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Abstract: The Suez Rift developed as a northern extension of the Red Sea rift during the Oligocene-
Miocene, whose flanks were constructed from the Neoproterozoic basement rocks of the Arabian-Nubian
Shield. These basement rocks are comprised of the whole tectonic history since their formation. The
Suez Rift initiation model and proposed thermal overprint role in the rifting process and flank
development remain uncertain. Additionally, the amplitude of different regional tectonic events’
effects on the region is still debatable. Integration of fission-track thermochronology data with
modeling of the time-temperature history has demonstrated efficiency in addressing such issues. In
the context of this study, eleven representative samples were collected from the different rock units
in the Wadi El-Dahal area at the northern tip of the western flank of the Suez Rift. These samples
revealed Carboniferous zircon fission-track cooling ages of 353 + 9 Ma and 344 £ 11 Ma. Meanwhile,
the apatite fission-track analysis provided two spatially separated age groups: Permian-Triassic
and Late Cretaceous, with average ages of 249 £ 11 Ma and ca. 86 + 10 Ma, respectively. The
time-temperature modeling revealed four possible cooling pulses representing exhumation events,
which were initiated as a response to four tectonic activities: the accretion-subsequent event of
erosion during the Neoproterozoic, the Hercynian (Variscan) tectonic event during the Devonian-
Carboniferous, the Mid-Atlantic opening during the Cretaceous, and the Suez Rift opening during
the Oligocene-Miocene. The western flank of the Suez Rift suggests a passive mechanical type with
no extra thermal overprint, as indicated by the dominance of older thermochronological ages, modest
rift flank elevations, and a reduction in the heat flow.

Keywords: Egyptian Eastern Desert; thermochronology; Arabian-Nubian Shield; fission-track;
the Gulf of Suez; mantle plume

1. Introduction

The Gulf of Suez represents the northern extension of the Red Sea rift system, which is
a continental lithospheric rift that developed partially into a seafloor spreading stage in its
southern portion [1]. The rifting processes can be studied indirectly through the rift flanks,
as any rift-accompanied activity, volcanism, and/or thermal effect will be printed on the rift
shoulders [2,3]. The Suez Rift flanks are constructed from Neoproterozoic Arabian-Nubian
Shield (ANS) basement rocks (Figure 1). The ANS was initially established between ca.
900-650 Ma as part of the northern activities of the East African Orogeny (EAO) [4-8].
The ANS in the North Eastern Desert (NED) and Sinai are equivalent, dominated by post-
tectonic (ca. 622-535 Ma; [8]) younger granitoids, dike suits, and volcano-sedimentary
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succession exposures, and lesser existence of the older granitoids (ca. 753-733 Ma; [8]) and
ophiolites [2,8-15].
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Figure 1. (A) Location map for the northern ANS, representing the current study sampling loca-
tion and previous thermochronological studies (modified after [2]). Where ZFT = zircon fission-
track, ZHe; zircon (U-Th)/He, Ar = Ar-Ar dating; AFT = apatite fission-track, and AHe; apatite
(U-Th)/He [2,3,16-22]. (B) Locations of the represented topographic cross sections (A-A’, B-B/, C-C').

After growth during the Ediacaran [8], the Egyptian ANS (ENS) was completely
eroded by the Cambrian time, marked by the development of a peneplain surface [23].
Afterward, a ca. 2.5 km thickness of Lower Paleozoic aged sedimentary succession ac-
cumulated [24]. This regime was interrupted by the Devonian-Carboniferous activated
Hercynian (Variscan) tectonic event, which caused a sequence of uplifts and erosions in the
region [25]. Then, a thermo-tectonic stability phase dominated until the Cretaceous [26],
when the Mid-Atlantic initiation affected the region by faulting, folding, and development
of the Syrian arc system [27-29]. Shortly after, the northern Red Sea/the Suez Rift, initiated
by the Oligocene-Miocene, developed grabens at the rift axis and elevated flanks [30,31].

Reconstruction of the tectonic-thermal history of the northern Red Sea/Gulf of Suez
Rift and its Neoproterozoic ANS basement flanks (Figure 1) can be achieved by integrating
different thermochronological techniques with time-temperature modeling [32,33]. Several
thermochronological studies have taken place on the rift system flanks of the Red Sea,
the Gulf of Aqgaba, and the eastern Gulf of Suez [2,3,16,19,20,22,24,34-39], whilst less
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attention was given to the western flank of the rift [17,18]. This information shortage is
responsible for several uncertainties in concern to the tectonic development of the region.
In particular, the northern Red Sea/Gulf of Suez Rift type, the existence/absence of any
thermal overprint that accompanied the rifting process, the regional tectonic events that
affected the area of study, and the reason behind the heterogeneity of the rift elevated flanks
through its different segments (Figure 1B). There is debate about the type of the northern
Red Sea/Gulf of Suez Rift and the proposed existence of an additional thermal overprint.
One model suggested a rift with a mechanical component where the flanks were exhumed
by an isostatic rebound to rift axis development [18,37]. A second model considered an
additional Sinai triple junction thermal effect [34,40]. A third model recommended the role
of the proposed Cairo mini mantle plume [3,41]. Furthermore, a northward extension of the
Afar plume towards the Arabian plate margin has been reported [42,43]. This could provide
a more localized source from the Afar plume through lateral migration of melts [41,44].
Low-temperature thermochronology techniques have proven to be powerful tools to
address the aforementioned issues [2,3,16-18,32,45]. Therefore, reconstructing the thermal-
tectonic history of the area of study, which represents the ANS basement rocks in the
Egyptian North Eastern Desert and central western flank of the Suez Rift (Figure 2), will
provide new insights into the regional tectonic events that affected the area of study and
to what extent and, furthermore, the role of Sinai triple junction or a mantle plume effect
in the Suez Rift initiation. This role can be detected through their accompanying thermal
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Figure 2. A Landsat8-based location map for the Wadi El-Dahal area where locations of the dated
samples are represented.

A better understanding of the tectonic history of the Gulf of Suez could additionally
help the efforts of assigning the tectonic-climatic relationship [46—-49], evaluating the tec-
tonically shaped hydrocarbon basins [50-52], delineating structurally controlled aquifers in
Egypt [53-55], and assessing the geohazards in the newly developed cities within the Gulf
of Suez region [56,57].

2. Geologic Setting

The Red Sea/Gulf of Suez Rift system initiation was triggered by the Afar superplume
activities by ca. 34 Ma [58-61], along with the Bitlis-Zagros subduction and the following
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convergence zone in modern Anatolia [62,63]. The first (ca. 45 Ma) and second (31-29 Ma)
voluminous volcanisms in the Afar triple junction were focused along its vicinity at Kenya,
Ethiopia, and Yemen [44,64-67]. Then, this activity migrated further north by ca. 28 Ma,
forming the Older Harrats along the Arabian western margin [66]. Afterward, volcanisms
and dike swarms activated along the western margin of Arabia by 24-21 Ma, which are
chemically comparable to the Afar plume [66]. These magmatic activities were accom-
panied by a main extensional event (24 £ 2.2 Ma) propagating northward through the
rift [37,38,68-70]. As a consequence, elevated flanks formed along the central and northern
Red Sea [3,17,18,20,35,45]. Then, a second flank uplift phase (ca. 15 Ma) was recorded in
central Arabia [45]. Shortly after, additional volcanic activity began (ca. 13 Ma) in western
Arabia, forming the Younger Harrats [1].

The whole Red Sea rift system Is flanked by the basement rocks of the ANS, which
were initially formed by mass accumulation of continental fragments, island arcs, and
oceanic plateaus during the EAO in the time span from ca. 900 to and 650 Ma [6,8]. These
basement rocks in Egypt are constructed mainly of (1) the island arc suite representing the
EAQ’s oldest activity that prolonged between ca. 820 Ma and 750 Ma [8,71], (2) the syn-
orogenic alkaline and calc-alkaline granitoid suite characterizing the EAO compressional
stage that extended from ca. 750 to 610 Ma [8,72,73], (3) the post-orogenic calc-alkaline
and alkaline granitoid and dike swarm suites representing the EAO extensional phase that
dominated from ca. 610 Ma and 535 Ma [8,72,74,75], and (4) the ophiolites and metamorphic
complexes [72,75].

After the EAO, a post-accretion event of intense erosion (PAEE) entirely removed
the ANS high topography before the Cambrian time. This has been documented by
identifying fossils with a Lower Cambrian age in sediment with near-shore marine to fluvial
affinity [63,76]. These sediment accumulations were sustained until the Devonian and
deposited more than a 2.5 Km sequence of a pre-Carboniferous age. While by the Devonian-
Carboniferous time, the Hercynian (Variscan) tectonic activity developed by suturing of the
Gondwana with the Laurasia [25]. This collision initiated significant uplifts and erosions
in the Lower Paleozoic sequence of the NED and Sinai [2,17,38,77-79]. Meanwhile, a
complete succession was conserved in South Jordan and North Saudi Arabia [24,80]. By
the Jurassic-Cretaceous time, the Gondwana breakup began affecting northern Egypt via
sinistral shearing, localized volcanic activity, and the Syrian Arc system [27-29,81,82]. By
the Oligocene-Miocene time, the northern Red Sea/the Suez Rift system began producing
elevated rift flanks, restricted basic dykes, and normal faults.

The area of study represents the northwestern termination of the exposed ANS base-
ment rocks in the Egyptian Eastern Desert. It is identified by a lack of high elevations when
compared to the southeastern exposures of the Gulf of Suez’s eastern flank, located directly
on the western border of the rift, far from the Sinai triple junction and/or the Gulf of Aqaba
initiation activities (Figure 1). Lithologically, it is constructed of Neoproterozoic basement
rocks; consequently, all sampled rocks preceded the whole Phanerozoic tectonic events.
The area of study is relatively small, which enables analyzing many samples close to each
other to examine the previously reported thermochronologic age-wide distribution in the
ANS (Figure 1). This strategy would limit the possibility of a heat flow differentiation
between the different parts of a small region, making the tectonic effect the main factor
responsible for any thermochronological age differentiation (Figure 2).

3. Methods and Techniques

The fission-track, low-temperature thermochronology technique is based on radiation
damage (etchable tracks) of the spontaneous 233U fission accumulation in the crystal lat-
tice [83]. The retention and annealing of these tracks of fission are sensitive to a temperature
zone that varies with different minerals [84,85], which enables thermal-tectonic (t-T) history
reconstruction.

FT counting and horizontally confined track (CT) length measurements were per-
formed using a Nikon Eclipse 80i (Nikon Solutions Co., Ltd., Tokyo, Japan) upgraded with
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a digital camera, image processing software, and dry objectives at the thermochronology
laboratory of Kanazawa University, Kanazawa, Japan. Analyses of both apatite-fission-track
(AFT) and zircon-fission-track (ZFT) were conducted using the Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) technique of Kanazawa University. The
LA-ICP-MS technique enables measuring the U concentrations directly [86]; the operating
conditions are illustrated in Table 1 [87]. The zircon mounts were etched in a eutectic melt
of NaOH-KOH at 220 + 5 °C [88] for 50-75 min. Meanwhile, the apatite mounts were
etched for 20 s in 5.5 N HNOj at 20 £ 1 °C [50]. The weighted mean cooling ages and error
ranges for both minerals were calculated using IsoplotR [89].

Table 1. LA-ICP-MS operation conditions.

ICP-MS
Model Agilent 7500s
Forward power 1200 W
Reflected power 1w
Carrier gas flow 1. 31/min (Ar), 0.31/min (He)
Auxiliary gas flow 1.01/min
Plasma gas flow 151/min
Interface Ni sample cone, Ni skimmer cone
Laser
Model MicroLas GeoLas Q plus
Wavelength 193 nm (Excimer ArF)
Repetition rate 5Hz
Pulse energy 8]/cm?
Pit diameter 20 um

The intensity of the Uranium signal was calibrated against the silicate glass refer-
ence material SRM 610 produced by the National Institute of Standards and Technology
(NIST 610) [90], in which the 238U concentration was 456 ppm [91,92]. 43Ca was used as an
internal standard for apatites, using chemical data obtained previously [93]. Meanwhile,
29Si was the internal standard and tracked the chemical composition for zircons [90,92].

Thermal history reconstruction was performed by the modeling program HeFTy
v1.9.1 [94]. The constraints guiding the Monte-Carlo algorithm were chosen as initial
constraints with the Neoproterozoic age (at depth), near-surface between the Neoprotero-
zoic and the Cambrian (the PAEE), ZFT ages (wWhenever measured), AFT ages, and the
rift initiation age. Models were run with 500,000 iterations. Each t-T path in HeFTy was
described by a goodness of fit (GOF) rate that indicated its fit-nearness to the measured
inputted data. All t-T paths with <0.05 GOF did not appear in the model; >0.05 (>5%) rates
were accepted models and presented in green, and >0.5 (>50%) rates were good models
represented in purple in the model. Additionally, the code calculated the best GOF model
and displayed it in black, and the model with the weighted mean value was displayed in
blue [94,95].

Thermochronology techniques measure cooling age, which can be produced either
by exhumation (rock uplifted to shallower and cooler depths) or a change in heat flow.
Therefore, not all cooling is necessarily related to rock uplift; however, we study here
plutonic rocks which were formed deep in the crust and are today on the surface. This
means that these rocks were exhumed throughout their history until reaching the surface.
Despite being precise fission-track and thermal history modeling techniques within the
error range as any other dating technique, we always interpreted our results with a wide
range, such as a Devonian-Carboniferous or a Cretaceous event. Furthermore, we did not
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use our thermochronological data alone; it was always supported by other data (i.e., tectonic
history and sedimentologic record). Additionally, the area of study was relatively small,
which enabled analyzing many samples close to each other to examine the conventionally
reported thermochronological age-wide distribution in the ANS (Figure 1). This strategy
limited the possibility of heat flow differentiation between the different parts of that small
region as a reason for age differentiation, making structurally controlled tectonic effects the
main factor responsible for thermochronologic age differentiation. Despite that, we still took
the heat flow change possibility into consideration by using a wide range of geothermal
gradients. We did not interpret our thermochronological data and the corresponding
t-T models as an exhumation expression, except when we had other supporting data.
So, essentially, we had a wide age range (for the age corresponding to a tectonic event)
and wide exhumation amount (for wide geothermal gradient possibility ranges between
25-50 °C/km), and then compared our findings to the regional geological history, as we
will illustrate later. In the case of raising unknowns other than the geothermal gradient (i.e.,
emplacement depths), we did not even make assumptions for the amount of exhumation.

Cooling and uplifting rates and the event-related rock exhumations were inferred from
our thermochronological ages, and the t-T major pattern changes through temperature
cooling between the different thermochronometers (ZFT and AFT) and the surface. Also,
two possibilities of geothermal gradients (25 or 50 °C/km; [21,35,96]) were used for ex-
humation rate calculations because no specific paleo-geothermal gradient values have been
reported. Hereafter, the obtained values were compared to the reported sedimentological
data and the regional tectonic history.

For this study, we collected eleven basement rock samples from the central Suez Rift’s
western flank (Figure 2). These samples belonged to the different ANS rock units repre-
sented in the area of study, which comprised the entire geologic history of the region from
its development during the EAO until the Suez Rift development. The dated minerals were
separated through the conventional methods that were illustrated by Donelick et al. [97].

4. Results and Discussion

From the 11 analyzed samples, two samples provided appropriate zircon grains for
ZFT analyses (Table 2), and six samples provided appropriate apatite grains for AFT
analyses (Table 3). Out of the dated six AFT samples, two provided an appropriate amount
of horizontal confined tracks (HCTLs) for thermal history modeling.

Table 2. Detailed fission-track data, ages, and sample descriptions for the dated zircons.

Coordinates 238
Decimal . U a Ps Ns 2 Age [Ma]
S.-Code Elev. Lithology A
E [ug/g] (x10° 1 WM. 10  MswD
Hg's track/cm?) o o
SRR-04 478 28.66313°  32.44926° Diorite 343.8 18 68.4 5433 0.89 352.8 9.3 0.61
SRR-05 604 28.62544° 32.44434° Monzogranite  360.5 15 69.0 4260 0.90 343.6 10.5 0.56

Samples and zircon fission-track data represented as W.M.; weighted mean ages with 1-sigma (o) uncertainties,
calculated with IsopltR [89]. S.-Code; samples code, Elev.; the elevation above sea level of each sample in meters,
U; concentration of 28U in ug/g, n; the number of apatites where tracks were counted, ps; spontaneous tracks
densities (10° tr/cm?), Ni; the number of counted fission tracks, x2; chi-square test values, MSWD; Mean Sum
Weighted Deviates.

4.1. Zircon Fission-Track Thermochronometry

The statistical Chi-square (x?) test for age homogeneity was passed by each of the
examined samples, representing no evidence for several age populations (Table 2). Uranium
concentrations in our zircons were of ca. 361 and 344 ug/g (Table 2). The correlation
between single grains ZFT ages and the corresponding uranium concentrations was absent
(correlation value = —0.0156), taking into account the Th content of lesser effect, indicating
that the metamictization effect could be neglected (Figure 3).



Minerals 2023, 13, 1021 7 of 16
Table 3. Apatite fission-track age details, sample descriptions, and track length data.
S.-No. Elev. C%’;Siﬁitles Lithology o n i - )52 ‘Zgl\;[ v e - > orer %P
N E [ug/s] oo [Ma] MSWD  (um) (um)

Group A

SRR-01 391 28.64418°  32.55747° Diorite 7.1 20 03 238 100 8.1 105 0.08 106 25 17 01

SRR-09 494 28.61221°  32.53076° Dacite 62 22 03 8 100 841 93 0.03 NA NA NA NA

SRR-11 416 2857803°  32.57923°  Monzogranite 6.8 20 03 74 100 873 104 0.02 NA NA NA NA
Group B

SRR-02 469 28.65925°  32.50880° Monzogranite 22.0 21 3.0 939 098 2523 10.5 0.45 NA NA NA NA

SRR-03 455 28.66721°  32.47174° Granite NA NA NA NA NA NA NA NA NA NA NA NA

SRR-04 478  28.66313°  32.44926° Diorite 19.1 17 25 611 098 2429 123 0.40 NA NA NA NA

SRR-05 604  28.62544°  32.44434°  Monzogranite 200 21 28 80 099 2524 109 043 101 20 15 01

SRR-06 562 28.61681°  32.48201° Diorite NA NA NA NA NA NA NA NA NA NA NA NA

SRR-07 591 28.64358°  32.48344° Dacite NA NA NA NA NA NA NA NA NA NA NA NA

SRR-08 462 28.61841°  32.50517° Diorite NA NA NA NA NA NA NA NA NA NA NA NA

SRR-10 478 28.60291°  32.57185° Dacite NA NA NA NA NA NA NA NA NA NA NA NA

Sample information and apatite fission-track data given as weighted mean ages with 1-sigma (o) uncertainties,
calculated with IsopltR [89], CTs mean, mean confined track lengths; Dpar, mean etch pit diameter; NA, not
applicable. The collected samples belong to the syn- and post-orogenic alkaline and calc-alkaline granitoid
suites [8]. More details are provided in Table 2.
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Figure 3. A ZFT ages against 22U concentrations plot, representing the absence of any systematic
pattern and any Metamictization effect on the calculated ZFT ages.

The resulting ZFT weighted mean ages and the corresponding 1o of standard errors
were 353 + 9 Ma and 344 + 11 Ma (Figure 2), demonstrating cooling through the PAZ of ZFT
thermochronometer (240-200 °C; [98]) ca. 348 &= 10 Myrs ago. These ages are consistent with
the published ZFT ages from other regions in the ANS, which were countered for a tectonic-
induced differential exhumation during the Devonian-Carboniferous [21,24,38]. This uplift
is also consistent with the regional stratigraphic sequence that suggested the previous
existence and erosion of more than 2.5 km of the Lower Palaeozoic succession [25,99]. The
accompanied uplift was emphasized by changing the depositional regime to completely
nonmarine sediments during the Upper Carboniferous [78,100].

4.2. Apatite Fission-Track Thermochronometry

The treated AFTs had ages ranging from 252 + 11 Ma to 84 + 9 Ma. These periods could
be differentiated into two discrete age categories (Table 3); Group A contained 3 samples
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with Permo-Triassic ages ranging between 252 + 11 Ma and 243 £ 12 Ma (Figure 2), docu-
menting cooling through/to the PAZ of the AFT (110-60 °C; [97,101]) at ca. 249 + 12 Ma
(Figure 2; Table 3). These ages are concurrent with multiple unconformities between the syn-
chronously Permian basaltic volcanism and successive deposited sedimentary formations
with terrestrial nature (Qiseib and Malha formations) in the region [102,103]. Additionally,
similar cooling ages were reported from other localities of the ANS [3,16,18,22,35]. While
Group B consisted of three samples with Late Cretaceous ages ranging between 87 + 10 Ma
and 84 + 9 Ma, suggesting cooling to the PAZ temperatures of the AFT technique at ca.
86 £ 11 Ma (Figure 2; Table 3), these ages are simultaneous with the sedimentological
depositional regime conversion from the non-terrestrial Wata Formation to the terrestrial
Matulla Formation [102,103], suggesting a possible uplift. Furthermore, comparable cooling
ages have been described in other ANS regions [3,16-18,22,35,38,99].

The spatially separated nature of the AFT age groups suggests a differential thermo-
tectonic-related exhumation that was characterized by localized block movement through
bounding faults (Figure 4). This uplifting nature was earlier reported from other parts of
the ANS [16,18-21,35,99]. We suggest that the response of the studied area to each tectonic
event was controlled by the accompanying direction of stress.

SRR-01; P: 500,000 A: 849 G: 114 Track Length Distribution

- D- - M- . . D: 12.63%1.54, M: 12.64%+1.67,
AFT; D: 91.7; M: 92.1%11.1 Ma, G.O.F.: 0.97, N: 20 G.O.F.: 0.67, N: 66

— ' '

O 0.3]-.-

o ]

S .

e &

= g 0.2

© S

5 g

o L 0.1

z

- - i
SRR-05; P: 500,000 A: 247 G: 85 D:T:az‘fl;zl»—;n.g? E\)ni:ssln;lég;:.zo
AFT; D: 269; M: 27012 Ma, G.O.F.: 0.93, N: 21 G.O.F.: 0.96, N 103 ’

Temperature (°C)

600 500 - o 12 16 20
Time (Ma) Length (um)

Figure 4. Thermal history models reconstructed using the HeFTy code [104]. The resulting t-T paths
represent four levels of reliability; acceptable fit (green), good fit (purple), the best fit (black), and the
weighted mean (blue) paths [95,104]. Five constraints were used to limit the modeling randomness,
where the 1st represented 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.E.: goodness of fit, N: number of single grains and CLs.
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The obtained AFT cooling ages did not reset during the Oligocene-Miocene rift-related
exhumation event (the youngest AFT age is ca. 84 Ma), an indication of exhumation from
the AFT PAZ. In other words, the rift flanks in the area of study have not acknowledged
any temperatures greater than 110 °C (AFT closure temperature) since the Late Cretaceous.
Furthermore, the correlation between AFT cooling ages and horizontal mean track lengths
(Figure 5) from this study and previous regional thermochronological studies [3,16,18,19]
defines two main trends. First, a negative correlation for samples with AFT ages younger
than 55 Ma, which suggests samples” exhumation from near the AFT PAZ base, and
annealing of the pre-uplift formed tracks [101]. Secondly, a general positive correlation for
samples with older AFT ages (Figure 5) indicates samples” exhumation from within the
AFT PAZ and variable degrees of partial annealing for pre-uplift tracks [101]. Therefore, the
obtained cooling ages are marginally older than the cooling/uplifting events that resulted
in them, indicating a lengthy stay in the PAZ upper portion of the AFT technique. This
is further supported by the track lengths distribution histograms and t-T models, as the
majority of unprojected confined tracks and the c-axis projected confined tracks (Lc) exhibit
positive skewness values and a tail of longer tracks (Figure 4).

This Study
' T . Mansour, 2015
e u Omar et al., 1989
& e Tl
.J gty | Kohn etal., 1997

b
& ¥y
_: T._,_{ I-'-_ " __||____._'_. i _|I:7 = < Morag et al., 2019
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Figure 5. Mean track length vs. AFT age plot for samples from this study and previous thermochrono-
logical studies (i.e., [3,16,18,19]).

4.3. Thermal History Modelling

The time-temperature (t-T) history was reconstructed using the code of HeFTy [94].
The Monte Carlo algorithm in HeFTy is guided by user-defined t-T constraints. We defined
these constraints according to the calculated cooling ages (AFT and ZFT) and the previously
reported geologic events: the Precambrian post-assembly event of erosion (PAEE), when the
whole Egyptian portion of the ANS was eroded, and initiation of the northern Red Sea/Suez
Rift during the Oligocene-Miocene (Figure 4). According to the degree of uncertainties of
each event, the extent of these boxes on the time axis was modified. When the ZFT age
was not obtained, a corresponding wide constraint was built to offer a greater degree of
liberty. The precision of the modeled thermal histories was highly dependent on the HCTLs
abundance. Thus, the t-T histories were only modeled when adequate numbers of HCTLs
were measured (Table 3).
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The t-T models recommend an initial rapid exhumation event during the Precambrian
to uplift rocks nearer to the surface. This uplifting event was caused by the PAEE, which
completely eroded the ENS basement before the Cambrian time. However, the position
of the recent rock exposures during the Cambrian is unknown as they might have been
exposed to the surface or buried in the subsurface. Unfortunately, the t-T models could
not provide exclusive answers. Afterward, the study area experienced a burial /reheating
event beneath a Lower Paleozoic sedimentary sequence until the Devonian-Carboniferous
(Figure 4). Then, a Devonian-Carboniferous rapid cooling event occurred, causing uplifting
to the AFT PAZ. This was the regional reaction to the Hercynian (Variscan) event, causing
the elimination of more than 2.5 km of the Lower Palaeozoic sedimentary sequence and
an additional amount from the fundamental basement rocks [79]. This uplift is marked
sedimentologically by changing the sedimentation environment from the marine Lower
Carboniferous aged formation of Um Bogmato to the terrestrial Upper Carboniferous
formation of Abu Darag [102,103]. Additionally, there is no record of major Late Palaeozoic
magmatism in the region that may have provided additional thermal sources or, rather,
uplift and erosion [17,38,77,99,105]. Further, the model of sample SRR-01 represents a
possible overprinting of a Cretaceous cooling event on the Devonian-Carboniferous event
(Figure 4). This possibility of a Cretaceous event is supported by this sample (SRR-01) being
representative of the younger AFT Late Cretaceous age group, pauses, and the erosional de-
posits” predominance during the Cretaceous [102,103]. This event recommends differential
rock uplift as previously reported through thermochronological studies [16-18,20-22,24,35].
This event was initiated as a response to the Mid-Atlantic opening, which caused localized
rock uplifts in the Suez Rift vicinity [16,99], the whole of northern Africa, and tectonically
driven strike-slip faults [22,38]. Afterward, the region was dominated by a slow cooling
regime until the Oligocene-Miocene time (Figure 4). Then, the northern Red Sea/Gulf
of Suez Rift system began, and the corresponding flanks were exhumed. The un-reset
AFT ages (Table 3) indicate exhumation from depths greater than ca. 110-60 °C tempera-
tures, while the thermal history models restrict this to depths corresponding to ca. 60 °C
(Figure 4).

4.4. Cooling and Uplifting Events

The cooling events associated with rock exhumation could be calculated from the
obtained cooling ages, the thermochronometer PAZ, and the t-T models. Here, due to the
absence of precise paleo-geothermal gradients, we used a range of geothermal gradients
between the current (25 °C/km) and its double, which is expected during active tecton-
ism [18,96]. Then, the calculated values were compared to the lithostratigraphic sequence
and the tectonic history of the region.

The sedimentation of near-shore to fluvial sediments with Lower Cambrian fos-
sils [63,76,104] indicates deep erosion for the newly formed ANS and corresponding
exhumation as an isostatic rebound. The amount of this exhumation could not be in-
ferred due to a lack of information about the exact timing and depth of emplacement.
Then, a Lower Palaeozoic succession of ca. 2.5 km in thickness was deposited [24,78,79].
Afterward, this Lower Palaeozoic succession was completely eroded, except for a few
remnants (ca. 350 m) in isolated localities. This removal was triggered by uplifting, as indi-
cated by the changing sedimentation environment from the marine Um Bogma Formation
during the Lower Carboniferous to the erosional Abu Darag Formation during the Upper
Carboniferous. This means there was an uplift of more than 2.5 km to remove the Lower
Palaeozoic succession. This is supported by our t-T modeling, ZFT ages of 349 £ 10 Ma,
and the t-T modeling, which suggests a synchronous rock uplift from depths equivalent
to the PAZ of ZFT technique (240-200 °C) and temperatures to ca. 60 °C (Figure 4). Our
calculations suggest 4.2 + 1.4 km of accompanied rock uplift, which overlapped with the
sedimentologic record. During the Cretaceous, Africa and Eurasia collided during the
Gondwana breakup event, and consequently, the Syrian Arc system was developed to
affect northern Egypt and caused more than 2.4 km of rock uplift in northern and central
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Sinai [105]. This is presented by our older AFT group samples and their t-T models. This
event caused the stripping out of any sedimentary cover (Figure 2). Hereafter, the Suez
Rift caused rift shoulders to uplift; this uplift raised samples from the AFT PAZ (because
the AFT ages did not reset to the Gulf age of ca. 25 Ma), which means presence at depths
equivalent to temperatures of less than 110 °C, while our thermal history modeling sug-
gests uplifting from depths corresponding to ca. 60 °C. Even when we examined a higher
temperature possibility, the t-T models showed similar temperatures of ca. 60 °C. These
temperatures are equivalent to depths of ca. 1.2 & 0.4 km, which are consistent with the
present-day low topography with the highest peak ta ca. 730 m in the area of study, the
reported moderate rift-related thermal regime [1,16,19,99], and the expected uplifts based
on the non-reset AFT ages, the t-T modeling results, and the HCTLs distribution (Figure 4).

5. Geological History Implications

The calculated cooling ages and reconstructed thermal histories document four cool-
ing /uplifting activities that occurred in response to four events. (1) The Neoproterozoic
PAEE, which resulted in a subsequent rocks exhumation through isostatic rebound. The
basement rocks column was then reburied beneath more than 2.5 km of a Lower Palaeozoic
sedimentary succession. (2) The Devonian-Carboniferous Hercynian (Variscan) tectonic
activity, which resulted in rock exhumations of ca. 4.2 £ 1.4 km and elimination of the
entire Lower Paleozoic sequence as well as portions of the underlying foundations. (3) The
Cretaceous Mid-Atlantic opening event, which likely resulted in a localized uplift as evi-
denced by the younger AFT age group. (4) The Oligocene-Miocene northern Red Sea/Suez
Rift opening, which caused rift shoulders exhumation of more than 1.2 £+ 0.4 km. This
limited flank uplift, along with pre-rift AFT cooling ages and distribution of the HCTLs,
documents the exhumation of rock from PAZ temperatures of the AFT technique. Further,
t-T modeling restricts this rift-related rock uplift to depths corresponding to ca. 60 °C
(Figure 4). Consequently, we consider the Gulf of Suez to be a mechanical rift (passive)
type with additional east-southward thermal overprint caused by lateral migration of melts
from the Arabian marginal plume, which caused the 23 Ma basaltic eruptions, southward
increase in the heat flow, and the extraordinary southward elevations in southern Sinai (the
rift’s eastern flank). In contrast, the rift’s western flank was not affected by this far-field
thermal overprint.

6. Conclusions

The resultant zircon fission-track cooling ages have Carboniferous ages of ca. 349 + 10 Ma
and apatite fission-track cooling ages of two spatially separated age groups, the Permian-
Triassic (ca. 249 £ 11 Ma) and Late Cretaceous (ca. 86 £ 10 Ma). Integration of these
cooling ages and the thermal/tectonic histories modeling revealed four activities that have
affected and reshaped the northern segment of the Suez Rift’s western flank: (1) the PAEE,
which exhumed rocks from depths of emplacement to nearer the earth’s surface; (2) the
Hercynian tectonic event, which caused approximately 4.2 &= 1.4 km of geological uplift
in the vicinity; (3) the Mid-Atlantic opening event, which is an imprint of the Hercynian
tectonic event in the younger AFT age group region; and (4) the northern Red Sea/Gulf of
Suez Rift initiation, which was accompanied by ca. 1.2 & 0.4 km of rift flanks uplift.

The Suez Rift is a mechanical type of rift with a thermal overprint in the southeast
far-field that afflicted the eastern flank. The absence of such a thermal effect on the western
flank is supported by the moderate quantity of accompanied exhumation and the resetting
of the AFT cooling ages.
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