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ABSTRACT

The basement rocks of Wadi Mi’ar, cropping out along the eastern flank of the Suez Rift, constitute
part of the NE segment of the Neoproterozoic Arabian-Nubian Shield. The whole region is finally
reshaped by the Suez Rift initiation during the Oligocene-Miocene. Low-temperature thermochronology
techniques are capable of providing new insights into the tectonic development of the Suez Rift by
reconstructing the uplifting response of its flanks. Therefore, we provide here thermochronological data
for seven collected samples from the basement rocks of the Suez Rift’s eastern flank at Wadi Mi’ar.
Zircon fission-track technique yielded cooling ages of 339 + 10 Ma and 334 + 9 Ma. While the apatite
fission-track dated samples yielded ages between 26 £ 5 Ma and 21 + 4 Ma. These cooling ages and the
time-temperature modelling revealed three possible cooling pulses that represent exhumation events
which were initiated as a response to three tectonic events; (1) the Neoproterozoic post-accretion
erosional event, (2) the Devonian-Carboniferous Hercynian tectonic event, and (3) the Oligocene-
Miocene Suez Rift. Furthermore, the Suez Rift initiation was accompanied by more than 3 km of rift
flanks uplift to exhume samples from depths equivalent to 110 °C (apatite fission-track partial annealing
zone) in the studied region. While the northern portion of the flank is dominated by older
thermochronologic ages and modest rift flanks elevations.
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1- INTRODUCTION

The Gulf of Suez as the northern extend of the Red Sea is a continental lithospheric rift system that
developed partially, in the Red Sea, into a seafloor spreading stage. The rift processes can be studied
indirectly through its flanks, which are formed from basement rocks of the Arabian Nubian Shield (ANS)
(Fig. 1). The ANS was initially established between ca. 900-650 Ma as the northern part of the East
African Orogeny (EAO; [1]-[3]). The Egyptian ANS (ENS) rocks in North Eastern Desert (NED) and
South Sinai are equivalent, where the frequent occurrence of the post-tectonic (ca. 622-535 Ma; [4])
Younger Granitoids, dike suits, and volcano-sedimentary successions, and lesser existence of Older
Granitoids and ophiolites [4]-[12]. The felsic to intermediate Dokhan Volcanics [13] is the main volcanic
event in the NED (630-590 Ma; [14]).
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After growth during the Ediacaran [4], the ENS was completely eroded by Cambrian time, marked by
the development of a peneplain surface (e.g., [15]). Afterwards, a ca. 2.5 km thickness sedimentary
succession of Lower Palaeozoic age started to accumulate (e.g., [16]). This regime was interrupted by the
Devonian-Carboniferous Hercynian tectonic event, which affected the region through a sequence of
uplifts and erosions (e.g., [17]). Then, a phase of thermo-tectonic stability dominated until the Cretaceous
[18], when the Mid-Atlantic initiation affected the region by the development of the Syrian arc system
(e.g., [19]-[21]). Shortly after, the Red Sea/Suez rifting processes started by the Oligocene-Miocene,
developing grabens at the rift axis and elevated flanks.  Reconstructing the thermo-tectonic history of
the Suez rift and its Ediacaran ENS basement flanks. (Fig. 1) can be achieved by thermochronological
analysis (e.g., [22]-[24]). Several thermochronological studies have taken place on the rift system flanks
of the Red Sea, the Gulf of Agaba, and the eastern Gulf of Suez (e.g., [16], [24]-[32]). Whilst, fewer
attention was given to the western flank of the Suez Rift [11], [33]. This is responsible for information
shortage which could illustrate issues related to the thermos-tectonic history of the region, the Gulf of
Suez rift type, and the heterogeneity of its elevated flanks.
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Fig. (1): A. Location map of the northern ANS locating the reported thermochronological data ( modified
after [34]). Where, Ar = Ar-Ar ages; ZFT= zircon fission-track ages, AFT= apatite fission-track ages,
ZHe; zircon (U-Th)/He ages, and AHe; apatite (U-Th)/He ages.

B. Locations of the represented topographic cross sections.

Elevation (m)
0.0

WE

g e we we we € e
a|_(D) Sinai B’

2000
-
[
I

0.0
0.0

Elevation (m)
Elevation (m)

400

To address these issues, we applied zircon fission-track (ZFT), apatite fission-track (AFT)
thermochronology techniques, and time-temperature (t-T) modelling on seven samples from the Wadi
Mi’ar area, at the eastern flank of the Suez Rift (Fig. 2).

2- GEOLOGIC SETTING

The Red Sea/Suez Rift system initiation was triggered by the Afar superplume activities by ca. 34 Ma
[35]-[38], along with the Bitlis-Zagros subduction and the following convergence zone in modern
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Anatolia [39]. The first (ca. 45 Ma) and second (31-29 Ma) voluminous volcanism in the Afar triple
junction where focused along its vicinity at Kenya, Ethiopia, and Yemen [40]-[44]. Then, this activity
migrated further northward by ca. 28 Ma, forming the Older Harrats along the Arabia's western margin
[43]. Afterwards, volcanisms and dike swarms activated along the western margin of Arabia by 24-21
Ma, which is chemically comparable to the Afar plume [43]. These magmatic activities were
accompanied by the main extensional event (24 + 2.2 Ma) propagating northward through the Suez rift
[25], [31], [45]-[47]. As a consequence, elevated flanks formed along the central and northern Red Sea
[11], [24], [28], [30], [33], [48]. Then, a second flanks uplift phase (ca. 15 Ma) is recorded in central
Avrabia [48]. Shortly after, another volcanic activity was initiated (ca. 13 Ma) in western Arabia, forming
the Younger Harrats [49].
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Fig. (2): Topographic and location map for the Wadi Mi’ar area showing localities of the analyzed samples, and
ZFT and AFT ages.

The Red Sea rift system is flanked by the basement rocks of the ANS which is initially formed through
oceanic plateaus, island arcs, and continental fragments accretion during the EAO between ca. 900 Ma
and 650 Ma (e.g., [2], [4]). These basement rocks in NED are constructed mainly of (1) island arc
metamorphic suite representing the EAO oldest activity that prolonged between ca. 820 Ma and 750 Ma
(e.g., [4], [50]). (2) syn-orogeny alkaline and calc-alkaline granitoid suite characterizing the EAO
compressional stage that extended from ca. 750 to 610 Ma. (e.g., [4], [51]). (3) post-orogeny alkaline and
calc-alkaline granitoid, and dike swarm suites representing the EAQO extensional phase that dominated
from ca. 610 Ma and 535 Ma [4], [51], [52].

After the EAO, a post-accretion event of intense erosion (PAEE) entirely removed the ENS high
topography before Cambrian time. This is documented by identifying fossils with Early Cambrian ages in
near shore to fluvial sediments (e.g., [53], [54]). This sedimentation was sustained until the Devonian
deposited a Lower Paleozoic sequence of more than 2.5 Km. During the boundary between the Devonian
and the Carboniferous, the Variscan or the Hercynian tectonic activity was developed by the impact
between Laurasia and Gondwana [55]. This collision initiated significant uplifts and erosions in the
Lower Palaeozoic sequence of the NED and Sinai (e.g., [25], [56]-[58]). While, a complete succession is
preserved in southern Jordan and northern Saudi Arabia (e.g., [59]). Throughout the boundary between
the Jurassic and the Cretaceous, the Gondwana breakup initiated affecting northern Egypt by sinistral
shearing, localized volcanic activities, and the Syrian Arc system [19]-[21], [60], [61]. Through the
boundary between the Oligocene and the Miocene, the Red Sea/Suez Rift system initiated producing
elevated rift flanks, normal faults, and restricted basic dykes.

There is a debate about the type of the northern Red Sea/Suez rift and the proposed existence of an
additional thermal overprint. Furthermore, the cause of the topographic heterogeneity between the Suez
Rift western flank and eastern flank, and between Africa and Arabia (Fig. 1B). One model for the Suez
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Rift initiation suggests a mechanical rift type where the flanks exhumed by an isostatic rebound to rift
axis development [31], [33]. A second model considers an additional southward thermal effect [32], [62].
A third proposed model recommends a major effect of the anticipated mini mantle plume of Cairo [24],
[63], or the plume at the Arabian Red Sea margin.

3- METHODS AND TECHNIQUES

The fission-track low-temperature thermochronology technique is counting on the accumulation of the

etchable radiation damage (tracks) of the spontaneous **®U fission in the crystal lattice [64]. Retention,
reservation and annealing of these fission-related tracks are sensitive to temperature zones that differ
according to the analyzed mineral [65], [66], which enables time-temperature (t-T) history reconstruction.
The zircon mounts were etched in a eutectic melt of NaOH-KOH at 220 + 5 °C [67] for 50-75 minutes.
While, the apatite mounts were etched for 20 seconds in 5.5N HNO3 at 20+1 °C (e.g., [68]). Ages and
error ranges were calculated using IsoplotR [69].
Thermal/tectonic history modelling was performed using the computer program HeFTy v1.9.1 [70]. The
constraints guiding the Monte-Carlo algorithm were chosen as; initial constraints with Neoproterozoic
age (at depth), near-surface between the Neoproterozoic and the Cambrian (the PAEE), ZFT ages
(whenever measured), the AFT obtained ages, and the Suez Rift opening time. Models were run until
producing a 100 good model, these are the produced t-T paths with >50% goodness of fit (GOF) between
the model and the measured inputted data. Additionally, HeFTy calculates the best path with the highest
GOF which is displayed in black, and the t-T path with weighted mean values of all models which is
displayed in blue [71], [72].

To achieve the aims of this study, we have collected seven samples from Wadi Mi’ar which is located
on the Suez Rift’s eastern flank (Fig. 2). Among them 2 samples yielded enough zircons, 3 samples
provided suitable apatites for fission-track analyses (Fig. 2), and 2 samples provided sufficient horizontal
confined tracks for t-T modelling.

4- RESULTS AND DISCUSSION
From the seven analyzed samples, 2 samples provided appropriate zircon grains for the ZFT technique
(Table 1), and 3 samples yielded suitable apatite grains for the AFT technique (Table 2), 2 of these 3
samples provided adequate horizontal confined track lengths (HCTLs) for the thermal history modelling.

4.1 ZFT Technique: The ZFT analyzed samples have successfully passed the statistical test of Chi-
square (%) which examine age homogeneity representing no evidence for several age populations (Table
2). Uranium concentrations in our zircons are of ca. 361 and 344 pg/g (Table 1). The relationship between
single grains ZFT ages and the corresponding **®U concentrations is entirely absent indicating that the
metamictization effect can be neglected (Fig. 3).

Table 1 Zircon fission-track samples description, ages, and corresponding data.

E| Cooro!mates 238 os | N , Age [Ma]
ev. Decimal : %
S.-Code [mas.l] Lithology n (X10° | [%]
N E [ma/a] track/cm?) W.M.| 1o | MSWD
WM-02| 383 [28.455222°33.721169°  Diorite 387.1 | 17 |72.1|4302| 0.86 | 338.6 | 9.8 | 0.72
WM-07| 445 |28.62544°|32.44434°| Syenogranite | 272.3 | 23 |49.1]4725| 0.92 | 333.6|8.7 | 0.68
Samples and zircon fission-track data represented as W.M.; weighted mean ages with 1-sigma (o) uncertainties. S.-
Code; samples coode, Elev.; the elevation above sea-level of each sample in meters, U; concentration of 281 in ng/g,
n; number of zircons where tracks were counted, ps; Spontaneous tracks densities (10° tr/cm?), Ns; number of counted
fission tracks, xz; chi square test values, MSWD; Mean Sum Weighted Deviates.

The resulting ZFT weighted mean thermochronological ages and the consistent 1 standard errors are
339 + 10 Ma and 334 + 9 Ma (Fig. 2), demonstrating cooling throw the PAZ of ZFT technique (240-200
°C; [73]) since ca. 337 + 10 Ma. These ages are accordant with the published ZFT ages on different
regions of the northern ANS, which were interpreted as a Devonian-Carboniferous tectonic caused
exhumation [25], [59], [74]-[76]. This uplift is also consistent with the regional stratigraphic sequence
suggesting a previous existence of more than 2.5 km of a Lower Palaeozoic sequence.
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Fig. (3): A ZFT ages against “®*U concentrations plot, representing an absence of any systematic pattern
and any metamictization effect on the calculated ZFT ages.

4.2 AFT Technique: The AFT analyzed samples provided cooling ages in the range between 26 £ 5 Ma
and 21 £ 4 Ma (Table 2), documenting for cooling throw the PAZ of the AFT technique (110-60 °C; [77],
[78]) at ca. 24 £ 5 Ma (Fig. 2; Table 2). Similar cooling ages are reported from other localities of the ANS
[24], [26], [30], [33].

The obtained AFT cooling ages have reset during the rift-related exhumation event indicating an uplift
across the PAZ of the AFT technique. In other words, the rift flanks in the area of study exhumed the rift
flanks from temperatures greater than the AFT closure temperature (110 °C).

Table 2 Apatite fission-track age details, sample descriptions, and track length data.

Coordinates 239 W.M.

Elev. Decimal Po Ns 2 | Age

S.-No. Lithology n 6 Z,C
[mas.l] N E [ug/g] (X10 (0] [Ma] (um) (Hm)

track/cm?)

lo || Lc | SD | Dpar | SD

Group A
WM-01| 320 [28.443919°33.698517°  Diorite NA |[NA| NA | NA [NA| NA |[NA| NA [NA| NA |NA

WM-02 | 383 [28.455222°33.721169°]  Syenite 95 |22 ] 01 46 |0.94| 205 | 3.7 134 |13 | 16 |02

WM-03| 409 [28.460097°33.746803°|  Syenite NA |[NA| NA | NA [NA| NA |[NA| NA |[NA| NA |NA

WM-04 | 445 [28.464642°33.756833°  Syenite 111 | 20 | 01 51 |0.89| 230 |39 125[15]| 16 |01

WM-05| 482 [28.472203°33.762306°  Diorite NA |[NA| NA | NA [NA| NA |[NA| NA [NA| NA |NA

WM-06 | 325 [28.501806°33.678408°  Diorite NA |[NA| NA | NA [NA| NA |[NA| NA [NA| NA |NA

WM-07 | 445 [28.533856°33.695886°|  Syenite 74 |20 ] 01 45 |0.92| 259 |46 133 |17 14 |02

Sample information and apatite fission-track data are given as weighted mean ages with 1-sigma (o) uncertainties. Lc; mean track|
length after c-axis correction, Dpar; mean etch pit diameter. More details are provided in Table 1.

4.3 Thermal History Modelling: The time-temperature (t-T) history was reconstructed by HeFTy v1.9
code [70]. The Monte Carlo algorithm in HeFTy is guided by user-defined t-T constraints. We have
defined these constraints from the calculated ZFT and AFT cooling ages and the reported geologic events;
the Precambrian post-assembly event of erosion (PAEE), when the whole ENS was destructed, and the
Red Sea/Suez Rift during the Oligocene-Miocene (Fig. 4). The extend of these constraints on the time
axis was fixed according to the obtained ages and level of uncertainties of each tectonic activity.
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Fig. (4): Thermal history models reconstructed using the HeFTy code [72]. 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 [71], [72]. Four constraints were used to limit the modelling randomness,
where the 1% represented the initial box at depth, the 2™ represents the post-accretion-related exhumation
event, the 3" shows the ZFT age, and the 4" shows the AFT age. Where, WM-02: sample code, P:
number of inverse iterations, A: acceptable fit models’ number, G: good fit models’ number, D:
calculated AFT ages and CLs (1-c error), M: model calculated AFT ages and CLs, G.O.F.: goodness of
fit, N: number of single grains and CLs.

The t-T models recommend a first quick exhumation activity through the Neoproterozoic to uplift
samples near the surface of the earth. This uplifting event is caused by the PAEE, which completely
eroded the ENS basement before 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. Afterwards, the study
area experienced burial/reheating event beneath the Lower Palaeozoic sequence till Carboniferous time
(Fig. 4). Then, a Devonian-Carboniferous rapid cooling event occurred causing uplifting to the PAZ of
the AFT technique as an effect of the Hercynian activity, causing the removal of ca. 2.5 km of the
sedimentary sequence and the basement rocks (e.g., [58]). This uplift is marked sedimentologically by
changing the depositional regime from the Um Bogma marine Formation (Lower Carboniferous) to the
erosional Abu Darag Formation (Upper Carboniferous) [79], [80]. Then, the region experienced a rapid
exhumation event during the Oligocene-Miocene (Fig. 4), as a response to the northern Red Sea/Suez Rift
system. These AFT ages (Fig. 2; Table 2) indicate exhumation from depths greater than 110 °C equivalent
temperatures (Fig. 4).

5- INTERPRETATION

The produced cooling ages and the reconstructed thermal/tectonic histories document three rock
uplifting activities that occurred as a response to four events; (1) the Neoproterozoic PAEE, which caused
a consequential rocks exhumation through the isostatic rebound. Then, the basement rocks were reburied
beneath a Lower Paleozoic sequence of more than 2.5 km. (2) the Devonian-Carboniferous tectonic
activity, which resulted in rock exhumations and removal of the Lower Palaeozoic sequence and portions
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of the basement. (3) the Oligo-Miocene opening of the Suez Rift, which resulted in rift flanks exhumation
from depths greater than 110 °C equivalent temperatures.

6- CONCLUSION
Three events have affected and reshaped the studied eastern flank of the Suez rift;
= The PAEE uplifted rocks from emplacement depths to near the surface.
The Hercynian tectonic activity has affected the studied region through rock exhumations.
The Rift opening was accompanied by rift flanks exhumation from depths greater than 110 °C
equivalent temperatures.
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