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Abstract

Island-arc accretion during the assembly of Gondwana has been widely regarded as the
main mechanism for Neoproterozoic crustal growth in the Arabian-Nubian Shield (ANS).
However, processes involved to transform the newly accreted juvenile terranes into a typical
continental crust remain unclear. Here, we present geochemical, isotopic, and U-Pb
geochronological data from the EI-Shadli volcanic province (80 km x 35 km and > 10 km thick)
in the Eastern Desert of Egypt, which lies in the north-western part of the ANS and overlies
strongly deformed, previously accreted arc terranes. The EI-Shadli volcanic province consists
mainly of a mafic-felsic bimodal suite and subordinate intermediate rocks that intrude the mafic
rocks of the suite. The bimodal suite rocks are tholeiitic, whereas the intermediate rocks have
a calc-alkaline affinity. The bimodal suite and the intermediate rocks both yield U-Pb zircon
ages of ~700 Ma implying they are coeval. High zircon gHfy values for the bimodal suite
(average eHfyy = +11.46) as well as the intermediate rocks (average eHfy = +9.76) indicate
they were either magmatic extractions derived directly from a depleted mantle source, or the
products of remelting of juvenile crust. Oxygen isotope data for zircon yield similar 520 values
for both the bimodal suite (average 580 = 4.94 %o) and intermediate rocks (average 580 =
4.79 %o). These are lower than typical mantle values and indicating the parental magma in both
cases interacted with hydrothermal fluids. Based on the petrological, geochemical, and isotopic
data, we suggest that the EI-Shadli bimodal suite and the intermediate rocks were produced by
reworking of MORB-like and arc-like oceanic lithosphere, respectively, most likely driven by
a mantle plume during the break-up of Rodinia. The recognition of the EI-Shadli volcanic
province as a likely mantle plume-induced post-kinematic magmatism provides a mechanism
for the transformation of newly accreted juvenile crustal terranes into a chemically stratified
normal continental crust as we see today. In addition, such plume events may result in new

mantle extractions that are converted into new continental crust.
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1. Introduction

There is a strong view that at least 60-70% of Earth’s continental crust was mostly
formed by the end of the Archean (2.5 Ga) (Arndt, 2013; Belousova et al., 2010; Dhuime et
al., 2018, 2012; Hawkesworth et al., 2020; Taylor and McLennan, 1995). However, the
mechanism(s) responsible for the generation of such continental crust and the processes related
to crustal growth (including the geodynamic settings) are widely debated (Arndt and Davaille,
2013; Arndt, 2013; Hawkesworth et al., 2013, 2020; Kemp and Hawkesworth, 2014; Taylor
and McLennan, 1995; Wang et al., 2020). In particular, few studies have considered how
accreted juvenile crustal terranes were eventually transformed into the chemically stratified

continental crust we see today.

Outcrops of Archean rocks are generally restricted to high-grade metamorphic terranes,
and in most cases, deformation and metamorphism have substantially modified their original
compositions and primary structures. These complications have led to the search for younger
analogues of juvenile crustal generation/growth to investigate the mechanism(s) responsible
for the crustal growth process. The Arabian-Nubian Shield (ANS) forms one of the largest
exposures of Neoproterozoic juvenile continental crust on Earth (Fig. 1a: Pease and Johnson,
2013), and its crustal generation and cratonization/stabilization represent one of the largest
events of continental crustal growth since the Archean (Bentor, 1985; Stern, 1994). The ANS
crust is generally well exposed, and the low degrees of metamorphism make it one of the best

areas to study continental crust formation.
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Island-arc accretion during the assembly of Gondwana is generally considered to be the
main mechanism for Neoproterozoic crustal growth in the ANS (Fritz et al., 2013; Johnson et
al., 2011; Johnson and Woldehaimanot, 2003; Kréner et al., 1991; Stern, 1994, 2002).
However, the size of the ANS and its Neoproterozoic growth rate significantly exceeds that of
Cenozoic examples of crustal generation via the addition of juvenile mantle materials to arcs
along subduction margins (Reymer and Schubert, 1986, 1984). Although mantle plume-related
magmatism has been proposed as an alternative mechanism for Neoproterozoic crustal
generation in the ANS (Stein, 2003; Stein and Goldstein, 1996), no direct record of

Neoproterozoic plume events has been reported.

Bimodal volcanism produces intercalations of mafic and felsic rocks that are commonly
found in magmatic rift systems above mantle plumes, such as the Cenozoic magmatism of the
East-African rift (Rooney, 2020, 2017) and Neoproterozoic bimodal rift-related volcanism
(Cheng et al., 2020; Kjgll et al., 2019; Li et al., 2010, 1999; X.-H. Li et al., 2008; Z. X. Li et
al., 2003; Lyu et al., 2017). In their paleogeographic reconstruction of the Neoproterozoic
supercontinent Rodinia, Z. X. Li et al. (2008) and Li et al. (2013) suggest that the ANS terranes
were likely located between India, Australia-East Antarctica, and the Sahara craton, along the
fringes of the Rodinia superplume at ~825-680 Ma. This time interval coincides with the rifting
and fragmentation of the supercontinent Rodinia (Li et al., 2013; Z. X. Li et al., 2008; Li and
Zhong, 2009), and is characterized by widespread plume-related bimodal volcanic and plutonic
complexes, as well as mafic and ultramafic dikes, such as those reported in South China (Li et
al., 1999; Z. X. Li et al., 2008, 2003; Wang et al., 2007), Tarim (Zhang et al., 2006), Australia
(Wingate et al., 1998), Southern Africa (Frimmel et al., 2002) and Laurentia (Ernst et al., 2010;

Ernst and Buchan, 2001; Heaman et al., 1992; Park et al., 1995).

Here, we describe a voluminous magmatic event in the EI-Shadli volcanic province (80
km x 35 km and > 10 km thick) in the Eastern Desert of Egypt, which lies in the north-western
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part of the ANS (Figs. 1b and 2). Using whole-rock geochemical and Sr-Nd isotope data, and
integrated U-Pb-Hf-O isotopic and trace element data from zircons, we investigate the origin
and tectonic setting of this voluminous bimodal volcanism and examine the potential role of

mantle plume-induced magmatism in the crustal growth of the Arabian-Nubian Shield.

2. Geological setting

2.1. Geological background

The East African Orogen (EAO) represents the largest orogen involved during the
assembly of Gondwana, with orogenic activity peaking at ~650 Ma (Fritz et al., 2013; Merdith
et al.,, 2017; Stern, 1994). The EAO consists of multiple zones of accretion and collision
between East and West Gondwana, with the Neoproterozoic ANS located along its northern
margin (Hamdy et al., 2017; Johnson et al., 2011; Johnson and Woldehaimanot, 2003; Pease
and Johnson, 2013; Stern, 1994) (Fig. 1a). The ANS is divided into different terranes by several
arc-arc suture zones marked by ophiolite belts (Fig. 1a; Johnson et al., 2011). The Eastern
Desert of Egypt lies in the north-western part of the ANS (Fig. 1b). It is bounded to the south
by the Onib-Sol Hamed-Gerf-Allagi-Heiani suture zone (an ophiolitic belt; Fig. 1b), which is
thought to have been obducted during arc accretion between ~800 and 720 Ma (Ali et al., 2010;
Johnson et al., 2011). The crustal basement of the Eastern Desert (Fig. 1b) is predominantly
composed of: (1) ~750-730 Ma dismembered ophiolites (Ali et al., 2010; Gamal El Dien et al.,
2016, 2015; Kroner et al., 1992; Stern et al., 2004); (2) ~770-720 Ma arc-related metavolcanic
and metasedimentary rocks (Abd EI-Rahman et al., 2017; Ali et al., 2009; Buhler et al., 2014;
Kroner et al., 1992; Stern and Hedge, 1985); (3) ~740-610 Ma granitoid rocks including
diorites, tonalites, trondhjemites and granodiorites (Abdel-Rahman, 2018; El-Bialy et al., 2020;

Eliwa et al., 2014; Moussa et al., 2008; Stern and Hedge, 1985; Gamal El Dien et al, under
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review); (4) ~730-630 gneisses, migmatites and metamorphic core complex (Ali et al., 2015,
2012a; Andresen et al., 2009; Augland et al., 2012; Kroner et al., 1994; Lundmark et al., 2012;
Stern and Hedge, 1985); (5) ~700 Ma EI-Shadli bimodal volcanic rocks (this study); (6) ~640—
550 Ma alkaline A-type granites (Ali et al., 2013, 2012b; Eliwa et al., 2014; Lehmann et al.,
2020; Moussa et al., 2008); (7) ~630-580 Ma post-collisional Dokhan (alkaline) volcanic rocks
(Breitkreuz et al., 2010; Wilde and Youssef, 2000); and (8) ~610-585 Ma Hammamat molasse-

type sedimentary rocks (Abd EI-Rahman et al., 2019; Wilde and Youssed, 2002).

In this contribution, we focus on the volcanic rocks in the Eastern Desert of Egypt where
Neoproterozoic metavolcanic-metasedimentary rock successions are widely distributed (Stern
and Hedge, 1985) (Fig. 1b). These volcanic rocks were initially interpreted as the first stage of
eugeosynclinal filling (Akaad and EI-Ramly, 1960). Based on field observations and
petrological and geochemical data, Akaad and EI-Ramly (1960) classified the Eastern Desert
volcanics into (1) an older metavolcanic series (the authors called “the EI-Shadli type”) and (2)
a non-metamorphosed younger volcanic series (called the Dokhan type). Stern (1981) divided
the Eastern Desert volcanic rocks into two groups: (1) Old Metavolcanics (OMV) and (2)
Young Metavolcanics (YMV). The OMV group corresponds to ophiolite-related volcanic
rocks and consists of low-K tholeiitic pillow metabasalts and basaltic andesites such as the EI-
Fawakhir ophiolites. The YMV group corresponds to arc-related volcanic (i.e. non-ophiolitic)
rocks and comprises a low- to medium-K calc-alkaline suite including andesitic flows with
subordinate mafic and felsic rocks, such as arc volcanics found in W. EI-Dabbah and W. Arak.
However, Stern (1981) did not recognise the presence of the non-metamorphosed EIl-Shadli

bimodal volcanic province.

Khalil (1997), based on a comprehensive geochemical data compilation, suggested that
the Eastern Desert volcanic rocks comprise ocean-related ophiolitic volcanics (i.e., OMV),
intra-oceanic island arc-related volcanics (i.e., YMV), and the Dokhan volcanics (DV). The
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DV mostly occurs in the northern part of the Eastern Desert (Fig. 1b) and is characterized by
abundant felsic volcanic (rhyolite, dacite, and ignimbrite), with subordinate mafic and
intermediate rocks. DV is un-metamorphosed, has a medium- to high-K calc-alkaline to
alkaline affinity, and is interpreted to have been formed either in a continental arc (e.g., Khalil,
1997) or during a post-orogenic extension i.e., post-collision (Eliwa et al., 2006, 2014). Khalil

(1997) classified the El-Shadli volcanic province (target of this work) as part of the YMV
group.

More recent geochronological data demonstrate that the OMV (~750-730 Ma; Ali et
al., 2010; Kroner et al., 1992; Stern et al., 2004), and the YMV (~770-720 Ma, e.g., Abd El-
Rahman et al., 2017; Ali et al., 2009; Bihler et al., 2014; Kroner et al., 1992; Stern and Hedge,
1985) overlap in their ages. In contrast, the DV series has a distinctly younger age range (~630—

580 Ma; Breitkreuz et al., 2010; Wilde and Youssef, 2000) (Fig. 1b).

The fit of the EI-Shadli bimodal volcanic province in the OMV and YMYV grouping of
Stern (1981) has been debated for many years (e.g., Ali et al., 2009). Some consider the EI-
Shadli bimodal volcanic province to be genetically and temporally related to the OMV group
(Akaad and El-Ramly, 1960; Akaad and Noweir, 1969; El-Shazly and EIl-Sayed, 2000),
whereas others classify it as a member of the YMV (El-Gaby and El-Nady, 1984; Faisal et al.,
2020; Khalil, 1997). Alternatively, Stern et al. (1991) suggested that the El-Shadli bimodal
volcanics formed in a magmatic rift setting, implying they are unrelated to either metavolcanic
group. The age of the EI-Shadli bimodal volcanics, determined by a Rb-Sr whole-rock isochron
from mafic and felsic rocks around the Um Samiuki area (Black box in Fig. 2), was reported
as 712 £ 24 Ma (Stern et al., 1991), i.e. younger than the previously reported ages of both the
OMYV and YMV. The most recent LA-ICPMS U-Pb zircon data from felsic rocks around the

Abu Hamamid area (Black box in Fig. 2) yield an age of 695 + 6 Ma (Faisal et al., 2020).
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2.2. Field relationships, observations and petrography

The ElI-Shadli area is located in the southern part of the Eastern Desert (Figs. 1b and 2).
Neoproterozoic rocks exposed in this area include the EI-Shadli bimodal volcanic rocks, the
El-Shadli granitoids-gabbro association, the W. Ghadir ophiolitic assemblages, the W. Hafafit
core complex, post-collisional alkaline granites, and post-collisional W. Ranga volcanics (Fig.
2). The El-Shadli volcanic province is the largest bimodal volcanic suite in the Eastern Desert
of Egypt (80 km x 35 km and > 10 km thick) (Khudeir et al., 1988; Shukri and Mansour, 1980;
Stern et al., 1991). This province trends approximately E-W, and is surrounded by outcrops of
the EI-Shadli granitoids-gabbro association (~730-720 Ma: Gamal El Dien et al., under review)
(Fig. 2). The EI-Shadli volcanic province consists of massive, dominantly submarine bimodal
volcanic lavas and tuffs, with interbedded immature metasedimentary rocks and subordinate
intermediate volcanic rocks (Figs. 3 and 4). The rocks in this province were folded into a
WNW-ESE symmetric syncline flanked by two regional-scale anticlines and are cut by several
WNW-ESE-trending normal and thrust faults that are oriented parallel to the main folds and
are characterized by locally intense shearing (Khudeir et al., 1988; Shukri and Mansour, 1980;

Stern et al., 1991) (Fig. 2).

Stratigraphically, an unconformable contact separates the EI-Shadli bimodal volcanic
province from the underlying and surrounding EI-Shadli granitoids (729 =+ 7 Ma: Gamal El
Dien et al., under review). In addition, mafic dyke swarms intrude the granitoids with regular
and sharp contacts (Fig. 4a-e). These mafic dykes have the same geochemical composition of
the mafic rocks of the bimodal volcanic suite (see geochemistry section), and we interpret them
to be possible feeder dykes for the mafic rocks of the bimodal volcanic suite (sample S01-2,

Fig. 4a). These dykes are up to 1 m in width and have well-developed chilled margins (Fig. 4b-
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e). The granitoids and mafic dykes are both intruded by thin felsic dykes (sample S01-3) (Fig.
4a). These observed field relationships, along with new isotopic ages (see below), argue against
models suggesting that the EI-Shadli granitoids-gabbro association intruded the volcanic
province (Abdel-Karim et al., 2019; Faisal et al., 2020; Khudeir et al., 1988; Shukri and
Mansour, 1980; Stern et al., 1991) and instead suggest that the EI-Shadli bimodal volcanics are
younger than the surrounding El-Shadli granitoids-gabbro association. These previous models
focused on an outcrop around the Um Samiuki-Abu Hamamid area (yellow stars in Fig. 2),
which is not in direct contact with the surrounding granitoids-gabbro association. Our
geochronological data show that the EI-Shadli bimodal volcanics (698 £ 6 Ma; see result
section below) are 30-20 Ma younger than the EI-Shadli granitoids-gabbro association.
Structurally, the both EI-Shadli bimodal volcanics and granitoids-gabbro association show the
same structural trends, and were affect by WNW-ESE-trending normal faults and shearing (

see a review of Fowler and Hamimi, 2021) (Fig. 2).

Regionally, the EI-Shadli granitoids-gabbro association that underlies the EI-Shadli
bimodal volcanics intrudes the strongly deformed and variably metamorphosed ca. 750 Ma
Wadi Ghadir ophiolite assemblages (Abdel EI-Wahed et al., 2019; Youssef et al., 2000) (Fig.
2), indicating that both the volcanics and the plotonic intrusions formed after regional-scale

terrane accretion.

The bimodal volcanic rocks consist of massive alternating mafic and felsic layers that
range from a few to hundreds of meters in thickness, and include some sills (Fig. 3). The mafic
rocks mainly consist of submarine tholeiitic basalts, basaltic andesites, and few dolerite sills
(sample S04-2) with thin intercalations of tuffs and cherts (Fig. 4f). These mafic rocks are
generally massive and, in some localities, show pillow structures ranging from a few
centimetres to meters in width with vesicular margins (Figs. 3 and 4g). The felsic rocks mainly
consist of massive rhyolitic lava flows (Fig. 3). The volcanogenic sedimentary rocks are mainly

9
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laminated tuffs and agglomerates (Fig. 4k, f). Subordinate intermediate rocks occur as small

un-mappable bodies that intrude the mafic rocks (Fig. 4h-j).

Petrographically, the EI-Shadli bimodal volcanics are remarkably fresh with
preservation of original minerals and textures, although locally some greenschist facies mineral
assemblages are present (Fig. 5). The mafic rocks are composed of plagioclase, and
clinopyroxene and display intergranular to porphyritic textures (Fig. 5a-f). Plagioclase occurs
as phenocrysts, small laths, and in the fine-grained groundmass (Fig. 5a-c). These phenocrysts
are commonly euhedral with albite twinning and show secondary alteration to epidote.
Clinopyroxene exists as micro-phenocrysts (up to 1 mm in length) in ophitic and sub-ophitic
intergrowths with plagioclase laths (Fig. 5e). Clinopyroxene may be altered to amphibole and
chlorite (Fig. 5f). Amphiboles are mainly pale green actinolites and occur in the groundmass
(Fig. 5f). Opaque minerals include magnetite, hematite, and ilmenite, and occur as fine
subhedral grains randomly distributed in the groundmass (Fig. 5f). Other accessory minerals
include titanite and apatite. Epidote, sericite, clay minerals, chlorite, and calcite occur as

secondary minerals.

The felsic rocks are mainly massive reddish to pink-grey rhyolites (Fig. 3) and are
typically composed of plagioclase, quartz, potash feldspar (orthoclase), and minor biotite (Fig.
5g-j). Opaque minerals include magnetite; titanite and zircon occur as accessory minerals.
Secondary minerals include chlorite, epidote, sericite, and clay minerals. Plagioclase, quartz,
and potash feldspar occur either as euhedral to subhedral phenocrysts and/or small grains in
the groundmass (Fig. 5g-i). Plagioclase crystals have well persevered albite twinning, and
display slight epidote alteration (Fig. 5g). Some quartz grains exhibit wavy extinction (Fig. 5h).
Potash feldspar phenocrysts show Carlsbad twinning (Fig. 5i). Biotite occurs in the groundmass

and shows chlorite alteration along cleavage (Fig. 5j).
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The intermediate volcanics include grey, porphyritic andesitic rocks (Fig. 4h-j)
consisting of plagioclase, quartz, and mafic minerals (hornblende and biotite) (Fig. 5k, I).
Opaque minerals include magnetite, ilmenite, and titanite, and zircon occurs as accessory
minerals. Secondary minerals include chlorite, epidote, and sericite. Plagioclase, quartz, and
biotite occur as large phenocrysts in the groundmass of the same minerals (Fig. 5k).
Hornblende occurs as small grains within the groundmass. Chlorite represents an alteration
product from biotite (Fig. 51). Epidote and sericite are disseminated in the groundmass as

alteration products of plagioclase (Fig. 5k).

3. Analytical methods

Analytical techniques are described in detail in the supplementary information (Tables
S1to S3). Whole-rock major elements were determined for 18 samples (11 mafic, 5 felsic, and
2 intermediate rock samples) using X-ray fluorescence at the Bureau Veritas Lab,
Perth (Supplementary Table S1). Whole-rock trace elements and Sr-Nd isotope data were
determined using inductively coupled plasma mass spectrometry (ICP-MS) and thermal
ionization mass spectrometry (TIMS), respectively, at the Macquarie (MQ) GeoAnalytical
Lab, Macquarie University (Supplementary Table S1). Zircon U-Pb dating was carried out
using SHRIMP II at Curtin University (Supplementary Table S2) for rhyolite sample S02-5
and andesite sample S16. Zircon Hf isotope and trace element data were acquired using laser
ablation split stream ICP-MS (LA-SS-ICP-MS) in the John de Laeter Centre, Curtin University
(Table S3); zircon O isotope data were acquired using secondary ion mass spectrometry (SIMS)

at the Guangzhou Institute of Geochemistry, China (Table S3).

4. Results
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4.1. Whole-rock geochemical data

Samples of the EI-Shadli volcanic rocks are fresh with minor alteration/weathering, as
indicated by low loss on ignition (LOI) with values below 1 wt. % for felsic rocks and ranging
between 1 to 3 wt. % for the mafic and intermediate rocks (Supplementary Table S1). As rock
composition can be modified by alteration/weathering (Polat and Hofmann, 2003), the effect
of alteration on the mobility of the major and trace elements was evaluated before discussing
the geochemical and petrological characterizations of the studied volcanic rocks. The LOI
value was plotted against all major and some trace elements such as Cr, Ni, Rb, Sr, Y, Zr, Nb,
Ba, La, and Ce (Supplementary Figs. S1 and S2). None of the major and trace elements shows
any correlation with the LOI values, suggesting that there is no significant effect of
alteration/weathering on the geochemical composition of the studied rocks.

The El-Shadli volcanic rocks have a wide range of SiO contents (45.5-77.2 wt. %) and
show a clear bimodal distribution (Supplementary Fig. S3). On a total alkali versus silica (TAS:
Middlemost, 1994) plot (Fig. 6a), two major subgroups are defined (including data from this
study and that of previous work (Abdel-Karim et al., 2019; Faisal et al., 2020; Khudeir et al.,
1988; Shukri and Mansour, 1980; Stern et al., 1991). The first subgroup comprises basalt with
a minor amount of basaltic andesite, and the other subgroup consists of rhyolite along with a
subordinate number of intermediate rocks. The intermediate rocks include only andesite
samples from this study (S16 and S17-1) and three samples from Stern et al. (1991) and Faisal
et al. (2020). The geochemical distinction between the two subgroups is evident the plot of
Zr/Ti versus Nb/Y (Fig. 6b; Winchester and Floyd, 1976).

Data from this study show that the mafic (i.e., basaltic) rocks have SiO2 (45.5-51.5 wt.
%), MgO (4.2-9.2 wt. %), Al,O3 (14.6-18.1 wt. %), Fe;03" (8.6-13.7 wt. %), and TiOz (0.6—
1.3 wt. %) (Supplementary Fig. S3 and Table S1). The felsic rocks have SiO> (74.1-77.2 wit.

%), MgO (0.1-0.6 wt. %), Al203 (11.3-13.2 wt. %), Fe20s" (1.6-3.5 wt. %), and TiO2 (0.1

12
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0.3 wt. %) (Supplementary Fig. S3 and Table S1). The two intermediate rocks (516 and S17-
1) have compositions of SiO2 = 69.1 and 58.1 wt. %, MgO = 1.1 and 1.9 wt. %, Al,O3 = 15.7
and 18.6 wt. %, Fe,O3" = 3.4 and 6.3 wt. %, and TiO, = 0.3 and 0.9 wt. %, respectively
(Supplementary Fig. S3 and Table S1). Overall, the mafic and felsic rocks studied herein have
a very low K>O content (<1 wt. %), but the intermediate rocks have >1 wt. % K>O (Fig. 6d).
For the basaltic samples, the total alkalis (Na.O + KO = 1.7-4.8 wt. %) increase with
increasing SiO2 (Supplementary Fig. S3 and Fig. 6a). In contrast, the total alkalis (Na.O + K20
= 3.6-6.2 wt. %) decrease with increasing SiO2 in the felsic rocks, (Supplementary Fig. S3 and
Fig. 6a). The intermediate rocks show no systematic relationship between total alkalis (Na2O
+ K20 = 5.7 wt. %) and SiO2 (Supplementary Fig. S3 and Fig. 6a).

All of the studied rocks have a sub-alkaline affinity according to their low total alkalis
(Middlemost, 1994) and low Nb/Y ratios (Winchester and Floyd, 1976) (Fig. 6a, b). On an
AFM diagram, they display a tholeiitic series trend (Fig. 6¢). The SiO2 versus K20 relationship
(Peccerillo and Taylor, 1976) shows that the basaltic and felsic rocks belong to the tholeiitic
series (Fig. 6d), while the intermediate rocks are more akin to calc-alkaline series rocks. These
interpretations are supported by petrogenetically-sensitive trace element ratios. According to
Co-Th (Hastie et al., 2007) and Th/Yb versus Zr/Y (Ross and Bédard, 2009) diagrams, both
the basaltic and felsic rocks are similar to the tholeiitic series, whereas the intermediate rocks
show a calc-alkaline affinity (Figs. 6e, f).

On the chondrite (Cl)-normalized (Anders and Grevesse, 1989) rare earth element
(REE) diagram (Fig. 7a, b), the basaltic and felsic rocks commonly show relatively flat REE
patterns with a slightly negative slope for the light REE (LREE), similar to MORB (Sun and
McDonough, 1989). The basaltic rocks show slight LREE-depletion with Lan = 3.04-7.23,

0.42-0.75, (La/Yb)ci = 0.46-0.95, relatively flat heavy REE patterns (HREE;

(La/Sm)c|

(Yb/Gd)c) = 0.82-1.35) and an insignificant negative Eu anomaly [(Eu/Eu*)c; = 0.90-1.1,
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where Eu* = \(Sm x Gd)] (Fig. 7a). The felsic rocks have more evolved (higher) REE
compositions, but mimic the REE patterns of the basaltic rocks, with Lan = 11.54-24.93,
(La/Sm)ci = 0.63-1.12, (La/Yb)ci = 0.64-1.07 and (Yb/Gd)ci = 0.92-1.27, with the exception
of pronounced negative Eu anomalies [(Eu/Eu*)ci = 0.55-0.85] (Fig. 7b). The intermediate
rocks display REE patterns that are distinct from both the basaltic and felsic rocks (Fig. 7c),
with a positive trend from LREE to HREE with LREE-enrichment Lan = 22.05-22.14,
(La/Sm)ci = 1.46-1.91, and (La/Yb)ci = 2.89-5.49.

On the normal-MORB (NMORB)-normalized trace elements diagram (Sun and
McDonough, 1989) (Fig. 7a), the basaltic rocks display depletion in Zr and Nb, but are
relatively enriched in large ion lithophile elements (LILE) such as Cs, Rb, Ba, Th, and U. The
felsic rocks exhibit strongly fractionated patterns relatively to N-MORB with significant
negative Nb, P, and Ti anomalies (Fig. 7b). The intermediate rocks, however, show significant

enrichments in almost all trace elements compared to N-MORB (Fig. 7c).

4.2. Whole-rock Sr-Nd isotopic data
The basaltic rocks have low Sr (149-209 ppm) and Rb (0.49-18.06 ppm) contents.

Their measured 8’Sr/%Sr ratios range from 0.702503 + 0.000005 to 0.705022 + 0.000003 (Fig.
8a and Supplementary Table S1) with calculated initial 8Sr/%®Sr from 0.702219 + 0.000003 to
0.702694 + 0.000003. They also have low Nd (4-16 ppm) and Sm (1.5-5.6 ppm) abundances,
and measured *3Nd/***Nd ratios ranging from 0.512950 + 0.000004 to 0.513135 + 0.000002
(Fig. 8a and Supplementary Table S1). Calculated initial **Nd/***Nd values range from
0.512030 + 0.000005 to 0.512105 + 0.000002 (Fig. 8b and Supplementary Table S1) which
correspond with eNd(t) values (t = 700 Ma) ranging from +5.84 to +7.31 (Fig. 8b).

The felsic rocks have similar Sr and Nd isotopic composition to the basaltic rocks with

initial ratios of 8/Sr/%Sr = 0.702575 + 0.000004 — 0.703043 * 0.000003, “**Nd/***Nd =
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0.512065 + 0.000002 — 0.512115 + 0.000002, and eNd(t) values ranging from +6.53 to +7.50
(Fig. 8b and Supplementary Table S1). The intermediate rocks display significantly different
isotopic compositions, with initial ratios of 8 Sr/%Sr in the range of 0.702527 + 0.000004 —
0.702605 + 0.000003, ***Nd/***Nd 0.511677 + 0.000001 — 0.511802 + 0.000006, and eNd(t)

between +1.38 and —1.04 (Fig. 8b and Supplementary Table S1).

4.3. Zircon U-Pb-Hf-O isotopes and trace elements
4.3.1. Rhyolite sample S02-5

Zircon grains from sample S02-5 are typically < 100 um in length and display a
euhedral equant to prismatic morphology. In cathodoluminescence (CL) images, these zircons
display well-developed oscillatory zoning, although some have unzoned homogenous cores
(Fig. 9a) and patchy zoning (Fig. 9a).

Twenty-seven U-Pb SHRIMP analyses were conducted on 27 grains. These analyses
have variable U (22-112 ppm) and Th (6-65 ppm) contents, as well as Th/U ratios (0.23-0.58)
(Supplementary Table S2) indicating a magmatic origin and crystallization from high SiO>
magma (Kirkland et al., 2015). On the Tera-Wasserburg diagram, the 27 analyses yield a
weighted mean 2°°Pb/2*8U age of 698 + 11 Ma (+95 % conf., MSWD = 1.19, N = 27; Fig. 9a),
interpreted to represent the crystallization age of the rhyolite sample S02-5.

Fifty-three laser ablation split stream (LASS) analyses were conducted on 53 zircon
grains from the same sample. Twenty-seven analyses were placed over the SHRIMP spots. The
LASS analyses yield a weighted mean 2°°Pb/?*8U age of 698 + 6 Ma (+95 % conf., MSWD =
0.53, N = 46; Fig. 9b and Supplementary Table S3), which is almost identical to the SHRIMP
age. Cl-normalized (Anders and Grevesse, 1989) zircon REE patterns show a negative slope

from middle to heavy REE [(Yb/Gd)ci =12-32], negative Eu anomalies [(EU/Eu*)ci= 0.12—
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0.41], and variable Ce anomalies [(Ce/Ce*)ci = 0.36-20, where Ce* = \(La x Pr)] that are
characteristic of unaltered magmatic zircon (Belousova et al., 2002; Grimes et al., 2015) (Fig.
10a and Supplementary Table S3). Zircon grains have Hf contents of 7975-8767 ppm, Nb
contents of 0.56-6.16 ppm, U/YD ratios of 0.04-0.11 (Fig. 10b-d and Supplementary Table
S3).

The Lu-Hf isotopic data from these 53 spots yield *"®Lu/"’Hf ratios of 0.00191 *
0.00001 — 0.00941 + 0.00010 and "®Hf/*""Hfy, ratios of 0.282517 + 0.000028 — 0.282756 +
0.000062 (Supplementary Table S3). The calculated eHf(y) values range from +7.38 + 0.42 to
+15.14 £ 0.93 and yield an average value of +11.46 (Fig. 11 and Supplementary Table S3) that
corresponds to Tpm Crustal ages of 0.70-1.19 Ga. Twenty-seven SIMS O isotope spots have
880 values within the range of 4.50 + 0.18 %o— 5.24 + 0.18 %o with an average value of 4.94

%o (Fig. 11b and Supplementary Table S3).

4.3.2. Andesitic sample S16

Zircon grains from sample S16 are prismatic with euhedral rims and range in length
from 100-200 um. These zircons have homogenous textures and well-developed oscillatory

zoning in CL images (Fig. 9¢). Some grains show only faint and broad zoning (Fig. 9c).

Twenty U-Pb SHRIMP analyses were conducted on 20 grains. The analysed grains
have variable U (33-300 ppm), Th (19-150 ppm), and Th/U ratios (0.26-0.58) (Supplementary
Table S2) that signify a magmatic origin (Kirkland et al., 2015). On the Tera-Wasserburg
diagram, 19 of the 20 analyses yield a weighted mean 2°°Pb/?38U age of 698 + 8 Ma (+95 %
conf., MSWD = 1.6, N = 19; Fig. 9c), interpreted as the crystallization age of this andesitic

sample.
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Forty-three LASS analyses were conducted on 43 grains from the same sample with 26
analyses performed over the SHRIMP spots. Forty-two LASS analyses yield a weighted mean
205pp/238Y age of 707 = 5 Ma (95 % conf., MSWD = 1.16, N = 42; Fig. 9d and Supplementary
Table S3) which is consistent (within error) with the SHRIMP age. One grain, S16@4, has an
older 2%Pp/?38U age of 854 + 25 Ma (+ 26) and may represent a xenocryst from an older
Neoproterozoic ANS rock such as the 845 + 5 Ma arc-related granitoids from the Asir terrane,
Saudi Arabia (Robinson et al., 2014) (Fig. 9d and Supplementary Table S3). Cl-normalized
(Anders and Grevesse, 1989) zircon REE patterns show a negative slope from the middle to
heavy REE [(Yb/Gd)ci = 2.3-46] and high negative Eu anomalies [(Eu/Eu*)c)= 0.17-0.71]
which are characteristic of unaltered magmatic zircons (Belousova et al., 2002; Grimes et al.,
2015) (Fig. 10a and Supplementary Table S3). The zircon grains have Hf contents of 8768—
12530 ppm, Nb contents of 0.27-2.14 ppm, and U/Yb ratios of 0.05-0.65 (Fig. 10b-d and
Supplementary Table S3).

The Lu-Hf isotopes of these 42 spots yield 1"®Lu/""Hf ratios of 0.00041 + 0.00004 —
0.00198 + 0.00001 and ®Hf/*""Hfy, ratios of 0.282556 + 0.000038 — 0.282686 + 0.000047
(Supplementary Table S3). The calculated eHf(y) values range from +7.38 £ 0.57 to +11.96 £
0.81 and give an average of +9.76 (Fig. 11), corresponding to Tpm crustal ages of 0.85-1.14
Ga. Grain S16@4 has 15Lu/*""Hf ratios of 0.000024 + 0.00001, 1"®Hf/*""Hf ratio of 0.282625
+ 0.000061 and eHf{y) value of +13.43 £ 0.92 corresponding to a Tpom crustal age of 0.88 Ga. A
total of 20 SIMS O isotopic analyses yield 5'80 values ranging from 4.27 + 0.16 %o to 5.23 +

0.16 %o with an average of 4.79 %o (Fig. 11b and Supplementary Table S3).

5. Discussion

5.1. Tectonic setting of the EI-Shadli bimodal volcanic province
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The tectonic affinity of the El-Shadli bimodal volcanic province is controversial, with
some arguing that the province was formed in an island arc setting (Abdel-Karim et al., 2019;
Faisal et al., 2020; Khudeir et al., 1988; Shukri and Mansour, 1980) and others suggesting a
continental rift-related origin (Stern et al., 1991). The latter interpretation was supported by
relatively few geochemical data from a small sampling area at W. Abu-Hamamid (yellow star
in Fig. 2), within the EI-Shadli bimodal volcanic province. The following section presents a
detailed discussion with new evidence in support of a rift-related origin.

Field observations show clear intercalation between mafic and felsic rocks (Fig. 3)
which is characteristic of magmatic rift systems, i.e. the Cenozoic magmatism in the East-
African rift (Rooney, 2020, 2017) and known Neoproterozoic bimodal rift volcanics in South
China and Tarim (Cheng et al., 2020; Kjall et al., 2019; Li et al., 2010, 1999; X.-H. Li et al.,
2008; Z. X. Li et al., 2003; Lyu et al., 2017). In addition, there is no field evidence within the
El-Shadli volcanic province of either upper mantle rocks such as peridotites and serpentinites,
and/or sheeted dykes, which argues against these rocks being part of an ophiolite assemblage
(see Furnes et al., 2014). In contrast, well-defined ophiolite sections are exposed both to the
south (~750 Ma MORB-related Gerf ophiolites; Zimmer et al., 1995) and north (~750-730 Ma
arc-related El-Fawakhir and W. Ghadir ophiolites; Abd EI-Rahman et al., 2009b, 2009a; Basta
etal., 2011; El-Sayed et al., 1999) of the study area. The deformation style and structural trends
of the EI-Shadli bimodal volcanic province and the surrounding El-Shadli granitoid complex
are also in sharp contrast with those of accreted ophiolite assemblages (Fig. 2) with the latter
featuring much stronger deformation and varying degree of metamorphism (up to amphibolite
facies; Abdel EI-Wahed et al., 2019; Fowler and Hamimi, 2021; Youssef et al., 2000).

The bimodal chemical composition is atypical of either modern oceanic (e.g. Izu-
Bonin-Marian, IBM) or continental (e.g. Andean) arcs but is common in continental rifts (e.g.

East-African) (Fig. 12a-e). We compare the SiO content of the El-Shadli volcanic province
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(data from both this study and previous work: Faisal et al., 2020; Khudeir et al., 1988; Shukri
and Mansour, 1980; Stern et al., 1991) with other Eastern Desert volcanic rocks such as (1)
ophiolite-related volcanics (Abd EI-Rahman et al., 2009b, 2009a; Basta et al., 2011; El-Sayed
etal., 1999; Stern, 1981), (2) arc-related volcanics (Ali et al., 2009), and (3) the post-collisional
Dokhan volcanics (Eliwa et al., 2006, 2014) (Fig. 12a-d). The El-Shadli volcanics display a
distinct bimodal magmatic nature similar to that of the East-African rift-related volcanics,
which is different from that of typical ophiolite- or arc-related volcanics. It is also atypical of
any other Neoproterozoic volcanic assemblages in the Eastern Desert (Fig. 12b-e).

In Harker variation diagrams (Supplementary Fig. S4), arc-related volcanics typically
display a linear correlation with SiO2. The East-African rift-related volcanics, on the other
hand, show a continuous, non-linear (i.e., hyperbolic) trend with more dispersion (Martin and
Piwinskii, 1972; Peccerillo et al., 2003) (Supplementary Fig. S4), which is similar to that
observed in the EI-Shadli volcanics. These trends are particularly evident in the Al.O3, Na20O,
and K>O contents of the mafic and felsic EI-Shadli volcanics, and in almost all major oxides
from the mafic rocks (Supplementary Fig. S3 and Fig. 6). Thus, we conclude that the EI-Shadli
bimodal volcanics display similar major elemental relationships with SiO2 content
(Supplementary Fig. S3) as that documented for well-known rift-related volcanics
(Supplementary Fig. S4).

Whole-rock REE and Nd-Sr isotopic data together with zircon trace element data for
the EI-Shadli mafic and felsic rocks show a typical MORB-like composition and are atypical
of arc-related basalts and granites, respectively (Figs. 7a, b, 8, and 10). On the other hand, the
whole-rock geochemical, isotopic, and zircon trace element data of the intermediate rocks have
an arc-like signature, the origin of which is discussed below.

On discrimination plots of immobile trace element data (Figure 13a-c) such as the V vs

Ti (Shervais, 1982; X.-C. Wang et al., 2016), Sm-Ti-V (Vermeesch, 2006), and TiO2/Yb versus
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Nb/Yb (Pearce, 2008) diagrams, the El-Shadli mafic rocks plot in the MORB field and are
similar to Basin and Range rift-related basalts (X.-C. Wang et al., 2016), suggesting that the
El-Shadli mafic rocks were emplaced in a rift environment. Similarly, on geochemical
classification diagrams for the felsic rocks, such as the Ga/Al vs FeOt/MgO (Whalen et al.,
1987) and SiO; versus FeO+/( FeOt+ MgO) (Fig. 13d; Frost et al., 2001), the EI-Shadli samples
are typical of A-type granites which generally form in within plate/rift-related environments
(Bonin, 2007; Whalen et al., 1987). On the Rb vs. (Y + Nb) and Nb vs. Y diagrams (Fig. 13e,
f) that link the magmatic source with the tectonic setting of the felsic rocks (Pearce, 1996;
Pearce et al., 1984; Whalen and Hildebrand, 2019), the EI-Shadli felsic rocks plot close to
ocean ridge granites (ORG) and slightly overlap with within-plate granites (WPG), supporting
a rift-related origin.

In summary, based on field observations and geochemical data, the EI-Shadli bimodal

volcanics most likely formed in a rift-related tectonic setting (Stern et al., 1991).

5.2. Source region and petrogenesis of the EI-Shadli bimodal suite

5.2.1. Nature of the parental magma and magma source

In order to evaluate if the EI-Shadli bimodal volcanics originated from the melting of
crust or from a mantle source, evidence for crustal contamination in the parent melts needs to
be assessed. The low abundance (<10 ppm) of Rb (a fluid-mobile element: FME) in the El-
Shadli felsic rocks (and even mafic rocks) indicates an inherited depleted mantle source and
the absence of interaction/contamination with the continental crust (Pearce, 1996; Pearce et al.,
1984) (Fig. 13e, f). Also, the low initial & Sr/%®Sr ratios (0.702219-0.703043) and highly
positive eNd(t) (from +5.84 to +7.50) of the EI-Shadli mafic and felsic rocks (Fig. 8b) indicate
the juvenile nature of the parental magma, with no detectable crustal contribution to their

compositions. This parental magma was likely extracted from a depleted MOR-like source
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(Figs. 7a, b, 8, and 10). The El-Shadli bimodal suite has a tholeiitic affinity with a parental
magma characterized by a very low K>O content (Fig. 6).

Zircon U-Pb analyses of rhyolite sample S02-5 indicate a lack of pre-Neoproterozoic
inherited cores or zircon xenocrysts (Fig. 9a), implying no detectable interaction with old
crustal materials (Belousova et al., 2015; Carley et al., 2014; Grimes et al., 2015), consistent
with a juvenile parental magma composition (i.e. a depleted source). Variations of U/Yb ratio
in zircon reflect variations in the melt composition at the time of zircon crystallization (Grimes
et al., 2007). The U/YD ratio for the bulk continental crust is 0.7 (Rudnick and Gao, 2014)
compared to 0.02 for MORB (White and Klein, 2014). The low U/Yb ratios (typically < 0.1)
of the analyzed zircons from rhyolite sample S02-5 are similar to zircons formed from a
depleted MOR source and are significantly lower than continental and arc-related zircons
(Carley et al., 2014; Grimes et al., 2015, 2007) (Fig. 10). The low Nb/Yb and Gd/Yb ratios of
these zircons are also typical of zircons extracted from a depleted MOR source (Grimes et al.,
2015) (Fig. 10).

Hf isotopic compositions of zircons provide significant constraints on the nature and
compositional evolution of the parental magma and are sensitive to the relative contributions
from the continental crust and depleted mantle of different ages (Belousova et al., 2010; Griffin
et al., 2002; Kemp and Hawkesworth, 2014; Vervoort and Blichert-Toft, 1999). As Hf is more
incompatible than Lu during mantle partial melting processes, it is highly enriched in the
continental crust, leading to a depleted mantle source that becomes more radiogenic (i.e. high
Lu/Hf and higher Y°Hf/A"’Hf) with time. The continental crust becomes less radiogenic with
time (low Lu/Hf and lower Y®Hf/*"Hf) (Kinny et al., 1991; Patchett, 1983; Patchett et al.,
1981). As Hf strongly partitions into zircon, the Hf concentration in zircon is high (0.5-2 %)
and the Lu/Hf ratio is very low (<0.001) (Kemp and Hawkesworth, 2014; Patchett, 1983).

Therefore, zircon preserves the near initial "*Hf/*""Hf ratio of the source magma at the time of
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crystallization (Hawkesworth and Kemp, 2006; Vervoort and Blichert-Toft, 1999) and can
fingerprint both the magma source, as well as the potential presence of older continental crust
and depleted mantle of different ages (Belousova et al., 2010; Griffin et al., 2002; Kemp et al.,
2006; Kemp and Hawkesworth, 2014; Kinny et al., 1991; Kinny and Maas, 2003; Vervoort and
Blichert-Toft, 1999). The highly positive zircon eHf{y) values (from +7.38 + 0.42 to +15.14 +
0.93) of rhyolite sample S02-5 (Fig. 11) indicate the parental magma was extracted from a
juvenile source with no detectable involvement of old continental crust (Belousova et al., 2010;

Hawkesworth and Kemp, 2006).

O isotopes in zircon are sensitive to parental magma contamination by continental and
sedimentary materials (Valley, 2003). The &80 values of typical mantle-like magma (5.3 +
0.3%o) are shifted to lower values by interaction with hydrothermal fluids or to higher values
by interaction with a source that underwent sediment and/or crustal recycling (Hawkesworth
and Kemp, 2006; Valley, 2003; Valley et al., 2005, 1998). The low 830 values (4.50 + 0.18
—5.24 + 0.18 %o) of the zircons in rhyolite sample S02-5 indicate that their parental magma
interacted with high-temperature hydrothermal fluids (Grimes et al., 2013; H. Wang et al.,

2016) (Fig. 11).

Taken together, the whole-rock geochemical and isotopic compositions of the EI-Shadli
mafic and felsic rocks are consistent with derivation from a depleted MOR-like source rather
than from an arc-related source. The zircon O isotopic data, together with the enrichment of
the EI-Shadli mafic and felsic rocks in some LILE (e.g. Cs, Ba, and U) relative to N-MORB
(Fig. 7), is likely related to hydrothermal alterations of the MOR-like source (Koepke et al.,
2005; Tao et al., 2020). Finally, the whole-rock Nd-Sr isotopic and geochemical data, along
with the zircon U-Pb-Hf-O-trace element data, suggest that the parental magma was juvenile

and was not affected by continental crustal contamination. Thus, we suggest that the parental
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magmas of the El-Shadli bimodal volcanics were extracted from a depleted MOR-like source

that had undergone hydrothermal alteration due to fluid circulation in an oceanic setting.

5.2.2. Petrogenesis

The EI-Shadli mafic rocks have an evolved composition with low Mg# [MgO/ (MgO +
FeOT)*100] = 6443, Cr (9—341 ppm), and Ni (3—-120 ppm) (Supplementary Table S1). These
Mg #, Cr, and Ni contents are significantly lower than those of primary mantle melts (Ni > 500
ppm, Cr > 1000 ppm, and Mg# > 72: Niu and O’Hara, 2008), suggesting these volcanics are
not primary mantle melts but have evolved by fractionation (Cheng et al., 2020; Li et al., 2002).
In Harker plots (Supplementary Fig. S3), the mafic rocks show a decrease in MgO, Fe2O3"™ and
CaO with increasing SiO2, which, together with the wide range in Ni and Cr, indicate significant
fractional crystallization of olivine and clinopyroxene. Thus, this mafic magma was a product
of high degree partial melting of a depleted source (a two-stage formation process after primary
partial melting of mantle peridotites). Such a source is most likely to occur in the mantle-crust
transition zone (MTZ) dominated by ultramafic/mafic rocks (i.e. lithospheric mantle; Cheng et

al., 2020; Li et al., 2002).

The shared geochemical and isotopic features of the EI-Shadli mafic and felsic rocks
are consistent with a mafic, tholeiitic magma derived from a juvenile mantle source followed
by fractionation to more felsic compositions (Figs. 6-8). The El-Shadli felsic rocks have lower
Sr and Al203 and a more pronounced Eu anomaly than the mafic rocks (Supplementary Fig.
S3 and Fig. 7), reflecting the important role of plagioclase during fractionation (Li et al., 2002;
Stern et al., 1991; Zhang et al., 2017). The lower Ti content of the EI-Shadli felsic rocks
compared to the mafic rocks indicate fractionation of Ti-Fe oxides (X.-H. Li et al., 2008; Wang

et al., 2008) (Fig. 7).
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Felsic magmas that fractionated from a parental melt produced by partial melting of a
MORB-like mafic source should yield (a) a flat or slightly decreasing REE trend with
increasing SiO2, and (b) slightly higher and/or overlapping REE patterns with coexisting mafic
rocks (Brophy, 2009). In contrast, felsic rocks produced through direct fractional crystallization
of a primary mantle melt should yield a positive correlation between REE and SiO: over the
entire mafic to the felsic range (Brophy, 2009). The EI-Shadli mafic and felsic rocks have flat
REE patterns with some overlap (Fig. 7) and no correlation between La vs. SiO> (Fig. 14c)
consistent with a partial melting origin of a MORB-like mafic source to produce the mafic
magma that later fractionated to felsic ones (Fig. 14). This process is in contrast with that of
the Iceland lavas, thought to have been formed through fractional crystallization from mantle-
derived tholeiitic basalt and display a positive La-SiO> correlation with a steady increase in La

content from mafic to felsic end-members (Brophy, 2009).

The low 880 values of zircons in the felsic rocks (4.50 + 0.18 and 5.24 + 0.18 %o (Fig.
11b) can be explained either by re-melting of hydrothermally altered source rocks or by
assimilation by the magma of hydrothermally altered wall rock during magma emplacement
(Grimes et al.,, 2013; H. Wang et al.,, 2016). If the EI-Shadli felsic magma underwent
assimilation, it should contain zircon xenocrysts and Hf-O isotopic data with upper crustal
compositions (Kemp et al., 2007; H. Wang et al., 2016), neither of which have been observed
(Fig. 11b). Also, typical 50 depth profiles of normal oceanic lithosphere show 580 values
of lower crustal MTZ gabbroic and ultramafic rocks as low as 2 %o, reflecting an interaction
with high-temperature seawater-derived/hydrothermal fluids, which is common in such
settings (Bindeman, 2008; Eiler, 2001; Grimes et al., 2013; Stakes and Taylor, 2003). High-
temperature hydrothermal fluids (i.e., seawater) can interact with the oceanic lower crust down
to upper mantle levels (Tao et al., 2020). Taken together, the high eHf(t) values and the slightly

lower 3'0 values in zircon (Fig. 11) are similar to the isotopic features of older
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mafic/ultramafic lower oceanic crust (H. Wang et al., 2016) (Fig. 11b), suggesting that the
felsic rocks of the EI-Shadli bimodal suite likely originated from fractional crystallization of a
mafic melt produced by partial melting of MTZ rocks of the lower oceanic crust.

In summary, the EI-Shadli bimodal suite formed from the same parental source; the
mafic magmas with MORB-like composition fractionated from a parental melt created by
partial melting of hydrothermally altered MTZ rocks (i.e. oceanic lithosphere) that finally

fractionated to yield more felsic compositions.

5.3. Origin of the EI-Shadli intermediate rocks

As mentioned above, field observations show that the volumetrically minor
intermediate rocks intruded the EI-Shadli mafic rocks (Fig. 4h, ). They are distinct from mafic
and felsic rocks in the whole-rock geochemistry, Nd-Sr isotopic data, and U-Pb-Hf-O zircon
compositions. The following lines of evidence suggest that the EI-Shadli intermediate rocks
were derived from an arc-like parental magma. First, these intermediate rocks have high K>O
contents (> 1 wt. %) and their trace element contents and ratios (e.g., Th, Co, Th/Yb, and Zr/Y)
are typical of rocks with a calc-alkaline affinity (Fig. 6d-f). In Figure 7c, the intermediate rocks
show enrichment in LILE (e.g., Cs, Ba, Th, Pb, and U) and LREE (e.g., La and Ce) relative to
HFSE (e.g., Nb, Zr, and Ti ), which is typical of a source that underwent melt/fluid interaction
during subduction (Gamal El Dien et al., 2020, 2019; Kessel et al., 2005; Pearce and Peate,
1995; Pearce and Reagan, 2019; X.-C. Wang et al., 2016). As a result of these traits,
intermediate rocks plot in arc-like fields on standard tectonic discrimination diagrams (Fig.

13).

Second, the two intermediate rock samples have negative eNd (-3.57 and -4.91) and

low eNd(t) (+1.38 and —1.04) values which, in conjunction with the litho-geochemical data,
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indicate the interaction of the parental magma with crustal and/or sedimentary materials, most
likely in an arc setting (Gamal EI Dien et al., 2020; Li et al., 2019; Pearce and Peate, 1995;
Togashi et al., 1992) (Figs. 8 and 14a). Finally, zircon U-Pb analyses of andesitic sample S16
indicate the presence of a zircon xenocryst (#S16@4; Fig. 9d), which indicates contamination
of the parental magma by crustal components. The high U/Yb (mostly > 0.1) of these zircons
is also characteristic of arc-generated zircons (Carley et al., 2014; Grimes et al., 2015, 2007)
(Fig. 10). Taking into account the above-mentioned arc signature and the slightly lower Hf and
O isotopic values in zircon that likely preserve the older lower crust features (H. Wang et al.,
2016) (Fig. 11), these intermediate rocks may have originated from partial melting of arc-

related lower oceanic crust, modified by subduction (i.e. metasomatized; Figs. 10 and 14b).

5.4. Formation mechanism and tectonic implications

Field observations and whole-rock/zircon geochemical and isotopic data suggest that
the EI-Shadli volcanic province formed in a rift environment, not in a volcanic arc (Stern et al.,
1991) (Figs. 3, 7, 8, 10, 12, and 13). Nonetheless, rifting due to regional extension can occur
either in a back-arc environment or in a non-arc-related continental rifting environment

(Tatsumi and Kimura, 1991).

A back-arc extension model implies a genetic association with subduction (Brooks et
al., 1984; Ohki et al., 1994; Pearce et al., 2005; Tang et al., 2014; Tatsumi and Kimura, 1991,
Taylor and Martinez, 2003). However, the geochemical characteristics of the EI-Shadli
bimodal volcanics argue against such an association. Bimodal volcanism generated in back-arc
settings is characterized by the presence of subduction zone geochemical signatures in both
mafic and felsic compositions. For example, magmatism in Western Pacific back-arc basins

(Ohki et al., 1994; Pearce et al., 2005; Shinjo et al., 1999; Shinjo and Kato, 2000; Tang et al.,
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2014) is characterized by high LREE contents with (La/Sm)ci = 2-4 and (La/Yb)ci = 2-5
(Shinjo et al., 1999; Shinjo and Kato, 2000). In contrast, the LREE depletion and lack of LILE
enrichment are atypical of back-arc mafic rocks. Felsic rocks in back-arc extension settings
typically have medium-K contents (~2—3 wt. %; Shinjo and Kato, 2000), in contrast to the low-
K contents (<1 wt. %) of the EI-Shadli bimodal suite (Fig. 6d). Isotopic data suggesting a highly
depleted source for the EI-Shadli bimodal suite argues against a back-arc environment which
typically reflects derivation from an enriched sub-arc mantle (Bézos et al., 2009; Espinoza et
al., 2008; Li et al., 2016; Ohki et al., 1994; Pearce et al., 2005; Shinjo et al., 1999; Shinjo and

Kato, 2000; Tang et al., 2014; Taylor and Martinez, 2003; Wei et al., 2017).

The absence of significant deformation and metamorphism in the EI-Shadli volcanics
is consistent with their emplacement within a relatively stable within-plate/ rift-related tectonic
setting (Stern et al., 1991). The volcanics, along with the older and likely underlying granitoids
(~730-720 Ma: Gamal El Dien et al., under review) which intrude the strongly deformed and
metamorphosed older ophiolitic complexes (~740 Ma; Fig. 2) (Abdel EI-Wahed et al., 2019;
Fowler and Hamimi, 2021; Youssef et al., 2000), are interpreted to have formed in a post-

accretional and rift-related tectonic setting.

The N-MORB geochemical and isotopic signatures indicate the parental mafic magma
was likely derived from partial melting of the juvenile mantle during a rifting event. The timing
of the magmatism occurred within the time interval dominated by global-scale rifting and
break-up of the supercontinent Rodinia (~825-600 Ma; Li et al., 2013; Z. X. Li et al., 2008).
This breakup is thought to have been driven either by extension resulted from subduction
retreat around the periphery of Rodinia (Cawood et al., 2016, 2009), or by mantle plumes (Li
et al., 2013; Z. X. Li et al., 2008; Li and Zhong, 2009). Given that (i) the ANS formed by
terrane accretion (Fritz et al., 2013; Stern, 1994), and (ii) geologic evidence suggests that the
El Shadli bimodal suite formed in a post-accretionary setting, the ca. 700 Ma EI-Shadli rifting
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event was most likely driven by mantle upwelling induced either by slab break-off following
the accretion of the southern Eastern Desert and Gebeit/Gagbaba terranes along the Allagi-Sol
Hamed suture zone between ~800 and 720 Ma (Ali et al., 2010; Fritz et al., 2013; Johnson et
al., 2011) or by a mantle plume emanating from the periphery of the Rodinia superplume (Li

etal., 2013; Z. X. Li et al., 2008; Li and Zhong, 2009).

The plume-induced model is preferred here based on the following arguments. The El-
Shadli volcanic province is the largest bimodal volcanic suite in the Eastern Desert, and
possibly in all of the ANS terranes, with an area of 80 km x 35 km and thickness of > 10 km
(Khudeir et al., 1988; Shukri and Mansour, 1980; Stern et al., 1991). Given this exceptional
thickness and large lateral dimension, an enormous amount of heat (e.g., mantle plumes) would
be required to remelt such a large volume of the depleted mafic/ultramafic MTZ rocks (oceanic
lithosphere), i.e. reworking of a juvenile crust. This interpretation is consistent with the model
proposed by Stern et al. (1991) in which the province was formed during extensive lithospheric
extension and high-temperature melting that might have been driven by a plume. Evidence for
coeval mantle plume activity in the region includes (1) plume magma additions such as (a) the
710 £ 7 Ma G. Dahanib komatiitic layered mafic-ultramafic intrusions (Fig. 1b; Dixon, 1981)
located along the southern margin of the EI-Shadli volcanic province (dated at 698 + 6 Ma; this
study) and (b) the 741 £ 24 Ma Korab Kansi ferropicritic layered mafic-ultramafic intrusions
(Fig. 1b; Khedr et al., 2020) located in the southern part of the El-Shadli volcanic province;
and (2) the apparent hiatus between the ~730-722 Ma granitoids and the ~700 Ma EI-Shadli
volcanics which may represent plume-induced syn-magmatic doming and denudation as

reported in Neoproterozoic South China (Li et al., 1999).

It can thus be argued that mantle plume started in this region at ~ 740 Ma and lasted
until ~700 Ma, which is in agreement with the location of the ANS in Rodinia reconstruction
at this time along the edge of the Rodinia superplume (Li et al., 2013; Z. X. Li et al., 2008; Li
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and Zhong, 2009). Geodynamic models (e.g., Burke et al., 2008) imply that plumes
preferentially emanate from the margins of superplumes. Thus, the plume that caused the rifting
of the ANS here could have formed at the margin of the Rodinia superplume. In addition, the
accretion of oceanic lithosphere (ophiolites) and arc crust that formed the ANS proto-crust also
occurred along the edge of Rodinia (Li et al., 2013; Z. X. Li et al., 2008) facing an external
(the Mozambique Ocean), rather than an internal ocean formed during Rodinia’s break-up (Li
etal., 2013; Z. X. Li et al., 2008). We thus envisage that the previously accreted proto-crust of
the ANS (including the Eastern Desert, Midyan, Gabgaba, and Gebeit terranes) (Fig. 15a, b)

was reworked by a mantle plume related to Rodinia break-up (Fig. 15c).

The ~825-600 Ma rifting and fragmentation of Rodinia has been associated with
different plume-related magmatic events producing igneous rocks including granitoids, mafic
and ultramafic dikes, rift-related bimodal volcanics, and rare komatiitic basalts (Cheng et al.,
2020; Frimmel et al., 2002; Heaman et al., 1992; X. H. Li et al., 2003; Li et al., 1999; Z. X. Li
et al., 2008, 2003; Lyu et al., 2017; Wang et al., 2007; Zhang et al., 2006). The field and
geochemical characteristics of the El-Shadli bimodal volcanics show similarity with other
Neoproterozoic rift-related volcanics believed to have formed above mantle plumes (Cheng et
al., 2020; Frimmel et al., 2002; Heaman et al., 1992; X. H. Li et al., 2003; Li et al., 1999; Z. X.
Li et al., 2008, 2003; Lyu et al., 2017; Wang et al., 2007; Zhang et al., 2006). The presence of
rare intermediate rocks in the El-Shadli volcanic province is interpreted to represent partial

melting of metasomatized, low-K lower crust of an accreted arc (Fig. 15).

To summarise, in our preferred tectonic model (Fig. 15), both the ~730-722 Ma
granitoids-gabbro association (Gamal El Dien et al., under review) and the ~700 Ma EI-Shadli
bimodal volcanic suite represent successive remelting products of oceanic lithosphere newly
accreted to the ANS. Our work highlights the importance of mantle plume events in the
consolidation and stratification of the newly accreted ANS Neoproterozoic juvenile terranes to
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form normal chemically stratified continental crust through intensive lithospheric remelting

and crustal reworking, likely accompanied by new melt additions from the mantle.
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Figures legend

Fig. 1: (a) A schematic geological map of the Arabian-Nubian Shield showing the distribution of
Neoproterozoic terranes and their contact with pre-Neoproterozoic blocks modified after Johnson et al.
(2011) and Pease and Johnson (2013). (b) Geological map of the Eastern Desert showing the ages and
distribution of the main Precambrian crustal basement rock units. Eastern Desert terrane boundaries are

after Stern and Hedge (1985). The map is modified after Johnson et al. (2011).

Fig. 2: Detailed geological map of the studied EI-Shadli area showing the ages and distribution of the
main rock units: EI-Shadli bimodal volcanic rocks, EI-Shadli granitoids-diorite-gabbro assemblage, W.
Ghadir ophiolitic assemblage, W. Hafafit core complex, post-collision alkaline granites, and post-
collisional volcanics. Age data are from Stern et al. (1991), Kroner et al. (1992), Kroner et al. (1994),

and Gamal El Dien et al. (under review). The map is modified after the geologic map of Jabal Hamatah

guadrangle (GSE, 1997). The black box represents the location of the previous work.

Fig. 3: Field photos for the EI-Shadli bimodal volcanic suite showing cyclic intercalation between layers

of mafic and felsic rocks at different scales. Red circle highlights the scale.

Fig. 4: Field photos for the EI-Shadli bimodal volcanic province. (a) Field photo showing mafic and
felsic dykes, interpreted as feeder dykes for the bimodal volcanic province (~700 Ma), that intrude the
underlying El-Shadli granitoids (~730 Ma). (b-e) Close-up photos showing the well-developed chilled
margins of the mafic dykes (sample S01-2) of up to 1 m width, and their intrusive relationship with the
El-Shadli granitoids (sample S01-1a). The granitoids and mafic dykes are both intruded by thin felsic
dykes (sample S01-3). The observed field relationships, coupled with geochronological data, suggest

that the EI-Shadli bimodal volcanics are younger than the EI-Shadli granitoids-gabbro association. (f)
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Pyroclastic layers intercalation with mafic rocks. (g) Pillow basalts of the mafic end-member. (h-j)

intermediate rocks intruding the mafic rocks. (k) Associated agglomerates.

Fig. 5: Photomicrographs of the El Shadli bimodal suite and associated intermediate rocks. (a-f) Cross-
polarized light images of the mafic rocks showing the porphyritic, ophitic, and sub-ophitic textures. The
primary minerals (plagioclase and clinopyroxene) assemblage are well preserved. (g-j) Cross-polarized
light images of the felsic rocks showing porphyritic textures. The phenocrysts include quartz,
plagioclase, and potash feldspar. (k-L) Cross-polarized light images of the intermediate rocks showing
porphyritic textures and phenocrysts that include quartz, plagioclase, and biotite. Plagioclase= pl,

clinopyroxene= cpX, quartz= gz, amphiboles= amph, potash feldspar= kf, biotite= Bi and chlorite= ch.

Fig. 6: Chemical classification diagrams using the whole-rock major and trace element composition of
the EI-Shadli bimodal volcanic province. (a) Total alkali-silica diagram (TAS) of Middlemost (1994).
(b) Zr/Ti versus Nb/Y of Winchester and Floyd (1976). (c-f) geochemical affinities plots including
AFM diagram, SiO- versus KO relationship of Peccerillo and Taylor (1976), Co-Th diagram of Hastie
et al. (2007) and Th/Yb versus Zr/Y diagram of Ross and Bédard (2009) showing that the EI-Shadli
bimodal suite belongs to the tholeiitic series and the intermediate rocks calc-alkaline series. Previously
published data are from Abdel-Karim et al. (2019), Faisal et al. (2020), Khudeir et al. (1988), Shukri

and Mansour (1980) and Stern et al. (1991).

Fig. 7: Chondrite-normalized REE patterns (Anders and Grevesse, 1989) and NMORB-normalized
(Sun and McDonough, 1989) trace element diagram of the El-Shadli bimodal suite and intermediate
rocks. MORB pattern is after Sun and McDonough (1989). Data for arc-basalts and granitoids are from

GeoRoc (http://georoc.mpch-mainz.gwdg.de/georoc/). The previously published data are from (Faisal

et al., 2020; Stern et al., 1991).
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Fig. 8: Sr-Nd isotopic composition of rocks from the EI-Shadli bimodal volcanic province. MORB and
OIB fields are after Hofmann (2014). The ANS N-MORB ophiolite data are those from W. Gerf to the
south of the study area (Zimmer et al., 1995) and W. Ghadir to the north of the study area (Basta et al.,

2011).

Fig. 9: SHRIMP and LA-SS-ICPMS geochronological data and CL images of samples from the EI-
Shadli volcanic province. (a, ¢) Zircon U-Pb SHRIMP Concordia diagrams showing the 2°°Pb/2%8U ages
of the analysed zircons with 2 sigma errors. Weighted means, relative probability diagrams of 2°6Pb/2%8U
ages, and representative CL images are shown for each sample. The red circles on the CL images mark
the place for SHRIMP, LASS, and SIMS spot analyses for the U-Pb age, Hf and O isotopes, and trace
element data, respectively. (b, d) Zircon U-Pb LASS Concordia diagrams showing the 2°Pb/?%U ages
of the analysed zircons with 2 sigma errors. Weighted means and relative probability diagrams of

206ph/238 age are shown for each sample.

Fig. 10: Zircon Chondrite-normalized REE patterns (Anders and Grevesse, 1989) and trace element
composition tectono-magmatic classification of the EI-Shadli volcanic province using the

classification fields of Grimes et al. (2007, 2015).

Fig. 11: Age, Hf, and O isotopic data of zircon from the El-Shadli volcanic province. (a) eHf{(t) vs
208pp/238Y age plot against the Chondritic uniform reservoir (CHUR) and depleted mantle (DM; Griffin
et al., 2002) lines. Hf isotopic data of ANS magmatism (e.g., Morag et al., 2011, 2012; Robinson et al.,
2014) are used for comparison. (b) The plot of 3'80 vs gHf(t) for the studied zircons. Old upper and
lower crust trends are from Kemp et al. (2007) and Wang et al. (2016). The typical mantle zircon (5.3

+ 0.3%o) is from Valley et al. (1998, 2005).
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Fig. 12: Density and histogram of silica contents in rocks from the El-Shadli bimodal volcanic province
compared the silica content in other Eastern Desert volcanics and well-studied arc- and rift-related
volcanics. (a) The ElI-Shadli bimodal volcanic province data include that of this study, and previous
work (Abdel-Karim et al., 2019; Faisal et al., 2020; Khudeir et al., 1988; Shukri and Mansour, 1980;
Stern et al., 1991). (b-d) Data of other Eastern Desert volcanics including ophiolite-related volcanics
(Abd El-Rahman et al., 2009b, 2009a; Basta et al., 2011; El-Sayed et al., 1999; Stern, 1981), arc-related
volcanics (Ali et al., 2009) and the Dokhan volcanics (Eliwa et al., 2006, 2014) (Figure 4.14a-d). (e)

Global database (after GeoRoc: http://georoc.mpch-mainz.gwdg.de/georoc/) of oceanic arc (IBM) and

continental arc (Andean arc) volcanics and rift-related volcanics (the East-African rift).

Fig. 13: Tectonic discrimination diagrams for rocks from the EI-Shadli bimodal volcanic province. (a)
V versus Ti (Shervais, 1982; X.-C. Wang et al., 2016); (b) ternary Sm-Ti-V (Vermeesch, 2006); (c)
TiO2/Yb versus Nb/Yb (Pearce, 2008). The mafic rocks from the El-Shadli volcanic province plot in
the MORB field similar to that of the Basin-and-Range rift-related basalts (X.-C. Wang et al., 2016),
and intermediate rocks plot in the arc-related volcanics field. (d) SiO. versus FeO+/( FeOr+ MgO) ratio
(Frost et al., 2001), where the felsic rocks show similarity to A-type granites. (e, f) Rb vs. Y + Nb and
Nb vs. Y of Pearce (1996), Pearce et al. (1984) and Whalen and Hildebrand (2019); the El Shadli felsic
rocks are similar to ocean ridge granites (ORG) and show a slight overlap with within-plate granites

(WPGQG), thus supporting a rift-related origin.

Fig. 14: Whole-rock petrogenetic discrimination diagrams. (a) eNd(t) vs. MgO (wt. %) after Li et al.
(2005) and (b) La/Yb vs. La showing that the El-Shadli bimodal volcanic suite represents a coherent
magmatic series fractionated from MORB-Like melts. (d) La vs. SiO, (wt. %) diagram modified after

Brophy (2009) that suggests a partial melting origin.
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Fig. 15: A proposed tectonic model for the genesis of the El-Shadli bimodal volcanic province. (a)
Oceanic spreading and ridge magmatism, and possible subduction at a continental arc during ~830-750
Ma with hydrothermal fluids circulating and altering the lower crust section of the oceanic crust near
MOR. (b) Accretion of oceanic slabs along the subduction zone during ~750-730 Ma, forming a
juvenile accreted terrane. (c) Rifting and formation of the bimodal volcanic province by partial melting

the lower crust of the accreted oceanic slabs driven by a mantle plume at ~ 700 Ma.
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