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Abstract: The late Neoproterozoic gabbroic intrusion of the Wadi El-Faliq area in the central Eastern
Desert of Egypt (north Arabian–Nubian Shield; henceforth, ANS) is a fresh, undeformed elliptical
body elongated in a NW–SE trend following the main sinistral strike-slip faults of the Najd fault
system. Mineralogical and geochemical evidence suggest that they were derived from hydrous
tholeiitic mafic magmas with arc-like geochemical fingerprints resembling the post-collisional gab-
broic intrusions in Saudi Arabia. Despite the arc-like signatures, their fresh and undeformed nature,
together with the field relationships, indicates that the studied gabbroic intrusion post-dates the main
collisional phase, supporting its emplacement after subduction ceased and during the post-collisional
stage. As a result, the arc-like signatures were possibly transmitted from the earlier ANS subduction
episode. Indeed, the high (La/Sm)N, and negative-Nb and positive-Pb anomalies suggest contri-
butions from subduction components. Lithospheric delamination was possibly facilitated by the
Najd faults and shear zones formed during the post-orogenic crustal extension associated with the
Pan-African orogenic collapse. The delamination process could have generated a rapid upwelling and
melting of the asthenosphere mantle. The melt-rock reaction process likely played an important role
in the genesis of the studied rocks through the interaction of the asthenosphere melts with lithosphere
mantle rocks during ascent. The HREE fractionation suggests a probable mixing between melts from
both spinel- and garnet-bearing peridotites. We suggest that the Wadi El-Faliq gabbroic intrusion
was likely emplaced due to the stretching and thinning of the lithosphere during the extensional
tectonism following the Pan-African orogeny.

Keywords: hornblende gabbro; post-collisional extension; arc-like magmatism; Najd fault system;
central Eastern Desert; Egypt

1. Introduction

The Arabian–Nubian Shield (ANS) occupies the northern part of the East African
orogen, which was formed between 900 and 530 Ma [1]. The ANS is mainly composed of
juvenile Neoproterozoic crust formed by the protracted accretion of the island arcs [2–4].
This juvenile crust was sandwiched between the continental regions of East and West
Gondwana. The continental collision occurred at 640–650 Ma following the accretion stage
which is believed to have terminated at ~700 Ma [5]. The post-collision stage occurred
between 630 and 580 Ma and was characterized by the emplacement of alkaline, calc-
alkaline, and tholeiitic magmatism during the late Neoproterozoic time [6–9]. Studying
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post-collisional magmatism in the ANS can help the understanding of the geodynamic
processes causing the termination of collision and the beginning of extensional collapse.
Moreover, it shows changes in the magma source regions related to such processes.

Mafic magmatism in the ANS was emplaced in various tectonic regimes [10–14].
Late Proterozoic mafic plutonic rocks represent a major group and a distinctive rock unit
in the Egyptian Pan-African basement complex. They are classified into younger and
older gabbroic rocks [15]. These rocks show different ages and there is no general agree-
ment regarding their source origin and tectono-magmatic evolution. Egyptian gabbroic
rocks, based on their geochemical signatures, comprise three different categories [10];
(1) metagabbro–diorite–tonalite assemblages represent the synorogenic (900–800 Ma) intru-
sions of I-type affinity and island-arc signature, (2) ophiolitic metagabbros (780–730 Ma)
constitute an essential part of the obducted ophiolite complexes, and (3) fresh “younger”
gabbros represent post-orogenic (655–570 Ma) intrusions [15,16]. The calc-alkaline island-
arc (subduction-related) and ophiolitic metagabbros of tholeiitic character belong to the
older gabbros that suffered regional metamorphism up to the lower amphibolite meta-
morphic facies [17,18]. Younger gabbros were intruded during the late Cordilleran stage,
slightly before post-orogenic granitic intrusions [19]. The post-collisional stage in the ANS
started at 610 Ma ago [20]. Based on numerous studies, the post-collisional setting is gen-
erally accepted as a proper context for the generation of the younger gabbros [8,15,16,19].
The transition from convergence to extensional tectonics occurred at ∼600 Ma during the
evolution of the ANS [21].

The Najd fault system (NFS) represents a complex set of late Neoproterozoic NW-
and NE-trending strike-slip faults and ductile shear zones in the ANS [22]. The faults
striking NW are dominant and sinistral, whereas those striking NE are rare and dextral.
The Najd faults bordered the Meatiq and other gneissic domes in the Eastern Desert of
Egypt were active between 615 and 585 Ma [23]. The sinistral strike-slip faults prevail
across the Precambrian of Arabia and Egypt [24]. They formed due to a large zone of
NW–SE trending crustal extension that was associated with the formation of the juvenile
continental crustal in the northernmost part of Afro-Arabia [24].

This study presents for the first time new geologic, mineralogical and bulk-rock geo-
chemical data of fresh intrusive hornblende gabbroic rocks located at the Wadi El-Faliq area
of the Eastern Desert of Egypt, which represents the northeasternmost part of the ANS. The
data are used to understand the tectonic emplacement of the Neoproterozoic mafic magma-
tism in the ANS and to explain the nature of the mantle source and melting conditions.

2. Geologic Setting and Petrography

The Red Sea rifting separates the ANS into two plates: the Arabian Shield to the
east and the Nubian Shield to the west (Figure 1a). The Neoproterozoic (900–550 Ma)
and Phanerozoic mafic rocks constitute an essential component of the Egyptian basement
complex, which occupies the northern part of the Nubian Shield [10–12,19,25].

The Neoproterozoic gabbroic rocks are broadly dispersed in the Egyptian Eastern
Desert [15,17,18]. In most localities over the Eastern Desert, the younger gabbros are
frequently intruded into the island-arc tonalites, trondhjemites and granodiorites (TTG)
and intruded by post-collisional highly fractionated calc-alkaline to alkaline granitoid
rocks [10,26]. In the ANS, post-collisional intrusions were emplaced during the Ediacaran
period (~620–590 Ma) in the late stages of arc amalgamation [27,28]. The Phanerozoic
gabbros commonly occur as a part of the alkaline ring complexes, which are widely
distributed in the southern Eastern Desert [29].

The NW trending sinistral strike-slip faults of the NFS of Arabia and Egypt were
developed due to the escape tectonics associated with the collisional stage and were active
during ~630–560 Ma [24]. They permitted northward orogen-parallel extension because
of the escaping of the ANS from the collision between East and West Gondwana. The
movements on the Najd faults terminated mostly in the Early Cambrian [30].
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Figure 1. (a) A schematic general map of the ANS; (b) the distribution of various Neoproterozoic
gabbroic rocks in the Eastern Desert of Egypt (modified after Abdelfadil et al. [15]). OMG: ophiolitic
metagabbro; IAG: island arc gabbro; YG: younger gabbro.

The basement rocks of the El-Faliq area belong to the Precambrian rocks of the central
Eastern Desert of Egypt as a part of the ANS. The area is covered by serpentinites, granites,
and gabbros (Figure 2). The Wadi El-Faliq crosses the Mount Hommret Waggat and Mount
El-Faliq granite masses and its surrounding terranes at the southern part of the central
Eastern Desert of Egypt (Figure 2). Serpentinites are the oldest rock unit in the area; they
are deformed and display lineation mostly trending N–NW. The granites are the most
abundant rocks and include tonalite and granodiorite, along with the alkali-feldspar granite
of Mount Hommret Waggat and Mount El-Faliq.

The tonalite and granodiorite, occurring beyond the limits of the mapped area, form
small, isolated masses of low to moderate relief and exhibit dark gray, medium- to coarse-
grained rocks containing mafic microgranular enclaves and xenoliths of older rocks [31].
They are weakly deformed and represent the older phase of granitic intrusions that were
emplaced in the subduction setting [31]. The gabbroic intrusion forms a small semicircular
mass with moderate to high relief at the extreme north of the Wadi El-Faliq and covers an
area of about 4 km2 NW of Mersa Alam city (Figure 1b). Although the granitoids have been
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intensively investigated by several authors (e.g., [31–33]), the gabbroic rocks have received
less attention and lack detailed mineralogical and geochemical studies. The gabbros are
fresh and massive without any apparent foliation and show no evidence of deformation
or metamorphism. These gabbros form an elliptical body elongated NW–SE (Figure 2a).
They are dark green, medium- to coarse-grained rocks. Hommret Waggat post-collisional
granites cover ~50 km2 with ~1050 m elevation above sea level and represent an elliptical
ring of high relief elongated NW–SE [31]. Interestingly, both the intrusions of the El-Faliq
gabbroic rocks and Hommret Waggat post-collisional granitic rocks follow the same NW–
SE trend, which is probably related to the prevailing NW-trending sinistral strike-slip
faults of the NFS of Egypt. The alkali-feldspar granites exhibit the characteristics of A-type
granites and represent the youngest igneous activity in the study area [31,33]. They are
fresh, medium- to coarse-grained rocks showing a massive appearance and distinctive
pink to red color. They intruded the gabbros with sharp intrusive contacts (Figure 2); a
characteristic feature of the younger (i.e., post-collisional) variety of gabbros. The area is
dissected by numerous structurally controlled wadis filled with quaternary deposits.
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Figure 2. (a) A simplified geological map of the Wadi El-Faliq in the central Eastern Desert of Egypt
showing the different lithologies in the area; and (b) a satellite image (ArcGIS Earth) of the northern
side of the Wadi El-Faliq showing the relationship between gabbroic rocks and granites.

The studied hornblende gabbroic rocks are fresh, dark grey, medium- to coarse-
grained, and exhibit a hypidiomorphic granular texture (Figure 3a–c). They are com-
posed essentially of plagioclase and amphibole, with lesser amounts of biotite. Ilmenite,
magnetite, chromite, titanite, apatite, and pyrite represent the accessory minerals. Very
small amounts of chlorite and epidote represent the secondary products of amphibole
alteration. Plagioclase is found as euhedral to subhedral crystals and exhibits polysynthetic
twinning with rare compositional zoning. Amphibole occurs as subhedral prismatic and
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platy crystals with occasional simple twining and zoning. It sometimes contains inclu-
sions of pyrite, plagioclase, and magnetite (Figure 3d–g). Biotite shows yellowish brown,
pleochroic, subhedral prismatic crystals with characteristic parallel extinction and a bird’s
eye pattern during extinction. It has perfect cleavage in one direction and occasionally
contains magnetite inclusions (Figure 3c). The shred-like crystals of biotite are also ob-
served. Pyrite is commonly hosted by amphiboles and sometimes rimmed by pentlandite
(Figure 3d,e). Ilmenite and magnetite occur either as small subhedral crystals or as large
euhedral crystals among and/or within plagioclase and amphibole (Figure 3f,g). Apatite is
commonly found within amphibole as anhedral to subhedral small crystals (Figure 3c).
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Figure 3. Photomicrographs and back-scattered electron (BSE) images from the Wadi El-Faliq
hornblende gabbros showing: (a,b) aggregation of plagioclase, hornblende and biotite as major
mineral components (a-PPL; b-XPL) in a typical hypidiomorphic texture; (c) association of coarse-
grained hornblende and plagioclase, typical of granular hypidiomorphic texture; (d) intergrowth
of hornblende and biotite, where both of them host inclusions of apatite and magnetite, respec-
tively; (e) intergrowth of coarse-grained plagioclase, magnetite and hornblende where the later
hosts pyrite; (f) subhedral pyrite penetrated by pentlandite; (g) intergrowth of ilmenite and titanite
inside a coarse-grained hornblende crystal; and (h) aggregates of plagioclase, epidote and magnetite
inside hornblende.
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3. Analytical Techniques

For the mineralogical analysis, typical thin polished sections were prepared. The
chemistry of the different minerals was probed using an electron microprobe (CAMECA
SX100; University of Vienna, Vienna, Austria). The concentration of major, trace, and rare
earth elements (REEs) in the gabbroic rock samples was measured using X-ray fluores-
cence (University of Vienna, Vienna, Austria) and an inductively coupled plasma mass
spectrometer (ICP-MS; University of Graz, Graz, Austria). More details are provided in the
Supplementary Material S1.

4. Results
4.1. Mineral Chemistry

The chemical compositions and chemical formulas of the essential (plagioclase, amphi-
bole, and biotite), accessory (magnetite, ilmenite, titanite, and apatite) and secondary (chlo-
rite and epidote) minerals in the gabbroic rocks are, respectively, listed in Supplementary
Materials S2 (Tables S1–S8).

Plagioclase feldspars are mostly calcic (CaO = 7.63–13.55 wt.%; Supplementary Table
S1) and range in composition from andesine to labradorite (An41-62) (Figure 4a), such as
the post-collisional hornblende gabbros from southeast Sinai [10]. Amphiboles belong
to the calcic group (Ca = 1.73–1.99 apfu; Supplementary Table S2) and are mostly classi-
fied as magnesiohornblende with subordinate actinolite (Figure 4b). They have variable
Al2O3 (2.11–8.65 wt.%) and low TiO2 (0.23–1.61 wt.%) contents. Their Si and Ca + Na + K
(apfu) chemical characteristics suggest a magmatic origin [34]. This is supported by the
Aliv/Alvi ratios which are typical of primary igneous calcic amphiboles (Figure 4c). Their
Mg# (Mg/Mg + Fe2+) values of 0.69 to 0.85 are similar to those of post-collisional gabbroic
intrusions in the ANS [8]. Biotite is observed in a few thin sections and has a narrow compo-
sitional range (Supplementary Table S3). It is generally enriched in TiO2 (4.31–5.11 wt.%),
suggesting magmatic origin [35]. Moreover, the chemical properties indicate that it is a
Mg-rich biotite of magmatic origin (Figure 4d,e). The high FeO (19.02–21.09 wt.%) and MgO
(10.37–11.84 wt.%) and low MnO (0.09–0.15 wt.%) contents indicate a high temperature of
crystallization [36]. The analyzed Fe-Ti oxides include ilmenite and magnetite. Ilmenite
has a notably high MnO content (2.54–2.61 wt.%; Supplementary Table S4), which could be
attributed to the retention of the pyrophanite (MnTiO3) component in this phase [37].

Magnetite is chemically homogenous with the high FeO (91.21–92.45 wt.%) and low
TiO2 (0.11–0.36 wt.%) contents (Supplementary Table S4) typical of pure magnetite. Titanite
has high TiO2 (38.99–40.79 wt.%) and CaO (28.25–29.02 wt.%) with low Al2O3, FeO, MnO,
and MgO concentrations (Supplementary Table S5). The sulfide compositions comprise
pyrite and pentlandite (Supplementary Table S6). Pyrite shows limited and high contents
of S (39.40–39.66 wt.%) and Fe (57.44–58.44 wt.%) with traces of Ni and Co. Pentlandite
contains high S (35.19–36.18 wt.%), Fe (28.83–31.37 wt.%), and Ni (27.15–32.46 wt.%) with
low Co content (2.41–5.19 wt.%). Pyrite has clearly higher S and Fe and lower Ni and
Co relative to pentlandite. Chlorite and epidote represent the main secondary miner-
als. The chlorite compositions display a constricted range of SiO2 (26.83–27.11 wt.%),
MgO (17.96–18.62 wt.%), Al2O3 (19.97–20.47 wt.%), and FeO (20.73–21.12 wt.%) contents
(Supplementary Table S7). They have Si (5.56–5.62 apfu) and Fe/(Fe + Mg) ratios (0.39–0.40)
consistent with ripidolite compositions (Figure 4f). Epidote has low FeO (8.69–9.86 wt.%)
with a pistacite endmember [XPs = molar Fe3+/(Fe3+ + Al) ranges from 0.19 to 0.21]
(Supplementary Table S8), suggesting a secondary origin [38].
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Figure 4. (a) Classification of plagioclase on Ab-Or-An ternary diagram; (b) Mg/(Mg + Fe2+) vs.
Si classification diagram for amphiboles [39]; (c) variation of Aliv/Alvi ratios in Ca-amphiboles of
igneous and metamorphic (low- and high-pressure) origin [40]; (d) chemical composition of biotites
based on (Fe + Mn + Ti − Alvi) vs. (Mg − Li) diagram [41]; (e) the (FeOT + MnO) − (10 × TiO2) −
MgO ternary diagram of Nachit et al. [35], showing the magmatic affinity of the analyzed biotite; and
(f) plot of chlorite composition in the classification diagram of Hey [42].

4.2. Bulk-Rock Geochemistry

The bulk-rock geochemical analyses of the Wadi El-Faliq hornblende gabbros are
listed in Table 1. The rocks are homogeneous in composition with low LOI contents
(1.15–1.63 wt.%) and display a narrow range of SiO2 (50.17–53.13 wt.%), Al2O3
(17.83–19.93 wt.%), Fe2O3 (7.78–9.62 wt.%), MgO (4.08–6.37 wt.%), and CaO (9.32–11.29 wt.%).
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They have low total alkalis (2.73–3.53 wt.%) and a sodic nature (Na2O/K2O > 1), with Mg#
(100 × Mg/Mg + Fe2+) ranging between 49.32 and 60.77. On the total alkalis vs. SiO2 dia-
gram (Figure 5a), their compositions range from gabbro to gabbroic diorite (for simplicity,
hereafter, we use gabbroic rocks). They have variable compatible trace elements comprising
Cr (123–218 ppm), Ni (71–124 ppm), Co (27–45 ppm), and Sc (19–29 ppm). The incom-
patible large ion lithophile elements (LILE) indicate significant contents (Rb = 24–42 ppm,
Ba = 208–365 ppm, Sr = 472–562 ppm). Except for Zr (49–101 ppm), the samples con-
tained low concentrations of the high field strength elements (HFSEs), particularly Th
(1.5–2.3 ppm), U (0.7–1.2 ppm), Nb (2–6 ppm), Ta (0.3–1.2 ppm), and Hf (0.9–1.5 ppm).

Table 1. Bulk-rock (major, trace and REEs) geochemical data of the Wadi El-Faliq gabbro, central
Eastern Desert, Egypt.

Sample FGB-01 FGB-02 FGB-03 FGB-04 FGB-05 FGB-06 FGB-07 FGB-08 FGB-09 FGB-10 FGB-11 FGB-12 FGB-13

SiO2 53.13 51.99 51.07 51.18 52.23 52.07 52.81 50.17 52.39 50.17 51.41 51.29 50.27
TiO2 0.47 0.63 0.55 0.69 0.56 0.57 0.62 0.49 0.62 0.55 0.49 0.69 0.71

Al2O3 17.83 18.52 18.19 19.36 18.04 18.46 18.49 18.66 19.01 19.71 18.49 18.27 19.93
Fe2O3

T 7.78 8.35 9.33 8.75 8.73 9.16 8.88 7.82 8.31 8.51 9.35 9.62 8.77
MnO 0.07 0.08 0.08 0.07 0.06 0.11 0.09 0.11 0.08 0.08 0.12 0.08 0.09
MgO 5.39 4.96 5.94 5.42 6.37 5.31 4.72 6.11 4.08 4.92 4.86 4.93 5.61
CaO 10.86 10.92 10.17 10.43 9.85 9.32 9.44 11.29 10.83 10.98 10.64 10.33 10.42

Na2O 2.25 2.79 2.76 2.27 2.29 2.71 2.56 2.75 2.78 2.69 2.43 2.57 2.83
K2O 0.48 0.46 0.42 0.49 0.52 0.82 0.93 0.69 0.49 0.63 0.77 0.64 0.55
P2O5 0.29 0.18 0.21 0.18 0.22 0.18 0.19 0.23 0.21 0.18 0.18 0.22 0.19
LOI 1.23 1.17 1.2 1.34 1.19 1.38 1.35 1.42 1.19 1.63 1.42 1.15 1.22
Total 99.78 100.05 99.92 100.18 100.06 100.09 100.08 99.74 99.99 100.05 100.16 99.79 100.59
Mg# 57.85 54.06 55.78 55.10 59.11 53.45 51.29 60.75 49.31 53.39 50.73 50.38 55.89
As 3.9 2.7 2.5 2.1 2.7 1.8 1.3 2.1 1.6 1.3 1.7 2.3 1.9
Ba 268 328 299 273 365 208 245 314 255 232 239 271 264
Co 32 28 31 27 35 34 36 38 41 39 45 39 34
Cr 199 138 144 208 202 218 197 191 123 157 143 182 174
Cu 33 36 27 41 53 29 46 39 24 62 34 51 49
Ga 15 16 16 15 15 21 19 17 16 18 16 15 17
Hf 1.2 1.1 0.9 1 1.5 1.1 1.5 1.3 1.2 1.4 1.2 1.1 1.3
Nb 5 5 4 2 4 5 4 4 5 6 4 5 4
Ni 95 89 105 88 111 94 79 102 76 89 124 96 71
Pb 4 2 3 3 4 6 4 5 4 7 5 5 3
Rb 24 31 38 31 29 40 37 36 35 34 39 33 42
Sc 21 27 19 28 24 25 26 28 27 29 26 27 24
Sr 531 496 556 478 512 562 551 559 472 516 548 493 477
Ta 0.5 0.4 1.2 0.6 0.8 0.4 0.5 0.4 0.3 0.6 0.5 0.4 0.7
Th 2.1 1.7 1.8 1.5 1.9 1.8 2.2 2.1 2 2.2 2.3 1.9 1.7
U 0.9 1.2 0.8 0.9 1.2 0.7 1.2 0.9 1.1 1.3 0.9 1.2 0.8
V 182 194 197 193 185 218 169 184 178 201 193 159 145
Y 8 10 9 8 11 12 14 9 13 11 9 12 10

Zn 66 64 61 58 59 63 71 65 69 68 71 63 72
Zr 82 77 76 81 83 101 78 65 98 67 49 93 69
La 12.21 - 17.51 - 14.84 12.71 - 18.32 13.09 - - 18.12 14.95
Ce 27.30 - 29.14 - 23.04 28.28 - 21.12 24.47 - - 31.69 27.95
Pr 2.91 - 3.04 - 2.85 3.15 - 2.91 2.78 - - 3.12 3.01
Nd 14.37 - 14.45 - 13.25 13.69 - 12.97 14.65 - - 13.82 12.66
Sm 3.14 - 3.28 - 3.78 2.98 - 3.09 2.99 - - 3.48 3.72
Eu 1.07 - 0.97 - 0.95 1.05 - 1.06 1.11 - - 1.03 0.99
Gd 3.22 - 3.86 - 3.45 3.41 - 3.08 2.78 - - 3.09 4.02
Tb 0.55 - 0.62 - 0.49 0.52 - 0.46 0.57 - - 0.43 0.53
Dy 2.56 - 2.59 - 2.81 2.49 - 2.61 3.01 - - 2.81 3.11
Ho 0.69 - 0.55 - 0.58 0.65 - 0.67 0.61 - - 0.63 0.78
Er 1.59 - 1.67 - 1.46 1.57 - 1.44 1.38 - - 1.46 1.61
Tm 0.22 - 0.24 - 0.31 0.27 - 0.29 0.23 - - 0.24 0.31
Yb 1.57 - 1.48 - 1.51 1.68 - 1.53 1.42 - - 1.55 1.33
Lu 0.21 - 0.23 - 0.2 0.23 - 0.24 0.19 - - 0.23 0.21
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Figure 5. (a) Total alkalis vs. SiO2 [43]. The red line separates alkaline and subalkaline compositions
adopted from Irvine and Baragar [44]; (b) primitive mantle-normalized trace element patterns; and
(c) chondrite-normalized REE patterns. Normalization values and average OIB are from Sun and
McDonough [45]. Post-collisional gabbros from the Eastern Desert and southeast Sinai in the ANS
were used for comparison [10,46].

The primitive mantle-normalized spider diagram (Figure 5b) shows that the studied
gabbroic rocks are enriched in Pb and depleted in HFSE (Th, Nb, Ti, and Y). The character-
istic positive-Pb anomalies and HFSE depletion are comparable to those of post-collisional
gabbros from the Eastern Desert and southeast Sinai [10,46] (Figure 5b). The trace ele-
ment patterns are distinctive compared to average Ocean Island Basalt (OIB) with variable
anomalies (Figure 5b). The chondrite-normalized REE patterns (Figure 5c) show relatively
steep patterns enriched in LREEs compared to HREEs without Ce anomalies. The range
of Eu anomalies (Eu/Eu* = 0.78–1.18) are comparable to those of the Eastern Desert and
Sinai post-collisional gabbros [10,46]. Compared to average OIB, they are REE-depleted,
particularly in LREEs, and have somewhat similar HREEs (Figure 5c). The REE patterns are
identical to post-collisional gabbros from the Eastern Desert and southeast Sinai (Figure 5c).
The trace and REE patterns are generally comparable (Figure 5b,c). They show Zr/Hf ratios
(40.8–91.8) higher than the chondritic value (34.3 ± 0.3; [47]), resembling those observed in
oceanic and continental basalts [11,12,48].

5. Discussion
5.1. Post-Magmatic Alteration and Crustal Contamination

The low LOI contents and the absence of Ce anomalies (Figure 5c) indicate insignificant
post-magmatic alteration, consistent with petrographic investigation. Moreover, their alkali
contents are typical of unaltered gabbros (Figure 6a). The sub-chondritic Nb/Ta (3.33–16.67)
ratios further confirm this inference and reflect the mantle composition [49]. The low
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Th/La ratios (0.10–0.17) and negative Th anomalies (Figure 5b) exclude contamination
with crustal materials [50]. Moreover, the low Th/Ce (0.06–0.10) and Th/Nb (0.34–0.75)
ratios rule out crustal contamination processes from gabbroic magma genesis [51]. The
average concentrations of Ba (274 ppm) and Sr (519 ppm) are higher than those of the
continental crust (Ba = 259 ppm, Sr = 348 ppm; [52]). Moreover, they possess low Lu/Yb
(0.13–0.16) ratios identical to mantle-derived magmas and lower than continental crust,
consistent with derivation from a mantle source lacking contamination with continental
crust materials [45,52]. As a result, their bulk-rock data reveal a primary magmatic signature
and reflect mantle source characteristics.
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Figure 6. (a) Plot of Na2O + K2O vs. Na2O/K2O [53], showing the unaltered nature of the rocks; and
(b) plot of MgO vs. CaO. The red broken arrow is the typical liquid line of descent (LLD) for primary
magmas that crystallize gabbro in the crust [54]; and (c) plot of Eu/Eu* vs. CaO.

5.2. Crystal Fractionation

The primary mafic magmas equilibrated with upper mantle mineralogy show high
Mg# values (>70), compatible trace elements (Ni > 400–500 ppm, Cr > 1000 ppm) and
low SiO2 contents (<50 wt.%) [55]. So, the low Mg# values and compatible trace element
contents of the studied rocks indicate that they do not represent primary magma and have
experienced varying degrees of crystal fractionation before emplacement. The relatively
wide range of Mg# values as well as the Cr, Ni, and Sc contents reflect variable degrees of
olivine and clinopyroxene fractionation. Indeed, the range of CaO and MgO contents in
the studied rocks follows the typical liquid line of descent (LLD) for primary magmas that
crystallize gabbros in the crust (Figure 6b). In Figure 6b, the noticed CaO drop often arises
at a range of MgO content below ~7–10 wt.%, which is consistent with the fractionation
of olivine, clinopyroxene, and plagioclase from their primary magmas [54]. This drop in
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CaO characterizes the differentiated mafic magmas that crystallize gabbros in the crust [54].
The studied rocks follow the LLD trend, which indicates fractionation of olivine, pyroxene,
and plagioclase and argues for the evolved nature of the studied rocks. Although the
presence of Eu anomalies (Eu/Eu* = 0.78–1.18) may suggest plagioclase fractionation, the
lack of correlation between the CaO and Eu/Eu* (Figure 6c) excludes a role of plagioclase
fractionation. Accordingly, olivine and pyroxene represent the main fractionating phases.

5.3. Nature of the Mantle Source and Melting Conditions

Mantle-derived magma has low Lu/Yb ratios, which is the case for the studied gab-
broic rocks (Lu/Yb = 0.13–0.16; [45]). Moreover, they show identical chondrite-normalized
REE patterns consistent with derivation from a common mantle source. The sub-chondritic
Nb/U (2.22–7.14) and Nb/Ta (3.3–16.67) ratios reveal mantle source depletion by a former
melting extraction event [56]. Zr and Nb concentrations can reveal mantle source enrich-
ment or depletion [57]. The Zr versus Nb relationship confirms the generation of gabbroic
magma from a depleted mantle source (Figure 7a).

Oceanic basalts show relatively high and uniform Nb/U ratios [58]. In contrast,
several continental flood basalts show low Nb/U and Nb/La ratios [59]. Arndt and Chris-
tensen [60] suggest that the negative Nb anomalies observed in several continental flood
basalts could not be generated directly from the melting of the lithospheric mantle source.
They showed that the Nb fractionation likely arises from the melt-rock reaction process.
This process occurs during asthenospheric melt ascent through the lithosphere mantle due
to the different reaction rates of minerals in metasomatized peridotite [59,60]. The low
Nb/U (2.22–7.14) and Nb/La (0.22–0.41) ratios of the studied gabbroic rocks along with the
negative Nb anomalies likely suggest the contribution of such a fractionation process in
their genesis. Therefore, the melt-rock reactions during the ascent of the asthenospheric
melt through the lithospheric mantle could explain the origin of the studied gabbroic
rocks [59]. Furthermore, the origin of the post-collisional gabbros in the Arabian Shield
was attributed to this process [8].
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Figure 7. (a) Zr–Nb diagram [57]. Post-collisional gabbro field is used for comparison [8,10]; and
(b) Sm/Yb vs. Sm diagram [61], showing melt curves for different starting materials (garnet lherzolite,
spinel + garnet lherzolite, and spinel lherzolite) based on the non-batch melting equations of Shaw [62].
The dashed and solid curves represent the melting trends for depleted mantle (DM, Sm = 0.3 ppm
and Sm/Yb = 0.86; [63]) and enriched subcontinental lithospheric mantle (SCLM, Sm = 0.6 ppm and
Sm/Yb = 0.96; [64]), respectively. Partition coefficients are from McKenzie and O’Nions [63]. The
numbers refer to the degrees of partial melting.

The high (Gd/Yb)N ratios (1.62–2.5) of the studied rocks reveal residual garnet in the
source region during melting [65]. The asthenosphere mantle source is predominantly
garnet peridotite; however, anhydrous garnet peridotite is not a proper mantle source for
the studied gabbroic rocks due to their super-chondritic Zr/Hf ratios. These ratios cannot
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be generated by the melting of a dry garnet peridotite source but require a volatile contribu-
tion [66], because peridotite shows analogous Zr and Hf partitioning coefficients [67]. This
inference is supported by presence of hydrous minerals of primary igneous origin such
as amphibole and biotite, which reveal crystallization from hydrous magma. Amphibole
crystallization requires magma with a high-water content (>3 wt.%; [68]. The very low
Nb/Th (<8) and variable Zr/Nb (11–41) ratios also indicate a hydrated mantle source [69].

The REEs, particularly HREEs in mafic magmas, are commonly used to constrain
the mantle-melting depths [70,71]. This is possibly due to their dramatic changes in
partitioning during partial melting of spinel peridotites against garnet peridotites. Garnet
shows a strong preference for HREE, and thus melts in equilibrium with garnet having
high (Tb/Yb)N and (Dy/Yb)N ratios [70,71]. Due to garnet stability in mantle peridotite
at higher pressures compared to spinel, the REEs, particularly the HREEs, can be used
as a kind of geobarometer [72]. Blundy et al. [70] suggested that partial melts produced
from a spinel-peridotite source show nearly flat chondrite-normalized HREE patterns,
i.e., (Dy/Yb)N ratios ≤ 1.06, whereas those generated from a garnet-peridotite source have
(Dy/Yb)N ratios > 1.06. The studied gabbroic rocks display a wide range of (Dy/Yb)N
ratios (0.99–1.57), which possibly indicate a mixing between partial melts of both spinel
and garnet peridotites. Garnet signatures can be estimated from the (Tb/Yb)N ratios,
where higher ratios (>1.8) indicate higher pressures of partial melting in the garnet stability
field [71]. The studied gabbroic rocks also show a wide range of (Tb/Yb)N ratios (1.27–1.9),
suggesting that the fractionation of HREEs cannot be explained by the melting of a single
mantle source but requires the mixing of melts from both the spinel- and garnet-bearing
peridotite-mantle sources [71]. Thus, the melting probably occurs at depths between the
spinel and garnet stability fields, indicating a moderate depth of melting (i.e., 60–80 km).
Since Yb is strongly compatible with garnet, the Sm/Yb ratio is garnet-dependent and is
used to constrain the mineralogy of the mantle source in mafic magmas [64]. The Sm/Yb
versus Sm diagram (Figure 7b) shows that all rock samples are plotted between the garnet-
and spinel + garnet-lherzolite melting curves, further supporting the presence of garnet
and spinel in the mineralogy of the mantle source. It is obvious that the studied samples
displaced from the spinel + garnet-lherzolite (50:50) melting curve to the garnet-lherzolite
melting curve, suggesting more garnet than spinel (Figure 7b). According to Figure 7b, the
studied gabbroic rocks may be crystallized from melts produced by about 10–30% degrees
of partial melting.

5.4. Geotectonic Setting and Magmatic Affinity

The field relationships show that the gabbroic rocks are intruded by the post-collisional
alkali-feldspar granites (Figure 2) and are undeformed and unmetamorphosed. The geo-
chemical characteristics also support their unmetamorphosed nature (Figure 6a). Moreover,
the gabbroic and granitic intrusions show a NW–SE trend, like that of the NFS, which
likely suggests a relation to the extension associated with the NFS at the end of the Pan-
African orogeny. The presence of primary amphibole and biotite in the studied rocks
reflects the hydrous nature of the parental mafic magma. The rocks belong to the sub-
alkaline suite and exhibit tholeiitic affinity (Figures 5a and 8a). They show high La/Nb
ratios (2.4–4.6) reflecting a subduction-like signature [69]. The negative-Nb and positive-Pb
anomalies and the high Ba/Nb (38.7–136.5) and La/SmN (2.51–3.83) ratios also confirm
the subduction-like characteristics [56,73,74]. They have Nb/Th and La/Nb ratios com-
parable to those of arc-like gabbroic rocks (Figure 8b). Additionally, they are plotted in
the tholeiite field of arc and within-plate rocks (Figure 8c), supporting both the arc-like
and the rift-related signatures. The subduction- and arc-like signatures, possibly result-
ing from the melting of a mantle source, metasomatized during the former subduction
phase in the ANS [8,10,12]. A subduction-like signature in a post-collisional intrusion
is likely due to the inheritance of geochemical tendencies from the former subduction
phase in the ANS [8,10]. Moreover, the Pb enrichment and the HFSE depletion (Figure 5b)
along with the REE patterns (Figure 5c) all resemble other post-collisional gabbros in the
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ANS [8,10,15,28,46]. The TiO2-Y/20-K2O ternary diagram indicates affinity to intracon-
tinental rift gabbros (Figure 8d). Moreover, they overlap the field of the post-collisional
gabbros from ANS (Figures 7a and 8a,b). These inferences suggest that they were probably
derived from hydrous tholeiitic magma emplaced in a post-collisional setting during an
extensional phase at the end of the Pan-African orogeny.

5.5. Geodynamic Setting

The Neoproterozoic evolution of Egypt involves three main tectono-metamorphic
events. Ophiolite obduction and island-arc terrane accretion represent the first event
(820–720 Ma) [75]. The collisional stage is the second event (620–650 Ma); during this
period, the accreted juvenile terranes were attached to the East Saharan Craton [76]. The
post-collisional stage represents the third event during which widespread calc-alkaline
(630–590 Ma) and alkaline (610–580 Ma) magmatism intruded the northern part of the
ANS, pointing to their coeval generation between 610 and 590 Ma [77]. This magmatism
is markedly distinct from the arc-related (collisional) one that was produced via the con-
sumption of the Mozambique oceanic crust and the accretion of West and East Gondwana.
The studied gabbroic rocks show geochemical characteristics consistent with subduction-
and arc-like magmas (Figure 8b,c). However, their unmetamorphosed and undeformed
nature along with their field relationships indicate that the studied gabbroic intrusion
is post-orogenic and post-dates the main collisional stage, supporting its emplacement
after subduction termination. Moreover, they show geochemical characteristics consistent
with post-collisional gabbroic intrusions (Figure 5b,c, Figures 7a and 8a,b). These features
distinguish them from the early phases of subduction- and arc-related gabbros, which are
both metamorphosed and deformed [10,78]. The subduction-like geochemical signature
of the studied rocks was probably inherited from the previous subduction event in the
ANS [10,78].
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igneous rocks [44]; and (d) TiO2–Y/20–K2O triangular diagram discriminating between arc and
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Post-collisional magmatism forms as a result of lithospheric extension and astheno-
spheric mantle upwelling in the final stage of the orogenic process [82]. In the ANS,
post-collisional magmatism has been attributed to a lithospheric delamination mecha-
nism [7,83]. Lithospheric delamination permits the rapid rising of the asthenosphere
mantle and melting due to the adiabatic release of pressure. Faults and shear zones formed
during post-orogenic crustal extension assisted in this process [84]. The prevalence of exten-
sional structures in the Eastern Desert of Egypt, such as strike-slip faults and shear zones
of the NFS, metamorphic core complexes, and dyke swarms, supports this mechanism [84].
Therefore, younger post-collisional gabbroic intrusions in the ANS, including the studied
rocks, are related to the extension associated with the orogenic collapse [27,85].

6. Conclusions

The Wadi El-Faliq gabbroic intrusion, a part of the Precambrian basement rocks of the
central Eastern Desert of Egypt, is a fresh, undeformed elliptical body, elongated in a NW–
SE trend, tracking the major sinistral strike-slip faults of the NFS. The mineralogical and
geochemical characteristics indicate its derivation from hydrous tholeiitic mafic magmas
with arc-like geochemical signatures similar to the post-collisional gabbroic intrusions
in Saudi Arabia. Despite the arc-like signatures, its fresh and undeformed nature, along
with the field relationships, suggests that the studied gabbroic intrusion post-dates the
main collisional stage and supports its intrusion after subduction termination during the
post-collisional stage. Accordingly, the arc-like fingerprints were probably inherited from
the earlier subduction phase of the ANS. In fact, the elevated (La/Sm)N and negative-Nb
and positive-Pb anomalies indicate the influence of subduction components. The Najd
faults and shear zones created during the post-orogenic crustal extension associated with
orogenic collapse possibly caused lithospheric delamination, which in turn could have
produced rapid upwelling and melting of the asthenosphere mantle. The melt-rock reaction
process, where asthenospheric melts interacted during ascent with the lithosphere mantle
rocks, likely played an important role in the gabbroic rock genesis. The HREE fractionation
might indicate the mixing of melts from both spinel- and garnet-bearing peridotites. Based
on the available data, we propose that the emplacement of the Wadi El-Faliq gabbroic
intrusion is perhaps related to the stretching and thinning of the lithosphere during the
extensional tectonics following the Pan-African orogeny.
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