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Abstract Metagabbros and gabbros in the Ablah-Shuwas
belt (western Saudi Arabia) represent part of significant
mafic magmatism in the Neoproterozoic Arabian Shield.
The metagabbros are Cryogenian, occasionally stratified
and bear calcic amphiboles (hornblende, magnesio-horn-
blende and actinolite) typical of calc-alkaline complexes.
These amphiboles suggest low pressure (~1-3 kbar), high
fo, and crystallization temperature up to 727 °C, whereas it
is 247-275 °C in the case of retrograde chlorite. Rutile and
titanite in metagabbros are Fe-rich and replace Mn-bearing
ilmenite precursors at high fo,. On the other hand, younger
gabbros are fresh, layered and comprised of olivine gabbro
and olivine-hornblende gabbro with an uppermost layer of
anorthositic gabbro. The fresh gabbros are biotite-bearing.
They are characterized by secondary magnetite—orthopy-
roxene symplectitic intergrowth at the outer peripheries of
olivine. The symplectite forms by deuteric alteration from
residual pore fluids moving along olivine grain bounda-
ries in the sub-solidus state. In fresh gabbros, ortho- and
clinopyroxenes indicate crystallization at 1300-900 and
800-600 °C, respectively. Geochemically, the Cryogenian
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metagabbros (~850-780 Ma) are tholeiitic to calc-alkaline
in composition and interpreted as arc-related. Younger,
fresh gabbros are calc-alkaline and post-collisional (~620—
590 Ma, i.e., Ediacaran), forming during the late stages of
arc amalgamation in the southern Arabian Shield. The calc-
alkaline metagabbros are related to a lithospheric mantle
source previously modified by subduction. Younger, fresh
gabbros were probably produced by partial melting of an
enriched mantle source (e.g., garnet lherzolite).

Keywords Ablah-Shuwas - Mafic magma - Calc-alkaline -
Arc-related - Symplectite - P-T estimates

Introduction

The application of mineral chemistry to understanding the
petrogenesis of Neoproterozoic mafic magmatism in the
Arabian Shield is completely lacking. We present the first
chemical analyses of silicate and non-silicate minerals to
unravel the petrogenesis associated with emplacement of
Neoproterozoic gabbroic rocks in the Arabian Shield. Such
mafic magmatism is recorded as two separate (Cryogenian
and Ediacaran) pulses of calc-alkaline affinity based on
whole-rock chemistry (e.g., Johnson et al. 2011, 2013). The
Precambrian rocks of the Arabian Shield cover approxi-
mately 650,000 km? of the Western Arabian Peninsula. The
rocks of the Arabian Shield are mostly Neoproterozoic in
age, but some date from the Archean and Paleoproterozoic,
and a few intrusions yield Cambrian ages (Nehlig et al.
1999, 2002). The terrane concept has been applied to the
Arabian and Nubian Shields since the mid-1980s devel-
oping out of earlier plate tectonic/subduction zone and
accreted island-arc concepts. The exposed and immediately
adjacent concealed Proterozoic rocks of western Arabia
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and northeastern Africa are interpreted as a collage of crus-
tal blocks or terranes that can be correlated across the Red
Sea, thereby linking the now separated Arabian and Nubian
Shields. The island-arcs in the Arabian—Nubian Shield rep-
resent juvenile terranes (e.g., Asir, Jeddah and Hijaz; Fig. 1)
at ~900-780 Ma (Harris et al. 1990; Johnson et al. 2013).
They developed by intraoceanic subduction in the Mozam-
bique Ocean that resulted from rifting of Rodinia (Greiling
et al. 1994; Abdelsalam and Stern 1996; Blasband 2006). It
is generally accepted that rocks of the Arabian Shield were
variously amalgamated between about 780 and 640 Ma, as
indicated by the crystallization age of syn-tectonic intru-
sions along the sutures (Johnson et al. 2011).

Based on intensive geological, geochemical, age-dating
and structural studies, several plate tectonic interpretations
of the Precambrian history of the Arabian—Nubian Shield
in general and the Arabian Shield in particular have been
made by numerous authors. Several tectonic models for the
evolution of the basement rocks in the Arabian Shield have
been proposed (e.g., Gass 1981; Kroner 1985; Kemp et al.
1980, 1982; Duyverma 1984; Johnson et al. 2011, 2013).
According to some models, the tectonic evolution of the
shield involved four stages that started with the oldest oce-
anic arc system and ended by the so-called “the Najd orog-
eny” that might have lasted until the Cambrian (Duyverma
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1984; Stern 1994). Genna et al. (2002) suggested a detailed
view of the anatomy and geologic history of the Arabian
Shield based on a geologic, structural, geochemical and
geochronologic synthesis. The main geologic evolution
of the Shield is limited to the period ranging from 900 to
530 Ma that led to the formation, amalgamation and final
cratonization of several tectono-stratigraphic terranes. The
majority of magmatic activity post-dating amalgamation
in the Arabian Shield took place during the Ediacaran and
resulted in arc and post-orogenic magmas that led to the
emplacement of several phases of mafic—felsic plutons and
stocks (Johnson 2006; Johnson et al. 2011, 2013).

In the Arabian—Nubian Shield, non-ophiolitic mafic—
ultramafic complexes are represented by Alaskan-type
gabbroic intrusions (with some ultramafics) that are con-
centrically zoned or layered intrusions that occur as small
elliptical bodies along major structures (Helmy and El-
Mahallawi 2003; Abd El-Rahman et al. 2012; Abdel
Halim et al. 2016). The Alaskan-type intrusions are post-
tectonic and represent uplifted fragments of the deep lev-
els of island-arcs, particularly the back-arcs (Helmy et al.
2014, 2015). On the other hand, the layered intrusions are
underformed and are almost devoid of ultramafic rocks (El-
Mettwaly 1992; Azer and El Gharabawi 2011). The magma
type of layered gabbroic complexes in the Arabian—Nubian
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Fig. 1 a Location map of the Ablah-Shuwas area on the Arabian—Nubian Shield terrane map of Johnson and Woldehaimanot (2003). b Modified

geological map of the Ablah-Shuwas area after Greenwood (1972)
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Shield varies from tholeiitic through calc-alkaline to alka-
line attributed by Be’eri-Shlevin et al. (2009) to coeval
derivation from variable sources rather than formation in
different tectonic settings.

This study presents mineralogical and geochemical data
from mafic rocks in the Ablah-Shuwas area. The mineral
chemistry data represent the first detailed mineralogical
analyses of both metagabbros and fresh gabbros, and apply
these data to estimate the prevailing temperature, pressure
and oxygen fugacity upon crystallization and emplacement
with respect to the tectonic framework of Neoproterozoic
shield rocks in the Asir terrane (Fig. 1a). The source of this
magmatism, its geochemical type and possible tectonic set-
ting are discussed. In addition, a synopsis on the origin of
symplectite intergrowths in the fresh gabbros is also pre-
sented. Whole-rock geochemistry is not the main topic of
the present work, but representative analyses are given in
support of the conclusions obtained from electron micro-
probe analyses (EMPA).

Geology of the Ablah-Shuwas area

In the Ablah area, a thick succession of Neoproterozoic
rocks is present which comprise both layered (stratified)
and intrusive rocks with great variations in relative age,
lithology and deformation. The oldest rock unit is an ophi-
olitic mélange in which deformed serpentinite, metagab-
bro and metabasalt fragments are enclosed in chlorite and
quartz-biotite schists as a low-grade matrix. Some relict
fresh mantle dunite and peridotite are still preserved in the
serpentinites.

The layered rocks of the Ablah-Shuwas area are rep-
resented by four volcano-sedimentary assemblages that
are subdivided into the Baish, Bahah, Jeddah and Ablah
Groups, from oldest to youngest. Around Jabal Ablah
itself, the layered rocks are only represented by the Jeddah
Group, whereas the other three groups are present outside
the limits of the geological map given in Fig. 1b. The old-
est groups (Baish and Bahah) consist of metabasalt, mafic
to intermediate metatuffs, chlorite schist, garnet quartzite
and weakly metamorphosed arkose, chert, graywacke and
graphitic wacke. The Jeddah Group is subdivided into the
basal Qirshah Formation (metaandesite—dacite and minor
marble) and the upper Khutnah Formation (metavolcani-
clastics, thick marble and metaconglomerate). The Ablah
Group was subdivided by Greenwood (1972) from base to
top into the Rafa Formation (arkosic wacke, plymictic con-
glomerate and foliated syn-Ablah diorite and quartz dior-
ite intrusions), the Jerub Formation (metaandesite—latite,
rhyolite flows and sills and flow breccias) and the Thurat
Formation (stramatolitic marble, rhyolite, andesite and
volcanic wackes). According to Greenwood (1972) and

Hadley and Fleck (1980), the four volcano-sedimentary
groups were weakly metamorphosed under greenschist
facies conditions and amphibolite hornfels facies are only
reported in the thermal aureoles induced by the younger
intrusive rocks. Regional metamorphism increases south-
wards to amphibolite facies as in Wadi Baysh located south
of the Ablah area (Farier 1985).

The tectono-stratigraphy of the Ablah area has received
a lot of attention since the first notes of Zakir (1972).
Bamousa (2013) and Hamimi et al. (2014) pointed out the
complexity of folding and schistosity representing at least
three deformational phases (D1, D2 and D3). One of the
prominent structural features is the development of N-S
trending brittle—ductile shear zone(s) in the Asir Terrane
which may be contemporaneous with D2 folding and late
Neoproterozoic syn-tectonic intrusions (Hamimi et al.
2013). These workers agreed with Johnson (2003) that they
represent a transpressional regime possibly reflecting pro-
gressive convergence between East and West Gondwana.
From a tectonic point of view, the Baish, Bahah and Jed-
dah Groups represent proper volcanic-arc terranes, whereas
the youngest Ablah Group (Jerub Fm) developed after col-
lision and the formation of the so-called “Ablah Graben,”
one of the famous intercontinental or intramontane molas-
ses basins in the Arabian—Nubian Shield (Genna et al.
1999, 2002; Johnson 2003; Johnson et al. 2011, 2013).
This timing was contemporaneous with the East African
Orogen (EAO) about 640-615 Ma ago (Stern 1994; Stern
and Johnson 2010). The molasse-type volcano-sedimen-
tary assemblage or post-amalgamation basin rocks of the
Ablah Group formed in a N-S trending basin in a marine
environment, whereas its counterparts further north in the
Arabian—Nubian Shield form as mixed terrestrial-shal-
low marine assemblages (Johnson et al. 2011). Based on
structural analyses, Hamimi et al. (2014) believed that the
Ablah Group was deposited in a strike-slip pull-apart basin
that developed during or soon after the so-called Nabitah
Orogen (680-640 Ma), which was almost contemporane-
ous with the EAO of Stern (1994). Precise SHRIMP zir-
con dating of rhyolite interbedded with sandstone-silt-
stone-mudstone—dolostone of the upper Ablah epiclastic
unit suggests an age of 613 &+ 7 Ma (Johnson et al. 2001).
Recently, detailed lithostratigraphic and microscopic inves-
tigations suggest stromatolitic carbonates may have formed
in the upper Ablah epiclastic unit when volcanism paused,
followed by syn-sedimentary and diagenetic alteration of
mafic tuffs (Taj and Mesaed 2011). The youngest terrane
amalgamation event reported in the Arabian—Nubian Shield
took place 620 £ 3 Ma ago and is only preserved in the
eastern extreme of the Arabian Shield (Cox et al. 2012).

The oldest intrusive rocks in the Ablah area are repre-
sented by the pre-Ablah quartz diorite—metagabbro com-
plex (895-835 Ma) at Wadi Khadrah (outside Fig. 1b),

@ Springer



1600

Int J Earth Sci (Geol Rundsch) (2017) 106:1597-1617

which may be equivalent to the metadiorite complex at
Wadi Sa’diyah (Wier and Hadley 1975; Fleck et al. 1980).
This might represent the syn-orogenic tholeiitic to calc-
alkaline magmatism contemporaneous with island-arc and
microcontinent accretion between ~850 and 620 Ma in the
early Cryogenian—Ediacaran (Fritz et al. 2013). Younger
intrusive rocks comprise granitoids (within-plate A-type
granites) and fresh layered gabbros of the Ablah-Shuwas
area, which formed in the late Cryogenian—-Ediacaran
(~640-540 Ma) and represent post-collisional mafic—felsic
magmatism of the type widespread in the Arabian—Nubian
Shield (Johnson 2006). Moufti (2001) determined whole-
rock Rb/Sr ages of 617 £ 17 and 605 + 5 Ma for syenite
and quartz syenite—granite, the most common A-type grani-
toids of the Ablah-Shuwas area and an age of 744 + 22 Ma
for the older arc-related tonalite—diorite.

Field relationships and sampling

In the Ablah-Shuwas area, gabbroic rocks are abundant
and display features useful for their classification. The old-
est gabbro in the area is ophiolitic and occurs as rootless
intrusions or fragments in low-grade schist associate with
serpentinite. The ophiolitic mafic—ultramafic association
commonly decorates suture zones in the Arabian Shield
of Saudi Arabia but occurs outside the study area shown
in Fig. 1b, and is not the subject of this study. Our inves-
tigation focusses on the non-ophiolitic metagabbros and
younger fresh gabbros of the Ablah-Shuwas area. Our
observations in the Ablah-Shuwas area reveal that ophi-
olitic metagabbros are intruded by non-ophiolitic met-
agabbros and younger fresh gabbros, in addition to a wide
variety of A-type granitoids represented mostly by mon-
zogranite, syenogranite and syenite. Regionally metamor-
phosed gabbros must pre-date unmetamorphosed fresh gab-
bros; hence, metagabbros is distinguished from the younger
fresh gabbros. Based on lithostratigraphy and petrology
the intrusive rocks in the Ablah-Shuwas area can be clas-
sified into (1) metagabbro diorite, (2) the Shuwas pluton
comprising undifferentiated quartz diorite, granodiorite and
tonalite, (3) fresh gabbros and A-type granites, and finally
(4) dyke rocks that are mostly rhyolite. Non-ophiolitic
metagabbros occur as small intrusions particularly on the
eastern flank of Wadi Raniyah (northern intrusions) and as
much larger body (southern intrusion) to the south of Wadi
Shuwas (Fig. 1b). The metagabbros (especially those of the
northern intrusions) are occasionally layered and grade into
undifferentiated pocket-like masses of metadiorite. The
northern metagabbro exposures are scattered unevenly and
unmappable in most of cases. They are found either as iso-
lated masses surrounded by wadi alluvium in highly eroded
parts of the Shuwas pluton or occasionally as xenoliths in
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the quartz diorite and granodiorite. The metagabbros are
medium to coarse grained and intrude the thick volcano-
sedimentary succession of the Jeddah Group. Occasionally,
diffuse contacts are observed. The metagabbros themselves
are intruded by pink monzo- and syenogranites (Fig. 2a),
and the gabbroic rocks occur as roof pendants. On the other
hand, the diorites and quartz diorites of the Shuwas pluton
form sub-rounded elongated nearly N-S trending bodies
generally parallel to the structures of the area. Similar to
the metagabbros, the quartz diorites of the Shuwas pluton

Fig.2 a Northern metagabbros (MG), occasionally microdiorite
and syenite (SY) in the background. Photograph looking N. b Major
outcrop of fresh gabbros at the Wadi Raniyah, locally layered and
anorthositic gabbro at the top. Photograph looking NE. ¢ Bouldery
weathering of the fresh olivine gabbros. Photograph looking NW
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have an intrusive contact against the weakly metamor-
phosed volcano-sedimentary strata of the Jeddah Group.
The younger fresh gabbros crop out at Wadi Raniyah near
its junction with Wadi Shuwas (Fig. 1b). The fresh gabbros
define a nearly oval-shaped or lobe-like body (Fig. 2b).
This body is layered with light metagabbro and anorthositic
gabbros at the top. At the base, troctolitic gabbro with a
knobby surface is the most common variety and grades
upward into olivine gabbro. The layered fresh gabbro is
tilted and its average dip is 35° due NE, striking NW-SE.
All fresh gabbros show bouldery weathering (Fig. 2c¢).

Syenogranite is the most common A-type granitoid in
the area of study, and it is medium to coarse grained with a
characteristic pink to yellowish pink appearance. Generally
massive and underformed, it is intensively weathered at
outcrops characterized by exfoliation and joints. It occurs
as irregular bodies and ring-like dykes intruding the dior-
ites and quartz diorites of the Shuwas pluton. The contact
between syenite and diorite is sharp with no visible con-
tact effects and hence a complete absence of any thermal
aureole. Xenoliths and roof pendants of diorite and gabbros
are present in the syenites and granites. Numerous porphy-
ritic dacite, rhyolite and aplite dykes traverse the Shuwas
pluton and the relatively older metagabbros. The northern
mass of A-type granite (Fig. 1b) contains several pegma-
tite dykes, quartz and fluorite veins with occasional visible
greisenization.

We collected a total of 23 samples for petrographic and
geochemical analysis. This included 12 samples of older
metagabbro from the Khutnah Formation (Jeddah Group),
six from the east side of Wadi Raniyah west of Jebel Ablah
(sample numbers 11a, 11b, 11c, 11d, 12a, 12b, 12¢) and six
from the southern part of the study area (sample numbers
6a, 6b, 6¢c, 66a, 66b, 66c, 66d). Nine samples of younger
gabbro representing the Thurat Formation (Ablah Group)
were collected south of Wadi Shuwas (sample numbers 9a,
9b, 9¢c, 10a, 10b, 10c, 99a, 99b, 99c¢).

Petrography
Metagabbro

The metagabbro shows variation in granularity (to rarely
pegmatitic) and color index (mesocratic to melanocratic).
There are no distinct mineralogical or textural differences
between northern and southern metagabbros. In both intru-
sions, the rock essentially consists of plagioclase, horn-
blende and up to ~3 % apatite and 5-7 % Fe-Ti oxides
where the later occur as intercumulus phases. Plagioclase
is extensively altered to zoisite and sericite, and the relict
crystals are highly corroded by hornblende (Fig. 3a). The
hornblende crystals are coarse, occurring as patches and

they grades into actinolitic hornblende lathes at the outer
peripheries (Fig. 3b). Coarse apatite is common (Fig. 3c).
Opaques (Fig. 4a—e) are represented mostly by Fe-Ti
oxides and much lesser oxidized pyrite. Homogenous mag-
netite and ilmenite are common and they are present with
nearly equal amounts with ilmenite—magnetite exsolution
intergrowth. The homogeneous and exsolved magnetite
shows very limited martitization and ilmenite is severely
altered to rutile-hematite sub-graphic intergrowth. Some-
times, fine hematite blebs are exsolved in ilmenite to form
a very characteristic hemoilmenite intergrowth. Pyrite
shows rim replacement by colloform goethite, and a few
fresh pyrites are enclosed by homogeneous magnetite.

Fresh olivine gabbro

Olivine gabbro is coarse grained and consists of plagio-
clase, pyroxene, olivine, biotite and brown hornblende.
Accessory minerals are represented by apatite and opaque
minerals, whereas secondary minerals are chlorite, sericite,
serpentine and iddingsite. Olivine is often fresh, rounded
to sub-rounded with common iddingsite alteration along
cracks. Plagioclase occurs as coarse crystals with well-
developed pericline twining. Fine apatite needles occur as
mineral inclusions in plagioclase. Clinopyroxene totally or
partially encloses feldspar forming very prominent ophitic
and sub-ophitic textures (Fig. 3d). In some instances, diop-
side rims olivine forming corona-like textures (Fig. 3e).
Hornblende is a brown variety that occurs exclusively as an
interstitial phase. Similarly, biotite is interstitial or partly
rimming olivine and Fe-Ti oxides (Fig. 3f). Clinopyroxene
is fresh diopside, whereas orthopyroxene (mostly enstatite)
forms symplectite intergrowth along olivine crystal bound-
aries (Fig. 3g, h). The total opaque percentage reaches up to
8 % and they are represented by fresh sulfides in the form
of exsolution intergrowths in which pyrrhotite is always the
host mineral. Either homogeneous or intergrowths of mag-
netite and ilmenite are also observed (Fig. 4f). Sulfides rep-
resent ~40 % of the total opaques and they are represented
by exsolved chalcopyrite in pyrrhotite or more frequently
in the form of homogeneous pyrrhotite and pyrite (Fig. 4g,
h).

Fresh hornblende gabbro

Generally, the rock is coarse-grained and consists mainly
of hornblende- and plagioclase-rich, with lesser amounts
of olivine and pyroxene. Accessory and alteration miner-
als are apatite, zoisite and chlorite. Appreciable amount of
Fe—Ti oxides up to ~7 % characterizes this gabbroic vari-
ety. Hornblende includes resorbed plagioclase and usually
corrodes pyroxene and sometimes occurs as inclusions
in plagioclase. Some hornblende is altered to chlorite.
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Fig. 3 Petrographic characteristics of the gabbroic rocks. PP.L.
plane-polarized light and C.N. cross-nicols. a General view of north-
ern metagabbros showing extensively altered plagioclase (P/) and
anhedral patches of hornblende (Hbl), PP.L. b Hornblende (Hbl)
grades into peripheral actinolite (Ac?) in the northern metagabbros,
C.N. ¢ Apatite (Ap) is partly enclosed by hornblende (HbI) in the
northern metagabbros, P.PL. d Diopside (Di) and fresh plagioclase
(PI) forming ophitic and sub-ophitic textures in fresh olivine gabbro,
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C.N. e Interstitial diopside (Di) to plagioclase (P!/) forming corona-
like texture with olivine (Ol) in fresh olivine gabbro, C.N. f Intersti-
tial biotite (Bf) and altered olivine (OI) in fresh anorthositic gabbro,
C.N. g Formation of symplectite (S) at the peripheral zone of olivine
(Ol), polarized reflected light. h Back-scattered electron (BSE) image
showing different types of symplectite fabrics: / coarse and irregular,
2 bleb-like, 3 vermicular and 4 linear
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Fig. 4 Ore minerals and their fabrics the gabbroic rocks. All micro-
photographs are in polarized reflected light. a Hematite (fine, light)-
ilmenite (dark host) exsolution intergrowth in the northern metagab-
bros. b Banded ilmenite (//m)-magnetite (Mag) intergrowth in the
northern metagabbros. ¢ Composite ilmenite (/lm)-magnetite (Mag)
intergrowth in the southern metagabbros. d Internal granule ilmen-
ite (/lm)—magnetite (Mag) intergrowth in the southern metagabbros.
e Sandwich-type ilmenite (/lm)-magnetite (Mag) intergrowth in the

southern metagabbros. Note the freshness of magnetite and alteration
of ilmenite to rutile which is the case of the previous four micropho-
tographs too. f Ilmenite (//m)-magnetite (Mag) network to fine trellis
in the fresh olivine gabbros. g Pyrrhotite (Po) enclosing early phase
of magnetite (Magl) and all are hosted by much coarser magnetite
(Magll). h Pyrrhotite (Po) inside, and adjacent to, ilmenite (/lm)-
magnetite (Mag) composite crystal with a linear contact between the
two oxides
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Plagioclase shows large crystals that are almost fresh with
slight corrosion by hornblende. Some plagioclase is altered
to sericite at the core and this may indicate a Ca-rich core.
Diabasic texture is common and interstitial brown amphi-
bole is ~45 % of the total ferromagnesian minerals. Fe—
Ti oxide minerals and their fabrics are almost identical to
those encountered in the fresh olivine gabbro. At the top
of the section, fresh gabbro grades into thin layers and
anorthositic gabbro in which oriented calcic plagioclase is
dominates over mafic minerals.

Analytical methods

Major and trace element compositions of the gabbroic sam-
ples were analyzed at ACME Analytical Laboratories Ltd.,
Canada. Major elements, Sc, Ba and Ni concentrations
were determined by inductively coupled plasma—atomic
emission spectrometry (ICP-AES) after fusing 0.2 g of
sample powder using LiBO,. Other trace elements includ-
ing REE were determined by inductively coupled plasma—
mass spectrometry (ICP-MS). The geographic coordinates
of samples are given in Table 1 (in addition to supple-
mentary data, Appendix 1). Microprobe mineral analyses

Table 1 Geographic coordinates of the analyzed samples given in
Table 2

Rock variety Sample no.  Geographic coordinates

Anorthositic olivine gabbro 10 A 20°03'15"N, 41°52'55"E

10B 20°03/22"N, 41°53’00"E
10C 20°03'45"N, 41°52'57"E
Olivine gabbro 9A 20°0339"N, 41°52'47"E
9B 20°02'47"N, 41°53'00"E
9C 20°02/55"N, 41°53’02"E
99 A 20°03’15"N, 41°52'55"E
99 B 20°02/49"N, 41°52'47"E
99 C 20°03/44"N, 41°52'57"E
Northern metagabbro 11A 20°10"13"N, 41°56’42"E
11B 20°10'27"N, 41°55’15"E
11C 20°07'45"N, 41°56’17"E
11D 20°04/57"N, 41°56'00"E
12A 20°09'09”N, 41°56'39"E
12B 20°09’00"N, 41°55'31"E
12C 20°05'57"N, 41°55'47"E
Southern metagabbro 6A 20°00’17"N, 41°55'39"E
6B 20°00'37"N, 41°55'57"E
6C 20°00'49"N, 41°56'17"E
66 A 20°01'47"N, 41°56'07"E
66 B 20°01’39”N, 41°56'08"E
66 C 20°01'57"N, 41°55'50"E
66 D 20°00749"N, 41°55'55"E
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(supplementary data, Appendices 2 and 3) were carried out
using a Jeol JXA8200 electron microprobe at the Faculty of
Earth Sciences, King Abdulaziz University, Jeddah, Saudi
Arabia. Electron beam conditions were 15 keV accelerat-
ing voltage, 20 nA probe current, 3 pm beam diameter
and 20 s counting time for each element. The results were
corrected by the ZAF method. Ferric and ferrous iron of
amphibole was estimated stoichiometrically following the
method of Gualda and Vlach (2005). The analyses were
performed using different standards; ferro-hornblende for
Si and Al; eskolaite for Cr (99.99 wt% Cr,0,); periclase for
Mg; wollastonite for Ca; fayalite for Fe; nickel oxide for Ni
(99.99 wt% NiO); KTiPOs for K and Ti; jadeite for Na; and
manganosite for Mn. In few cases, quartz and corundum
are used as standards for Si and Al, respectively.

Whole-rock geochemistry

Average whole-rock geochemistry is presented in Table 2
and Figs. 5, 6 and 7. The geochemical results from each
unit were averaged (see supplementary material, Appendix
1). We used two averages each for the metagabbros (sam-
ple No. 6, 11, 12, 66) and fresh gabbros (sample No. 9.
10. 99). In case of fresh gabbros, the range of olivine gab-
bros is given when the samples of the two show variable
proportions of olivine and symplectite intergrowth. From
these 23 samples, 17 samples were selected for the electron
microprobe mineral analysis (see supplementary material,
Appendices 2 and 3) based on mineralogical variations and
degree of freshness.

The gabbroic nature of all analyzed samples, either met-
amorphosed or fresh, is clearly shown in Fig. 5a using the
adopted classification of plutonic rocks of Cox et al. (1979)
by Wilson (1989). The data presented in Table 2 suggest
some differences in major oxides, trace elements and rare
earth elements (REEs) which can be seen when Harker’s
variation diagrams are constructed (Fig. 6). These diagrams
indicate very distinct distinction between metagabbros
and fresh gabbros where there is relative SiO, enrichment
and depletion in the two varieties, respectively, which can
be attributed to silica release upon breakdown of feld-
spars because of metamorphic and subsequent alterations
(Mohamed and hassanen 1996). Variation in major ele-
ments and some trace elements is moderate to wide in case
of the metagabbros due to mobility during metamorphism
in which they become enriched in Mn, Ti, Fe, V and Ba.
On the other hand, such variations in fresh gabbros are very
limited or even negligible and they are generally enriched
in Ca, Al, Ni and Sr. The spider multi-elemental diagram
(Fig. 7a) shows relative enrichment of normalized trace ele-
ments to the primitive mantle in the southern intrusion of
metagabbros at the Wadi Shuwas. The same observation is
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Table 2 Chemical composition
of the Ablah-Shuwas gabbroic
rocks

Sampleno.® 10(n=3) 9(r=3) 9®=3) =4 12m=3) 6n=3) 66n=4

Oxides (Wt%)

Sio, 46.9 47.39 46.36 48.5 48.3 47.34 48.17
TiO, 0.44 0.29 0.27 0.83 0.88 2.7 2.54
ALO4 25.47 25.3 22.98 18.42 17.63 16.2 16.64
Fe,0; 3.11 4.56 5.83 6.93 7.46 12.14 11.83
CaO 10.73 11.73 11.14 9.39 9.71 7.33 7.69
MgO 3.67 542 8.64 7.75 8 541 4.36
Na,O 2.63 2.89 2.45 3.12 2.94 3.85 4.25
K,0 2.36 0.15 0.13 0.88 0.91 1.23 1.05
MnO 0.05 0.06 0.07 0.1 0.11 0.17 0.17
P,04 0.06 0.05 0.04 0.08 0.07 0.56 0.66
L.O.L 3.95 1.62 1.13 3.03 3.04 1.64 1.92
Total 99.46 99.54 99.06 99.15 99.22 98.63 99.38
Trace elements (ppm)

Ba 231 230 128 432 444 454 497
Be <1 <1 <1 <1 <1 1 4

Co 18.8 31.9 51.6 33 35 39.6 41.7
Cs 0.2 <0.1 <0.1 0.5 0.8 0.8 0.4
Ga 16.3 17.2 15 16.6 15.8 22.7 24.6
Hf 0.5 0.5 0.3 0.5 0.6 4.9 7.1
Nb 1.1 0.8 0.5 1.5 1.6 10.5 15.2
Rb 323 1.3 0.5 10.6 10.5 22.2 17.2
Sn <1 7 <1 <1 <1 4 5

Sr 1858.5 1198.8 1207.6 1139.6 1093.5 798.7 931.7
Ta <0.1 0.1 <0.1 0.1 0.2 0.5 0.7
Th 1.2 <0.2 <0.2 <0.2 <0.2 1.8 1.4

U 0.3 0.3 <0.1 0.4 0.1 1.2 0.7
A% 37 34 31 101 121 232 238
w 31.6 334 25.5 17.3 21.4 8.2 223
Zr 20.6 18.7 11.4 21.4 23.8 253 310.5
Y 2.7 2.9 2.1 4.7 5.6 25.8 34.1
Mo 0.3 0.6 0.1 <0.1 0.3 0.8 0.7
Cu 34 59.6 167.6 80.3 92.5 45.2 48.8
Pb 1.6 8.4 2.5 0.7 0.7 17.9 13.7
Zn 16 18 30 27 23 54 59

Ni 69.1 94.7 236.9 85.9 90.5 42.8 25.9
As 0.7 2.4 0.7 9.4 9.1 1.4 1

Cd <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sb <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au <0.5 1.5 3.9 1.1 1.4 1.2 <0.5
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tl <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
REE (ppm)

La 3.1 2.6 2 3.6 35 23.3 32.7
Ce 6.8 6.2 4.8 8.1 8.2 57.3 79.8
Pr 0.85 0.7 0.57 1.12 1.13 7.58 10.62
Nd 4.2 2.9 2.6 52 59 334 44.8
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Table 2 continued

Sampleno.® 10(n=3) 9(r=3) 9®=3) =4 12m=3) 6n=3) 66n=4
Sm 0.65 0.61 0.59 1.32 1.33 7.56 9.77
Eu 0.51 0.53 0.49 0.82 0.91 2.44 271
Gd 0.7 0.72 0.54 1.24 1.55 6.85 8.62
Tb 0.11 0.11 0.08 0.21 0.23 0.97 1.22
Dy 0.55 0.59 0.44 0.97 1.35 5.49 6.47
Ho 0.09 0.14 0.11 0.21 0.29 1 1.27
Er 0.29 0.41 0.24 0.51 0.73 2.78 35
Tm 0.04 0.05 0.04 0.06 0.09 0.37 0.48
Yb 0.29 0.21 0.18 0.41 0.47 241 2.99
Lu 0.04 0.05 0.03 0.07 0.09 0.32 0.45

Geographic coordinates are given in Table 1, and analyses in full are given in Appendix 1

# 10: Anorthositic olivine gabbro, 9 and 99: Olivine gabbro, 11 and 12: Northern metagabbros, 6 and 66:
Southern metagabbros. Number of analyses is given as (n) between brackets

shown in Fig. 7b where the normalized REEs patterns of
the southern intrusions show very clear enrichment in total
REE compared with the northern metagabbros at the Wadi
Raniyah. Another distinction between southern and north-
ern metagabbros is the absence of any Eu anomaly in the
former (Fig. 7b).

Mineral chemistry

The full chemical analyses of silicate and non-silicate min-
erals are determined by electron microprobe and are useful
for determining petrogenetic indicators related to the evolu-
tion of gabbroic rocks in the Ablah-Shuwas area. The elec-
tron microprobe analyses are given in Appendices 2 and 3
for the metagabbros and fresh gabbros, respectively. Sam-
ple and spot numbers are specified for each mineral. These
supplementary data can be accessed at: (To be defined by
the journal upon final editing).

Feldspars

As expected for plagioclase in a metagabbro, it is sodic
to intermediate. It ranges from andesine (An = 36.19) to
albite (An content = 1.2-36.3). In the fresh gabbros, it is
calcic plagioclase (Fig. 8a). Calcic plagioclase in fresh
gabbro ranges from bytownite to labradorite with An con-
tent = 76-59.5. Only one analysis of plagioclase gives An
content ~90 which is typical anorthite. In the metagabbros,
albitization converts calcic plagioclase to oligoclase—albite.

Olivines and pyroxenes
The fresh gabbros at Wadi Raniyah preserve important primary

magmatic minerals, namely olivine and pyroxene. They occur
mostly as cumulus phases with a tendency of clinopyroxene

@ Springer

toward intercumulus. The chemical analyses of olivine (Appen-
dix 2) indicate forsterite composition with Mg# of 77.5-80.9.
In highly fractionated fresh gabbros such as the anorthositic
gabbro, fayalite end-member compositions increase and the
Mg# = 56.7. Mg# is calculated as 100MgO/(MgO + FeO) in
mole percent. The considerable fayalite component (up to 22.5)
indicates a more evolved mafic magma. Cumulus clinopyrox-
ene is diopside, and sub-solidus symplectitic orthopyroxene is
clinoenstatite and minor pigeonite (Fig. 8b).

Amphiboles

Amphibole in the metagabbros is calcic (magnesio-horn-
blende at core and actinolite at rim) (Fig. 9c), with variable
amounts of TiO, (up to 2.36 wt%). Ghoneim (1988) obtained
similar amphibole composition in the arc-related metagab-
bros in Egypt that represent the northern extension of mafic
arc magmatism in the middle and southern Arabian Shield
in Saudi Arabia. Despite being metagabbros, the amphiboles
preserve their igneous origin (Fig. 9d). This is consistent
with the low-grade of metamorphism assigned to the adja-
cent volcano-sedimentary arc rocks of the Jeddah Group
(Johnson et al. 2011). On the other hand, intercumulus Ti-
rich or brown amphiboles in the fresh gabbros are calcic and
range in composition from pargasite to actinolite—tremolite
according to the classification of Leake et al. (1997).

Dark mica

Analyses of dark mica in the fresh gabbros indicate typical
biotite composition of igneous origin (Rossi and Chévre-
mont 1987) which is a Mg-rich variety (Fig. 10a). It is
characteristic of primary mica in mafic rocks with little re-
equilibration (Nachit et al. 1985). Fe biotite is common in
evolved felsic rocks such as granite instead. A preliminary
estimate of crystallization temperature of biotite ranges
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Fig. 5 a Classification of the gabbroic rocks using the diagram of
Cox et al. (1979) modified by Wilson (1989). b Magma type diagram
of Miyashiro (1975). ¢ Plots of the gabbroic rocks on the AFM dia-
gram with fields of magma type and tectonic setting following the
trends defined by Irvine and Baragar (1971). Note the metagabbros
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from 600 to 700 °C according to the semi-quantitative plots
of Henry et al. (2005) (Fig. 9b).

Fe-Ti oxides

TiO, in magnetite from the metagabbros is 0-0.29 wt%
only (Appendix 1). Ilmenite is highly altered to rutile,
hematite and titanite. Ilmenite is Mn-rich (up to 6.41 wt%
MnO), whereas Mg is minor (0-0.23 wt% MgO). Rutile is
ferro-rutile and FeO content is 2.43—-11.27 wt%. Titanite is
also ferro-titanite and FeO is 0.86-2.94 wt% and one anal-
ysis gives 9.87 wt% FeO.

In the fresh gabbros at the Wadi Raniyah, magnetite is
almost a Ti-free or normal variety. TiO, in magnetite is
minimal (0.10-0.62 wt%) (Appendix 2). [lmenite is altered
to minor rutile and titanite because there is no metamor-
phism. Rutile is not a ferro-rutile and its FeO content
amounts 0.19-0.59 wt%. Titanite is also Fe-poor and FeO
is 0.62 wt%.

Discussion

Mafic arc magmatism and source material in the
Arabian Shield

Whole-rock geochemistry is very helpful to decipher the
nature of magma from which rocks crystallize. The multi-
elemental diagram normalized to primitive mantle for both
metagabbros and fresh gabbros (Fig. 7a) display similar-
ity in anomalies like the distinct Sr and Ti anomalies but
with relative enrichment of the normalized elements in the
metagabbros especially those of the southern intrusion. It
seems that the positive Sr anomaly exists regardless of the
sericitization of Ca plagioclase in the metagabbros. This
can be also another clue for negligible or very low-grade
regional metamorphism in the Ablah-Shuwas area. Further
south in the Arabian Shield, regional metamorphism might
reach up to lower amphibolite facies (Farier 1985).

The northern and southern metagabbros show a slight
LREE enrichment over the HREE. It is evident that there
is an increase in XREE with differentiation. The southern
metagabbros are enriched in LILE (e.g., Ba, Rb and Sr) and
depleted in HFSE (e.g., Ta, Nb, Hf, Zr and Y) (Fig. 7b).
Figure 7, together with Fig. 8a, strongly indicates sho-
shonitic and high-K calc-alkaline magmatism related to
a lithospheric mantle source with earlier modification by
subduction (Saunders et al. 1980). On the other hand, the
younger fresh gabbros, particularly the anorthositic varie-
ties, show enrichment of LREE and depletion of HREE
which is consistent with the pronounced Eu anomaly
(Fig. 7b) and fractional crystallization (Helmy and El-
Mahallawi 2003). Trace elements and REE compositions
of Wadi Raniyah fresh gabbros indicate derivation from an
enriched mantle source (e.g., garnet lherzolite) by little to
moderate partial melting (~5-10 %), which can reach up
to 15-30 % in the northern parts of the shield (Abu Anbar
2009). The geochemical data presented here are inter-
preted to conclude that the metagabbros are arc-related
(late Cryogenian), either tholeiitic (southern intrusion) or
calc-alkaline (northern intrusion). Most likely the fresh
gabbros reflect the late- to post-collisional phase. There-
fore, metagabbros in the Arabian—Nubian Shield pre-date
extension associated with orogenic collapse (Johnson 2006;
Johnson et al. 2001, 2011, 2013; Abdel Halim et al. 2016).
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@ Springer

The La/Yb and Nb/La ratios in the Raniyah fresh gabbros
(15.55-18 and 0.17-0.24, respectively) are characteristic
of post-collisional magmas (Khalil et al. 2015). A possible
origin for this magma was during the post-collisional stage
of an earlier continental arc with Zr/Y ratios in the range
of 5.43-7.63 (Khalil et al. 2015). The N-S trending Ablah
basin itself formed post-amalgamation and was contem-
poraneous with or post-emplacement of A-type granitoids
(Genna et al. 1999; Johnson et al. 2001). The Ablah basin
started to form after the waning of Pan-African orogenesis
and emplacement of mafic arc intrusions and A-type gran-
ites by crustal thinning, extension, subsidence and devel-
opment of transpressional regime that reflects progressive
convergence between east and West Gondwana (Stern
1994; Genna et al. 2002; Johnson 2003; Stern and Johnson
2010; Hamimi et al. 2013).

The northern metagabbro of the Ablah-Shuwas area is
derived from a tholeiitic mafic magma, whereas the south-
ern metagabbros are calc-alkaline (Fig. 5b). Nevertheless,
both intrusions characterize an arc setting (Fig. 5c) and
hence are comparable to the metagabbro diorite complexes
in the Nubian Shield that formed ~880 Ma ago by subduc-
tion-related calc-alkaline magmatism in island-arcs where
the magma originated from partially melted amphibolites
or hydrous mafic magma (e.g., Helmy et al. 2008; Qaoud
and Abdelnasser 2012). The Wadi Raniyah fresh olivine,
olivine-hornblende and anorthositic gabbros with very
characteristic biotite are cumulate products of differentiated
mafic arc magma with prominent interstitial hydrous min-
erals that increase with fractional crystallization (Claeson
and Meurer 2004; Helmy et al. 2008). In this respect, fresh
or younger gabbros in the Arabian—Nubian Shield are post-
collisional and did not form in a proper within-plate set-
ting like that suggested by Mohamed and Hassanen (1996),
Basta (2015) and Abd El-Rahman (2015). Similarly, some
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workers (e.g., Azer and El Gharabawi 2011; Abdel Karim
2013) believe that the younger gabbros in the northern Ara-
bian—Nubian Shield continued to form as post-collisional
intrusions at the time that they ceased being emplaced in
the middle and southern parts of the shield in Saudi Arabia.
In the northern part of the Arabian—Nubian Shield, delami-
nation of lithospheric mantle allowed asthenosphere to rise
rapidly, allowing production of mafic melt by partial melt-
ing that infiltrated the base of the crust to produce post-col-
lisional younger gabbros (Khalil et al. 2015).

Crystallization temperature for the fresh Raniyah
gabbros

We use the new Al-in-olivine geothermometer of Coo-
gan et al. (2014) (spine inclusions are absent from olivine
crystals). It is based on Al and Ni cations in structure and
variation in the Fo content. Fo = 77.5-81. The resulting
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metagabbros (Leake et al. 1997). d Distinction between igneous and
metamorphic amphiboles in the metagabbros (Giret et al. 1980). Apfu
atoms per formula unit

temperature ranges from 1037 to 1085 °C (Table 3). The
lower temperature of 765 °C represents a destabilized oli-
vine rim in symplectite where Fo = 57 (Table 3).

Clino- and orthopyroxene are not formed simultane-
ously in the fresh gabbros; consequently, they are not con-
trolled by the same equilibrium conditions, and hence, the
equations to estimate temperature using the two pyroxene
pairs are not applicable. The temperature of clinopyroxene
ranges from 628 to 875 °C according to geothermometer of
Nimis and Taylor (2000). At 875 °C, pressure is high = 5.2
kbar which indicates deeper level of the intrusion (Table 3).
At 628 °C, pressure is lower (1.6 kbar) consistent with a
shallower level of intrusion (where pressure is calculated
according to Putirka 2008). Brown amphibole is a Ti-
rich igneous variety where TiO, amounts up to 3.21 wt%.
The temperature of brown amphibole is calculated by the
method of Helz (1973) which depends on the Ti content.
The temperature ranges from 794 to 558 °C (Table 3). This

@ Springer



1610

Int J Earth Sci (Geol Rundsch) (2017) 106:1597-1617

a 56
® @
®

55
e
(=
(]
"3 541} Phlogopite Mg-biotite Fe-biotite

53 |

o
0 0.2 0.4 0.6 0.8
Fe/Fe+Mg
bo.é,,.\.,,.,.,...‘
™ P = 4-6 kbar I
~
b3

=
[=%
=~
=
Cc 30

Al203 wt %
&

calc-alkaline alkaline

10 /
s A i i
15 20 25 30 35
FeO! wt%
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suggests that brown amphibole starts to crystallize just after
and during formation of cpx. Similar temperature ranges
are described for arc-related fresh gabbros in the northern
tip of the Arabian—Nubian Shield, for example 961-674 °C
(average of 817 °C) and for the Nesryin younger gabbros
in Sinai that were emplaced at 617 &= 19 Ma (Abu Anbar
2009). More recently, Khalil et al. (2015) reported a simi-
lar range of crystallization temperatures (970-750 °C) for
the fresh younger gabbros at El-Mahash area in the north-
ern Arabian—Nubian Shield, particularly in the Sinai Pen-
insula of Egypt. Biotite can be divided into magmatic (M),
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re-equilibrated (R) and hydrothermal (H) types according
to petrographic and compositional criteria. Magmatic bio-
tite crystallizes directly from a silicate melt, re-equilibrated
biotite forms during cooling history of magma, and hydro-
thermal types result from potassic and sericitic hydrother-
mal alteration (Nachit et al. 2005; Parsapoor et al. 2014).
The Mg-rich biotite variety in the Raniyah fresh gabbros
is characteristic of primary mica in mafic rocks with little
re-equilibration. Crystallization temperatures for biotite
range from 600 to 700 °C (method of Henry et al. 2005)
(Fig. 9b). The concentration of Ti in biotite is very sensi-
tive to temperature and oxygen fugacity, making it possi-
ble to use biotite to obtain reliable temperature estimates
in igneous and metamorphic rocks (Patino Douce 1993).
However, because the thermometry of Henry et al. (2005)
is calibrated for biotite from pelitic rocks rather than igne-
ous systems (Fig. 9a), we do not recommend its application
to the Raniyah fresh gabbros.

Estimation of pressure (magmatic vs. metamorphic)

The amphibole shows signature of both igneous and meta-
morphic nature (Fig. 8d). This indicates a slight redistribu-
tion of cations in the amphibole structure due to low-grade
greenschist facies metamorphism. Quantitatively, metamor-
phic amphibole in the studied metagabbros crystallizes at a
1.05-3.25 kbar, whereas it lies in the range of 1.6-5.4 kbar
in the case of fresh gabbros.

For both cases, pressure is calculated by the barometers
of Helz (1973) and Putirka (2008), respectively (Table 3).
Low pressures associated with arc-related metagabbros
in the Nubian Shield have previously been obtained from
amphibole chemistry (Ghoneim 1988). Pressure estimates
in the ranges of 2.8-5.6, 4.01-6.16 and 5.4-6.6 kbar were
also obtained for some arc-related and post-collisional
younger gabbros in Sinai and the Eastern Desert of Egypt
as a part of the northern Arabian—Nubian Shield (Abu
Anbar 2009; Ali-Bik et al. 2014; Khalil et al. 2015, respec-
tively). This is broadly consistent with our results and
equivalent to c. 12—15 km depth of emplaced intrusions.

Oxygen fugacity during metamorphism

Oxygen fugacity is qualitatively estimated from the com-
position of calcic amphibole. As shown in Fig. 10d, the
amphiboles from Wadi Shuwas metagabbros form at high
fugacity indicating oxidizing conditions. The amphibole
formed at low pressure (~1-3 kbar) and in oxidizing con-
dition due to high fo, (Fig. 10d). As a consequence of the
edenite substitution, coupled with a Ti—Tschermak substi-
tution, there is temperature-sensitive rimward increase in
total Al, Ti, Na and K (Bachmann and Dungan 2002). This
explains the differences in temperatures of cores and rims
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Table 3 Temperature—pressure

. - Rock type T (°C) P (kbar) Calculation method Mineral used

estimates for the Ablah gabbroic

rocks Metagabbro ~ 445-727 - Holland and Blundy (1994) Plagioclase—amphibole pairs
- 1.05-3.25 Helz (1973) Amphibole
247-275% - Kranidiotis and MacLean (1987) Chlorite

Fresh gabbro  1037-1086 - Coogan et al. (2014) Olivine

628-875 - Nimis and Taylor (2000) Clinopyroxene
- 1.6-5.4 Putirka (2008) Clinopyroxene
558-794 - Helz (1973) Amphibole
765° - Coogan et al. (2014) Olivine

# Temperature of retrogressive metamorphism

b Destabilization temperature of olivine in symplectite

in the amphiboles from the Wadi Shuwas metagabbro. For-
mation of actinolite at the outer peripheries of hornblende
and its temperature-induced Al-zoning is an indication of
rejuvenation and remobilization of a preexisting near-soli-
dus crystal mush in shallow intrusions of mafic magma
(Bachmann et al. 2002).

Temperature of chlorite alteration and magma type

Biotite in the fresh gabbros of Wadi Raniyah is magmatic
and its composition indicates a calc-alkaline magma

(Fig. 9c, d). Chemistry of chlorite in the metagabbros can
be also helpful to calculate temperature of regional meta-
morphism and metamorphic grade, since the majority of
chlorite species are sensitive to temperature and hence the
types of common substitutions and occupancies of Fe, Mg
and Al in both tetrahedral and octahedral sites (Foster 1962;
Cathelineau 1988; Laird 1988; Inoue et al. 2009, 2010).
Analyses of chlorites from metagabbros at Wadi Shuwas
indicate they represent clinochlore to pennine (Fig. 10a).
Structurally, these chlorites are tri/dioctahedral (Bailey
1988) and also considered to be Mg chlorites (occasionally
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Fe chlorite) or Type I of Zane and Weiss (1998) who also
consider Al-rich end members as Type II chlorites. Such a
composition suggests simple ionic (Fe** for Mg) and Tsch-
ermak substitutions. Crystallization temperature of chlo-
rites from low-grade metamorphic rocks and hydrothermal
alteration zones can be calculated on the basis of Al cations
and Fe/Fe + Mg ratio (Cathelineau and Nieva 1985; Jowett
1991). Minerals of the chlorite group show wide chemi-
cal variations depending on amount of divalent cations and
their distribution among structural sites of each mineral
(Foster 1962; Velde 1985; Wiewiora and Weiss 1990; Abdel
Rahman 1995; Zane and Weiss 1998). The ratio of Fe/
Fe + Mg (0.11-0.2) of low-grade metamorphic and hydro-
thermal chlorite is temperature independent in the range of
200-300 °C (Cho et al. 1988; Yau et al. 1988). Homogene-
ity of chlorite composition is a function of both the temper-
ature of equilibration and its duration (Velde et al. 1991).
On the other hand, diagenesis has little effect on chlorite
Fe?* and Mg distribution in chlorite that forms at 40-70 °C
(Velde and Medhioub 1988; Velde et al. 1991).

Qualitative estimation of chlorite indicates it is formed
in low-grade greenschist facies condition (Fig. 10b). Quan-
titative calculation of chlorite temperature using the equa-
tions of Kranidiotis and MacLean (1987) gives 247-272 °C
for the northern metagabbro and 263-275 °C for the south-
ern metagabbro (Table 3). These equations are calibrated
for chlorite with 0.18-0.64 Fe/Fe 4+ Mg and are appropriate
for our samples. The temperatures obtained suggest forma-
tion of chlorite and Ca epidote at the expense of igneous
calcic amphibole as retrograde phases typical of green-
schist facies conditions (Bailey 1988) (Fig. 10b). The tem-
perature of retrograde metamorphism was determined by
the method of Kranidiotis and MacLean (Table 3). The cal-
ibrations associated with other chlorite thermometers (e.g.,
Bourdelle et al. 2013; Vidal et al. 2005, 2006; Inoue et al.
2010) are outside the compositional range of Ablah met-
agabbro and therefore not applicable. The analyzed chlorite
is indicative of calc-alkaline magma (Abdel Rahman 1994).

Fe-Ti oxides and their role in petrogenesis

Due to high-temperature deuteric alteration followed by
low-grade metamorphism, ilmenite is highly altered to
rutile, hematite and titanite. It is Mn-rich (up to 6.41 wt%
MnO) and Mg-poor (0-0.23 wt% MgO). It seems that Mn
content in ilmenite is controlled by exsolution—oxidation,
fo, and the rate of magmatic differentiation. For example,
exsolved ilmenite lamellae have up to 1.48 wt% in some
titanium—phosphorus ores hosted by gabbros which is
much higher than in homogeneous ilmenite (Mehdilo and
Irannajad 2010). Mn in ilmenite increases with differentia-
tion. Gabbros usually have ilmenite with low Mn and Mg
contents (Haggerty 1976). MnTiO; (pyrophanite) increases

@ Springer

from ~20 Mol% in gabbros to ~30 Mol% in more differen-
tiated compositions (Tarassova et al. 2009). Ilmenite from
the metagabbro of Wadi Shuwas has high Mn content con-
sistent with low-T alteration at high fo, (Buddington and
Lindsley 1964; Anderson 1968; Sasaki et al. 2003; René
2011). It seems that enrichment in ilmenite is enhanced by
volatiles that are enriched during high phosphorous activity
(Sasaki et al. 2003; Mehdilo and Irannajad 2010). Altera-
tion of ilmenite to rutile and titanite also enhances enrich-
ment of Mn in ilmenite (Dorfler et al. 2014). Ilmenite com-
position indicates magma derivation from shallow rather
than deep mantle (Haggerty and Tompkins 1984; Haggerty
et al. 1985; Golubkova et al. 2014).

Origin of symplectite in the Raniyah fresh gabbros

Symplectites are sub-solidus intergrowths that form in
many igneous and metamorphic rocks (Vernon 2004) and
in most cases their formation is related to variations in
pressure (Griffin 1971; Carswell et al. 1989; Morishita
et al. 2001; Turner and Stiiwe 1992). Symplectite min-
eralogy is represented by a variety of silicates minerals
together or silicates intergrown with oxide phases such
as magnetite, ilmenite and spinel (Cruciani et al. 2008).
Symplectitic intergrowth of orthopyroxene—magnetite rep-
resent an eutectic-like texture that results from simultane-
ous coprecipitation of the two minerals in a crystal mush,
less than 20 vol% residual melt, when Mg-rich olivine
reacts with late-stage magmatic liquids (Ambler and Ash-
ley 1980). With respect to orthopyroxene—magnetite sym-
plectite, as in the Wadi Raniyah fresh gabbros, it is argued
to form by sub-solidus reaction, but other processes such
as exsolution and diffusion can also be involved (Bar-
ton and Van Gaans 1988). As mentioned previously, the
younger fresh gabbros provide evidence of cumulus olivine
destabilization at ~765 °C. This temperature is almost the
same as those obtained for similar symplectites elsewhere
in the world (e.g., 740-790 °C; Cruciani et al. 2008). We
agree with these authors that an increase in water activity
(aH,0 = 0.5-1) enhances the formation of symplectitic
intergrowths in gabbros that initially form at relatively high
depth and pressure (~5.2 kbar) prior to their emplacement
at shallower levels. Consequently, we suggest that sym-
plectite formation in Wadi Raniyah gabbros involved per-
vasive sub-solidus oxidation which resulted in the break-
down of olivine to clinoenstatite and Ti-free magnetite. In
this respect, we disagree with Efimov and Malitch (2012)
that symplectites form in the solid state because the Wadi
Raniyah gabbros continue to crystallize hydrous phases
(amphibole and biotite) due to penetrating fluids in the
rock. The source and timing of hydration is most prob-
ably late-magmatic and/or deuteric (Claeson 1998), but
not hydrothermal (Turner and Stiiwe 1992) as indicated by
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textures, mineral paragenesis and sequence of crystalliza-
tion. However, symplectites in the fresh gabbros from Wadi
Raniyah show no evidence of formation by solid solution,
cooperative nucleation or diffusion which is in agreement
with Barton and Van Gaans (1988). Free oxygen is needed
to oxidize olivine and this results from dissociation of pen-
etrating water when gabbros are still hot at the initial stage
of emplacement (Efimov and Malitch 2012). The present
textural, mineralogical and P/T estimates suggest that mor-
phological variation in Ti-poor magnetite in symplectitic
orthopyroxene (drop-like to massive, vermicular and linear)
might result from one and/or all of the following: rate of
oxidation, variation in water activity (aH,0), localization
to certain crystallographic planes and variability of pres-
sure. The drop-like to massive symplectite might represent
the prototype that grades to vermicular and linear types as
the process of replacement proceeds. Ambler and Ashley
(1980) called the prototype an “embryonic” symplectite
that can evolve until complete pseudomorphic replacement
gives rise to other types.

Conclusions

The metagabbros in the Ablah-Shuwas area are tholeiitic to
calc-alkaline and formed during arc genesis. This charac-
terizes proper arc- and collisional-related late Cryogenian
intrusions emplaced at ~850-780 Ma. On the other hand,
the younger fresh gabbros are exclusively calc-alkaline and
might represent syn- to post-collisional intrusions prior
to the emplacement of A-type granitoids of distinct post-
collisional setting. Although supported by field relation-
ships that clearly demonstrate that the majority of the our
gabbroic samples are intruded by post-collisional A-type
monzogranite, syenogranite and syenite, from a geochro-
nological point of view absolute age data are lacking. Fol-
lowing the TUGS time scale (Cohen et al. 2013), the fresh
younger gabbros are presumed to be >630 Ma (i.e., Ediac-
aran) which is the age of post-collisional monzogranite that
intrudes them (Moufti 2001). The calc-alkaline magmatism
that produced the metagabbros is related to a lithospheric
mantle source previously modified by subduction (Abu
Anbar 2009). The fresh gabbros may have been produced
by partial melting of enriched mantle source (e.g., garnet
lherzolite). The A-type granitoids themselves have either a
mantle origin or a Rb-depleted crustal source owing to low
(0.7035-0.7038) ¥7Sr/%°Sr initial ratios (Moufti 2001). The
final emplacement of A-type granitoids coincided with the
early phase of post-collisional sedimentation or formation
of the molasse-type sediments (Genna et al. 1999).

The metagabbros at Wadi Shuwas were slightly meta-
morphosed under low-grade greenschist facies condi-
tions. Their calcic amphiboles are typical of calc-alkaline

complexes. The amphibole formed at low pressure
(~1-3 kbar) under oxidizing conditions with high fo,. The
temperature for amphibole crystallization reached up to
727 °C. Crystallization of chlorite occurred at 247-275 °C
and indicates a retrograde greenschist facies path. Both
rutile and titanite are Fe-rich indicating high Fe activ-
ity during alteration of ilmenite. Ilmenite is Mn- and Fe-
rich, consistent with high fo, and the hemoilmenite min-
eral composition (Spencer and Lindsley 1981; Sasaki et al.
2003; Tarassova et al. 2009).

The trajectory of magmatic crystallization in the fresh
Raniyah gabbros can be summarized as follows: Formation
of olivine and plagioclase as cumulus phases at high tem-
perature ~1050 °C, followed by formation of intercumulus
clinopyroxene (up to 875 °C) possibly contemporaneous
with destabilization of cumulus olivine and formation of
symplectite and corona textures at ~765 °C. Intercumulus
brown amphibole is formed between ~550 and 770 °C.
Pressure is variable (5.4—1.6 kbar) possibly indicating poly-
baric levels of emplacement. Mg biotite is igneous and not
formed during metamorphism, metasomatism or hydro-
thermal alteration. Chemistry of biotite is consistent with
calc-alkaline magmatism. The presence of hydrous miner-
als and Mg and Ti contents suggest melt derivation from
a metasomatized source. Detailed isotopic investigations
are needed to distinguish between lower crust or mantle
sources. Finally, fresh gabbros at Wadi Raniyah are calc-
alkaline and represent Ediacaran post-collisional rather
than within-plate intrusions. This is contrary to the conclu-
sion reached by Mohamed and Hassanen (1996). The fresh
Raniyah gabbros represent a well-defined post-collisional
magmatic stage (620-590 Ma) in the Arabian—Nubian
Shield that commenced with the emplacement of high-K
calc-alkaline intrusions and concluded with A-type grani-
toids (Jarrar et al. 2003; Eyal et al. 2010; Morag et al. 2011;
Khalil et al. 2015). However, we cannot exclude the possi-
bility that some fresh gabbros are exclusively alkaline and
formed in a within-plate setting as late as the Mesozoic like
the alkaline gabbros and olivine monzogabbro (essexite) of
Al-Kahfa area in the Eastern Desert of Egypt that intrude
585 4+ 13 Ma molasse-type post-collisional sediments of
the Hammamat Group (Akaad and Noweir 1980; Wilde and
Youssef 2002).
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