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The Neoproterozoic Arabian-Nubian Shield (ANS) in the Eastern Desert of Egypt
encloses the regional thermal-tectonic history from its development till the Oligo-
Miocene when the Red Sea rift system was initiated. The application of multi-
thermochronometry techniques has proven to be a successful approach to
revealing the influence and extent of each regional tectonic event and the
recreation of the tectono-thermal development of the studied region through
time. Therefore, characteristic samples from the ANS different rock suits of the
Gabal Loman area at the western flank of the northern Red Sea were collected.
The Zircon fission-track data reveals the Carboniferous cooling ages, while the
apatite fission-track cooling ages present two differential time spans of
Cretaceous and Eocene-Oligocene. The time-temperature history modeling is
integrated with fission-track data to reveal three differentiated cooling events
developed in response to regional tectonic events: 1) the Hercynian (Variscan)
tectonic event that influenced the ANS vicinity with rock uplifts of ca. 4 km through
the Devonian-Carboniferous time, 2) the Gondwana disintegration event which
influenced the region with differential rock exhumations, and 3) the northern Red
Sea rifting through the Oligo-Miocene which caused a regional ca. 1 km of rift
flanks exhumation. This modest rift flank uplift suggests a passive rift of the
northern Red Sea rifting in the region of study.

KEYWORDS

rift flanks, fission-track, Egypt thermochronology, LA-ICP-MS, Eastern Desert, Arabian-
Nubian shield, the Red Sea rifting

1 Introduction

The Red Sea/Gulf of Suez rift system (RSRS) is initiated as part of the deep-seated Afar
mantle plume activity, which causes the separation between Africa and Arabia as they
previously collided with Eurasia (Bellahsen et al., 2003; Bosworth et al., 2005; Almalki et al.,
2015). The RSRS, as a newborn ocean, was always the role model for developing a
geodynamic model of continental lithospheric breakup and the subsequent onset of
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seafloor spreading (Burke and Dewey, 1973; Sengér and Burke,
1978; Burke, 1996). This is because the extension along the Red Sea
Rift has developed into a juvenile oceanic basin, while the Suez Rift
extension has slowed down substantially since the middle Miocene,
reserving a continental crust beneath it (Boone et al., 2021).

The RSRS is delimited by pronounced rift flanks of the
Precambrian basement of the Arabian-Nubian Shield (ANS)
exposed in Sinai and the Eastern Desert of Egypt (Figure 1). The
ANS is developed during the orogeny of East Africa (EAO;
900-650 Ma) by a collision between East and West Gondwana
and the accretion of island arcs and micro-continents into the
Sahara Metacraton (Stern, 1994; Meert et al., 2011; Johnson,
2014). The ANS in the North Eastern Desert (NED) consists
mainly of syn-to post-tectonic granites (Mansour et al., 2022a;
et 2023a) and lesser of
metasedimentary, metavolcanic, and bimodal dykes (Beeri-
Shlevin et al., 2012; El-Bialy, 2020; Mansour et al., 2022a). These
rocks have experienced a prolonged tectonic history from the
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Neoproterozoic, the Precambrian post-accretion erosional event
(PAEE), the Devonian-Carboniferous Hercynian tectonic event,

10.3389/feart.2023.1193692

the Cretaceous Gondwana disintegration, and the Oligocene-
Miocene northern Red Sea/Gulf of Suez rifting (e.g., Mansour,
2016; Boone et al., 2021).

Reconstructing a temporal-spatial relationship of the rift flank
exhumation history, the rift axis tectonic extension and the
accompanied magmatism would improve our understanding of
the rift evolution and assessment of the possible role of any
accompanied thermal overprint (Steckler, 1985; Garfunkel, 1988;
Bohannon et al,, 1989; Omar and Steckler, 1995; Hansen et al.,
2012). Generally, rifts provide the majority of the recoverable
hydrocarbon (Morley, 1999); particularly, the RSRS produces
approximately 75% of Egypt’s crude Oil (EGPC, 1996). In such
geologic settings, tectonics and tectonically shaped topography are
key factors that frame the basin stratigraphic sequence that controls
the different components of the hydrocarbon system (Lambiase and
Morley, 1999). The apatite fission track (AFT) partial annealing
zone (PAZ), which is responsible for track accumulation and
retention processes occur at temperatures between 60 ‘C and
120 °C (e.g., Naeser and Faul, 1969; Green et al., 1989). This is
almost the typical temperature (between 60 °C and 130 °C) zone
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(A) The location map for the northern ANS, representing the current study sampling location and the previous thermochronologic studies. Where,
ZFT = zircon fission-track, ZHe; zircon (U-Th)/He, Ar = Ar-Ar dating; AFT = apatite fission-track, and AHe; apatite (U-Th)/He. (B) The locations of the
represented topographic cross sections (A-A’, B-B’, C-C’) (modified after Mansour et al., 2023b).
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FIGURE 2

The geological and structural map for the G. Loman area (modified after, El-Wakel et al., 2021), representing the studied samples and obtained ZFT

and AFT ages.

required for the maturation process of hydrocarbon. Therefore, the
AFT technique provides a tool to trace the heating/cooling process,
which is the hardest to be predicted among different factors in the
hydrocarbon maturation processes (Gleadow et al., 1983).

In this study, we present the apatite (AFT) and zircon (ZFT)
fission-track data and time-temperature (t-T) modeling results at
the Gabal Loman area on the Red Sea western flank, NED, Egypt
(Figure 2). Our data is presented in the context of the previously
reported low-temperature thermochronologic data to evolute the
ANS formation and the RSRS development in the region. The
integration of different thermochronological techniques has
proven to be a beneficial information provider, particularly on
the upper crust development through geological times (Batt and
Brandon, 2002; Donelick et al., 2005; Reiners and Ehlers, 2005;
Lisker et al., 2009).

2 Geologic setting and regional
tectonics

The RSRS is developed as part of the tectonic activities in the
triple-junction of Afar, which is triggered by the slab-pull effect
along the proto-Bitlis-Zagros- Makran convergent zone (Bosworth
et al, 2005). This subduction caused compression and rock
exhumations of the northern Arabian Margin ca. 50 Ma (Mount
et al, 1998; Grobe et al., 2019; Boone et al, 2021). The first
voluminous East African Superplume-related basalt eruption
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occurred across northern Kenya and southern Ethiopia ca. 45 Ma
(Ebinger and Sleep, 1998; George et al., 1998; Rooney, 2017). The
Africa-Arabia rifting started by ca. 34 Ma in the eastern proto-Gulf
of Aden (Leroy et al., 2012; Pik et al., 2013; Serra-Kiel et al., 2016).
This was synchronous with the onset of the Red Sea rifting along the
Egyptian margin (Omar and Steckler, 1995). The second
voluminous plume-related flood basalts erupted between 31 Ma
and 29 Ma in the Afar region across Ethiopia, northeast Sudan,
and southwest Yemen (Hofmann et al., 1997; Bosworth and Stockli,
2016). Furthermore, widespread volcanic centers were activated to
form the Older Harrats through the margin of western Arabia
between 30-20 Ma (Bosworth and Stockli, 2016). During the
Older Harrats eruptions, limited volcanisms and normal faulting
were developed along the Eritrean-Yemeni border at ca. 28-20 Ma
(Hughes et al., 1991; Menzies et al., 1997; Ghebreab et al., 2002;
Balestrieri et al., 2009; Bosworth and Stockli, 2016), while the
African margin of the Gulf of Aden remained volcanically active
until ca. 16 Ma (Leroy et al., 2010; 2012; Ahmed et al., 2013; Corbeau
etal,2014; Nonn et al., 2019). A major extensional period during ca.
25 Ma is recorded in the Afar and Jizan Basins through the south
margin of Arabia (Cole et al., 1995; Stab et al., 2016). Between 24 Ma
and 21 Ma, extensive magmatic intrusions, diking, and volcanisms
that are chemically linked to the Afar plume occurred through the
west margin of Arabia (Bosworth and Stockli, 2016). Regional Upper
Oligocene to Lower Miocene magmatic activities were synchronous
with the northward fast spread of the Red Sea/Gulf of Suez to the
Mediterranean at 24 + 2.2 Ma (Bojar et al., 2002; ArRajehi et al.,
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2010). A corresponding rift shoulder uplift that was initiated is
recorded in the AFT and AHe data and the thermal history
modeling along the central and northern Red Sea (Kohn and
Eyal, 1981; Omar et al., 1987; 1989; Szymanski et al, 2016;
Morag et al, 2019; Mansour et al, 2021). An episode of
erosional cooling during the Early Oligocene was documented in
thermochronological data and burial history models of northern
ANS (Avni et al,, 2012; Feinstein et al., 2013; Naylor et al., 2013).
Thermochronological data from the central ANS recorded
Paleogene thermal stability (Szymanski et al, 2016), which
recommended a localized nature of the Early Oligocene cooling
event within northern Egypt and the Levant (Boone et al., 2021).
Therefore, it was interpreted as being a reaction to a Late Eocene
tectonic reorganization through the north of the Arabian and
African margins which formed the Syrian Arc system (Bosworth
and McClay, 2001; Boone et al., 2021).

The ANS is exposed around the Red Sea coastline of the African
and Arabian plates (Figure 1). It is formed during the EAO (ca.
900-650 Ma) by a collision between the East and West Gondwana
(McWilliams, 1981; Stern, 1994; Meert et al., 2011; Johnson, 2014).
The Mozambique Ocean’s juvenile crust was emplaced above arc-
related rocks along numerous arc-arc and arc-continent suture
zones, metasediments, and igneous intrusions of the Middle
Cryogenian-Ediacaran (ca. 790-560 Ma), which accreted westerly
into the Saharan Metacraton at ca. 650-580 Ma, marking the final
consolidation stage of the ANS terrane (Johnson et al., 2011; Fritz
et al,, 2013; Johnson, 2014; Abd El-Wahed and Hamimi, 2021).
Finally, post-tectonic granites were intruded no later than ca.
550 Ma (Fritz et al.,, 2013).

The ANS was eroded before the end of the Cambrian and buried
beneath Phanerozoic sedimentary succession, starting with a series of
fluvio-marine succession; it also started with Lower Cambrian fossils
(Said, 19905 Seilacher, 1990; Bosworth et al., 2005). A period of tectonic
stability post-dates the Cambrian as indicated by the deposition of
platform sedimentation (Alsharhan and Nairn, 1997). That tectonic
stability was occasionally interrupted by a series of uplifts recorded by
un-conformities within the Lower Paleozoic sedimentary succession
(Vermeesch et al., 2009). Then, the tectonic event of the Variscan or the
Hercynian activated through Devonian-Carboniferous times via the
impact of the Gondwana and the Laurasia that caused a southward
tectonic reversal and a significant uplift and erosion of the Lower
Palaeozoic sediments by the Late Carboniferous time (Gvirtzman and
Weissbrod, 1984; Klitzsch, 1986; Bojar et al., 2002; Stampfli et al., 2002;
Craig et al., 2008; Dixon et al., 2010). The Eastern Mediterranean Sea
was opened through the Triassic-Lower Jurassic (Garfunkel and Derin,
1985). Then, the Gondwana began breaking apart during the Jurassic-
Cretaceous that caused localized volcanic flows and the restoration of
northward tectonism in the northern ANS region (Hashad, 1978;
Garfunkel and Derin, 1985; Klitzsch, 1986; Meneisy, 1986). The
mid-Atlantic opening during the Middle Jurassic caused the African
plate to move to the east with respect to Eurasia causing sinistral
shearing, N-S and NW-SE normal faults, substantial magmatism with
alkaline affinity, and development of the Syrian Arc folds system (Said,
1962; Dewey et al,, 1973; Awad, 1984; Sestini, 1984; Girdler, 1985;
Greiling et al., 1988). The rift system of the Red Sea/Suez rift initiated by
the Oligo-Miocene caused exhumations and rock removals along their
flanks, outcropping the ANS basements and forming basic dykes and
systems of normal faults.
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2.1 The ANS rock suits

The basement suits of the ANS in the NED mainly consisted of
1) metamorphic rocks belonging to the EAO island arc phase which
stretched between 820 and 750 Ma (Kroner et al., 1994; Mansour
et al., 2022a). This suite was represented in the area of study by
metabasaltic andesite with a schistosity texture that was intruded by
latterly developed granitic suites (EI-Wakel et al., 2021). 2) The
synorogenic suite which developed during a compressional setting
that was dominant in the time span between ca. 750 and 610 Ma.
(Stern and Hedge, 1985; Mansour et al., 2022a). It is represented in
mainly the northern G. Umm Murakhat by dioritic and
granodioritic rocks (Figure 2) that are frequently cut by
chemically bimodal dykes. 3) The Late Precambrian Hammamat
molasse sediments (ca. 590 Ma; Willis et al., 1988) that are intruded,
in the area of study, by post-orogenic granitoids. This suite is
restricted in the G. Loman region to the northern and
northeastern parts of the area of study (Figure 2). 4) Post-
orogenic suites of granitoids and dyke swarms that developed
during the ANS extensional collapse stage between ca. 610 Ma
and 550 Ma (Stern and Hedge, 1985; Platt and England, 1993;
Mansour et al, 2022a; Mansour et al, 2023a). This suite is
represented mainly in the area of study by monzogranitic and
syenogranitic rocks that are traversed by dykes and quartz veins
and are contaminated by sub-rounded xenoliths of the older suites
(El-Wakel et al., 2021).

Structurally, EI-Wakel et al. (2021) reported three phases of
deformation in the studied area; two of them are compressional with
maximum compressional axis trending N81°W and N13°W. The
third phase of deformation was extensional with an N-S trending
maximum tension force (Figure 2).

2.2 Sedimentological sequence

The integration of the sedimentological succession of NED
which documents the depositional environments’ major changes
(Figure 3)
enable
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thermochronological documenting  the

The lithostratigraphic sequence in the Gulf of Suez and northern
Red Sea region ranges from the Cambrian to present times (Figure 3)
and can be classified into.

A) The Palaeozoic succession (Figure 3), which was originally
divided into three mappable units (Barron, 1907; Hassan,
1967; Said, 1971). Al) The Qebliat Group (Cambrian age,
~130m thick) formed from cycles of fluvial to near-shore
marine sediments (Hassan, 1967; Said, 1971; Bosworth et al,,
2005). A2) The Um Bogma Formation (Carboniferous age,
~225m thick)
intercalations of silt and sandstone (Kora, 1984; McClay
et al., 1998). A3) The Abu Thora Formation (Carboniferous
age, ~214 m thick) comprises varicolored interbedded fluvial

comprises dolomite, sandy marl, and

sandstone with nearshore marine sandstone, siltstone, shale, and
locally thin coal seams. The upper part of the Abu Thora
basalt sills at
1984). By the
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The simplified stratigraphic column of the northern Red Sea/Suez rift area (modified after Darwish and El Araby, 1994).

Carboniferous, the Gulf of Suez region was uplifted as indicated
by a lack of any Permian marine sediments (Klitzsch and
Wrycisk, 1987; Klitzsch, 1990).

The Mesozoic succession in the Gulf of Suez and the northern
Red Sea region spans the Triassic to the Late Cretaceous
(Figure 3). B1) The Qiseib Formation (Triassic age, ~327 m
thick) consists of a lower variegated shale, siltstones, sandstones,
and an upper thin clastic carbonate unit (Abdallah and EI-
Adindani, 1963; Weissbrod, 1969). B2) The Malha Formation
(Lower Cretaceous age, ~149 m thick) comprises a lower
Member of shale, clay, sandstone with conglomerate, and an
upper Member of tabular and cross-bedded sandstone (Sultan,
1985; Abu-Zied, 2007; Kassem et al., 2020). B3) The Raha to
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Sudr Formations (Upper Cretaceous age) represent a shallow
marginal marine environment characterized by a mix of clastic
and carbonate sequences (Osman, 1954; El Sharawy and
Nabawy, 2016; Shehata et al., 2020; Shehata et al., 2023).

The Cenozoic sequence spans the Palacocene to Quaternary
(Figure 3) and consists of C1) The Esna Formation (Palaeocene
age, ~35 m thick). This consists of dark-greenish shale units and
1 m carbonate thin beds (Said, 1990). C2) The Thebes and
Mokattam Formations (Lower Eocene and Middle-Upper
Eocene age, respectively). This is represented mostly by
chalky limestones with thin-bedded flint bands (Said, 1962;
McClay et al, 1998; El-Azabi, 2006). C3) The Tayiba

Formation  (Oligocene  age, ~152m  thick).  This
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unconformably overlies the Mokattam Formation (Ezz et al.,
2016) and marks the transition from the pre-rifting Eocene
marine sediments to the Early Miocene rift-forming
transgression sediments (Refaat and Imam, 1999). C4) The
Nukhul (Abu Zenima) Formation (Lower Miocene age,
~100m thick). This unconformably overlies the Tayiba
Formation and contains alluvial and volcanic deposits from
the early syn-rift stage (Moustafa and Yousif, 1993; El-Anwar,
2019). C5) The Rudeis Formation (Lower-Middle Miocene age,
~191 mthick). This conformably overlies the Nukhul Formation
and is characterized by deep marine sediments (EI-Heiny and
Martini, 1981; Sallam et al., 2019). C6) The Kareem, Belayim,
South Gharib, and Zeit Formations (Middle-Late Miocene age,
~1,250 mthick). They conformably overly the Rudeis Formation
and each other. They are dominated by evaporites and
intercalations of sandstones and shales (Tewfik et al., 1992;
Darwish and El Araby, 1994; Sallam et al.,, 2019). C7) The
Zafarana Wardan Formation (Pliocene age, ~120 m thick).
This is represented by sandstone and clay streaks (Tewfik

et al.,, 1992; Sallam et al., 2019).

2.3 Research questions and published data

A debate concerning additional thermal print and plume effect
during the northern Red Sed development still exists. The effects and
magnitude of different regional tectonic events on the ANS involve
the NED terrain (Steckler, 1985; Omar et al., 1989; Omar and
Steckler, 1995; Feinstein et al., 1996; Bosworth et al., 2015;
Mansour, 2016; Morag et al., 2019). Reconstructing the thermal-
tectonic history of the rift flank is capable of providing new insights
into these debates, especially with the obvious variation in the
topographic growth across the RSRS (Figure 1B). The implication
of different low-temperature multi-thermochronometer techniques
has proven to be an effective thermal-tectonic history reconstruction
tool in different geologic settings (Morag et al., 2019; Boone et al.,
2021; Mansour et al., 2022b).

Previously conducted thermochronologic research on the
northern segment of the ANS report a prolonged history of
cooling with irregular exhumations through fault-bound blocks
(Kohn and Eyal, 1981; Omar et al., 1987; 1989; Kohn et al., 1997;
Vermeesch et al., 2009; Feinstein et al., 2013; Mansour, 2016;
Mansour et al.,, 2021; Mansour et al., 2023b). The Suez rift flanks
provided ZFT cooling age ranges between 674 + 77 Ma and 381 +
26 Ma (Mansour, 2016; Mansour et al., 2023b), AFT cooling age
ranges between 485 + 18 Ma and 11 + 2 Ma (Kohn and Eyal, 1981;
Omar et al.,, 1989; Kohn et al., 1997; Morag et al., 2019; Mansour
et al,, 2021; Mansour et al., 2023b), and dated AHe samples from
125+ 5 Ma to 20 £+ 2 Ma (Morag et al,, 2019). The Aqaba rift flanks
yielded AFT cooling age ranges from 266 + 14 Ma and 11 + 1 Ma
(Kohn and Eyal, 1981; Feinstein et al., 2013). In the vicinity of the
region of Eilat, the reported “°Ar/*’Ar samples show ages of ca.
536 Ma (Vermeesch et al., 2009), ZFT age ranges from 372 + 27 Ma
to 292 + 22 Ma (Kohn et al., 1992; Vermeesch et al., 2009), and dated
AHe samples from 458 Ma to 205 Ma (Kohn et al, 2019). AFT
detrital-dated samples vary between 329 + 37 Ma and 258 + 18 Ma
and AHe cooling ages between 206 Ma and 12 Ma (Vermeesch et al.,
2009; Kohn et al., 2019). The Western flank of the Red Sea at the
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NED yielded SFT (FT in sphene) cooling age ranges from 411 to
338 Ma (Bojar et al., 2002), cooling ages of ZFT range from 367 to
314 Ma (Bojar et al., 2002), and cooling ages of AFT range between
190 + 8 Ma and 29 + 2 Ma (Omar et al., 1987).

3 Methods and techniques

The fission-track (FT) low-temperature thermophotometry
technique is based on the radiation damage (etchable tracks) of
the spontaneous ***U fission accumulation in the crystal lattice
(Wagner, 1972). The retention and annealing of these tracks of
fission are sensitive to a temperature zone that vary with different
minerals (Gleadow and Duddy, 1981; Yamada et al., 1995), which
enables thermal-tectonic (t-T) history reconstruction.

We have collected 11 samples from the Gabal Loman area at the
western flank of the Red Sea (Figure 2). The collected samples belong
to the Precambrian rock suits evading any possible heating effect of
later Phanerozoic intrusives. Only seven samples out of 11 provided
adequate zircon grains and/or apatite grains to apply FT
thermochronometry (Figure 2).

The Donelick et al. (2005) methods of minerals separation were
used to extract zircon and apatite grains from the whole rock
samples. Apatite-mounted grains were chemically etched in 5.5N
HNO3 at 20 °C + 1 °C for 20 s to reveal spontaneous tracks (Gleadow
etal., 1983). Zircons mounts were etched in a NaOH—KOH eutectic
melt at 220 °C + 5C (Garver, 2003) for 210-240 min. These
conditions of chemical etching were applied to be compatible
with the modeling code of Ketcham (2005). We have used the
Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS) at Kanazawa University, Japan, to measure
concentrations of the U directly (Hasebe et al, 2004). In this
study, the intensity of the Uranium signal was calibrated against
silicate glass reference material SRM 610 produced by the National
Institute of Standards and Technology (NIST 610) (Longerich et al.,
1996), in which the 238U concentration was 456 ppm (Carpenter
and Reimer, 1974; Pearce et al., 1997). During data processing, the
“*Ca was considered as the interior normal to apatites according to
the previously reported data (Barbarand et al., 2003). 29Si was an
internal standard tacking the chemical composition (Longerich
et al., 1996; Pearce et al., 1997).

NIST SRM 612 was considered the secondary normal for the
U-concentration measurements, and it yielded a concentration of
(37.5+0.9 ug/g) in concordance with published data (Carpenter and
Reimer, 1974; Walder et al., 1993; Pearce et al., 1997). The obtained
ages and standard errors were produced by IsoplotR (Vermeesch,
2018).

For thermal history modeling, all the AFT data (single-grain
cooling ages, c-axes-projected HCT's, and Dpar) were modeled using
the multi-kinetic annealing model of Ketcham (2005). The initial
Neoproterozoic age (at depth) was near the surface before the
Cambrian (as the ANS was eroded by this time); ZFT ages
(whenever dated), AFT ages, and the Suez rift opening age were
used as t-T constraints. To approach the most likely cooling history
(best-fit t-T path), the initial inverse modeling was based on the best
excellent fit to the
thermochronologic data. Wide t-T constrains boxes (initial

forward model with an inputted

cooling, the Cambrian surface, ZFT cooling ages, AFT cooling
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TABLE 1 Detailed fission-track data, ages, and sample descriptions for the dated zircons.

Coordinates Lithology =8 X [%] W.M. Age 1o
Decimal
[ng/q] (x10° IEY
track/cm?)
GUM-01 390 27.04386° 33.60154° Syenogranite 3928 17 72.1 4302 0.7 3222 18.4
GUM-05 425 27.15974° 33.42487° Syenogranite 2745 23 49.0 4725 09 ‘ 319.4 16.4

Samples and zircon fission-track data represented as W.M.; weighted mean ages with 1-sigma o) uncertainties, calculated with IsopltR (Vermeesch, 2018). S.-Code; samples code, Elev.;

the elevation above sea level of each sample in meters, U; concentration of **U in pg/g, n; number of apatites where tracks were counted, pg; spontaneous tracks densities (10° tr/cm?),
Ns; number of counted fission tracks, X’ chi-square test values, MSWD; Mean Sum Weighted Deviates. Bold values indicates the most important data in these table.

TABLE 2 Sample descriptions and AFT ages.

S.-Code Coordinates

Decimal

Elev Lithology

X’ [%]  W.M. Age

[Ma]

GUM-01 390 27.04386°  33.60154° | Syenogranite 4.7 22 0.1 46 1.0 36.3 54 134 13 1.6 0.2
GUM-03 406 27.13687° | 33.57771° | Granodiorite 7.0 20 0.1 51 0.9 33.5 4.8 13.3 1.0 n/a n/a
GUM-05 425 27.15974° | 33.42487° Syenogranite 5.6 20 0.1 45 1.0 33.2 5.1 12.6 12 n/a n/a
GUM-08 665 27.06407° = 33.44805° | Syenogranite 6.0 20 0.1 64 1.0 33.5 4.3 13.3 1.7 n/a n/a
GUM-10 362 27.22560°  33.36201° | Monzogranite 25.8 21 1.5 | 508 0.9 114.6 5.9 12.5 15 1.6 0.1

Sample information and apatite fission-track data were given as weighted mean ages with 1-sigma ) uncertainties and calculated with IsopltR (Vermeesch, 2018), Lc mean; mean track length
after c-axis correction, Dpar; mean, etch pit diameter. More details are provided in Table 1. Bold values indicates the most important data in these table.

ages, and the north RSRS initiation time) were considered as
The models
principally were run till we reached 100 good t-T models. In the
modeling code HeFTy, every t-T model has a value refereeing to its

controllers for the behavior of the t-T models.

goodness of fit (GOF) with the top-value for comparison between
the model prediction and the input data.

Cooling, exhumation rates, and episodic rock uplift were
inferred by extraction from t-T models, assuming ca. 20°C
surface temperature, and 25°C/km and 50°C/km geothermal
gradients (Morgan et al, 1985, Omar et al, 1987; Vermeesch
et al., 2009). Here, “rock uplift” is used to interpret the vertical
movement of rocks during a specific cooling/exhumation event, and
“surface uplift” is equal to total rock uplift minus erosion (Lisker
etal, 2009). In this sense, the rock uplift was calculated basically for
each cooling event by multiplying the exhumation rate by the
duration of that event.

4 Results

Two samples out of 11 produced dependable zircon grains for
the ZFT technique (Table 1), and five samples produced accountable
apatite grains for the AFT technique (Table 2). From AFT-analyzed
mounts, two samples produced adequate horizontally confined
tracks (HCTLs) for thermal history modeling. The produced FT
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results are introduced in Table 1, Table 2, conferring to the
recommendations of Hurford. (1990).

4.1 ZFT thermochronometer

The ZFT-analyzed mounts satisfy the Chi-square (x?) test of age
homogeneity (Table 1). The concentrations of uranium vary from
ca. 393 to 275 ug/g (Table 1). The resulting weighted mean ZFT
thermochronological ages and the related standard errors are 322 +
18 Ma and 319 + 16 Ma (Figure 2), representing a typical cooling/
exhumation through/within the zone of partial annealing (PAZ) of
ZFT (240°C-200 °C; Bernet et al., 2009) ca. 321 + 17 Myrs ago
(Table 1).

4.2 AFT thermochronometer

Obtained AFT cooling ages vary from 115 + 6 Ma to 33 +
5Ma. The resulting cooling ages are detached spatially and
temporally (Figure 2; Table 2); the oldest aged AFT sample
GUM-10 has a Cretaceous age of 115 + 6 Ma, indicating a typical
cooling/exhumation through/within the PAZ of the AFT
technique (110°C-60 °C; Gleadow et al., 1986; Donelick et al.,
2005). The AFT age group with younger ages involves the closest
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TABLE 3 The measured horizontal confined track length and Dpar data for the dated AFT samples.

HCTLs HCTLs HCTLs HCTLs Lc Lc Dpar Dpar

no. mean std. (um) skew. std. skew. no. mean

(um) (um) (m)
GUM-01 105 11.9 15 —0.411 13.4 13 ~1.074 212 1.6 0.2 -0.262
GUM-03* 15 11.7 1.7 -0.371 13.3 1.0 0.005 26 1.6 0.1 0.912
GUM-05* 9 11.1 1.6 0.226 12.6 12 -0.390 20 1.6 0.5 0.120
GUM-08* 10 11.8 1.7 -0.184 13.3 1.7 ~0.450 14 1.4 0.5 -3.073
GUM-10 101 11.0 1.9 -0.268 125 15 -0.746 215 1.6 0.1 -0.300

GUM-01; sample code, GUM-03*; samples with inadequate number measured HCTLs, HCTLs no.; measured horizontal confined tracks number, HCTLs mean; mean of the HCTLs, std;
standard deviation, skew; skewness of distribution relative to the mean value, Lc mean; mean track length after c-axis correction, Dpar mean; mean, etch pit diameter. Bold values indicates the

most important data in these table.
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FIGURE 4

AFT cooling ages- Dpar diagram, representing the absence of a
substantial trend between the two plotted factors, demonstrating no
chemistry differentiation of apatites” effect on AFT cooling ages.

four samples closer to the Red Sea, which comprises Eocene-
Oligocene ages between 36 + 5Ma and 33 + 5Ma (Figure 2),
indicating a typical cooling/exhumation through/within the
PAZ of the AFT technique at ca. 35 + 5 Ma (Figure 2; Table 2).

The HCTLs that were corrected to the c-axis (Lc) yielded length
ranges from 13.4 + 1.3 um to 12.5 + 1.5 um (Table 3). We measured
487 Dpars as a total, producing value ranges between 1.6 + 0.5 pm
and 1.4 £ 0.5 um (Table 3). A systematical relationship between the
apatite FT ages and the Dpar values is absent (Figure 4).

4.3 Time-temperature history modeling

The thermal history of the area of study was reassembled using
the computer software modeling HeFTy v1.8.3 (Ketcham, 2009;
Ketcham et al.,, 2009). The used Monte Carlo algorithm required t-T
constraints that were defined by the user. The introduced constraint
boxes were constructed according to the resulting ZFT and AFT
cooling ages and geological events whose ages are well-known; these
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events are the post-accumulation event of erosion (PAEE) that was
responsible for the removal of the whole ANS by the Cambrian time
and the Red Sea initiation during the Oligo-Miocene time (Figure 5).
The constraint extensions on both the X and Y-axis were
constructed according to the uncertainty in the timing of every
one of them. Other constraints (age-based) were constructed
according to the obtained cooling ages; else, they were widely
constrained, providing more liberty for the t-T paths. The
accuracy of the produced t-T paths mainly counts on the
number of the used HCTLs. Thus, we have only modeled
samples with adequate HCTLs (Table 3).

The produced thermal history paths suggest two possible cooling/
exhumation histories for the region of study: 1) the first is sample GUM-
10 (Figure 5): affected by a Precambrian fast-cooling event which caused
the sample to exhume to near the Earth’s surface. Shortly after, the
sample was affected by a slow reheating event that prolonged to the
Devonian when another fast-cooling event initiated and exhumed the
rock column to the AFT PAZ upper portion. Afterward, the rock
column experienced a period characterized by slow cooling till the
Eocene when a third cooling event caused it to be uplifted to its recent
elevation (Figure 5). 2) The second is sample GUM-01 (Figure 5):
affected by a Precambrian fast-cooling event to uplift the rock column to
near the Earth’s surface. Then, the rock column was affected by a slow
reheating event that might have prolonged till the Cretaceous time when
the sample experienced another fast-cooling event during the Jurassic-
Cretaceous time, causing its exhumation to reach AFT PAZ. Afterward,
the rock column was affected by a third cooling event during the Eocene
to be uplifted to the recent altitudes (Figure 5). However, the sample
GUM-01 model shows a wide range of cooling/exhumation possibilities
extending from the Devonian to the Cretaceous.

From the modeled samples (Figure 5) and the obtained pre-rift
AFT cooling ages, no synchronous thermal anomaly to the northern
Red Sea rifting (Oligocene-Miocene) was recorded on the t-T
models; alternatively, the area of study was exhumed from ca.
60°C equivalent depths (Figure 5).

5 Discussion

The Gabal Loman area is exposed at the northern Red Sea’s western
flank, and its basement rocks enclose the whole regional geologic history
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Thermal history models for samples obtained using HeFTy (Ketcham, 2005). The resulting t—T paths represent four levels of reliability: acceptable fit
(green), good fit (purple), best fit (black), and weighted mean (blue) paths. Five constraints were used to limit the modeling randomness, where the 1st
represents the initial box at depth, the 2nd represents the post-accretion-related exhumation event, the 3rd shows the ZFT age, the 4th shows the AFT
age, and the 5th represents the Suez Rift opening. Where, SRR-01: sample code, P: number of inverse iterations, A: acceptable fit models’ number, G:
good fit models' number, D: calculated AFT ages and CLs (1-o error), M: model calculated AFT ages and CLs, G.O.F. goodness of fit, N: number of single

grains and CLs.

since its construction during the Neoproterozoic till the development of
the northern Red Sea rift during the Oligo-Miocene time. Therefore, the
tectonic history of the region is suitable for reconstructing and testing the
different proposed models for Tertiary rift development.

The area of the study reactivated in reaction to the Hercynian
tectonic events and the disintegration of Gondwana through the
differential uplifts across fault-bounded blocks as indicated by
differentiated AFT age groups, the time-temperature modeling,
and the previously reported thermochronologic ages (e.g., Kohn
and Eyal, 1981; Omar et al., 1987; 1989; Kohn et al, 1997;
Vermeesch et al., 2009; Feinstein et al., 2013; Mansour, 2016;
Mansour et al, 2021). Therefore, further detailed structural
analyses considering this selective uplifting nature may disclose
these faults’ kinematic characteristics.

The low-temperature thermochronology thermal sensitivity
would enable the basin burial/exposure history (e.g., Zheng et al.,
2003; Li et al, 2017). The AFT temperature sensitivity zone is
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identical to the hydrocarbon maturation temperature zone, which
could enable basin evaluation from a hydrocarbon reservoir
exploration perspective (Gleadow et al., 1983). One of the main
objectives of this study is to provide a tectonic-thermal model for the
RSRS formation and development through time as an example of the
evolution of rifts with similar geologic settings. However, further
basins-sampled ~ studies could detect the tectonic-related
stratigraphic variation within the basin and the rift-related
structural variations which will lead to a better basin and
reservoir evaluation.

5.1 ZFT thermochronometery
The analyzed mounts have passed Chi-square (x*) homogeneity

test, indicating the absence of any evidence of multiple age
populations (Table 1).
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The yielded ages (average 321 + 17 Ma; Figure 2) are concordant
with published ZHe and ZFT thermochronological ages from
different localities of the ANS. These reported Carboniferous
thermochronological ages have introduced activated uplifts in
response to the Devonian-Carboniferous tectonic activities (Kohn
et al., 1992; Bojar et al., 2002; Vermeesch et al., 2009; Mansour,
2016). This regional uplift is concordant with changes in the regime
of the deposition from the Um Bogma Formation (the Lower
Carboniferous, marine affinity) to the Abu Thora Formation (the
Upper Carboniferous, erosional nonmarine affinity) (Figure 3).

5.2 AFT thermochronometery

The obtained AFT cooling ages range from ca. 115 + 6 Ma to ca.
33 + 5Ma. These ages are separated into two geographically
differentiated regions, demonstrating a differential response to
the different thermal-tectonic events (Figure 2). The geographic
differentiation is constant with differential uplifts that were
controlled by block movements through boundary faults that
characterize the ANS different regions (Kohn and Eyal, 1981;
Omar et al, 1987; Omar et al, 1989; Kohn et al, 1997;
Vermeesch et al., 2009; Mansour, 2016). Furthermore, the AFT
cooling age of the older mount (Cretaceous; GUM-10) is consistent
with the stratigraphic sequence showing a change in the deposition
environment from the formation of Wata (marine affinity) to the
formation of Matulla (nonmarine affinity) (Figure 3), which suggests
synchronized exhumations. In contrast, AFT younger-aged groups
(Eocene-Oligocene; GUM-01, GUM-03, GUM-05, and GUM-08)
are concurrent with previously reported AFT ages in the northern
segment of the ANS (Omar et al., 1989; Morag et al., 2019) and the
Eocene-Oligocene unconformity and changes in the deposition
environment from the Mokattam Formation (marine affinity) to
the Tayiba Formation (nonmarine clastics) (Figure 3).

The obtained cooling ages were considered a little older than the
producing equivalent rock uplifting activities; this is indicated by a
prolonged resident time in AFT PAZ (Figure 4). This conclusion was
additionally maintained through the younger-aged AFT sample has
33 + 5 Ma age, which predates the Red Sea initiation. Consequently,
the region has not experienced any higher temperatures than the
AFT closure temperature (110 °C) since the Eocene-Oligocene
boundary. Furthermore, uplifting from AFT PAZ is supported by
thermal history modeling and histograms of the track lengths
distribution as the majority of the Lc distributions yield a
negative skewness (Figure 4).

5.3 Thermal history modeling

The t-T modeling represents different rapid cooling events; these
could be represented as rock uplifts if associated with the obtained
the the
sedimentological succession. These cooling/uplifting events are 1)

cooling ages, well-known geologic events, and
The Precambrian uplifting event (Figure 4). This is initiated in
response to the PAEE and sedimentation of the fluvio-marine
Cambrian deposits. 2) Devonian-Carboniferous time uplifting/
cooling activity (Figure 4). This is emphasized by our ZFT ages.

During this event, the terrain uplifting in the RSRS region was a
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reaction to the tectonic activity of the Hercynian that caused a
change in the sedimentological nature from the Early Carboniferous
time Um Bogma marine sediments to the Late Carboniferous time
Abu Thora erosional sediments (Figure 3). This uplift caused rock
erosion of more than 2.5 km of an Early Palaeozoic succession plus
part of the underlying ANS rocks (Kohn et al., 1992; Moustafa and
Yousif, 1993). 3) The Cretaceous uplifting activity (Figure 4). This
happened when the studied region responded to the Gondwana
breakup by differential exhumations. This event caused localized
uplifts in northern Africa and the northern Red Sea region (Shalaby
and Shawky, 2014; Shalaby, 2017). Additionally, it produced
conglomeratic sandstone erosional deposits dominance and
multiple hiatus throughout the whole Cretaceous (Figure 3). The
effect of this event is previously reported as tectonically-caused
structure (strike-slip faults) and major cooling events (Bojar et al.,
2002; Feinstein et al., 2013). This regional differential exhumation
nature of the ANS is a reaction to the tectonic activities of the
Hercynian and the disintegration of the Gondwana which is widely
reported in earlier thermochronologic studies (Kohn and Eyal, 1981;
Omar et al.,, 1987; Omar et al., 1989; Kohn et al., 1992; Vermeesch
et al., 2009; Feinstein et al., 2013; Mansour et al., 2023b). This
differential uplifting nature was probably governed by the activation
of faults according to the different directions of the stress field for
each of them. 4) Oligo-Miocene uplifting event (Figure 4). This is
seemingly concordant with the Red Sea rifting (e.g., Bosworth and
Taviani, 1996; Bosworth and Mc Clay, 2001). The produced thermal
history modeling (Figure 4) and older rifting AFT cooling ages
(Table 2) indicate the absence of any thermal overprint synchronous
to the northern Red Sea opening, and the rift shoulders uplifted only
from depths comparable to ca. 60 °C (Figure 4).

5.4 Cooling and rocks exhumation

The exhumation of buried rocks in rift basins is independent of
their cooling events, which are determined by thermochronological
data; however, it can be predicted if these cooling events are coupled
with the reported geologic events and stratigraphic sequence. The
exhumation amount that accompanied each of the reported tectonic
events could be calculated from the obtained thermochronologic
ages and the corresponding PAZ. The paleo-geothermal gradient is
not known; therefore, we used a variety of possible geothermal
gradients from the recent (25°C/km) to the expected during active
tectonism (50°C/km). Afterward, the resulting rates were correlated
to the stratigraphic sequence and compared to the synchronic
tectonic events. This approach supports obtained cooling ages/
events representative for major rock uplifting events: 1) PAEE
event. It caused erosion of the entire ANS to transform it into a
peneplain surface (Kolodner et al., 2006); consequently, the recent
rock exposures isostatically exhumed from their depths of
emplacement to near the Earth’s surface. 2) The Hercynian
(Variscan) tectonic activity. This influenced the Egyptian ANS
partially through differential exhumations and resulted in the
complete removal of the Early Palacozoic succession and a
portion of the basement rocks (Stampfli et al., 2002). This event
affected the studied region by rock uplift from depths equivalent to
the ZFT PAZ temperatures (240°C-200 °C) to ca. 60 “C equivalent
depth. This amount of exhumation corresponds to ca. 4 km 3) The
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Gondwana disintegration activity. This produced convergence
between the African and the Eurasian plates, which caused a
total rock exhumation of ca. 2.4 km in NED and Sinai (Moustafa
and Fouda, 2014). This local influence on the studied region is
indicated by the modeling of the t-T history (Figure 5). It is
suggested that the effect of the Gondwana breakup event is
combined with the Hercynian event to uplift the ANS in the area
of study from depths equivalent to ZFT PAZ (240°C-200 °C) to
depths equivalent to ca. 60 °C. (4)The northern Red Sea opening.
This resulted in rift shoulders exhumation at Wadi Miar with ca.
2.4 km, southern Sinai (Morag et al., 2019). However, in the current
area of study, the northern Red Sea development resulted in a rock
uplift of ca. 1.2 + 0.4 km.

5.5 Implications to the Suez Rift

The Gulf of Suez is recognized as a non-volcanic rift except for
localized simultaneous basaltic subsurface eruptions and surface
dikes despite southern Sinai having an anomalously 2.5 km elevated
rift flank. Recently, normal faults associated with 23 Ma subsurface
basaltic flood of a relatively constant thickness are being reported in
et al, 2015). They are
compositionally similar to the Afar flood basalt in the East

the Cairo-Suez region (Bosworth

African Rift which shows a similar magmatic source to the
rifting processes and the absence of pre-rift high topography. The
pre-rift low topography is documented by the modest erosional-
constituting sedimentary formations (300-500 m) in the rift valley
(Garfunkel, 1988) and supports no plume-caused doming which
would have produced elevated topography and enflamed amounts of
erosional preservations. Additionally, Bosworth et al. (2015)
delivered 3D seismic interpretations for circular depressions in
the Suez rift grabens which were formed through magma
evacuation from below. While a syn-rift deep-seated thermal
anomaly would last for more than 60 Myr (Ebinger and Sleep,
1998; Bosworth et al., 2015), this is not the case here, suggesting a
more localized and limited source of magmatism. Melts lateral
migration from the preexisting Afar plume could provide a more
localized source (Ebinger and Sleep, 1998; Bosworth et al., 2015).
From southern Sinai, Steckler. (1995) suggested lateral heat transfer
from Sinai Triple Junction as a source for the exceptional elevations,
while Morag et al. (2019) reported concurrent exhumation, rift
initiation, and magmatism, which was interpreted as an indicator of
mantle plume involvement. Additionally, the Afar plume northward
extension toward the margin of the Arabian plate has been reported
(Hansen et al., 2012).

The obtained thermochronologic data yields no AFT age
resetting, and the distribution of HCTLs supports uplift from the
AFT PAZ (110°C-60 °C), while the t-T models restrict this
temperature to ca. 60 ‘C (Figure 5). The recent geothermal
gradient is 25 "C (Morgan et al., 1985; Feinstein et al., 1996), and
its doubling is expected during the rifting active period (Omar et al.,
1989; Kohn et al., 1992), which suggests rift flank uplift at the studied
area from depths of ca. 1.2 + 0.4 km. These elevations are consistent
with the current RSRS western flank low topography (Figure 1B),
with the highest peak of ca. 1,018 m at Gabal Loman. Considering
the facts that the RSRS and Afar basaltic eruptions are
compositionally similar, the Suez rift flanks uplifted only through
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its southern half (Figure 1A); the anomalously high flank is
restricted to the southern part of the eastern flank at southern
Sinai (Figure 1B), reducing the eastern rift flank uplift from the
south (2.4 km; Morag et al,, 2019) to the north (1.2 £ 0.4 km;
Mansour, 2016) (Figure 1B; cross sections AA” and BB’); the western
flank low topography accompanied the exhumation (1.2 + 0.4 kmy;
this study) and the vast amount of the Cenozoic volcanism on the
Arabian Shield. We proposed a mechanical rift type for the RSRS
additional east-southward thermal overprint caused by lateral
migration of melts from the Arabian marginal plume as a source
for the exceptional southward elevations of the eastern rift flank and
the synchronous basaltic eruptions.

The age of the basaltic volcanism associated with the Suez Rift
initiation (23 Ma) overlaps with the ages of the rift-related dikes in
the Egyptian Eastern Desert, the Sinai, and western Arabia
(Bosworth and Stockli, 2016; Nuriel et al.,, 2017). This suggests a
single and rapid rifting pulse as the Red Sea spread northward
through the Suez rift until the Dead Sea Transform (DST) fault
activated and migrated the stress field. The DST activation
(20-18 Ma; Nuriel et al., 2017) caused the Suez rift flanks
exhumation deceleration (25-18 Ma; Morag et al., 2019), while it
continued along the Red Sea flanks (15 Ma; Szymanski et al., 2016).

6 Interpretation

The ZFT ages are represented by Carboniferous ages of ca. 321 +
17 Ma, indicating a synchronous rapid exhumation passing through
the ZFT closure temperature at this time, while the AFT cooling ages
are ranging over two age spans of Cretaceous of 115 + 6 Ma and
Eocene-Oligocene of ca. 35 + 5 Ma. These two different clusters of
thermochronologic ages suggest two different thermal-tectonic
histories that are not the formation age of lithology-related ages,
rather it indicates differentiation in the uplift-erosion history.

The resulting cooling ages and the thermal history modeling
yielded four uplifting/cooling tectonically-induced activities: 1)
Precambrian PAEE. This was induced by the EAO producing
plutonism  through  the
Neoproterozoic time which influenced the entire ANS by erosion,

continental ~ thickening  and
rock removal, and, consequently, exhumations of the studied area
closer to the Earth’s surface through isostatic rebound as indicated
by our time-temperature modeling (Figure 5). Then, the ANS was
squeezed under an Early Palaeozoic succession to depths of ca.
2.5km. 2) The Devonian- Carboniferous Hercynian tectonic
activity. This produced rock exhumations (ca. 4.2 + 1.4km) and
sample cooling from PAZ temperatures of ZFT to temperatures of
ca. 60 °C. The Hercynian tectonic event is responsible for the erosion
of the Lower Palaeozoic sequence and portions of the ANS basement
rocks. This event is supported by the time-temperature modeling
and the yielded ZFT ages (Figure 2; Figure 5). 3) Gondwana
disintegration during the Cretaceous time. This produced
exhumations with a localized nature as indicated by our time-
temperature modeling (Figure 5). 4) Oligo-Miocene northern Red
Sea initiation. This was accompanied by regional cooling and uplifts
to the current elevations from ca. 60 ‘C equivalent depths. This rock
exhumation is equal to ca. 1.2 + 0.4 km. This event is supported by
our time-temperature modeling and the resulting AFT ages
(Figure 2; Figure 5).

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1193692

Mansour et al.

The obtained AFT cooling ages predate the Oligocene-Miocene
northern Red Sea/Suez rift initiation, and the Lc histograms indicate
samples uplift from the AFT PAZ. The thermal history modeling
indicates a rift-associated rock uplift from depths equivalent to ca.
60 °C (Figure 5) that corresponds to a rock exhumation of ca. 1.2 +
0.4 km. These results document the absence of any thermal print on
the studied region of the northern Red Sea rift’s western flank.

7 Conclusion

The Gabal Loman area was developed during the EAO as part of the
northern ANS. Then, the ANS was completely removed before the
Cambrian time, and, consequently, a massive rock uplift took place to
bring the currently exposed rocks near the Earth’s surface. Afterward, an
Early Palaeozoic sequence of ca. 2.5 km was deposited to bury the entire
region beneath it. Afterward, the Hercynian tectonic activity was
activated during the Devonian-Carboniferous time to exhume a rock
column of ca. 42 + 1.4km. Then, the Gondwana disintegration was
initiated during the Cretaceous time and might have caused differential
exhumations in the studied region. The northern Red Sea/Suez rift
system that was initiated during the Oligo-Miocene time caused rift
shoulder exhumations of ca. 1.2 + 0.4 km. Lastly, the rift shoulders were
reshaped by nontectonic erosion to the recent altitudes.

The northern Red Sea/Suez rift system was initiated as a
passive rift where the mechanical components are dominant and
there was no additional thermal overprint, especially for the
western rift flank.
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