety
and exhibit narrow compositional variations, while they are
intermediate-Cr variety in the host harzburgites. Chromian spinels
in harzburgite host show intermediate composition, having lower
Cr2O3 contents (40.1–45.9 wt%, 43.7 wt% on average) compared
with those in dunite envelopes and chromitite pods. The Cr-ratio
of harzburgite chromian spinels display values varying from 0.49
to 0.57, with an average of 0.54 (Table 3). Chromian spinels in
dunite show restricted compositional ranges; the Cr2O3 content
varies from 53.0 to 57.8 wt% (55.9 wt% on average). The Cr-ratio
of dunite chromian spinels is remarkably high varies from 0.73
to 0.78 (0.76 on average) (Table 3). On the other hand, chromian
spinels of all chromitite pods are of high-Cr varieties; having high
Cr2O3 content 56.9 up to 62.1 wt%, with an average of 60.0 wt%
(Table 4). The Cr-ratio of chromitite chromian spinels, like those
in the dunite envelopes, is remarkably higher than those in the
harzburgite host. It varies from 0.72 to 0.81, with an average of
0.76 (Table 4). The TiO2 content of chromian spinel in all rock vari-
eties (harzburgites, dunites and chromitites) are very low <0.25 wt
%, which is a characteristic feature of ophiolitic upper mantle
complexes.

The Mg-ratio (=Mg/(Mg + Fe+2) atomic ratio) of chromian spi-
nels in harzburgites, dunites and chromitites show narrow compo-
sitional variations, have a range of 0.56–67, 0.51–0.54, and 0.68–
0.74, respectively (Tables 3 and 4), but is variable and inversely
correlated with Cr-ratio. The Fe3+-ratio (=Fe3+/(Fe3++Cr + Al) atomic
ratio) of chromian spinel is very low in all rock varieties (<0.07)
(Tables 3 and 4). The very low Fe3+-ratio, on one hand, and
intermediate to high Cr-ratio and Mg-ratio, on the other hand, of



Fig. 5. Chondrite normalized PGE patterns from Bir Tuluha ophiolite. (a) serpen-
tinized dunites and harzburgites, and (b) podiform chromitites. The average mantle
PGE patterns and compositional fields of other ophiolite complexes are shown in (a)
and (b), respectively, for comparison. Normalizing values currently in use are taken
from Naldrett and Duke (1980; cf. 514, 540, 690, 200, 1020 and 545 for Os, Ir, Ru, Rh,
Pt and Pd, respectively).

Fig. 6. (a) Fe3+-ratio (Fe3+/(Fe3+ + Al + Cr) atomic ratio) versus Mg-ratio (Mg/(Mg
+ Fe2+) atomic ratio) variation diagram, and (b) Cr-Al-Fe3+ triangle diagram of
spinels from Bir Tuluha ophiolite. Discriminating fields of ophiolite, stratiform and
Alaskan-type complexes (Irvine, 1967; Barnes and Röeder, 2001; Helmy and El
Mahallawi, 2003; Ahmed et al., 2008) are presented for comparison.
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chromian spinels in the Bir Tuluha upper mantle rocks are almost
similar to chromian spinels from ophiolitic complexes elsewhere
(Fig. 6a), which are clearly distinguished from the Alaskan-type
and layered intrusion complexes (Barnes and Röeder, 2001;
Farahat and Helmy, 2006; Ahmed et al., 2008; Helmy et al., 2014,
2015; Abdel Halim et al., 2016). This is also clearly shown in the
Cr-Al-Fe3+ triangle diagram (Fig. 6b), where there is a continuous
trend from intermediate- to high-Cr chromian spinels. The chro-
mian spinels of ophiolitic complexes show progressive increase
in Cr-ratio and decrease in Fe3+-ratio (Fig. 6a, b).

5.2. Platinum-group minerals (PGM)

Platinum-group minerals (PGM) are described from chromitites
of the Bir Tuluha area for the first time. Several PGM grains, up to
40 lm in size, were identified by reflected-light microscopy and
quantitatively analyzed using electron microprobe micro-
analyzer. Totally, sixteen spot analyses in 11 PGM grains revealed
Ru-rich laurite (RuS2) as the only PGM phase encountered in the
studied chromitite samples. Based on the PGE distribution patterns
and mineralogy, the Bir Tuluha ophiolite belongs to the ‘‘unimodal”
type, which is characterized by the predominance Ru-rich laurite
and steep negative PGE slopes from Ru to Pt. Large PGM grains
show more or less homogeneous chemical composition from core
to rim, which are also mostly similar to those of smaller size grains
(Table 5). The Os and Ir contents of the analyzed laurite grains vary
from 0.42 to 5.86 wt% (2.59 wt% on average), and from 1.19 to
6.21 wt% (2.94 wt% on average), respectively (Table 5). The Os
and Ir content of the analyzed laurite grains are very low compared
with the normal Os-rich laurites from Proterozoic and Phanerozoic
podiform chromitites (Ahmed and Arai, 2003; Ahmed, 2007). The
Ru content of the analyzed laurite displays restricted range; it var-
ies from 48.97 to 55.44 wt%, with an average of 52.88 wt%. The Ru
ratio (Ru/(Ru + Os + Ir)) varies from 0.86 to 0.95, with an average of
0.91, which indicates an Os-poor laurite variety (Table 5). The Pt,
Rh and Pd contents are also detectable (Table 5).

6. Discussion

6.1. Primary composition and the effect of serpentinization

Bulk-rock composition of ultramafic rocks and their mineral
constituents can be easily modified, to variable extents, by low-
temperature hydrothermal alteration (i.e., serpentinization) and
metamorphism. The dunites and harzburgites of Bir Tuluha
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ophiolite show no evidence of metamorphism; they consistently
show high contents of MgO and low contents of CaO and SiO2

(Table 1), indicating negligible effect of serpentinization on the dis-
tribution of major elements. The serpentinized dunites and
harzburgites also have uniform and narrow range of MgO/SiO2

ratios (<1), which indicates that Mg2+ and Si4+ remain immobile
during serpentinization (Iyer et al., 2008). Furthermore, the very
low sum of total REE (mostly below the detection limits) in the ser-
pentinized dunites and harzburgites is another evidence that ser-
pentinization has a negligible effect on the major and minor
elements of the ultramafic protolith (Polat et al., 2007; Ordóñez-
Calderón et al., 2008). In addition, the chondrite normalized PGE
patterns of the chromitites and associated ultramafic rocks do
not show any irregular jagged features that characterize a post-
magmatic remobilization.

Mineralogically, the primary silicate minerals of dunite and
harzburgite are completely altered to secondary ones; chromian
spinel is so far the only primary mineral that survived alteration,
reflecting the primary characteristics of ultramafic protolith. The
alteration process is represented mainly by low-temperature ser-
pentinization that produces serpentine minerals after olivine and
pyroxenes. Ferritchromite and Cr-rich magnetite along the periph-
eries and cracks of chromian spinel grains are other alteration
products in dunites and harzburgites, and to a lesser extent, in
chromitites. There are several lines of evidence from mineral
chemistry that can attest the primary magmatic composition of
the studied chromian spinels in the upper mantle rocks, such as:
(1) narrow range of chromian spinel composition in chromitite
deposits and associated peridotites, (2) limited distribution, or
even absence of ferritchromite alteration products of chromian spi-
nel, (3) very low TiO2 contents of chromian spinels in all rock vari-
eties that testifies the primary residual nature.

Accordingly, the whole-rock compositions and mineral chem-
istry of the studied serpentinized dunites, harzburgites and
chromitites are interpreted to represent the primary ultramafic
rocks, with minor effect of serpentinization on the primary compo-
sition. The obtained analytical results in the present study can thus
be safely used to estimate the parental melt composition and con-
strain the tectonic settings under which the Bir Tuluha ophiolite
was formed.

6.2. Parental melt composition

Although dunite envelopes and harzburgite host are completely
serpentinized, chromian spinels in these rocks and their associated
Table 6
Estimated minimum, maximum and (average) values of Al2O3, FeO/MgO and TiO2 of par
tectonic settings.

Al2O3(melt) TiO2(melt)

Serpentinized dunites 10.67–11.56 (11.12) 0.33–0.36 (0.35)
Serpentinized harzburgites 14.66–15.85 (15.26) 0–0.13 (0.07)
Chromitites 10.21–12.29 (11.25) 0.17–0.28 (0.23)

Dunites 10.52–11.71 0.00–0.04
Peridotites 10.36–11.33 0.00–0.03
Chromitites 8.51–9.02 0.00–0.06

Dunites 13.89–15.11
Peridotites 14.55–16.41
Chromitites 10.18–13.95 0.23–0.55

Boninites (SSZ) 10.60–14.40 0.10–0.52
MORB �15 0.32–2.20
BABB �17 0.45–1.45
Deep chromitites (Oman) 11.8–12.9 0.23–0.34
Egypt SED 9.12–12.12
Stratiform chromitite 11.5
massive chromitites are less affected by post magmatic alteration;
ferritchromit and Cr-rich magnetite are restricted only along frac-
tures and as very thin rims around chromian spinel grains. The
intact primary chromian spinel cores which display limited or no
compositional changes are used to calculate the parental melt
composition. The parental melt composition involved in the forma-
tion of Bir Tuluha ultramafic rocks is represented here by the Al2O3,
TiO2 contents (wt%) and FeO/MgO ratio. The Al2O3 content of the
parental melt is calculated using the equation of Maurel and
Maurel (1982) for spinel-liquid equilibrium at 1 bar, where
(Al2O3)spinel = 0.035(Al2O3)2.42liquid. The FeO/MgO ratio of the parental
melt is also calculated using the equation of Maurel and Maurel
(1982) ln(Feo/MgO)spinel = 0.47–1.07YAl

spinel + 0.64YFe+3
spinel + ln(FeO/

MgO), where, YAl
spinel = Al/(Cr + Al + Fe+3) and YFe+3

spinel = Fe+3/(Cr + Al
+ Fe+3). The TiO2 content of the parental melt is calculated using
the equation of Rollinson (2008) for spinel-liquid equilibrium, given
as TiO2(melt) = 1.0963 � TiO2

(7863)
spinel .

The calculated Al2O3 and TiO2 values and FeO/MgO ratios of the
parental melt are given in Table 6, which is also compared with dif-
ferent melt compositions from various tectonic settings, such as:
Oman ophiolite (Rollinson, 2008), Eastern Desert Proterozoic ophi-
olite, Egypt (Ahmed, 2013), Neoproterozoic ophiolite of North-
western Saudi Arabia (Ahmed et al., 2012; Ahmed and Habtoor,
2015), Archean Nuasahi and Sukinda layered complexes (Mondal
et al., 2006), average back-arc basin basalt (BABB) magma
(Pearce et al., 2000; Kamenetsky et al., 2001), average worldwide
boninites and mid-ocean ridge basalt (MORB) magmas (Wilson,
1989). The melt composition in equilibrium with Bir Tuluha
chromitites and associated dunite envelopes is mostly similar to
an arc environment (Table 6 and Fig. 7a). The Al2O3, TiO2 contents
and the FeO/MgO ratio of the parental melt in chromitites range
from 10.21 to 12.29 wt%, 0.17 to 0.28 wt%, and 0.61 to 0.79, respec-
tively (Table 6). The melt composition estimated from the dunite
chromian spinels is comparable to that chromitite pods having
the ranges of 10.67–11.56 wt% for Al2O3, 0.33–0.36 wt% for TiO2,
and 1.40–1.67 for FeO/MgO ratio (Table 6). On the other hand,
the melt composition in equilibrium with the host harzburgite
shows remarkably different values of Al2O3 (14.66–15.85 wt%),
TiO2 (0–0.13 wt%) and FeO/MgO (0.99–1.62 wt%) (Table 6). The
similarity in chromian spinel chemistry in chromitites and sur-
rounding dunite envelopes, and their estimated parental melt com-
position are most probably due to their formation by a similar
common magmatic process, namely melt-rock interaction, which
will be explained later in this article. However, the difference in
chromian spinel chemistry and parental melt composition in
ental melts in Bir Tuluha ophiolite, in comparison with primitive melts of different

FeO/MgO (melt) References

1.40–1.67 (1.54) This study
0.99–1.62 (1.31) This study
0.61–0.79 (0.70) This study

Ahmed and Habtoor (2015)

1.28–1.97 Ahmed et al. (2012)
1.12–1.84
0.72–1.17

0.70–1.40 Wilson (1989)
1.20–1.60 Wilson (1989)

Kamenetsky et al. (2001), Pearce et al. (2000)
Rollinson (2008)

0.42–0.79 Ahmed et al. (2013)
0.74 Mondal et al. (2006)



Fig. 7. (a) Estimated variation of the parental melt composition in terms of FeO/
MgO versus Al2O3 wt% in the Bir Tuluha ophiolite. Tectonic compositional fields are
from Barnes and Röeder (2001). (b) Plot of TiO2 versus Al2O3 wt% in chromian
spinels. Tectonic discrimination fields are after Kamenetsky et al. (2001). SSZ:
Supra-subduction zone; LIP: large igneous province; MORB: mid-ocean ridge
basalt; OIB: ocean island basalt.
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harzburgite host, on one hand, and those in the associated dunites
and chromitites, on the other hand, is mostly due to the difference
in the process of formation and tectonic setting.

In comparison with the melts from different tectonic settings
(Wilson, 1989; Kamenetsky et al., 2001; Falloon et al., 2008), the
calculated parental magma composition of Bir Tuluha podiform
chromitites and associated dunite envelopes shows fair consistency
with a boninitic magma composition (Al2O3(boninite) = 10.6–14.4 wt
%, FeO/MgO(boninite) = 0.7–1.14; Wilson, 1989) (Fig. 7a) produced in
a supra-subduction zone (SSZ) environment. This is in harmony
with the strong affinity between ophiolites and boninites in terms
of their chromian spinel composition, where boninite is widely
considered as the dominant parental magma for podiform chromi-
tite deposits in ophiolites (Barnes and Röeder, 2001). On the other
hand, the estimated melt composition in equilibrium with the host
harzburgite shows less depleted character than chromitites and
dunite envelopes, which is fairly consistent with the composition
of MORB magmas (Al2O3(MORB) = �15 wt%, FeO/MgO(MORB) = 1.2–
1.6; Kamenetsky et al., 2001) (Fig. 7a). Similar diversity in melt
compositions with boninitic and MORB affinities have also been
suggested to be the source of high-Cr and high-Al chromitites,
respectively, together with the peridotites from other complexes
worldwide (Melcher et al., 1997; Mondal et al., 2006; Rollinson,
2008; González-Jiménez et al., 2011; Ahmed et al., 2012; Ahmed,
2013; Ahmed and Habtoor, 2015).
6.3. Petrogenesis and tectonic implications

6.3.1. Chromian spinel implications
The chemical composition of chromian spinel can be used as a

powerful petrogenetic indicator on magma genesis and different
tectonic settings (Dick and Bullen, 1984; Arai, 1994; Roeder,
1994; Barnes and Röeder, 2001; Kamenetsky et al., 2001; Arai
et al., 2011). Chromian spinel with different chemical compositions
reflects a formation in different tectonic settings (arc-forearc, BAB
and MOR) (Dick and Bullen, 1984; Arai, 1994; Arai and Yurimoto,
1994; Roeder, 1994; Barnes and Röeder, 2001). Falloon and
Danyushevsky (2000) suggested that the association of boninitic,
high-Mg andesite and arc tholeiite magmas and Cr-rich podiform
chromitites in highly refractory peridotite reflects high tempera-
ture, low pressure and high PH2O conditions, and concluded that
boninites are found exclusively in arc-forearc terrains.

All the collected chromitite pods and their dunite envelopes
throughout the entire area of Bir Tuluha display homogeneous geo-
chemical characteristics, having high-Cr variety. The collected
samples from the harzburgite host throughout the whole area
are also homogeneous with intermediate-Cr variety. Thus, based
on the geochemical characteristics of chromian spinel, two groups
of data can be recognized: (1) chromian spinel from chromitite
pods and associated dunite envelopes, and (2) chromian spinel
from harzburgite host. The average Cr-ratio in chromian spinel of
chromitite pods and dunite envelopes is 0.76 (0.72–0.81, and
0.73–0.78, respectively). The average Cr-ratio of chromian spinel
in harzburgite host is distinguishable from the earlier ones; it is
0.54 (0.49–0.57) (Tables 3 and 4). Harzburgite, which is the main
mantle lithology in the Tuluha ophiolite, with intermediate refrac-
tory nature, is the most common host for podiform chromitites in
ophiolites of different tectonic settings and ages (Arai, 1997), and it
is the most common lithology in the ophiolitic mantle section
worldwide (Ahmed and Arai, 2002; Le Mee et al., 2004). This is con-
sistent with the abundance of medium- to large-scale chromitite
pods within harzburgite in the study area, as well as other areas
in the Arabian Shield of Saudi Arabia (Ahmed et al., 2012; Ahmed
and Habtoor, 2015). The intermediate average Cr-ratio of chromian
spinels and the low PGE contents with approximately unfraction-
ated patterns (Fig. 6a) of the studied harzburgite host, suggest a
mantle residue after a low degree of partial melting at MOR setting.
It is highly possible, therefore, that the harzburgite host of Bir
Tuluha ophiolite was derived from the ophiolitic upper mantle sec-
tion produced at a MOR environment. This is strongly supported by
the estimation of parental melt composition in equilibrium with
mantle harzburgite, in terms of its Al2O3 contents and FeO/MgO
ratios, where all the calculated data of harzburgite chromian spi-
nels are entirely plotted within the MOR field (Fig. 7a). Further-
more, in the Al2O3–TiO2 binary diagram (Fig. 7b), all the analyzed
chromian spinels from harzburgite are also entirely plotted within
the MOR peridotite field.

Although, in most cases, the mantle harzburgite is rather homo-
geneous in petrological characteristics, several ophiolite localities
in the world show diversity in chromitite types, with two different
compositions (high-Al and high-Cr varieties). Among those are, for
example Northern Oman ophiolite (Ahmed and Arai, 2002), Rayat
ophiolite Iraq (Ismail et al., 2009), Wadi Al Hwanet and Al’Ays
ophiolites Saudi Arabia (Ahmed et al., 2012; Ahmed and Habtoor,
2015). In such cases, at least two contrasting evolutionary stages
have been ascribed in response to a switch of tectonic setting:
the high-Al chromitite with Cr-ratio of chromian spinel <0.6 was
formed from a melt of MOR/BAB affinity, and the high-Cr chromi-
tite with Cr-ratio of chromian spinel >0.6 was in equilibrium with
the melt of boninitic affinity (Ahmed and Arai, 2002; Ahmed and
Habtoor, 2015). Thus, chromitite deposits with high Cr-ratio of
chromian spinel are most probably produced by the interaction
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between high degree partial melts with mantle peridotite, possibly
in a supra-subduction zone environment. In the present study,
throughout the whole area of Bir Tuluha ophiolite belt, all the stud-
ied chromitite pods are uniform in their chemical composition,
including Cr-ratio of chromian spinel higher than 0.7. The high
Cr-ratio of chromian spinel strongly implies that these chromitite
deposits were formed either from a high-degree partial melt or
from the melting of already depleted peridotite. This kind of
second-stage magma is most easily formed in the supra-
subduction zone environment, where H2O is supplied as a flux
from the subducted slab. This interpretation is strongly supported
by the estimation of parental melt composition in equilibriumwith
podiform chromitites, where the Bir Tuluha chromitite pods are
entirely plotted within the boninite field (Fig. 7a). In addition,
chromian spinel of chromitite pods is also plotted within the SSZ
field of the Al2O3–TiO2 discrimination diagram (Fig. 7b). The Bir
Tuluha chromitites are composed of a highly refractory chromian
spinel with high Cr-ratio, Mg-ratio (0.68.0–0.75), and very low
TiO2 content (0.09–0.15 wt%), which is consistent with a boninitic
parentage, where all the chromitite samples fall within the boni-
nite field (Fig. 8a, b). The relative enrichment of Bir Tuluha bulk
Fig. 8. (a) Cr-ratio (Cr/(Cr + Al) atomic ratio) versus Mg-ratio (Mg/(Mg + Fe2+)
atomic ratio) diagram for chromian spinels of the Bir Tuluha ophiolitic rocks.
Tectonic fields of forearc harzburgites/peridotites and SSZ dunites are from Ishii
et al. (1992), Parkinson and Pearce (1998), Pearce et al. (2000), the abyssal
peridotites field is from Dick and Bullen (1984), and the boninites field is from van
der Laan et al. (1992).
rock samples in the fluid-mobile elements (Rb and Ba) and strong
depletion in the compatible non-fluide mobile elements (Sr, Nb, Ta,
Hf, Zr and REE) is another evidence for the formation in a SSZ
environment.

The melt-rock reaction process and a subsequent melt mixing
model is the most recent acceptable process for the formation of
podiform chromitite (Zhou et al., 1996; Arai and Yurimoto, 1994;
Arai, 1997; Zhou and Robinson, 1997). The melt-rock reaction
model is strongly supported by the wide occurrence of dunite
envelopes around most podiform chromitites within the mantle
harzburgite host. In this model, as a result of melt interaction with
wall peridotites, clinopyroxene and orthopyroxene are chiefly dis-
solved while olivine is precipitated, this produces the dunite envel-
opes. The resultant melt becomes rich in Si and Cr, which
subsequently mixes with new batches of boninitic melts from
which the chromitite pods and associated dunite envelopes are
formed (Arai and Yurimoto, 1994; Zhou et al., 1996). This process
gives a zonal pattern grading outward from the chromitite pods
to the harzburgite host, passing through the dunite envelopes
(Zhou et al., 1996; Arai, 1997; González-Jiménez et al., 2011). In
most cases, the chromian spinel of podiform chromitites and their
associated dunite envelopes are similar in composition, confirming
their genetic relationship via melt-peridotite interaction (Zhou
et al., 1996; Ahmed et al., 2001; Ahmed and Arai, 2002;
González-Jiménez et al., 2011). In few cases, however, the chro-
mian spinel composition in dunite envelopes is in between those
in the podiform chromitites and harzburgite host (Ahmed et al.,
2012). This is most probably based on the melt-rock ratio con-
tributed to the chromitite–dunite formation. The higher the
melt-rock ratio, the thicker the resultant dunite envelopes, while
the lower the melt-rock ratio, the thinner the resultant dunite
envelopes (Ahmed et al., 2012). In the earlier case where the
melt-rock ratio is relatively high, chromian spinel composition of
chromitite-dunite pairs will be more or less similar, while in the
latter case where melt-rock ratio is low, chromian spinel composi-
tion will be intermediate between those in the chromitites and the
harzburgite host (Ahmed et al., 2012). In the present study, all the
chromitite pods have thin dunite envelopes (0.5–2 m in thickness)
with a zonal pattern grading outward into harzburgite host, sug-
gesting a formation by interaction between melt and residual man-
tle harzburgite. The widely distributed medium- to large sized
podiform chromitite deposits and their surrounding thin dunite
envelopes in Bir Tuluha ophiolite belt, along with their high-Cr
variety, imply the pervasive invasion of boninitic melt within
MOR peridotite host.

It is noteworthy that large-scale ophiolitic chromitite pods
hosted by moderately refractory peridotite with intermediate
Cr-ratio of chromian spinel (Arai, 1994, 1997), is thought to have
been formed by the interaction between boninitic melt and
variably refractory peridotite (Zhou et al., 1998).

6.3.2. PGE and PGM implications
The platinum-group elements (PGE) and platinum-group min-

erals (PGM) can be used as a potential geochemical monitor for
the deep-seated processes taking place in the mantle. Due to the
siderophile and chalcophile nature of these precious metals, they
give constraints on the degree of partial melting and sulfur satura-
tion of a melt produced in the upper mantle; they tend to be
strongly fractionated into a sulfide phase (Arculus and Delano,
1981; Naldrett, 1981; Garuti et al., 1997). In general, podiform
chromitites show variable PGE contents, usually less than
500 ppb, and PdN/IrN ratios between 0.8 and 0.1, although in some
instances they may contain higher total PGE (>750 ppb) and dis-
play very low PdN/IrN ratios (<0.1) (Page and Talkington, 1984;
Leblanc, 1991; Zhou et al., 1998; Ahmed and Arai, 2002; Büchl
et al., 2004; Gervilla et al., 2005). They are characterized by IPGE



Fig. 9. Compositional ranges of chromian spinel Cr-ratio in the upper mantle rocks
(peridotites and chromitites) from different ophiolite suites of different ages
compared with the Bir Tuluha ophiolite. Note the more restricted and high Cr-ratio
of chromian spinels in the Archean and Proterozoic ophiolites compared with those
of Phanerozoic ones. Numbers between brackets refer to the number of ophiolitic
complexes examined. Source data for the Phanerozic ophiolites is from Arai (1997).
For the Late Proterozoic ophiolites (Pan-African ophiolites) see Ahmed et al. (2012),
Ahmed (2013), Khedr and Arai (2013), Ahmed and Habtoor (2015). For the Early
Proterozoic ophiolites see Liipo et al. (1995), Vuollo et al. (1995), and for the
Archean ophiolites see Li et al. (2002), Huang et al. (2004), Kusky et al. (2004).
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enrichment and depletion in PPGE, resulting in a general negative
slope in PGE diagrams. Due to the low mobility of Cr and PGE
beneath the MOR setting, they generally behave compatibly during
dry partial melting in the upper mantle (Mitchell and Keays, 1981;
Dick and Bullen, 1984; Büchl et al., 2004). In contrast to that, PGE,
especially PPGE, behave incompatibly during hydrous partial melt-
ing in a SSZ setting, where the degree of partial melting is much
higher than in a MOR setting. This leaves behind a podiform
chromitite that is highly depleted in PPGE and notably enriched
in Cr and IPGE (Zhou et al., 1998; Ahmed and Arai, 2002; Büchl
et al., 2004).

The Bir Tuluha chromitite pods contain up to 217 ppb total PGE,
which are highly enriched in IPGE and strongly depleted in PPGE,
forming a steep negative slope in the PGE spider diagrams with
very low PPGE/IPGE ratios (average PdN/IrN ratio of 0.08), similar
to most of the ophiolitic chromitites worldwide (Page and
Talkington, 1984; Leblanc, 1991; Zhou et al., 1998). The main hosts
of PPGE, i.e., Pd and Pt, in the upper mantle rocks are the base
metal sulfides (Mitchell and Keays, 1981; Luguet et al., 2003). High
degrees of partial melting could lead to complete dissolution of the
sulfides in the mantle source being melted; the Pd and Pt would be
removed from produced melt (Zhou et al., 1998), leaving behind a
mantle residue highly depleted in these elements. The distinctive
decoupling of the two PGE subgroups, along with the high Cr-
ratio of chromian spinels (> 0.70), strongly implies that a
second-stage melting was involved in the formation of the Bir
Tuluha chromitites. This also implies that the chromitite forming
magma was originally highly S-undersaturated (e.g., boninitic
magma) to be able to dissolve the mantle sulfides and partly
remove the Pd and Pt resident in their mantle host rocks. Thus,
the interaction between boninitic melts and wall peridotite would
have contributed to the formation of PPGE-depleted podiform
chromitites in Bir Tuluha upper mantle. This is most easily formed
by hydrous melting at a SSZ setting, where the down-going slab is
the source of water which, in turn, promotes the removal of PGE
from their mantle source (Matveev and Ballhaus, 2002; Büchl
et al., 2004).

There is now a general consensus that the PGM inclusions rep-
resent magmatic minerals entrapped by the growing chromian spi-
nel crystals (Stockman and Hlava, 1984; Augé, 1988; Ferrario and
Garuti, 1990; Torres-Ruiz et al., 1996) rather than the products of
subsolidus exsolution from the host chromian spinel. The perfect
polygonal euhedral shape of the laurite crystals and their sporadic
distribution within fresh chromian spinel strongly suggest that
laurite grains in the Bir Tuluha chromitites represent a high-
temperature phase on the liquidus of a primitive magma. Experi-
mental studies (Brenan and Andrews, 2001) suggest that Ru, Os
and Ir tend to be retained in alloys and, to a lesser extent, sulfides,
at a relatively low sulfur fugacity (fS2) and high temperature
(1200–1300 �C) conditions. Under such conditions, laurite shows
a composition of nearly pure RuS2 with low concentrations of Os
and Ir (Brenan and Andrews, 2001). Thus, the formation of Os-
rich laurite and erlichmanite (OsS2) requires a higher fS2 than for
Ru-rich laurite. Consequently, the Ru substitution by Os in laurite
is promoted by an increase of fS2 (Stockman and Hlava, 1984;
Woods, 1987; Brenan and Andrews, 2001). Hence, the common
abundance of Os-poor (= Ru-rich) laurite and the absence of any
other Os–Ir sulfides and/or alloys in Bir Tuluha chromitites suggest
that the initial fS2 of the magma was too low for the formation of
Os-rich laurite. It is highly possible, therefore, that the magma
involved in the formation of Bir Tuluha chromitites was
S-undersaturated, and that the Os-poor laurite crystallized at a
lower fS2 than in other complexes, where the laurite composition
is more Os-rich (Ahmed and Arai, 2003; Ahmed, 2007). High
temperature boninitic melt with low fS2 is thus, the most suitable
candidate for the formation of Bir Tuluha chromitites.
6.4. Bir Tuluha ophiolite among others: A comparison

From the literature review, ophiolite complexes and their pod-
iform chromitites can be categorized under three main periods in
the Earth’s history: (1) Archean (3800–2500 Ma), (2) Proterozoic
(early and late: 2500–542 Ma), and (3) Phanerozoic (<542 Ma).
The Archean and the early Proterozoic ophiolites together with
their podiform chromitites, show narrow distribution in the Earth’s
geologic record compared with the late Proterozoic and Phanero-
zoic ones. The chromitite dimensions were extremely small in
the Archean and early Proterozoic age, while they became larger
and abundant in the late Proterozoic and Phanerozoic ones
(unpublished compiled data of the authors). The available data
on chromitites and their host peridotites of the Archean mantle
(Kusky et al., 2004; Huang et al., 2004) shows highly refractory
composition; the Cr-ratio of chromian spinels in chromitites is very
restricted and varies from 0.7 to 0.9. The Cr-ratio of chromian spi-
nel in the host harzburgite is also high, around 0.7 (Fig. 9). The few
available petrological data of chromitites and associated peri-
dotites from the early Proterozoic ophiolites (Liipo et al., 1995;
Vuollo et al., 1995; Peltonen et al., 1998; Peltonen and Kontinen,
2004), are rather extraordinary, where the Cr-ratio of chromitite
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chromian spinel (�0.6) is fairly lower than those of the host peri-
dotites (0.8–0.9) (Fig. 9).

Ophiolites become more common in the late Proterozoic age in
several places worldwide, almost all of them are found to contain
podiform chromitites. Late Proterozoic ophiolites are abundant in
Africa and Western Arabia; among these, the Arabian-Nubian
Shield which is very famous with numerous ophiolite complexes,
mostly contain high-Cr chromitites (Ahmed et al., 2001, 2005,
2012; Ahmed and Habtoor, 2015). Al-rich chromitite varieties
started to appear in the late Proterozoic ophiolites, although the
majority is Cr-rich (Fig. 9) with boninitic affinity. The Bir Tuluha
ophiolite is one of the late Proterozoic ophiolite complexes in the
Arabian-Nubian Shield, where numerous podiform chromitites
are widely distributed.

Ophiolite complexes are very popular in almost all orogenic
belts during the Phanerozoic eon (Moores, 1982; Moores et al.,
2000; Beccaluva et al., 2002, 2004). Podiform chromitites are very
common and large in size in the Tethyan ophiolites of the late Pale-
ozoic to Mesozoic age. Their host mantle peridotites have a wide
range of chromian spinel composition; Cr-ratio varies from 0.2 to
0.8 (Fig. 9), with an intermediate average Cr-ratio, around 0.5, serv-
ing as the most common host for large podiform chromitites in the
Phanerozoic ophiolites. With few exceptions, all known Phanero-
zoic ophiolites possess less refractory peridotites and chromitites
than the Precambrian ophiolites (Fig. 9). Diversity in chromian spi-
nel chemistry and PGE contents in podiform chromitites become
more distinct in the Phanerozoic ophiolites (Ahmed and Arai,
2002).

The Bir Tuluha chromitite-dunite-harzburgite association is
very similar to that in the late Proterozoic ophiolite complexes,
especially those in the Arabian-Nubian Shield. The chromian spinel
chemistry of podiform chromitites and associated dunite envel-
opes are very similar, including high Cr-ratio (>0.7), which are
most probably formed by the interaction between boninitic melt
and wall rock peridotites in an arc setting. The common host of
these high-Cr chromitites is the mantle harzburgite with interme-
diate Cr-ratio of chromian spinel. The main difference of Bir Tuluha
ophiolite from the late Proterozoic ophiolite complexes is the
absence of Al-rich chromitites which are quite common in many
Proterozoic and Phanerozoic ophiolite complexes (Ahmed et al.,
2001, 2012; Ahmed and Arai, 2002; Miura et al., 2012). Based on
the PGE distribution patterns and mineralogy, the Bir Tuluha ophi-
olite belongs to the ‘‘unimodal” type which is characterized by the
predominance Ru-sulfide mineralogy and negatively steep PGE
slopes from Ru to Pt. Laurite is, by far, the sole primary PGM found
in all chromitite pods of Bir Tuluha ophiolite. This is, in most cases,
different from other ophiolite complexes of Proterozoic and
Phanerozoic ages where both ‘‘unimodal” and ‘‘bimodal” types
are common (Ahmed and Arai, 2003, and references therein).

7. Conclusions

The mantle section of the Bir Tuluha ophiolite is dominated by
severely serpentinized harzburgites with less abundant dunites
and medium- to large-scale chromitite pods. Composition of chro-
mian spinels in chromitites and dunite envelopes displays little
variation, which is quite different from those in the harzburgite
host. The high Cr-ratio of chromian spinels in chromitites and asso-
ciated dunite envelopes along with low TiO2 content, suggests their
formation by the interaction between MOR mantle harzburgite
with arc-related magma. This second stage melting could have a
genetic linkage with boninite or high Mg arc tholeiitic melt pro-
duced by high degrees of partial melting above supra-subduction
zone environment. The PGE distribution patterns for all chromitite
pods display steep negative slopes from Ru to Pt, with clear decou-
pling of IPGE and PPGE, which support formation from a high
degree partial melt of boninitic affinity. The common abundance
of Ru-rich laurite as the sole primary PGM in chromitite pods sug-
gest a low fS2 and high temperature boninitic melt involved in the
formation of Bir Tuluha chromitites. The estimated parental melt
composition in equilibrium with the formation of podiform
chromitites and associated dunite envelopes also indicates a boni-
nitic parentage above a supra-subduction zone setting. Thus, the
homogeneous high-Cr composition of chromian spinel in podiform
chromitites and surrounding dunite envelopes within intermediate
refractory mantle peridotite in Bir Tuluha ophiolite belt, suggests a
pervasive interaction of boninitic melt with a MOR-type mantle
peridotite. This situation is common in the late Proterozoic ophio-
lites, which show both the high-Cr and high-Al chromitite varieties
hosted by intermediate refractory mantle peridotites. The Bir
Tuluha ophiolite is relatively different from the Proterozoic and
Phanerozoic ophiolites by the only presence of high-Cr chromitites
and unimodal PGE/PGM type. The upper mantle of Bir Tuluha ophi-
olite has most probably been modified by a substantial amount of
supra-subduction zone components after initially being formed in
a MOR setting. This is materialized by the wide occurrence of
homogeneous high-Cr podiform chromitites and their closely sim-
ilar dunite envelopes.
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