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ABSTRACT

The Al-Magatirah and Al-Ahkum areas are located in SE of Taiz within the southwestern outcrops of the basement
rocks of Yemen, which represent the southern extension of the Arabian Nubian Shield (ANS). This paper focuses
on the study of gabbroic intrusions that have invaded these basement rocks in these areas.

These gabbroic intrusions were unmetamorphosed, variably altered, and sometimes affected by Na-rich fluid
fluxes. They exhibit many types of textures and structures, and according to the abundance and appearance of
major mineral constituents, these gabbroic rocks are classified into several types. Chemically, these gabbroic
intrusions are classified as low-Ti intrusions generated from low-Ti magma, which is characteristic of an intra-
oceanic island arc setting and formed in a subduction zone setting by partial melting and re-melting of a depleted
peridotite mantle source. However, some samples show indications of subsurface mixing of contemporaneous
magma batches with low Ti and high Ti compositions. The major element compositions of these gabbroic rocks
reflect their derivation from primitive magma subjected to significant degrees of fractional crystallization.

These gabbroic intrusions have an ocean island basalt (OIB) signature and transitional character of magma
from alkaline to sub-alkaline (tholeiitic) magma series, which indicate their derivation by variable degrees of partial
melting of the mantle source at various depths during the change from arc to intraplate setting. The OIB signature
of these mafic intrusions suggests lithospheric attenuation and significant upwelling of the asthenosphere caused
by continental rifting, which mostly occurs during the formation of the Arabian lithosphere. Finally, the studied
gabbroic intrusions can be compared with similar gabbroic intrusions in the Arabian-Nubian shield from Saudi
Arabia, which are emplaced post-collision at the end of the Pan-African Orogeny and generated from mafic
magma derived from a peridotite mantle source.
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1. INTRODUCTION Sea Coast (Fig.1). These basement rocks are com-

posed of migmatized gneisses formed under conditions
of medium-to high-grade ampbhibolite facies (e.g. [3-9]
with volcanosedimentary belts metamorphosed in the
green schist facies in the internal parts, whereas at the
edges, they have to varying extents been affected by
granitic intrusions [10]. Within the Precambrian outcrops
of Yemen, there is evidence of extensive acidic and mafic
magmatic activity that ranges from early syntectonic to
late tectonic or anorogenic [11-13]. Such mafic magma-

The Precambrian basement rocks of Yemen represent
the southern extension of the Arabian Nubian Shield
(ANS) and cover an area of approximately 150,000 Km?
of the total area of the country [1, 2]. These rocks
are exposed in the northwestern parts (Sadah-Hajah
regions),southwestern parts (Taiz region), and central
parts (Al-Bayda region) with small exposures East of
Al-Mukalla and small erosional remnants along the Red
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tism has been documented within the Arabian Nubian
Shield in the western part of Saudi Arabia (for example,
[14—18][14-18], Eygpt (for example, [19—22], Yemen (for
example, [3, 23] and Sudan (for example, [24, 25]. This
mafic magmatism is represented by the older metagab-
bros, which have been regionally metamorphosed during
the Neoproterozoic (~ 850-780) and the younger gab-
bros, which are mostly fresh and unmetamorphosed
during ~ 620-590 Ma in a post-collisional regime follow-
ing the late stages of arc amalgamation in the Arabian
Nubian Shield (refer to the previous references).

The study areas (Al-Magqatirah and Al-Ahkum) are
situated on the southwestern outcrops of the basement
rocks of Yemen, which are located in the SE of the Taiz
governorate (See Fig. 1) and separated from the cen-
tral block by the Ad Dali graben, which is related to the
Najd Fault system [10]. The basement rocks of SE Taiz
are considered to be of Precambrian age [26-30], [10]
and can be correlated well with recently dated rocks in
the central block (Abas and Al-Bayda terranes), which
yielded ages up to 2.53 Ga [11, 13] (See Fig.1).

2. GEOLOGICAL SETTING

Al-Magatirah and Al-Ahkum areas are located in the SE
Taiz governorate, approximately 76 km and 70 km from
Taiz City, respectively, near Al-Turbbah Town. Both areas
were covered by various types of rocks ordered in this
study according to their relative ages, field relations, and
observations. These rocks comprise the basement rocks,
followed by a thick sequence of sedimentary rocks, and
finally by younger dykes that dissected all of the older
rocks (Figs. 2 and 3).

The basement rocks in the Al-Magatirah and Al-
Ahkum areas are represented by gneisses, migmatites,
schists, and amphibolites that have undergone medium-
to high-grade regional metamorphism during the Pan-
African orogeny [13, 29, 31], [4-9]. These rocks were in-
truded by gabbroic and granitic rocks, mafic/felsic dykes,
and veins belonging to this period [32] or younger periods
and covered in many parts by sedimentary rocks (Fig.
4a). The gneisses are the dominant rocks that show gray
to pinkish gray colors and a strongly foliated structure
composed of alternating technocratic and melanocratic
bands. They are subjected to a high degree of migmati-
sation and deformation (folding and faulting). Migmatites
are widely developed and exhibit various types of struc-
tures, such as stromatic (layered), phlebitis (veined), and
ophthalmic (augen) migmatites [33]. The schist rocks
are exposed in Wadi Al-Ahkum within gneisses and have
light gray to gray colors, fine-to-medium-grained texture,
and foliated structure. Amphibolites occurr as uncomfort-
able lateral elongated bands intercalated with gneisses,
mostly in the NE-SW direction. They are variably altered
with gray to greenish-gray colors, foliated structures, and
medium-grained textures.

Granitic rocks occur as intrusions, plugs, small dykes,
and off-shoots intruding and crossing the basement rocks
and gabbroic intrusions (See Figs. 2 and 3), and some-
times contain xenoliths of these rocks. Granitic intru-
sions are mostly fresh, highly fractured, and pink-to-
pinkish grey in color. Their textures vary from coarse-
grained central parts to fine-grained and ability textures
toward their peripheries. Field relations indicated that
the granitic intrusions were younger than the gabbroic
intrusions and most likely derived from different sources.
The Granitic plugs, dikes, and off-shoots are distributed
throughout the study areas in several directions and have
variable thicknesses (< 1m to a few meters).

The sedimentary rocks are represented by a thick se-
quence of the Cretaceous Al-Tawilah Sandstone Group,
which occurs as horizontal strata that unconformably
overlie the basement rocks in many parts of the study
area (See Fig. 4a).

Finally, all these rocks are crossed by numerous dikes
of basaltic composition, which represent the youngest
rock units in the study areas (mostly of Tertiary age).
They have variable thicknesses (up to a few meters) and
are mostly oriented in a NW-SE direction parallel to the
Red Sea trend. In the following sections we give a de-
tailed field and petrographic descriptions and geochemi-
cal study on some gabbroic intrusions from Al-Magatirah
and Al-Ahkum areas, which are the topic of this paper.

3. FIELD AND PETROGRAPHY

The gabbroic intrusions from the Al-Maqgatirah and Al-
Ahkum areas invaded the basement rocks with sharp
contacts between them (Fig. 4b) and sometimes con-
tained xenoliths of these rocks (Figs. 4 ¢ & d). These
intrusions have irregular shapes but are mostly elongated
in the NE-SW direction (See Figs. 2 and 3). They have
dark grey, grey, and greenish black colors, coarse-to
medium-grained texture (Fig. 4e), and massive structure,
but sometimes they show a layered structure (Fig. 4f).
They are variably altered, fractured, and dissected by
faults and cracks in several directions. They were also
crossed by small veinlets filled with secondary minerals
(calcite and silica). These gabbroic intrusions were in-
vaded by younger granitic intrusions, dikes, and plugs
that sometimes contained xenoliths (Fig. 4g).

Under a microscope, these gabbroic intrusions have
a holocrystalline coarse- to medium-grained texture and
are composed of plagioclase, pyroxene, hornblende,
olivine, and biotite, with apatite, spinel, iron oxides, and
sulfides as accessory minerals. Secondary minerals
are represented uralite, tremolite-actinolite, serpentine,
chlorite, zoisite, epidote, biotite, sericite, calcite, clay min-
erals, goethite and "limonite.” These grabbroic intrusions
are unmetamorphosed but variably altered and show
some indications of deformation by subsequent events,
such as deformed twinning. According to the abundance
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and appearance of major mineral constituents, the gab-
broic rocks from the Al-Magatirah and Al-Ahkum areas
were classified into the following types:

Normal gabbro is composed of plagioclase and py-
roxene (augite), with small amounts of hornblende, bi-
otite, apatite, and iron oxides (Fig. 5a). Olivine gabbr is
composed of olivine, plagioclase, pyroxene, and opaque
minerals (Figs. 5b). Olivine crystals are cracked, vari-
ably altered to “iddengisite” (reddish brown), serpen-
tine/chlorite (green) and opaque minerals (black) and
forming cumulate and intercumulus textures with pla-
gioclase (See Figs. 5b). Most olivine crystals formed
kelyphytic structures (Fig. 5c), which were interpreted
to be the result of reactions between plagioclase and
olivine [34]. Olivine-pyroxene gabbro is composed of
pyroxene, olivine, plagioclase, and opaque minerals (Fig.
5d). Some pyroxene crystals included completely or
partially plagioclase crystals that formed ophitic and sub-
ophitic textures, or contained olivine grains that formed
poikilitic texture. Some large pyroxene crystals contain
small lamellae of orthopyroxene and opaque minerals,
forming exsolution textures (Fig. 5e).

Olivine-biotite gabbro is composed of plagioclase,
olivine, and biotite with small amounts of hornblende,
pyroxene, apatite, and opaque minerals (Fig. 5f). Most
olivine crystals are mantled by biotite and sometimes
hornblende (See Fig. 5f), which can be attributed to com-
plex multivariant reactions involving Fe-Ti oxide minerals,
plagioclase, and olivine [35]. These rocks are affected
by Na-rich fluid fluxes, as indicated by the presence of
rare prismatic crystals of aegirine-augite (highly altered
to hornblende) [36], and the formation of a Na-rich zone
mantled the Ca—plagioclase crystals.

Pyroxene gabbro is composed of pyroxene, plagio-
clase, and opaque minerals with a small amount of horn-
blende, biotite, and apatite (Fig. 6a). Pyroxene crystals
are variably (Al-Magatirah intrusion) to completely alter
(Al-Ahkum intrusion) to uralite, hornblende, chlorite, cli-
nozoisite, epidote, tremolite-actinolite, and opaque min-
erals, forming a schiller texture (Fig. 6b). Some altered
crystals completely included plagioclase crystals that
formed a blastophitic texture. Hornblende gabbro is
composed of hornblende, plagioclase, pyroxene, and bi-
otite (Fig. 6¢), with small amounts of apatite, phlogopite,
and opaque minerals. Hornblende crystals show strong
pleochroism ( Fig. 6¢) and occur as the primary phase
of large to medium equant crystals and as the second
phase of small crystals associated with biotite, feldspar,
quartz, and sometimes apatite. Secondary hornblende
was formed after pyroxene. They are fresh and variably
altered into uralite, chlorite, tremolite-actinolite, biotite,
and opaques.

Layered gabbro is exposed in the Al-Ahkum area and
is composed of plagioclase, pyroxene, opaques (Fe-Ti
oxides), olivine, spinel, and phologopite. These rocks
display lithological alterations of felsic and mafic layers,

forming a rhythmic layering ( Fig. 4f). The felsic layers
are dominated by plagioclase (Fig. 6d), whereas the
mafic layers are dominated by pyroxene, Fe-Ti oxides,
olivine, and spinel and display cumulus and intercumulus
textures (Fig. 6e). The cumulus minerals are pyrox-
ene, olivine, and plagioclase where Fe-Ti oxides and
spinel are the dominant intercumulus phases. Some
pyroxene (Augite) crystals mantled by reaction rims of
phlogopite and tremolite-actinolite against opaque miner-
als and other crystals contain orthopyroxene (enstatite)
and opaque minerals (Fig.6f), indicating inversion from
pigeonite [37]. Opaque minerals accounted for up to
40% of the mafic layers. Large opaque crystals mostly
engulfed and corroded the early formed crystals of pyrox-
ene, plagioclase, and pyroxene, forming reaction rims of
phologopite. Small anhedral green crystals of spinel (her-
cynite) were enclosed in and associated with opaques.

4. GEOCHEMISTRY

The results of representative chemical analyses of the
major elements and some trace elements of the gabbroic
rocks from the Al-Magatirah and Al-Ahkum areas are
given in table 1.

4.1. ANALYTICAL METHODS

42 samples of the gabbroic rocks from the study ar-
eas were analyzed for major oxides (SiOo, Al,O3, TiOo,
Fe>O3, MnO, Ca0, MgO, K>0, NayO, P,O5 and SO3)
and trace elements (Cr, Sr, V, and Ba). Twelve of these
were analyzed in the Amran Cement Plant, Yemen, us-
ing the XRF unit model ARL 9800 XP SIM-SEQ XRF
with integrated XRD for major oxides and some trace
elements. This XRF device unit was manufactured by
Thermo Electron Corporation and used the Rh-tube and
UniQuant programs. The UniQuant was fully calibrated
and installed in the factory using a universal goniometer.
The other 30 samples were analyzed in the Al Barh Ce-
ment Plant, Yemen, using an MXF-2100 MULTI-CHANAL
Rh-tube X-ray Fluorescence Spectrometer.

Chemical analyses in both XRF devices were per-
formed using pressed powder pellets. The preparation
of powder pellets for analyses included sample crush-
ing using JAW CRUSHER, followed by grinding to a
fine powder using a Disk Vibration Mill. At this stage
of sample preparation, approximately 6-7 ml of hexane
(CeH14) was added to the crushed sample to decrease
the grinding temperature. Subsequently, the fine pow-
der of each sample was placed in a separate circular
metallic disk (approximately 5 cm in diameter and 1 cm
in height), which was compressed to form a hard disk us-
ing a Briquatting Machine Mp-35. The Fe content of the
samplesanalyzed in the Amran Cement Plant is given as
Fe>Os7, FeOr, FeO, and Fe,O3 were calculated using
the equations FeOt = Fe»037*0.8998, FeO = FeO1*(1-
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0.15) and Fe»O3 = FeO+1*0.15, respectively, using the
GeoPlot program (A VBA program for geochemical data
plotting, Version: 1.0, Build: 060405, programmed by
Jibin Zhou). Ti, Cr, V, Sr, and Ba in ppm were derived
from TiO,, Cro03, V205, SrO, and BaO using OXDPPM,
a FORRAN software program to convert chemical ele-
ments between oxides and native elements [38].

4.2. REsuLTs

4.2.1. Classification

The gabbroic intrusions from the Al-Maqatirah and Al-
Ahkum areas are plotted within or close to the field of
gabbro (Fig.7) using the Na,O+K»>0 versus SiO, classi-
fication diagram in [39]. In addition, the majority of the
studied gabbroic rocks fall in the field of low-Ti ophiolite
on the TiO, - FeOt/FeOt+MgO diagram [40] (Fig. 8a)
and in the fields of low-MgO - low TiO» basalts and very
low TiO» on the TiO, - MgO diagram [41] (Fig. 8b), but
few samples from the Al-Ahkum intrusion trended toward
the field of TiO,-rich alkaline basalts. The majority of
these samples fall within the field of low-Ti basalts on
the TiO,—MgO# diagram [42], but some samples from
the Al-Ahkum intrusion straddle between the high-Ti and
low-Ti fields (Fig. 8c).

4.2.2. Effects of hydrothermal alteration
The effect of alteration on the studied gabbroic rocks
is evident from petrography (the formation of secondary
minerals) and chemistry (loss on ignition, LOI). Therefore,
it is necessary to evaluate the effects of alteration on
these rocks. To do this, we drew the analyzed samples on
the Na,O/K50 vs. Na,O+K50 binary diagram [43] (Fig.
9a) and CaO/Al,03-MgO/10-SiO,/100 ternary diagram
[44] (Fig. 9b). In these diagrams, the majority of the
samples fall in the field of fresh rocks, indicating the
small effect of hydrothermal alteration on these rocks.
Furthermore, the low LOI of the analyzed samples
(0.001-1.04), except for two samples with high LOI (sam-
ple 1.2"4 = 2.94 and sample 2.2A = 5.37), the lack of
obvious correlation between LOI and mobile elements
(e.g., K, Ba, Sr, Na) [45], not shown), and the oxidation
ratio [FeoO3/(FeO+Fe-03)] (0.15t0 0.17, See Table 11),
illustrates the effect of alteration [46], indicating little ef-
fect of alteration on the whole-rock compositions of the
studied gabbroic rocks.

4.2.3. Fractional crystallization

The majority of the major oxides (wt. %) of the gab-
broic rocks from Al-Maqatirah and Al-Ahkum areas
show a range of compositions with some samples
show anomalous low or high concentrations (denoted
by their names after oxide range): SiO, (40.05-51.60;
samples M15=53.96 and 1.2X3=54.05), TiO, (0.15-
2.94; samples M2.3=4.21, 1.2*4=6.69 and 2.3A=6.14),
Al,O3 (11.39-32.16; samples 1.2*4=6.27, M2.5=7.16

and 2.2A=8.96), Fe>0O3 (0.60-3.19; sample M15=0.29),
FeO (3.42-18.07; sample M15=1.63), MnO (0.02-0.29),
MgO (0.87-8.96; samples M2.5=16.32 and 2.2A=18.81),
Ca0 (6.61-11.79), K»O (0.17-1.87; sample M2.5=0.07),
Na,O (1.33-5.92; sample M2.5=0.84) and P,Os5 (0.00-
4.67). These compositional variations reflect the mineral
phases that form these rocks, where the anomalously
low or high concentrations of some oxides reflect the
relative amount of a specific mineral phase (e.g., the
high concentration of TiO» and Fe-oxides refers to a high
amount of Fe-Ti oxides; high MgO refers to the presence
of olivine).

The correlations between the whole-rock major ele-
ment oxides are presented in the Harker diagram (Fig.
10). This diagram shows the following trends with in-
creasing SiO, (evaluation of magma): (1) MgO, CaO,
and Cr,O5 were negatively correlated, whereas Al,O3
showed a weak negative correlation, which could reflect
the crystallization of pyroxenes and calcic plagioclase
from the early stages; (2) TiO,, FeO, FeoO3 and V,05
are negatively correlated, which reflects the formation
of Fe-Ti oxides; (3) NasO is positively correlated, which
is related to the formation of Na-feldspar; (4) K>O did
not show a clear trend due to the mobility of this oxide
by hydrothermal alteration to which these rocks were
subjected. In addition, we noted the absence of compo-
sitional gaps between the gabbroic intrusions from the
Al-Magaterah and Al-Ahkum areas (See Fig. 10).

4.2.4. Magma type

The studied gabbroic intrusions straddle between the
alkaline and sub-alkaline fields on the TAS diagram (See
Fig. 7), indicating the transitional character of magma
from alkaline to sub-alkaline magma series. The sub-
alkaline samples fall in the field of the tholeiitic magma
series when plotted on the AFM diagram [47] (Fig. 11).

4.2.5. Tectonic setting

Different discrimination diagrams were used to determine
the tectonic setting in which the gabbroic intrusions were
formed. Based on the Ti/V ratios of the rocks from differ-
ent tectonic settings (Fig. 12a), these gabbroic rocks fall
in lower V and Ti abundances, with Ti/V ratios between
50 and 100, indicating that they have an Ocean Island
Basalt (OIB) signature. On the Al,O3-TiO, diagram [48]
(Fig. 12b), the majority of the studied gabbroic rocks fall
within the field of arc-related magma setting, with few
samples falling within a plat-related magma setting.

4.3. DiscussiON AND PETROGENESIS

The gabbroic intrusions from the Al-Maqatirah and Al-
Ahkum areas are plotted within the field of gabbro, ex-
cept for two samples moving toward the field of diorite
(See Fig. 7), which can be attributed to the increase
in silica content owing to the subsequent effects of the
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hydrothermal solutions (silicification process). However,
the evaluation of the effects of hydrothermal alteration
indicated little or little effect on these gabbroic rocks (See
Figs. 9 a and b). Hence, the analyzed samples were
suitable, and the obtained data were representative of
their original igneous compositions.

These gabbroic intrusions were classified as low-Ti
intrusions ( Figs. 8 a, b, and c). The low-Ti magma is
characteristic of an intra-oceanic island arc setting [49]
formed in a subduction zone setting [50] by partial melt-
ing and re-melting of depleted mantle peridotite [51, 52].
Additionally, low-Ti magma is formed by high-degree par-
tial melting of the peridotite mantle source at shallower
depths [53-55]. The few samples from the Al-Ahkum
intrusion that stride the boundary between high-Ti and
low-Ti fields or moved toward the High-Ti field can be
interpreted by sub-surface mixing of contemporaneous
magma batches with low Ti and high Ti compositions
[56].

The gabbroic rocks from the Al-Maqgatirah and Al-
Ahkum areas display a range of major elements that
reflect their mineralogical compositions. In addition, the
correlation trends between whole-rock major oxide com-
positions and the absence of compositional gaps be-
tween the gabbroic intrusions from the Al-Maqaterah
and Al-Ahkum areas (See Fig. 10) lead us to conclude
that both intrusions were derived from the same magma
source by fractional crystallization processes. In other
words, the coherent trends in the variation diagrams of
these gabbroic intrusions indicate their derivation from
the same magma, and the compositional variations are
the result of fractional crystallization processes.

The low MgO (0.87-8.96 wt%), low Mg# (19.95-44.64)
and low Cr (96-435 ppm) of all samples, except sample
No. 2.2A (MgO = 18.81 wt%, Mg# =71.82, and Cr = 1258
ppm) and sample No. M2.5 (MgO = 16.32 wt%, Mg# =
58.75 and Cr = 472 ppm), indicated that the studied gab-
bric rocks are derived from primary or primitive magma
subjected to significant degrees of fractional crystalliza-
tion. Sample 2.2A can be considered as representative
of the composition of the primary magma from which
these gabbroic rocks were formed. A similar conclusion
was reported by [3], who mentioned that gabbroic rocks
within the basement rocks of the Al-Hamurah area, which
are located in the NE of the study area, are derived from
a mantle source subjected to significant degrees of frac-
tional crystallization.

These gabbroic intrusions display a transitional char-
acter from alkaline to sub-alkaline (tholeiitic) magma
series (See Figs. 7 and 11) and have an oceanic island
basalt (OIB) signature (See Fig. 12a). In addition, the ma-
jority of samples fall within the field of arc-related magma
setting, with few samples falling within the field of plat-
related magma setting (See Fig. 12b). In fact, the OIB
that has been used to explain intraplate magmatism on
the Earth’s surface (e.g., [57, 58] with subalkalic (tholei-

itic) and alkalic compositions [59] can also be formed in
an arc-related tectonic setting [60, 61]. The OIB magma,
including alkalic and subalkalic (tholeiitic) compositions
[59], comprised the derivation of magma by variable par-
tial melting of the mantle source at various depths during
the change from arc to intraplate setting [62].

The coexistence of rocks with arc- and ocean island
basalt (OIB)-like geochemical signatures in the same
magmatic complex has been reported in many local-
ities (e.g [63-68]). Many ideas have been proposed
to interpret both signatures to be related to slab roll-
back, foundering, tearing, and delamination after collec-
tion, [68—70] or to ascending mantle plume (for example,
[65]), and to subduction zone (for example, [71, 72] and
migration of an extinct ridge, for example, [66]. In ad-
dition, the transition from OIB to arc-like compositions
can be formed due to contamination by the assimilation
of crustal materials [73]. Furthermore, the occurrence
of mafic intrusion with an OIB-like signature suggests
lithospheric attenuation and significant upwelling of the
asthenosphere caused by continental rifting [74] which
mostly occurred during the formation of the Arabian litho-
sphere.

On the other hand, the Arabian—Nubian Shield is
formed by accretion and collision of juvenile arc terranes
with a high rate of juvenile magmatic addition [75-79]
where mantle plume material is thought to play an im-
portant role via accretion of the oceanic plateau [80—82].
In addition, trace element enrichment of some plutonic
rocks within the Arabian-Nubian shield occurred prior to
subduction (i.e., plume material) or after subduction (slab
component) [83].

Finally, the studied gabbroic intrusions are unmeta-
morphosed and can be well compared with similar gab-
broic intrusions in the Arabian-Nubian shield from Saudi
Arabia [84], which were emplaced post-collision at the
end of the Pan-African Orogeny and generated from
mafic magma derived from a peridotite mantle source
with an arc-like signature related to the previous subduc-
tion event in the Arabian—Nubian Shield.

Based on the previous discussion, we conclude that
the gabbroic intrusions from the Al-Magatirah and Al-
Ahkum areas are derived from magmas and have OIB
character generated in the within-plate and arc-related
tectonic setting related to the subduction zone during
the formation of the Arabian lithosphere beneath the
study area (Arabian-Nubian Shield) and suffered from
the interaction of magma with crustal rocks along the
route to the surface (crustal contamination).

5. SUMMARY AND CONCLUSIONS

The Al-Magatirah and Al-Ahkum areas are located in
the SE of the Taiz governorate within the southwestern
outcrops of the basement rocks of Yemen, which rep-
resent the southern extension of the Arabian Nubian
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Shield (ANS). This paper focuses on the study of gab-
broic intrusions that have invaded these basement rocks
in these areas. Based on the field work, petrography,
and geochemistry, we present the following summary
and conclusions.

- The studied gabbroic intrusions have dark grey, grey,
black, and greenish black colors, coarse to medium-
grained textures, and massive, fractured, and some-
times layered structures. They were invaded by
younger granitic intrusions, dikes, plugs, and off-
shoots.

- Petrographical studies indicate that these intrusions
are unmetamorphosed but sometimes affected by
Na-rich fluid fluxes, as evidenced by the presence
of rare prismatic crystals of aegirine-augite and the
formation of Na-rich zones mantled by Ca-plagioclase
crystals. These gabbroic rocks are variably altered
and their mineral constituents show many textures
and structures. These gabbroic rocks are classified
as normal gabbro, olivine gabbro, olivine-pyroxene
gabbro, olivine-biotite gabbro, pyroxene gabbro, horn-
blende gabbro, and layered gabbro.

- Based on geochemistry, the effects of hydrothermal
alteration on the geochemical characteristics of these
gabbroic intrusions were small, and the obtained data
were representative of their original igneous composi-
tions.

- These gabbroic intrusions are classified as low-Ti
intrusions generated from the low-Ti magma char-
acteristics of an intra-oceanic island arc setting and
formed in a subduction zone setting by partial melt-
ing and re-melting of the depleted peridotite mantle
source. Some samples from the Al-Ahkum intrusion
that strides the boundary between high-Ti and low-Ti
fields or moved toward the high-Ti field can be inter-
preted as sub-surface mixing of contemporaneous
magma batches with low-Ti and high-Ti compositions.

- The major element compositions of these gabbroic
rocks reflect their derivation from primitive magma
subjected to significant degrees of fractional crystal-
lization.

- These gabbroic intrusions have an ocean island
basalt (OIB) signature and transitional character
of magma from alkaline to sub-alkaline (tholeiitic)
magma series, which indicate their derivation by vari-
able degrees of partial melting of the mantle source
at various depths during the change from arc to in-
traplate setting. In addition, the OIB signature of these
mafic intrusions suggests lithospheric attenuation and
significant upwelling of the asthenosphere caused by
continental rifting, which mostly occurs during the
formation of the Arabian lithosphere.

- Finally, the studied gabbroic intrusions can be com-
pared with similar gabbroic intrusions in the Arabian-
Nubian shield from Saudi Arabia, which are emplaced

post-collision at the end of the Pan-African Orogeny
and generated from mafic magma derived from a
peridotite mantle source.

6. FUTURE RECOMMENDATIONS

We strongly recommend conducting future trace and rare
earth element (REE) analyses for better understanding
and proper interpretation of the genesis of these gabbroic
intrusions and their relationships with the formation of
the Arabian-Nubian Shield and ascending Afar mantle
plume.
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Table 2. Continued

Al-Ahkum area

22A  1.2A 23A 2C 25 2.6 2.7 2.8 121 122 124 12A 14A 12B 12D 13
SiO, 44.01 46.12 48.04 48.02 45.66 45.92 45.14 46.55 44.83 4715 46.21 4717 4743 49.45 47.43 46.07
TiO, 1.62 294 1.56 098 037 2.00 1.03 0.77 114 055 669 265 08 067 062 0.29
Al,O3 8.96 21.21 19.63 20.38 32.16 22.05 29.26 25.63 25.38 22.89 6.27 2143 19.18 20.04 27.17 29.88
Fe,03 1.30 1.62 2.04 195 1.39 210 1.62 1.75 1.79 202 3.05 1.98 1.90 1.84 157 1.53
FeO 7.38 9.7 1020 9.74 697 1051 8.10 875 894 10.09 1525 9.91 952 918 7.87 7.64
MnO 0.12  0.10 0.20 0.21 013 019 0145 0.16 018 022 029 020 020 020 0.15 0.15
MgO 18.81 3.24 565 644 242 545 285 387 414 676 648 430 594 6.51 3.80 3.73
Ca0O 9.68 8.95 862 775 765 7.69 7.61 9.16  8.31 6.61 10.38 854 949 837 823 744
K,O 0.68 0.38 1.06 1.00 0.77 0.90 100 070 077 064 042 074 047 074 058 0.88
Na,O 1.33 443 247 232 1.81 215 250 1.79 1.99 1.80 1.37 2.05 147 186 1.71 2.06
P,0s 037 1.24 0.00 056 000 000 034 0.00 176 000 039 006 275 020 0.14 0.04
SO; 0.10 0.07 023 022 0.21 022 019 020 o0.21 0.21 024 0.21 0.21 0.21 020 0.19
Cl 0.01 0.05 0.00 0.00 0.02 0.01 0.00 0.00 003 003 002 000 000 o0.01 0.01 0.01
Cr 03 0.18  0.06 0.00 0.00 000 000 000 000 000 000 000 000 0.00 0.00 0.00 0.00
V,05 0.03 0.06 0.00 0.00 000 000 000 000 000 000 000 000 0.00 0.00 0.00 0.00
SrO 0.05 0.08 0.00 0.00 000 000 000 o000 o000 000 000 0.00 0.00 0.00 0.00 o0.00
BaO 0.03  0.06 0.00 0.00 000 000 000 000 000 000 000 000 0.00 0.00 0.00 0.00
LOI 532 0.21 032 043 044 082 022 068 052 1.04 294 077 057 073 0.51 0.08
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
K,0+Na,O 2.01 4.81 353 332 257 304 349 249 276 244 179 280 194 260 228 294
Fe,O3/(FeO+Fe,03) 0.15  0.15 0.17 o0.17 0.7 o017 017 0.7 017 017 047 047 047 0147 017 0.7
FeO;/(FeO;+MgO) 0.32  0.77 068 064 078 070 077 073 072 064 074 073 066 063 0.71 0.71
Mo# 71.82 26.12 35.65 39.80 25.78 34.16 26.03 30.66 31.63 40.10 29.84 30.27 38.40 4149 3254 32.81
Ti 9732 17646 9343 5876 2197 11964 6149 4643 6859 3271 40079 15871 5151 4041 3697 1762
Cr 1258 435 0 0 0 0 0 0 0 0 0 0 0 0 0 0
\" 177 345 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Sr 449 651 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ba 274 560 0 0 0 0 0 0 0 0 0 0 0 0 0 0

* Data recalculated to 100 wt. %

Mg# = MgO/(MgO-+Fe0)*100

FeO; = _Hmo+_HmNOw
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Geochemistry and petrogenesis of some gabbroic intrusions invaded the basement rocks from Al-Maqatirah and Al-Ahkum areas,
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Figure 1. Precambrian outcrops map in Yemen showing delineation of gneisses and island arcs terranes and correlations with

adjoining areas in Saudi Arabia (A) and northern Somalia (B) (after [11]).
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Figure 2. Geological Map of Al-Maqatirah area (Modified After [29]).
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Figure 3. Geological Map of Al-Ahkum area (Modified After [29].
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Gabbr

Figure 4. Field description of the gabbroic intrusions (a.) The basement rocks are covered by the sedimentary rocks (Al-Tawilah
Sandstone Group). Al-Maqgarirah area, photo looking E. (b.) Gabbroic rocks have sharp contact with older basement rocks.
Al-Magarirah intrusion, photo looking NW. (c.) Gabbroic rocks contain xenoliths of gneiss rocks and crossed by quartz vein, Wadi
Al-Ahkum. Photo looking E. (d.) Gabbroic rocks contain xenoliths of amphibolite rocks (Amph.). Al-Magarirah area, photo looking
W. (e.) Gabbroic rocks have massive structure and coarse-grained texture. Al-Magarirah intrusion, photo looking N. (f.) Gabbroic
rocks show weak layered structure. Note the alternating bands of mafic and felsic minerals. Al-Ahkum area, photo looking NW. (g.)
Granitic rocks contain xenoliths of gabbroic rocks (Gb.). Al-Ahkum area, photo looking S.
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Figure 5. Petrography of the gabbroic intrusions (Plate 1) (a.) Normal gabbro from Al-Magatirah area, C.N. (b.) Olivine gabbro
showing intercumulus texture where plagioclase crystal occupied the intergranular spaces between olivine crystals. Al-Ahkum
area, C.N. (c.) Kelyphytic structure composed of colorless olivine core (Ol.) surrounded by colorless zone of pyroxene crystals
(Pyx.) followed by outer zone of columnar aggregates of green amphibole crystals (Amph.). Olivine gabbro from Al-Ahkum area,
C.N. (d.) Olivine-pyroxene gabbro Al-Ahkum area C.N. (e.) Big pyroxene crystal contains small lamellae of orthopyroxene and
opaque mineral oriented along the cleavage planes forming exsolution texture. Olivine-pyroxene gabbro from Al-Ahkum area, C.N.
(f.)Olivine-biotite gabbro from Al-Magatirah area. Note that the olivine crystals are mantled by biotite. P.L.
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Figure 6. Petrography of the gabbroic intrusions (plat 2) (a.) Pyroxene gabbro from Al-Magatirah area. Note that the pyroxene
crystals are severely altered to tremolite-actinolite leaving small fresh relict of pyroxene (pyx.) in the center of some crystals, C
.N. (b.) Big pyroxene crystal completely altered to tremolite-actinolite and opaque minerals forming schiller texture. Pyroxene
gabbro from Al-Ahkum area, C.N. (c.) Hornblende gabbro from Al-Maqatirah area. Note that the hornblende shows pale green,
yellowish green and, yellowish brown colors and some crystals altered to biotite (down lift corner), P.L. (d.) Felsic layer composed
of plagioclase with few pyroxene and Fe-Ti oxides. Layered gabbro from Al Ahkum area, C.N. (e.) Mafic layer composed of
pyroxene, Fe-Ti oxides and olivine with few plagioclase forming cumulus (pyroxene and olivine) and intercumulus (Fe-Ti oxides)
textures. Note the reaction rims of phlogopite surrounded the olivine against later formed opaques. Layered gabbro from Al Ahkum
area, C.N. (f.) Big pyroxene (augite) crystal contains exsolutions of orthopyroxene (enstatite) crystals and opaque minerals along
their cleavage planes. Layered gabbro from Al Ahkum area, C.N.
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Figure 7. Geochemical classification and nomenclature of plutonic rocks using TAS diagram of [39] adopted by [58] for the plutonic

rocks. The curved solid line subdivides alkalic from sub-alkalic rocks is after [85].
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Symbols as in Fig. 7.
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Figure 9. (a) Na>,O/K>0O vs Na,O+K,0 diagram (after [43] and (b) CaO/Al,O3- MgO/10- SiO»/100 diagram (after [44]) for the
studied gabbroic rocks. Symbols as in Fig. 7.
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Figure 10. Harker diagrams illustrating the whole-rock major element oxides of gabbroic rocks from Al-Magatirah and Al-Ahkum
areas. Symbols as in Fig. 7.
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Figure 11. AFM diagram [47] for the studied gabbroic rocks. Symbols as in Fig. 7
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Figure 12. . (a) Ti/1000 vs. V tectonic discrimination diagram [86] for studied gabbroic intrusions from Al-Maqatirah and Al-Ahkum
areas. (IAT) island arc tholeiites, (MORB) mid oceanic ridge basalts (BABB) back arc basin basalt and (OIB) ocean island basalt;
(b) Al,O3-TiO, diagram for studied gabbroic intrusions from Al-Maqatirah and Al-Ahkum areas [48]. Symbols as in Fig. 7.
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