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Abstract: The Gulf of Suez area represents one of the most famous tectonic structures in the Red
Sea, with a long history of low-, moderate-, and high-intensity earthquakes. This paper provides
geomorphic analytics of the fault-initiated mountain front sinuosity (Sy,¢) and the stream gradients
that cross various segments of the fault scarps. The results from the mountain front sinuosity index
(Smf) and the valley floor width to valley height ratio index (V¢) suggest different levels of activities
along the different fault segments. The analysis of the stream gradient index reflects that streams
running through the fault segments mostly have higher river gradient values identified by knickpoint
spots. With regard to the strike variation in the mountain front sinuosity, valley floor width to valley
height ratio, and stream river gradients, the results are compatible with the predominant mountain
front’s relief. Finally, the calculated geomorphic results show that the eastern segments might reflect
higher seismic signals with respect to the central and western segments of the entire Wadi Araba
basin. Thus, more careful studies are required to investigate seismic hazard possibilities.
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1. Introduction

Tectonic geomorphology is defined as the study of landscapes affected by tectonics. It
also provides significant signals that alert us to seismic hazards associated with regions of
known fault traces. Fault-generated mountain fronts represent an interface, where different
surface processes interact with active tectonics [1]. The interaction between the strength of
rocks and rates of surface processes produces the final landscape interface [1-3]. Tectonic
evaluations are usually investigated using geologic, geomorphic, and geodetic data [4—6].
Recent tectonic expressions along tectonic elements such as faults and folds have provided
clues to various tectonic landscapes [4,7]. The appraisal of relative tectonic signals, which
represent the core of this study, was discussed and assessed in many studies found in the
literature. The authors of Ref. [8] assessed the active tectonics of the Hindu Kush (NW Pakistan
and NE Afghanistan) using digital elevation model (DEM)-derived morpho-tectonic indices
and drainage systems. The preliminary relative tectonic activity signals of the Wadi Ghoweiba
catchment in the Gulf of Suez area were recognized based on integration between tectonic
geomorphology, remote sensing, and GIS techniques [9]. This theoretical framework was
applied effectively to the economic development of water resources in the Mikir massif in
India [10]. The authors of this paper estimated and evaluated the active tectonics deduced from
morpho-tectonic indices to achieve their target. Calculating geomorphic indices including the
mountain front sinuosity index (Sp¢), the valley floor width to valley floor height ratio index
(Vg), and stream length gradient index (Sp) along deformed landscapes is a very effective
strategy for investigating the tectonic signatures. Geomorphic analytics have widely been
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applied along many deformed areas, including in California [3,11]; Central America [12];
Southern Spain [13]; Eastern Anatolia [14]; Pakistan [15]; India [16]; Central Iran [17]; and
Egypt [18]. We investigate the Wadi Araba basin to gain insights through a tectonic activity
assessment of the entire landscape.

The northern end of the Red Sea rift, including the Gulf of Suez, has been recognized
as an excellent example of a major continental rift system that provides a huge natural
laboratory for investigating tectonic activity signatures and fault systems [19]. The Red Sea,
together with its northwestern arm, the Gulf of Suez, shows different tectonic evaluation
stages which indicate that the latest continental rift in the Gulf of Suez is a transitional stage
in the central part of the Red Sea [19,20]. The Suez rift extends ~300 km as a continental rift
between the African plate and Sinai Peninsula [21-24]. The author of Ref. [20] recognized
three different tectonic dip blocks linked by two accommodation zones from north to south:
The Galala-Abu Zenima accommodation zone and Morgan accommodation zone [22]. The
Gulf of Suez is characterized by a moderate slip rate along active faults and earthquake
recurrence intervals. The seismic activity of this rift is driven and migrated northward from
the southern part of the Gulf of Suez [25,26]. Compared to active plate boundaries, the
northern Red Sea and Gulf of Suez area reflects low to moderate signals of tectonic activity.

The Wadi Araba basin is one of the major broad structure-controlled valleys in the
northern part of the Gulf of Suez separating the Northern and Southern Galala Plateaus. It
represents the onshore region of a central half graben. The Wadi Araba basin follows the
direction of the Syrian Arc structure system. Although the tectonic evolution and structural
architecture of the Gulf of Suez have been discussed by many researchers, the activity of
the highly deformed Wadi Araba has not been quantified, making it hard to evaluate the
local seismic signals. The presence of many huge construction projects and populated cities
around the study zone (e.g., the new Galala City) increases the importance of studying
the seismicity behaviors of the Northern and Southern Galala Plateaus through modern
techniques, such as remote sensing, geospatial analysis, and tectonic geomorphology. Bare
surfaces without vegetation and clear exposures of the surface morphology due to the semi-
arid climate provide suitable conditions to extract data on the mountain front sinuosity,
shape of valleys, and river gradients, all of which can be helpful in describing short- and
long-term seismic deformations in the study area.

This work aims to analyze and investigate mountain fronts and river morphologies
that could help us understand the seismic signals of the entire Wadi Araba basin and
present a classification of tectonic activity for each single fault segment to carry out a
seismic hazard assessment of the active potential of the basin. For this task, effective
morphometric indices including the mountain front sinuosity index, valley width to valley
height ratio index, stream length gradient index, and hypsometric integral index were
calculated and extracted.

2. Study Area

The central part of the Gulf of Suez area has a long history of tectonic events. The
Wadi Araba basin is located in the central part of the Gulf of Suez zone (Figure 1). It has a
length of about 80 km and a width of about 30 km, oriented in the NE-SW direction. Along
the Wadi Araba basin, there is a major river running through the whole length that is fed by
valleys from the Northern and Southern Galala Plateaus. The Northern Galala Plateau is
bounded by steep cliffs to the north, east, and south, whereas the Southern Galala Plateau
is edged by steep cliffs to the north and east. The highest point of the Northern Galala
Plateau is recorded as 1249 m and the altitude decreases westward to reach 400-500 m at
the El-Maaaza Plateau. The highest point of the Southern Galala Plateau is 1349 m. This
plateau is more dissected than the northern plateau.
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Figure 1. False color composite and google earth images showing location of the study basin.

The rock units recorded in the study area include marine and non-marine successions
varying in age from Paleozoic to Quaternary. The whole succession is underlain by Precam-
brian basement rocks. Regarding the Oligo-Miocene event of the Suez rifting, the lithology
of the study basin is classified into three major tectonostratigraphic events: the pre-, syn-,
and post-rift [22]. Different rock types were recorded in the study basin, including rocks
from the Upper Carboniferous Rod El-Hamal Formation. This formation is composed of
limestone, shale, and thin layers of sandstone [27]. Rocks from the Permian-Triassic period
were recorded in the Qisieb Formation. It has a thickness of about 44 m in the Northern
Galala Plateau and consists of interbedded ferruginous, continental, red beds of sandstone
and variegated shale [22]. The overlaying Lower Cretaceous Malha Formation consists
mainly of white to grey cross-bedded continental sandstone, passing into marine beds [27]
(Figure 2). The Upper Cretaceous is represented, from older to younger, by undifferentiated
deposits in the Galala Formation and St. Antony Formation, respectively. The Galala For-
mation is located mainly at the western flank of the study basin and represented by marine
limestone with shale (Figure 2). The St. Antony Formation consists of chalky limestone and
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shallow-water marl [27]. The Lower and Middle Eocene are represented by the Abu Rimth
Formation and Mokkattam Group, respectively [28] (Figure 2). The youngest Quaternary
units in the study area are represented by the Quaternary and Wadi deposits [28] (Figure 2).
The Upper Cretaceous, Quaternary, and Wadi deposits cover the majority of the study area
(Figure 2).
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Wadi deposits.

E Undifferentiated Quaternary deposits. Alluvial fans, wadi deposits, sand, gravel,
recent coastal deposits.

Quaternary

Middle Eocene - Mokkattam Group. Shallow marine, dense medium bedded limestone with local chert.

L = Thebes Group. Abu Rimth Formation. well bedded shelf limestone and marl with
ower Eocene A " )
intercalted with coastal and reefal limestone.

- St. Anthony Formation. Sequence of chalky limestone, platform limestone with
larger foraminifera and shallow water marl.

Upper - Galala Formation. Marine fossiliferous limestone intercalated by shale in the lower
Cretaceous part, partly sandy.

- Undifferentiated Upper Cretaceous deposits.
Lower Cretaceous @ Malha Formation. Fluviatile sandstone intercalation with marine beds.

] Qiseib Formation. Red shale, mudstone and friable sandstone.

Permian-Triassic

Upper Rod el-Hamal Formation. Sandstone with shale intercalaltions at base and
Carboniferous fossiliferous limestone; marl at top.

Figure 2. Detailed geological map of the study basin, modified from [28].

The Wadi Araba deformation basin is a major Late Cretaceous inversion anticline

form [29]. It comprises two major ENE anticlines. This plunging anticline has a steep
southern limb, where a nearly vertical Upper Cretaceous section is exposed in the northern
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wall of the Southern Galala Plateau [22,29]. The southern flanks of both folds are found in
both ENE deformation zones [22]. The northeastern tip of the Wadi Araba basin reaches to
the western side of the Gulf of Suez Rift [29,30]. The listric faults of the northern and central
half grabens of the Suez Rift overlap each other in the zone of Wadi Araba basin, confirming
the basin effect on the boundaries of these two faults that caused the propagation of the
two mega-half grabens during the rift opening event [29].

3. Materials and Methods
3.1. Data

Different data were combined in order to assess the relative tectonic activity of
the study area. A 30 m resolution digital elevation model obtained from the Shut-
tle Radar Topography Mission (SRTM) was downloaded from earthexplorer.usgs.gov
(https:/ /earthexplorer.usgs.gov/). The NH 36 SW Beni Sueif geological map sheet was
prepared and rectified. A topographic map was scanned and processed to help the DEM
model extract various morphotectonic indices.

3.2. Morph-Tectonic Analysis

Modern and advanced techniques, including remote sensing and GIS on high resolu-
tion data, are excellent tools to apply to high-resolution data for structural and lithological
mapping [31-33] and for assessing natural geological hazards [10,34-37]. In this paper, the
technique of analysis required many steps. The geological map sheet was rectified and
prepared as a layer underneath the topographic layer by using ArcGIS. The geological units
of the study area were extracted and mapped. Based on the rock strength index results,
one layer of the level of rock resistance is added. An SRTM digital elevation model was
prepared and corrected by using hydrology tools in spatial tools in the Arc toolbox. A
Hill-shade map was modeled and visualized to calculate the S,¢ index values. The northern
flank of the Wadi Araba was segmented into 10 segments, while the southern edge was
classified into 18 segments. The flow direction, flow accumulation, and stream extraction
were applied with the hydrology tool to produce maps of the streams and drainage systems.
The extracted maps were used to calculate the rest of the indices including S, V¢, and H.
The morpho-tectonic indexes are described in the following subsections.

3.2.1. Rock Strength Index

This work began with examining and evaluating the strength of the rocks over the
entire Wadi Araba basin. The rock strength was defined according to the field observations
from previous similar works [1,11,14]. We define rock strength according to the author
of Ref. [38]. This author categorizes the rock hardness according to the constituent and
cement material that aids in the resistance against weathering processes and fluvial erosion.
However, in this study, we define the classes of rock strength as a) the low strength class
(e.g., alluvium, limestone, marl, conglomerates, and sandstones), the moderate strength
class (e.g., shale and sandy limestone), and finally the high strength class (e.g., basalt,
marble, quartz, gabbro, and gneiss).

3.2.2. Stream Length Gradient Index (Sy)

The Sy, is defined as a study of the effect of lithology resistance in rivers and channels
of the proposed area [39,40]. This index’s values are obtained from the following formula:

Sy =(du/dp) x L

where (dy/dp) indicates the local slope of the channel segment being investigated, and
L is the channel distance from where the channel midpoint of the river reach divides, for
which this index is extracted [39,40] (Figure 3). The Sy index provides higher values when
streams flow over harder materials or actively uplifting regions, and the values are lower
over softer rocks or slowly uplifting regions [1,11].
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Figure 3. Stream length gradient index scheme (modified from [40]).

3.2.3. Mountain Front Sinuosity Index (Sy)

Mountain front sinuosity (Sp,¢) is recognized as a very useful tool to investigate the tectonic
activity of mountain fronts [18]. The S, index can be extracted from the following formula:

Smf = Lrnf /Ls

where L ¢ is the measurement of the straight distance of a mountain front, and L, indicates
the sinuous distance of the same front [8,41] (Figure 4). This index is a parameter that
explains the interaction between tectonic signals and erosion [3]. Mountain fronts deformed
by active fault segments indicate low S, ¢ values, whereas higher values reflect strong

actions by erosion processes.

X Valley

Figure 4. Scheme of calculation of mountain front sinuosity index, S
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3.2.4. Valley Floor Width to Valley Height Ratio Index (V)

The valley floor width to valley floor height ratio (V) is recognized as an observation of
incised rivers marking regions undergoing upliftment, with V-shaped valley and U-shaped
valley being the differentiation between them [16]. It is calculated by the formula:

Vi =2V, /[(Eiqg — Esc) + (Erq — Esc)

where Vi, is the width of the examined valley; Ejq and E,4 indicate the two elevations
of the left and right valley wall, respectively; and Es. is the elevation of the valley floor
(Figure 5). Generally, high V values indicate flat-floored valleys associated with a low
rapid uplift and valley incision rates, whereas low values of V indicate V-shaped valleys.

600

Left Right
______ - 500

[\ AN
/ /

w

(=)

o .
Elevation

____________ E_SSXH/_________________
Distance (m) 0
0 1000 2000

Figure 5. Scheme of calculation valley floor width to valley height ratio index, V.

4. Results
4.1. Rock Strength Index

The Wadi Araba basin and mountain fronts of the Northern and Southern Galala
Plateaus consist of carbonate, green shale, sandstone, dolomitic limestone, and Quaternary
and Wadi deposits. In the study area, low to moderate strength rocks prevail, whereas
high strength rocks were not recorded. This implies the presence of only low and medium
strength levels. This, in turn, reduces the effect of the rocks and materials on the calculated
morpho-tectonic indices (Figure 6).

4.2. Stream Length Gradient Index (Sp)

The Sy, index values range from <50 to >200 over the streams and rivers draining into
the Northern and Southern Galala Plateaus. The lowest S;, values were recorded along the
main river of the Wadi Araba basin and across most of the mountain front segments of the
Southern Galala Plateau, particularly in the central segments. The second lowest values
were recorded along the upstream reaches of the draining basins on the Wadi Araba basin
floor. The effects of the two highest values are very weak; they were recorded mainly along
the river crossing the valley between segments 7 and 8, which goes along the mountain
front of the Northern Galala Plateau (Figure 6).

4.3. Mountain Front Sinuosity (S, Index

The calculated values of the Sy, index range from 1.12 to 2.82 (Table 1; Figure 7). These
values confirm that some front segments are inactive, whereas the other segments reflect
topographic signals of active uplifting. The lowest value was from segment 2 along the
Southern Galala Plateau (S1 = 1.12), while the highest value was recorded for segment
15 of the same plateau (S15 = 2.82). In this study, there is no obvious trend along the two
mountain plateaus.
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Table 1. Values of the mountain front sinuosity and valley floor width to valley floor height ratio of
the study segments; the average classes of relative activity are presented as well. N: Northern Galala
Plateau and S: Southern Galala Plateau.

Mountain Fronts S V¢ Class
N1 1.83 1.37 Moderate
N2 1.22 0.70 High
N3 1.65 1.26 Moderate
N4 2.10 1.55 Moderate
N5 1.55 1.30 Moderate
N6 2.11 0.72 Moderate
N7 1.38 0.79 High
N8 1.84 1.45 Moderate
N9 2.21 1.51 Moderate

N10 2.00 1.10 Moderate
S1 1.12 0.60 High
S2 1.70 1.67 Moderate
S3 1.73 1.71 Moderate
54 2.00 1.62 Moderate
S5 1.61 1.70 Moderate
S6 1.89 0.77 High
S7 1.82 0.84 Moderate

S8 2.38 1.56 Moderate
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Table 1. Cont.

Mountain Fronts S V¢ Class
S9 2.57 1.70 Low
S10 1.92 1.50 Moderate
511 2.78 1.70 Low
S12 2.32 1.48 Moderate
S13 2.61 1.81 Low
514 2.69 1.65 Low
515 2.83 1.74 Low
516 2.69 1.75 Low
517 2.60 0.53 Low
S18 1.70 0.71 Moderate

32°00'E

29°00'N

28°40 N

Figure 7. Segments of the Northern and Southern Galala Plateaus.

4.4. Valley Floor Width to Valley Height Ratio Index (V)

The mean values of the V¢ index range between 0.53 and 1.75 (Table 1; Figure 8). These
index values confirm that most of the rivers reflect a topographical transition between the
“U” and “V” topographic shapes. The highest value recorded for this index was plotted for
segment 16 along the Southern Galala Plateau, whereas the lowest value was calculated for

segment 17 along the Northern Galala Plateau.
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Figure 8. Location of the V¢ index along the stream crossing Northern and Southern Galala Plateaus.

5. Discussion

In order to discuss the various tectonic activity signals of the Wadi Araba basin, we
examined and analyzed the results of all calculated morpho-tectonic indices. The results of the
Sme and V¢ indices show a well-correlated relationship for all mountain front segments, with
the exception of segments N6, N10, S7, S17, and S18 (Figure 9). These segments have similar
Smf values regarding the other segments, but they indicate a very high V; index value. These
inconsistent values indicate anomalies in the signals that give rise to very high mean values
with relatively low Sy, ¢ values. This case was recorded by the author of Ref. [1]. Therefore, we
agree with his conclusion, which states that the S;,,¢ index values are more significant than the
mean V; values in terms of recognizing the activity of the front segments.

The authors of Ref. [2] applied a method that used Sy,¢ and V¢ results to define the
tectonic activity classes. Mountain fronts indicated by active signatures have low S,¢ values
(1.00:1.50), whereas higher values of S,¢ (>3.00) indicate fronts that are strongly affected
by erosion processes. Many authors concluded that high S, values may explain that the
range-bounding fault segment responsible for the front formation could be some distance
away from the erosion-affected mountain front [1,2,11,42]. When mountain fronts’ values
are plotted against V¢ values, it reveals that most segments fall within the limits of Class 2
(moderate tectonic activity), which indicates uplift rates between 0.05 and 0.5 mm/yr [3].
Accordingly, the morpho-tectonic analysis shows that the Northern and Southern Galala
Plateaus mostly reflect moderate signals of active tectonics. The role of rock and material
resistance in streams is applied to understand the development of the topography results
due to erosion actions and the stream flow over the underlying rocks and soils of different
strengths. The significance of this index confirms that the Sy, values provide higher results
when streams flow over resistant rocks or materials or uplifting regions and record lower
values when rivers run over less resistant rocks or weakly uplifting areas. In this study,
some of the Sy, values abruptly changed over the same rock units. This situation could
be recorded as an anomaly, as the Sy, index should reflect the same values over the same
rock resistance. Based on the Sy, index values, and due to the mountain fronts having rocks
with very low and low resistance, the 51, index value confirms that most mountain front
segments reflect moderately active tectonic signatures.
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Figure 9. Plot of S,y and V¢ for the mountain fronts of all segments and different tectonic activity
classes. Vertical bars indicate the V; index standard deviation for values.

Regarding regional seismic hazards, most of the seismic risk studies have concentrated
on long-term deformation and high-strain regions that are affected by major earthquakes
and significant slip rates [1,18]. Moreover, high-intensity earthquakes in continental low-
strain regions produce slow slip rates (e.g., Cairo earthquake and Gulf of Suez earthquakes
in Egypt in 1992 and 2012, respectively [25,26,43]; the Van earthquake in Turkey, 2011 [44]),
reflecting the need for similar studies in the Gulf of Suez. Most of the Egyptian seismic
signals were recorded in the northern Red Sea, including the Gulf of Suez, with some
seismic activity coming from the middle and southern parts of Egypt [43,45,46]. The
average magnitude of these seismic activities was recorded as (4-7). Although regional
GPS observations [46] indicate that the modern strain rate along the Gulf of Suez is low,
the results of this work indicate that this situation has been similar over medium and
longer timescales. However, it does not mean that the Gulf of Suez region should not
expect to experience a significant seismic hazard; when earthquakes are infrequent for
moderately active regions, they may end up being quite serious. Therefore, more active
tectonics investigations along the Gulf of Suez are needed to understand the regional
tectonic hazards in the northern Red Sea area.

6. Conclusions

This work presents a preliminary investigation of a morpho-tectonic analysis of basin-
generated mountain fronts and river gradients that cross the Northern and Southern Galala
Plateaus. The values of the river and stream gradient analysis indicate that each segment
of the fault zone reflects activity signals. It reveals some anomaly signals as well, due to
abnormal S, changes over the same lithology. The analysis of the mountain front and valley
floor width to valley floor height ratio indices indicates that the Wadi Araba basin has a
moderate degree of tectonic activity. These calculated results are in agreement with the
recorded earthquake intensities. Because the eastern segments of both the Northern and
Southern Galala Plateaus have a higher tectonic activity class, they likely reflect a higher
seismic risk signal with respect to the western segments of the study basin. Therefore, the
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Wadi Araba basin should be evaluated more carefully to provide a better understanding of
the regional seismic risks or hazards.
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