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Abstract The Wadi Allaqi ophiolite along the Egyptian-
Sudanese border defines the southernmost ophiolitic assem-
blage and suture zone in the Eastern Desert. Ophiolite
assemblages comprise nappes composed mainly of mafic
and ultramafic rocks that were tectonically emplaced and
replaced by serpentine and carbonates along shear zones
probably due to CO2-metasomatism. Serpentinites, altered
slices of the upper mantle, represent a distinctive lithology
of dismembered ophiolites of the western YOSHGAH su-
ture. Microscopically, they are composed of more than 90 %
serpentine minerals with minor opaque minerals, carbonate,
brucite and talc. The mineral chemistry and whole-rock
chemical data reported here indicate that the serpentinized
peridotites formed as highly-depleted mantle residues. They
show compositions consistent with formation in a

suprasubduction zone environment. They are depleted in
Al2O3 and CaO similar to those in fore-arc peridotites. Also,
high Cr# (Cr/ (Cr+Al)) in the relict chrome spinels (average
~0.72) indicates that these are residual after extensive partial
melting, similar to spinels in modern fore-arc peridotites.
Therefore, the studied serpentinites represent fragments of
an oceanic lithosphere that formed in a fore-arc environ-
ment, which belongs to an ophiolitic mantle sequence
formed in a suprasubduction zone.

Introduction

The Arabian–Nubian Shield (ANS) is a large (~1,000,000 km2)
tract of juvenile crust that formed by terrane accretion during
the Neoproterozoic era between major fragments of E and W
Gondwana (Stern 2002; Johnson and Woldehaimanot 2003).
Ophiolites are key components of the ANS, defining sutures
and the location of fossil subduction zones as well as providing
important clues about tectonic setting and hosting ore deposits
(Price 1984; Pallister et al. 1988; Berhe 1990; Stern et al. 2003;
Dilek andAhmed 2003). Nevertheless, the significance of ANS
ophiolites is controversial, partly because they are variably
dismembered, deformed, and altered and partly because many
have not been studied, especially ophiolites in southern Egypt
and NE Sudan. These complications are particularly severe for
serpentinized ultramafics, which are the single most distinctive
lithology of dismembered ANS ophiolites and mélanges. The
Neoproterozoic ophiolites of the ANS are documented from
Egypt, Sudan and Saudi Arabia and are suspected to exist in
Eritrea, Ethiopia, and Kenya. The ANS ophiolites range in age
from 694±8 Ma to 870±11 Ma with a mean age of 781 Ma
(Stern et al. 2003). Ophiolite formation and emplacement was
clearly a key aspect of Cryogenian development of the ANS
and Neoproterozoic formation of the Greater Gondwana
supercontinent.
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Neoproterozoic ophiolites and ophiolitic mélange are com-
mon in the central and southern sectors of the Eastern Desert
of Egypt (Fig. 1). In a few places (e.g., Fawkhir, Ghadir, Gerf)
a complete ophiolite stratigraphy can be seen, including a
lower, mantle sequence of serpentinized ultramafics and an
upper crustal sequence of layered and isotropic gabbros,
sheeted dykes and mafic lavas including pillow basalts. Most-
ly the Egyptian ophiolites occur as tectonized bodies and
mélanges of these ophiolitic lithologies (El Sharkawy and El
Bayoumi 1979). Because of folding and shearing, most Egyp-
tian ophiolites lack one ormore of these diagnostic lithologies,
but ophiolitic mélange is inferred wherever abundant serpen-
tinite and metabasalt is juxtaposed. Most Egyptian ophiolites
have been metamorphosed to low-grade greenschist facies,
but in places the rocks reach amphibolite grade. Ophiolitic
peridotites were altered by large volumes of fluids of diverse
composition, resulting in serpentinization, silicification and
carbonatization (e.g. Stern and Gwinn 1990; Azer 2008).
Alteration resulted in the development of listwaenite, particu-
larly in shear zones, and locally the only evidence that ophio-
litic rocks underlie a given area is the presence of erosion-
resistant listwaenite ridges.

Our understanding of ophiolites and ophiolitic peridotites
in the Central Eastern Desert is rapidly improving (e.g. El
Sayed et al. 1999; Ahmed et al. 2001; Farahat et al. 2004;
Azer and Khalil 2005; Ahmed et al. 2006; Azer and Stern
2007; Khalil and Azer 2007; Farahat 2008; Abd El-Rahman
et al. 2009a, b; Abu El Ela and Farahat 2010; Basta et al.
2011). Much less progress has been made understanding
ophiolites of the less accessible South Eastern Desert. This
is particularly unfortunate because this region hosts the only
true suture zone in Egypt, the Allaqi-Heiani-Gerf ophiolite
belt. This is the westernmost part of the Ess-Yanbu-Onib-
Sol Hamed-Gerf-Allaqi-Heiani belt (YOSHGAH suture)
which trends from the western edge of the northern Arabian
Shield to Lake Nasser. Few petrologic studies are available
about the ophiolitic rocks of this belt (Zimmer et al. 1995;
Noweir et al. 2007; Gahlan and Arai 2009; Ali et al. 2010;
Azer 2012), and detailed geological, petrographical and
geochemical studies are scarce.

An important aspect of the present study is a focus on
ophiolitic peridotites. In the past, studies of the Egyptian
ophiolites have focused on volcanic rocks for evaluating
their tectonic setting and petrogenesis. Mantle peridotites
provide complementary information about petrogenesis and
tectonic setting but the Egyptian ophiolitic peridotites have
been largely ignored until recently (El Bahariya and Arai
2003; Azer and Khalil 2005; Azer and Stern 2007; Khalil
and Azer 2007; Farahat 2008). In particular, there are no
modern studies of ophiolitic ultramafic rocks of the Allaqi-
Heiani-Gerf ophiolites west of G. Gerf (Zimmer et al. 1995).

This contribution reports the results of the first study of
the geology, petrology, mineral chemistry and geochemistry

of ophiolitic ultramafic rocks from the westernmost Allaqi-
Heiani suture. We use these results to interpret the origin and
tectonic setting of the Allaqi-Heiani-Gerf ophiolite. We
hope this work encourages other researchers to begin study-
ing ophiolites in this region; accordingly the significance of
these rocks in the evolution of the ANS and its mineraliza-
tion can be better assessed.

Regional geology

Mafic-ultramafic rocks constitute one of the distinctive rock
units in the Egyptian basement. They comprise about 5 % of
all Precambrian outcrops in the Eastern Desert of Egypt
(Dixon 1979). The Egyptian Neoproterozoic mafic-
ultramafic complexes are divided into two main groups
based on their lithostratigraphic position; ophiolites and
intrusions. The ophiolites are generally dismembered, rep-
resenting remnants of oceanic lithosphere that coexisted
with the ANS Neoproterozoic intra-oceanic arcs. The ages
of Eastern Desert ophiolites range from ~737 to ~720 Ma
(Kröner et al. 1992; Zimmer et al. 1995; Loizenbauer et al.
2001; Andresen et al. 2009; Ali et al. 2010). Ophiolitic
ultramafics are easily distinguished from intrusive mafic-
ultramafic bodies because the latter form undeformed small,
elliptical outcrops and are commonly concentrically zoned
or layered and undeformed (Helmy and El Mahallawi 2003;
Farahat and Helmy 2006; Azer and El-Gharbawy 2011).
The zoned mafic-ultramafic complexes are considered as
Precambrian analogues of Alaskan-type complexes and
may represent the roots of arc volcanoes (Dixon 1981a;
Helmy and El Mahallawi 2003; Farahat and Helmy 2006).
Only the Dahanib complex has been dated, which has a
conventional U-Pb zircon age of 711±7 Ma (Dixon 1981b).

Most South Eastern Desert ophiolites are found along the
Allaqi-Heiani-Gerf suture zone, which can be traced for
~400 km from Lake Nasser to the Red Sea. This is the
western part of a much longer ophiolite-decorated suture
zone, the Ess-Yanbu-Onib-Sol Hamed-Gerf-Allaqi-Heiani
belt (YOSHGAH suture of Stern et al. 1990) which trends
from the western edge of the northern Arabian Shield to
Lake Nasser. The YOSHGAH suture is considered – along
with the Ariab-Nakasib-Thurwah-Bir Umq suture farther
south in Arabia and Sudan (Johnson et al. 2004) to be one
of the two longest and most complete Neoproterozoic
ophiolite-decorated sutures in the ANS. With the Red Sea
closed, the YOSHGAH ophiolite belt can be traced ~600 km
across the Nubian and Arabian shields. This suture formed
by the collision of the South Eastern Desert (Gerf)-Midyan
terrane to the north with the Gebeit terrane to the south
(Kröner et al. 1987) and is decorated by variably disrupted
ophiolite fragments. Ali et al. (2010) suggested two stages
for the evolution of YOSHGAH ophiolite belt (~810–
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Fig. 1 Distribution of
ophiolitic rocks in Eastern
Desert of Egypt (modified after
Shackleton 1994). The location
of Fig. 2a and b is indicated.
Inset shows the location of the
Eastern Desert in the
northernmost ANS
Neoproterozoic exposures and
the location of Fig. 1 is
indicated (Stern et al. 2004)
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780 Ma and ~750–730 Ma). They concluded that accretion
between the Gabgaba-Gebeit-Hijaz terranes to the south and
the South Eastern Desert-Midyan terranes to the north oc-
curred as early as 730 Ma and no later than 709±4 Ma.

A major E-W drainage, Wadi Allaqi, follows the YOSH-
GAH suture zone structural trends, which is defined by the
curvilinear ophiolitic belt that can be traced for more than
200 km across the Egyptian shield west of the Hamisana
Shear Zone, near the border with Sudan (Kröner et al. 1987).
The Allaqi suture zone is broad and comprises gneiss,
dismembered ophiolites, island arc volcanosedimentary-
plutonic assemblages, and syn- to post-orogenic intrusions
(e.g. Kröner et al. 1987; Greiling et al. 1988; Taylor et al.
1993; Abd El-Naby and Frisch 2002; Kusky and Ramadan
2002; Abdelsalam et al. 2003; Zoheir and Klemm 2007; Ali
et al. 2010). The dismembered ophiolite assemblages com-
prise nappes composed mainly of mafic and ultramafic
rocks and their alteration products. The serpentinites repre-
sent a distinctive lithology of dismembered ophiolites of the
western YOSHGAH suture. Some portions contain relicts of
primary minerals and others are extremely altered, especial-
ly along thrusts and shear zones, with the development of
talc, talc-carbonate and reddish brown quartz-carbonate
rock (listwaenite). Stern et al. (1990) inferred that the
Allaqi-Heiani ophiolitic nappe verged south during em-
placement, and was then shortened E-W, most importantly
in the region along the N-S Hamisana Shear Zone (de Wall
et al. 2001), during terminal collision between E and W
Gondwana at ~630 Ma. Kusky and Ramadan (2002) sug-
gested that the Allaqi-Heiani suture is an arc/arc collision
zone, formed when the Gerf terrane overrode the Gabgaba
terrane prior to closure of the Mozambique Ocean. This suture
hosts important mineral deposits, such as gold, chromite,
magnesite and talc (Klemm et al. 2001; Kusky and Ramadan
2002; Oweiss et al. 2001; Zoheir 2008; Azer 2012).

Field description

The present study concentrated on two localities (Fig. 2a, b)
along the Wadi Allaqi suture, from W to E: Jabal Shilman
and Jabal Moqsim.

Jabal Shilman area

Basement rocks around Jabal Shilman include immature
metasediments, dismembered ophiolitic rocks, island arc-
related assemblages, and syn- to post-orogenic granitoids
(Fig. 2a). Dismembered ophiolitic rocks of Jabal Shilman
define the northwestern continuation of the Allaqi-Heiani
ophiolite belt (Kröner et al. 1987). They are overlain by the
arc metavolcanic–metasedimentary succession (Fig. 3a) and
intruded by syn- to post-tectonic granitoids. The

dismembered ophiolitic rocks include completely serpenti-
nized peridotites and talc carbonates as well as metagabbros.
The largest serpentinite mass occurs at Jabal Shilman, which
is also associated with a large metagabbro mass (Fig. 3b).
Another small serpentinite masses occur at north-west as
well as north-east corners of the mapped area and are asso-
ciated with marble and listwaenite. Field relationships of
serpentinites with most other rock units are concealed by
sand and wadis fill. The serpentinites are altered to listwaen-
ite along contacts with the volcano-sedimentary rocks and
granodiorites. The listwaenites form ridges due to their
resistance against weathering relative to the surrounding
rocks (Fig. 3c; adopted from Azer 2012). Metasediments
are represented by gneiss and marble.

There are some age constraints for the basement rocks of
the Jabal Shilman area. Kröner et al. (1992) obtained single
zircon Pb-Pb evaporation ages of 729±17 Ma and 736±
11 Ma for metagabbro and metadiorite associated with ser-
pentinites, respectively. Arc metavolcanics are represented
mainly by meta-andesite and metadacite; a sample of the
latter gave a U-Pb zircon SHRIMP age of 733±7 Ma (Ali et
al. 2010). Syn-tectonic granitoids include granodiorite,
interpreted as arc-related and I-type (El-Kazzaz and Taylor
2001) gave a U-Pb zircon SHRIMP age of 629±5 Ma (Ali et
al. 2010), while a post-tectonic granite, one of several such
plutons in the region (El-Kazzaz and Taylor 2001), gave a
U-Pb zircon SHRIMP age of 603±14 Ma (Moussa et al.
2008).

Jabal Moqsim area

Basement rocks in Jabal Moqsim area comprise dismem-
bered ophiolitic rocks, island arc-related assemblages, and
syn-orogenic intrusions (Fig. 2b). The mafic-ultramafic
suite of Wadi Abu Fas, to the west of Jabal Moqsim, is
one of the largest mafic-ultramafic occurrences in the south
Eastern Desert (~ 75 km2) and was considered to be an arc-
related layered intrusion (Sadek and El-Ramly 1996). The
layered gabbros of Wadi Abu Fas are considered as ophio-
litic gabbro and gave a U-Pb zircon SHRIMP age of 730±
6 Ma (Ali et al. 2010).

Most of the dismembered ophiolitic rocks of Jabal Moq-
sim consist of serpentinite and talc-carbonate as well as a
small (~50 m diameter) body of gabbro, which appears to
intrude the serpentinite. The serpentinites occupy large areas
and form conspicuous mountainous ridges with steep
slopes. They are generally massive, but locally affected by
shear zones. Foliation of the intensively sheared serpentin-
ites is parallel to the schistosity of the surrounding meta-
volcanic rocks. Along shear zones, the serpentinite bodies
are replaced by talc-carbonates due to CO2 metasomatism
(Fig. 3d). Ali et al. (2010) obtained an age of 697±5 Ma for
the small gabbroic mass of Jabal Moqsim, representing the
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age of intrusion and crystallization of the gabbro into the
already sheared serpentinite of the ophiolite. Arc metavol-
canic rocks in the Jabal Moqsim area are metamorphosed to
greenschist facies (El-Nisr 1997). Metasediments consist of
marble, schist, greywacke and subordinate conglomerate (El
Gaby et al. 1988).

Analytical techniques

Some serpentinite samples were subjected to X-ray powder
diffraction (XRD) analysis to determine their mineralogical
composition. The powder diffraction pattern of the samples
was obtained with Cu radiat ion with secondary

monochrometer. The scanning speed was 2 h01 deg/min at
constant voltage 40 kV and 40 mA using BRUKUR D8 ad-
vanced X-ray diffractometer at the Central Metallurgical and
Development Institute in Cairo, Egypt. Mineral identification
was carried out using the data given in the American Standard
Test Materials (ASTM) cards by measuring the d-values of the
different atomic planes and their relative intensities.

Mineral chemical analyses were performed by electron
probe microanalysis (EPMA) on a Cameca SX50 instrument
under operating condition of 15 kVaccelerating voltage, 20 nA
beam current, 5–10μmbeam size, and 20 s peak counting time.
Suitable synthetic and natural mineral standards were applied
for calibration. The mineral chemical analyses were carried at
the University of Texas at El Paso, U.S.A.

Fig. 2 Detailed geological
maps of the study areas (after
Ali et al. 2010), showing the
sample locations; a Jabal
Shilman area and b Jabal
Moqsim area
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Powders were prepared for analysis at the University of
Texas at Dallas (UTD) and analyzed for major and selected
trace elements (Ba, Sr, Y, Sc, Zr, Be, and V) using fusion-
ICP-MS whole rock techniques at ACTLABS, Canada
(Table 6).

Petrographic description

Jabal Shilman

Dismembered ophiolitic rocks of Jabal Shilman are
mainly ultramafics and metagabbros. The ultramafic
rocks are fine- to medium-grained with dark green or
greenish black color and are completely serpentinized.
Microscopically, serpentinites composed of more than
90 % serpentine minerals with minor opaque minerals,
carbonate, brucite and talc. Sometimes, the serpentine
minerals retain the geometric configuration of the orig-
inal mafic minerals; serpentine developed as an alter-
ation after olivine has a mesh texture while that formed
after orthopyroxene has a bastite texture. These textures
indicate dunite and harzburgite parent rocks. The ser-
pentine minerals are mainly antigorite with subordinate
lizardite. Antigorite occurs as irregular aggregates com-
posed of lamellar, platy or fibrous aggregate crystals
display flame-texture. Lizardite is mostly subordinate
and interstitial between antigorite. It occurs as elongated
crystals having fibrous habit and sometimes agglomer-
ated to give a bundle-like texture. Opaque minerals are

magnetite and minor pyrite. Disseminated chromite is
common in serpentinites and occurs as subhedral to
euhedral crystals (Fig. 4a) colored a characteristic red-
dish brown. Chromite is typically unaltered but may
have rims of ferritchromite and magnetite (Fig. 4b)
due to regional metamorphism. Carbonates are magne-
site and dolomite. Magnesite occurs as sparse crystals
and fine aggregates in the massive serpentinites or as
veinlets and pockets in the sheared varieties. The mag-
nesite veinlets are monomineralic and cryptocrystalline
with sharp contacts with the enclosing serpentinites.
Brucite appears as platy or fibrous crystals intermixed
with serpentines.

Metagabbros composed essentially of actinolite, pla-
gioclase, subordinate clinopyroxene and opaque miner-
als. They show a characteristic ophitic-subophitic
texture. Plagioclase occurs as large poikilitic plates
replaced completely by intergrown albite and epidote.
Apatite and zircon are the main accessories. Actinolite
occurs as light green laths and/or aggregates replacing
partly or completely clinopyroxene.

Jabal Moqsim

Dismembered ophiolitic rocks of Jabal Moqsim are mainly
serpentinites with a small mass of metagabbro and talc-
carbonates. The serpentinites are composed mainly of anti-
gorite and subordinate chrysotile with minor carbonate,
brucite and opaque minerals. Generally, the serpentinites
exhibit bastite and mesh textures. They commonly show a

Fig. 3 a Ophiolitic rocks of
Jabal Shilman are overlain by
arc metavolcanics, b Sharp
contact between serpentinite
and metagabbro at Jabal
Shilman, c Listwaenite ridge
associated with serpentinite in
Jabal Shilman area, and d
Serpentinite is replaced by talc-
carbonate rocks along shear
zones at Jabal Moqsim
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somewhat preferred orientation (Fig. 4c). Where crystals are
aligned in two directions, most of them trend in one direc-
tion, which may indicate changing stress direction. Antigor-
ite occurs as irregular masses composed of lamellar, platy or
fibrous aggregates that frequently display flame-like texture.
Chrysotile occurs as cross-fiber veinlets traversing the anti-
gorite matrix (Fig. 4d). Carbonate minerals are mainly mag-
nesite which occurs as fine rounded to anhedral crystals.
Disseminated chromite occurs as ellipsoidal and elongated
grains with a characteristic reddish brown or dark brown
color. Along shear zones, chromite crystals show a charac-
teristic cataclastic texture (Fig. 4e), and are replaced by
ferritchromite and magnetite. Opaque minerals are mainly
magnetite, pyrite and minor chalcopyrite. Magnetite is sec-
ondary after alteration of spinel, olivine and pyroxenes. It
occurs as both fine dusty magnetite and stringers of small
discontinuous veinlets (Fig. 4f). Brucite occurs as fibrous
crystals intermixed with serpentines.

Metagabbros are coarse-grained and consist of highly-
altered crystals of plagioclase, clinopyroxene (altered to
actinolite), amphibole and accessory apatite, Fe-oxides and

zircon. Talc-carbonates are fine grained and foliated. They
composed mainly of magnesite, talc and less commonly
serpentine minerals and chromite.

Mineral chemistry

The chemistry of preserved minerals, particularly olivine,
spinel and pyroxene, reflects the magmatic conditions and
the tectonic environment of the ultramafic parent rocks. Un-
fortunately the studied rocks are highly altered, and chromite
is the only primary mineral preserved. Chemical compositions
of serpentines, chrome spinels, magnetite and carbonates were
determined by electron microprobe techniques.

Serpentine minerals

Representative chemical analyses of the serpentine minerals
from Jabal Shilman and Jabal Moqsim serpentinites are
listed in Tables 1 and 2. The composition of the analyzed
serpentine minerals in the two localities is nearly similar.

Fig. 4 a Euhedral disseminated
chrome spinels in the
serpentinites of Jabal Shilman
(plane-polarized light), b Back-
scattered electron image show-
ing replacement of chrome-
spinel (dark gray area) by Fe-
rich spinel (light gray area)
during regional metamorphism,
c Serpentine minerals exhibit
preferred orientation (cross-po-
larized light), d Chrysotile
occurs as cross-fiber veinlets
traversing the antigorite matrix
in the serpentinites of Jabal
Moqsim (cross-polarized light),
e Back-scattered electron image
showing characteristic cataclas-
tic texture in the chromite along
shear zone, and f Back-
scattered electron image show-
ing secondary magnetite as both
fine dusty magnetite and
stringers of small discontinuous
veinlets
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They contain 42.16–45.39 wt% SiO2, 36.51–41.5 wt%
MgO, 0.0–0.76 wt% Al2O3, 1.23–7.33 wt% FeO, and 0.0–
0.62 wt% Cr2O3.

The serpentine minerals form after retrograde hydrother-
mal alteration of ultramafic rocks or by prograde metamor-
phism of preexisting serpentinites (Deer et al. 1992).
Lizardite is the most common retrograde reaction product,
while antigorite is the most common prograde reaction
product. Our petrographic studies, as well as x-ray diffrac-
tion data, revealed that the serpentine minerals of Jabal
Shilman and Jabal Moqsim are mainly antigorite with sub-
ordinate chrysotile and lizardite. This indicates that parent
minerals were first retrogressed to form chrysotile and liz-
ardite and progressive metamorphism recrystallized these
minerals into antigorite.

Chrome spinel

Representative analyses of chrome spinel and its alter-
ation products are shown in Tables 3 and 4. Fresh
chrome spinels are recorded only in the Jabal Shilman
area, while altered chrome spinels are common in the
Jabal Moqsim, because the analyzed samples from the
latter are mylonitized and located along a shear zone.
Fresh chrome spinels show high Cr2O3 contents (43.94–
55.77 wt. %) and the Cr# (0Cr/Cr+Al) ranges from 0.62
to 0.79 with an average of 0.72. Altered chrome spinels
are represented by ferritchromite and Cr-magnetite; the
former is more common. The alteration of chromite to
ferritchromite may have started during the late magmatic
stage but is mainly due to later serpentinization and
tectonism, perhaps associated with ophiolite emplace-
ment (Khudeir et al. 1992).

The Cr–Al–Fe3+ diagram (Fig. 5a) is useful for dis-
tinguishing fresh and altered chrome spinels. On this
diagram, altered chrome spinels plot along the Cr–Fe3+

join, reflecting loss of Al2O3 and Cr2O3 and increase in
Fe2O3 due to alteration and metamorphism. Fresh
chrome spinels lie along the Cr–Al join. On this dia-
gram, spinels from Jabal Moqsim are altered whereas
those from Jabal Shilman are relatively fresh. Conse-
quently, we use Jabal Shilman spinels to infer petrogen-
esis of these ophiolitic ultramafics. Fresh Cr-spinels of
Jabal Shilman are low in Al relative to Cr and are
similar in this regard to ophiolitic podiform chromite
associated with harzburgite (Fig. 5b).

Carbonates

Carbonates occur in the ultramafic rocks as sparse crystals
or as cryptocrystalline veinlets. They are mostly magnesite
and rarely dolomite (Table 5). Magnesite is an alteration
product derived from magnesium-rich igneous andT
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metamorphic rocks (Deer et al. 1992). The substitution of
Mn and Fe for Mg is limited. The sparse magnesite crystals
may have been formed during serpentinization or somewhat
later during low- to medium-grade metamorphism in the
presence of CO2. The monomineralic and cryptocrystalline
character of the magnesite veinlets indicate precipitation
from CO2-rich solutions at near surface conditions (Abu-
Jaber and Kimberley 1992). So, the magnesite veinlets
might be ascribed to local shearing accompanied by infil-
tration of solutions rich in CO2.

Geochemical characteristics

Representative chemical analyses of Jabal Shilman and Jabal
Moqsim peridotites are given in Table 6. All the serpentinites
have high LOI values (11.43 to 18.46 wt. %) which indicates
the hydrous nature of these rocks. They show highMgO (35.3
to 43.2 wt. %) and moderate Fe2O3 (6.17 to 8.29 wt. %). CaO
content is usually low (0.02 to 0.66 wt %), but is higher in few
samples (1.14 to 2.64 wt. %) due to the presence of secondary
carbonates, particularly in the more altered ultramafics of

Fig. 5 a Cr–Al–Fe3+ plot of
Jabal Shilman and Jabal
Moqsim chrome spinels and
their alteration products, and b
Al2O3 versus Cr2O3 for the
analyzed accessory fresh
chrome spinels (Bonavia et al.
1993)

Neoproterozoic ophiolitic peridotites along Allaqi-Heiani suture 841



Table 5 Microprobe analyses of altered carbonates in serpentinites of Jabal Shilman and Jabal Moqsim

Magnesite Dolomite

Jabal Shilman Jabal Moqsim Jabal Moqsim

S2a M1 M2 M1 S6

#19 #20 #24 #25 #26 #27 #35 #36 #37 #8 #22 #23 #15 #25

SiO2 2.15 0.10 0.00 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TiO2 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.03 0.04 0.03

Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00

Cr2O3 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.06 0.08

FeO 0.49 0.38 1.53 1.52 1.82 1.50 1.02 0.93 1.08 0.58 0.55 0.36 2.50 2.03

MnO 1.25 1.23 0.49 0.49 0.53 0.55 0.13 0.16 0.06 0.22 0.16 0.24 0.89 0.42

MgO 46.51 47.35 47.55 46.39 46.61 47.64 48.30 48.00 47.99 21.11 21.22 21.22 21.22 21.34

CaO 0.19 0.13 0.23 0.12 0.09 0.11 0.07 0.02 0.02 29.73 28.28 29.28 34.32 33.36

Na2O 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.00 0.02

K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.04

P2O5 0.00 0.00 0.05 0.05 0.00 0.01 0.00 0.00 0.00 0.08 0.09 0.01 0.06 0.07

F 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.07 0.05 0.01 0.00

Cl 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.07

SO2 0.00 0.01 0.02 0.03 0.00 0.02 0.00 0.00 0.00 0.02 0.01 0.06 0.07 0.03

Total 50.71 49.23 49.88 48.61 49.24 49.85 49.53 49.12 49.14 51.79 50.47 51.27 59.18 57.49

Table 6 Chemical analyses of serpentinites of Jabal Shilman and Jabal Moqsim

Rock type Serpentinite

Location Jabal Shilman Jabal Moqsim

Sample No S2a S4 S6 SH-6a SH-7a M5 M9 M13 M1 M2 M8 M12

SiO2 36.6 36.25 40.28 36.55 37.16 43.07 42.59 43.22 38.64 38.37 37.85 35.26

TiO2 0.002 0.001 0.007 < 0.01 < 0.01 0.01 0.00 0.01 0.001 0.002 0.001 0.004

Al2O3 0.33 0.33 1.29 0.22 0.39 0.33 0.38 0.77 0.51 0.55 0.17 0.27

Fe2O3(T) 7.34 7.26 8.29 6.47 7.27 6.17 6.29 6.31 7.21 7.64 6.21 6.73

MnO 0.084 0.087 0.079 0.08 0.07 0.08 0.10 0.10 0.09 0.083 0.08 0.089

MgO 37.94 38.16 35.11 37.41 38.34 38.31 37.87 34.69 38.92 37.16 37.41 37.42

CaO 0.35 0.35 0.51 0.34 0.25 0.17 0.02 2.64 0.81 1.14 0.66 0.08

Na2O 0.02 < 0.01 0.01 0.01 0.02 < 0.01 < 0.01 0.01 0.01 < 0.01 < 0.01 < 0.01

K2O < 0.01 < 0.01 < 0.01 0.02 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

P2O5 < 0.01 < 0.01 < 0.01 0.01 0.01 0.04 0.04 0.10 < 0.01 < 0.01 < 0.01 < 0.01

LOI 15.47 15.82 12.51 17.40 15.30 11.56 11.43 11.46 14.6 13.94 16.37 18.46

Total 98.136 98.258 98.086 98.51 98.82 99.74 98.72 99.31 100.79 98.885 98.751 98.313

Mg# 91.10 91.24 89.35 91.97 91.27 92.48 92.27 91.59 91.45 90.60 92.27 91.68

Ba 3 12 10 48 49 9 115 194 6 14 8 2

Sr 4 4 12 176 180 13 < 2 18 8 18 6 < 2

Y < 1 < 1 < 1 2.5 3.1 < 1 < 1 2 < 1 < 1 < 1 < 1

Sc 6 6 4 34 29 4 6 5 6 7 4 5

Zr 5 3 3 7 6 15 15 12 16 3 3 2

Be < 1 < 1 < 1 – – < 1 < 1 < 1 < 1 < 1 < 1 < 1

V 22 21 28 576 583 15 19 21 28 30 16 19

a Analyses adopted from Azer (2012)
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Jabal Moqsim. These compositions, except for high water
contents, are similar to those of fresh peridotites and indicate
limited mobility of Mg and Fe. Ca- metasomatism is a com-
mon concern in Egyptian serpentinites because of pervasive
carbonate alteration (Stern and Gwinn 1990), but the low and
restricted range of CaO and its covariancewith Al2O3 contents
in the studied serpentinites suggests that this was limited in the
analyzed samples.

The serpentinites show high Mg# (100 molar Mg/Mg+Fe),
from 89.4 to 91.2 (mean 090.6) in Jabal Shilman, slightly
higher in JabalMoqsim (from 90.6 to 92.5; mean 091.8). These
Mg-numbers for the studied serpentinized peridotites are at the
upper range of modern oceanic peridotite Mg#s (Bonatti and
Michael 1989). On the Al2O3-MgO-CaO diagram (Fig. 6a), the
Ca-depleted nature of the serpentinites is clear, and they plot
within the field of metamorphic peridotites associated with

ophiolites (Coleman 1977). The MgO/ (MgO+FeO) ratios of
the analyzed serpentinites range from 0.81 to 0.86 with an
average of 0.84. This average is similar to that of the metamor-
phic lherzolites (0.84) and metamorphic harzburgites (0.85)
given by Coleman (1977). The computed normative propor-
tions of olivine, orthopyroxene and clinopyroxene of the ana-
lyzed serpentinites are plotted on Ol-Opx-Cpx diagram
(Fig. 6b). The studied serpentinites fall within the harzburgite
field, except sample no. M13 falls in the lherzolite field.

Petrographic and geochemical data indicate that, unless
carbonated, addition or subtraction of elements other than
water and perhaps silica was limited for the studied serpenti-
nized peridotites. Therefore, it is useful to compare the
studied ultramafics with peridotites from modern tectonic
settings. The serpentinites of Jabal Shilman and Jabal Moq-
sim have very low abundances of Al2O3 (0.17-1.1.29 wt.

Fig. 6 a Al2O3–MgO–CaO diagram for the studied serpentinites
(Coleman 1977), b Ol–Cpx–Opx normative composition of the studied
serpentinites (Coleman 1977), cWhole-rock Al2O3 content in Jabal
Shilman and Jabal Moqsim serpentinites and in other Egyptian Neo-
proterozoic serpentinized peridotites compared with peridotites from

other tectonic settings (modified after Bonatti and Michael 1989); the
means of the different localities in the Eastern Desert of Egypt are
adopted from Azer and Stern (2007), and d Al2O3 vs. CaO diagram
(after Ishii et al. 1992) for comparing Jabal Shilman and Jabal Moqsim
serpentinites with peridotites from other tectonic settings
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%), similar to peridotites from modern fore-arcs and Neo-
proterozoic serpentinized peridotites from the Central East-
ern Desert (Fig. 6c). Moreover, on the Al2O3 vs. CaO
diagram (Fig. 6d) most of the analyzed samples are depleted
in Al2O3 and CaO, similar to fore-arc peridotites.

Discussion: tectonic setting and petrogenesis

ANS ophiolitic rocks have long been the subject of research
because they represent important elements for reconstruct-
ing its geodynamic evolution. They are generally interpreted
to have been generated in suprasubduction zone tectonic
settings (e.g. Nassief et al. 1984; Pallister et al. 1988; Stern
et al. 2004); similar interpretations hold for Egyptian ophio-
litic rocks (e.g. El Sayed et al. 1999; Ahmed et al. 2001;
Farahat et al. 2004; Azer and Stern 2007; Khalil and Azer
2007; Abd El-Rahman et al. 2009a, b). By contrast, MOR
tectonic setting has been inferred for the origin of Gerf and
Ghadir ophiolites in Egypt (Zimmer et al. 1995; Basta et al.
2011). Studies of the ANS ophiolitic lavas often infer a
back-arc basin geodynamic setting, but studies of the ANS
ophiolitic peridotites recognize similarities to modern fore-
arc peridotites. Seafloor spreading during subduction initia-
tion is thought to form forearc ophiolites (Pearce 2003;
Stern 2004). The controversy about the tectonic setting
where ANS ophiolites formed is important because fore-
arc ophiolites mark episodes when new subduction zones
form (Stern 2004), episodes that are associated with major
plate reorganizations. In contrast, back-arc basins can form
at any time in the evolution of a convergent plate margin.

Assessments of tectonic setting for ANS ophiolites in
general and the Eastern Desert ophiolites specifically have
focused mostly on the trace element contents of lavas but
increasingly consider evidence from the abundant serpentin-
ites. Interpreting tectonic setting of the Neoproterozoic
ophiolitic rocks on the basis of major- and trace-element
compositions of metavolcanic rocks encounters difficulties
due to effects of fractional crystallization and alteration.
Even when these problems are minimized, it can be very
difficult to distinguish fore-arc and back-arc lavas on a basis
of chemical compositions (Azer and Stern 2007). Most
researchers recognize that ANS ophiolitic lavas show tran-
sitional geochemical character between those of island arcs
and MORBs and on this basis, a back-arc basin environment
of formation is often inferred (e.g. El Sayed et al. 1999;
Farahat et al. 2004; Abd El-Rahman et al. 2009b; Farahat
2010). Formation in a fore-arc setting during subduction
initiation is increasingly considered for Egyptian ophiolites
(Azer and Stern 2007; Khalil and Azer 2007; Abd El-
Rahman et al. 2009a), partly because the hypothesis of
fore-arc spreading during subduction initiation is relatively
new (Shervais et al. 2004; Stern 2004).

Spinel and whole rock compositions of Allaqi peridotites
must be considered together for constraining petrogenesis
and thus tectonic setting. Chromite is the only primary
mineral retained in the studied serpentinized peridotite, but
even spinels can be affected during pervasive serpentiniza-
tion, as shown by Jabal Moqsim peridotite spinels, which
are ferritchromite recognizable by very low MgO contents

Fig. 7 a Cr# vs. Mg# diagram for fresh chrome spinels (after Stern et
al. 2004); the field boundaries are from Dick and Bullen (1984),
Bloomer et al. (1995) and Ohara et al. (2002), and b Cr# vs. TiO2

diagram for the analyzed accessory fresh chrome spinels (fields after
Dick and Bullen 1984; Arai 1992; Jan and Windley 1990)
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and very high FeO contents. Our study shows that such
alteration can be identified so that even completely serpenti-
nized ultramafic rocks containing no relicts of primary sil-
icate minerals, the chemical composition of the relict spinels
can be used. This approach has enjoyed wide success for
other ophiolites (Irvine 1965; Dick and Bullen 1984; Jan
and Windley 1990; Arai 1992; Sack and Ghiorso 1991;
Barnes and Roeder 2001; Sobolev and Logvinova 2005;
Arif and Jan 2006). Global studies indicate that spinels from
MOR peridotites generally have Cr#<50, while spinels in
fore-arc harzburgites generally have higher Cr# (up to 80)
and spinels from boninites typically have Cr# of 70–90
(Barnes and Roeder 2001; Ohara et al. 2002; Morishita et
al. 2011). Chemical analyses of the fresh chrome spinels in
the Jabal Shilman serpentinized peridotites are plotted on
Cr# versus Mg# diagram (Fig. 7a), which shows that Shil-
man spinels have high Cr# (av. 0.72), similar to that of
modern fore-arc peridotites. The harzburgitic composition
and low CaO contents in the studied serpentinized perido-
tites indicates that the protoliths were poor in clinopyroxene
and suggest affinities similar to the most depleted oceanic
peridotites, which today are found in forearcs (Bonatti and
Michael 1989). High Cr# for relict spinels and low abun-
dances of Al2O3 and CaO in the Allaqi peridotites are both
consistent with a harzburgite parent (Dick and Bullen 1984)
and are very similar to the composition of fore-arc perido-
tites (Fig. 6c, d; Ishii et al. 1992).

The depleted nature of the studied serpentinites is con-
firmed by using the Cr# vs. TiO2 diagram for the fresh
chrome spinels (Fig. 7b). The highly depleted peridotites
with high Cr# (>0.7) of spinels can be produced in the
mantle wedge beneath arcs or in plume-related within-
plate mantle (Pearce et al. 1984; Arai 1994; Ishiwatari et
al. 2003). The TiO2 content of spinel reflects the tectonic

site of magma generation; TiO2 is low in arc magmas,
intermediate in MORBs and high in intraplate magmas (Arai
1992). High Cr# and low TiO2 as well as their depleted
nature for the analyzed chrome spinels suggest an origin
from a mantle wedge or a sub-arc mantle. The mineral and
whole-rock chemical data reported here indicate that the
serpentinized peridotites of Jabal Shilman and Jabal Moq-
sim formed as highly-depleted mantle residues, similar to
those in peridotites from fore-arc regions of subduction
zone. Therefore, the studied serpentinized peridotites repre-
sent a fragment of oceanic lithosphere that formed in a fore-
arc environment (Fig. 8); that is, they belong to an ophiolitic
mantle sequence formed in a supra-subduction zone.

Conclusion

In this study, we used the results of the first study of the
geology, petrology, mineral chemistry and geochemistry of
ophiolitic ultramafic rocks along Wadi Allaqi to assess the
geodynamic evolution of this part of the ANS. Neoproter-
ozoic ophiolitic peridotites of the studied areas occur within
a regionally metamorphosed metasediment-metavolcanic
rocks and define the southernmost ophiolitic ultramafic
rocks in the Eastern Desert of Egypt. They were thrust over
the associated island arc calc-alkaline metavolcanics and
replaced by talc carbonates along shear zones probably
due to CO2-metasomatism.

The serpentinites show a prevalence of mesh and bastite
textures, suggesting derivation from harzburgite and dunite.
The predominance of antigorite over other serpentine min-
erals indicates that the present serpentinites were first retro-
gressed to form chrysotile and lizardite. Then, progressive
metamorphism recrystallized these minerals into antigorite,

Fig. 8 Cartoon showing the
tectonic setting of Jabal
Shilman and Jabal Moqsim
serpentinized peridotites in the
fore-arc environment (adopted
from Azer and Stern 2007)
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probably during obduction. The presence of chrysotile as
cross-fiber veinlets cutting across the other serpentine min-
erals indicates a late genesis as a result of the activity of
meteoric waters.

The serpentinized peridotites of Jabal Shilman and Jabal
Moqsim have high Mg# (89.35–92.48) and are depleted in
Al2O3 and CaO similar to that of modern oceanic perido-
tites. They show compositions consistent with formation
during the initiation of an intra-oceanic subduction. The
primary chrome spinels in serpentinites have high Cr# (av.
0.72) similar to spinels in modern fore-arc peridotites. High
Cr# in the analyzed chrome spinels indicates that they were
generated by high degree of partial melting of depleted,
harzburgitic to dunitic mantle peridotite, in an oceanic mar-
ginal basin environment. Therefore, the studied serpentinites
represent a fragment of oceanic lithosphere that formed in a
fore-arc environment which belongs to an ophiolitic mantle
sequence formed above a subduction zone.

There is much more work that needs to be carried out on
the ophiolitic rocks of the Allaqi-Heiani suture, but this
study shows some of the insights that can be gained by such
studies.
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