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Abstract: The Cairo-Suez Province (CSP) is one of the highly deformed settings in northern Egypt that 
includes a complex structures and drainage network. The scope of this paper is to present the results of 
investigation as how far can geological structures control and/or affect the distribution of drainage networks 
based on insights from several selected sites along CSP. High resolution satellite images are used with field 
extracted structural data in order to clarify the structural setting of the studies areas. Moreover, hill shaded 
digital elevation maps (DEMs) are set up for the studied sites in order to compare the structural features 
with the resulted structural maps. Additionally, GIS based tools are used for extracting drainage network 
from DEMs. Trend analysis is used for comparing the drainage network to the main resulted structural 
elements. As a result, nine different structural models are suggested to control the drainage pattern along 
CSP. These models are placed under main three structural categories which are; simple fault(s), linked 
faults and fault-related folds. Additionally, the resulted structural models show main controls on 
sedimentation as well as groundwater accumulation. The findings of the research are helpful as preliminary 
step for groundwater studies, sedimentation, and geo-hazard assessment. 
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1. INTRODUCTION 
 
The identification and analysis of drainage 

network witness great and wide interest in many 
studies and researches. This interest is due to the 
positive and negative impacts of drainage system on 
the environment in various regions. Additionally, 
drainage network analysis is considered one of the 
important and major factors in studies concerned with 
groundwater accumulation and flow (e.g., Hunt et al., 
2015; Jesiya & Gopinath, 2020; Ahmed et al, 2021; 
Mseli et al., 2021; Ndhlovu & Woyessa, 2021), 
environmental hazards assessment including flash 
floods (e.g., Alam et al., 2020; Prama et al., 2020; 
Hassan et al., 2021; Kruczkiewicz et al., 2021) and 
initiation of faults and their development by growth 
tectonic processes (e.g., Giaconia et al., 2013). 
Moreover, drainage network and streams are 
considered the most important factors of erosion, 
transportation and deposition of sediments; in which 

the eroded materials resulted from surface water flow 
are accumulated within the flood plain of a stream 
(Athmer & Luthi, 2011; Earle, 2019).  

Drainage patterns and streams have been 
defined into different basic types, such as trellis, 
dendritic, rectangular, parallel, radial, contorted and 
annular (Howard, 1967). These diverse types are due 
to the sensitivity of drainage patterns in their nature 
by many conditions such as regional slope, rock 
hardness, lithological types, climate and tectonic 
setting (e.g., Strahler, 1964; Earle, 2019). The most 
powerful of these conditions on the pattern of 
drainage tributaries is the structure features within the 
rock beneath (Deffontaines et al., 1997; Ali & Ali, 
2018). As it is considered that any deflection from 
dendritic type (other drainage pattern types) are 
controlled by structures and lithological variations 
(Pubellier et al., 1994). 

Relationship between geologic structures and 
drainage pattern is intimate and has been discussed in 
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many publications (e.g., Macka, 2003; Delcaillau et 
al., 2006; Odeh et al., 2016; Wołosiewicz, 2018). 
Additionally, flow direction can be controlled by 
many structural features including; faults, fractures, 
fold axes and dipping sedimentary strata. Therefore, 
while analyzing the development of a drainage 
network, it is usually supposed that the network 
progressively regulates its path to the underlying 
geologic structure during its extension into the 
accessible space. Geological structures exert a 
significant control on drainage development, 
especially, in active basins, for example, the control 
of relay ramps on drainage pattern and sedimentation 
(e.g., Moustafa & Khalil, 2017).  

Recently, remote sensing data of various 
spectral and spatial resolution is being used effectively 
in drainage pattern delineation, water flow, terrain 
analysis and structural features mapping with utilizing 
multi spatial analysis tools of Geographic Information 
Systems (GIS) (e.g., Tlapáková et al., 2015; Singh et 
al., 2019; Attwa & Zamzam, 2020; Khalifa et al., 2021; 
Jothimani et al., 2021). 

The main objectives of this research are to throw 
light on the relationship between different types and 

geometries of faults and folds to drainage patterns from 
many insights along the CSP, Egypt (Fig. 1). 
Additionally, the effect of drainage pattern on 
sedimentation is discussed at specific areas comprising 
syn- and post-rift sediments. In this manner, six areas 
have been selected from CSP, representing the major 
structure geometries including faults and fault-related 
folds. The present study based on geological field 
mapping integrated to high resolution satellite images 
and the analysis of digital elevation models using GIS 
tools. The results of the present study can suggest 
critical data for managing surface and groundwater 
resources. Also, the results could be helpful in 
identifying potential groundwater zones, flood risk 
analysis, and selecting suitable sites for building water 
harvesting structures. 

 
2. REGIONAL GEOLOGICAL AND 
GEOMORPHOLOGIC FRAMEWORK 
 
Geologically, the CSP (Fig. 1) possess the 

northern part of the Egyptian Eastern Desert and 
comprises a part of the unstable shelf. It extends for 
about 120 km from Cairo city at the west to Suez 

 

Figure 1. Shaded relief map (SRTM DEM) with some geological elements: major faults and structural blocks along 
CSP (compiled from Moustafa & Abd-Allah 1992; Attwa & Henaish, 2018; Henaish & Kharbish, 2020). Note, G: 

Gebel (mountain). 
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city at the east. Tectonically, The CSP experienced 
several deformation events encountered with the 
movements involving Arabian, African and Eurasian 
plates. These tectonic events include; (1) Jurassic-
Early Cretaceous rifting phase, (2) Late Creataceous 
transpressive movement and (3) Late Oligocene-
Early Miocene extension related to the Gulf of Suez 
opening and sustained to the post-Miocene period. As 
a result, such tectonic episodes affect the distribution 
of rock units along CSP which comprises Cretaceous, 
Eocene, Oligocene, Miocene, Pliocene and 
Quaternary sediments. 

From structural geology point of view, the CSP 
can be divided into two main sectors which are 
represented by a number of uplifted blocks and down-
faulted sub-basins. The northern province is 
characterized by faulting as well as folding affecting 
Cretaceous, Eocene, Oligocene and Miocene outcrops 
(e.g. G. Eweibed; G. Gafra; G. Shabraweet; G. Umm 
Raqm; G. Hamza; G. Um Qamar), (Fig. 1). In contrast, 
the southern province is represented by several 
distinguished Eocene fault blocks and less folded 
sequences (e.g. G. Ataqa; G. Nasuri; Qattamiya; G. 
Abu Shama; G. Abu Treifiya SW), (Fig. 1). 
Additionally, the CSP is a prominent district of E-W 
extended fault belts of left-stepped en echelon normal 
faults (e.g. Moustafa et al., 1998) and NW-SE trending 
normal faults. These fault belts were formed by dextral 
transtension due to throw transfer on faults from the 
Gulf of Suez to the CSP (Moustafa & Abd-Allah, 
1992). Furthermore, they enclose different normal 
fault geometries and linkage styles (e.g. Henaish & 
Attwa, 2018; Henaish & Kharbish, 2020; Kharbish et 
al., 2020), (Fig. 1). 

Geomorphologically, the CSP extends from east 
of the Nile fluvial plain to west of Suez Canal and the 
northern part of Gulf of Suez (Fig. 1). Generally, the 
elevation profile of the CSP is gradually decreased 
toward the north. The high elevation and steep slopes 
have been observed in the south part of the CSP (Fig. 
1) at which the altitude reach to 850 m above mean sea 
level such as G. Ataqa at the eastern side of the CSP. 
On the other hand, land in the northern part is mainly 
flat with 70% of its landmass up to ~ 150 m above 
mean sea level except some localized hilly scarps such 
as G. Eweibed (~ 400 m) and G. Gafra (~ 200 m) (Fig. 
1). The regional slope ranges from 0° to 68° and the 
average annual precipitation for the study area is 70 
mm/y. 

In general, the dissected high elevated 
mountains at the southern part are separated by a 
definite drainage pattern and interfluves, while the 
northern part is characterized by widespread patterns 
(dendritic) due to its flat and gently dipping 
topographic surface. Wadi Gafra (Fig. 1) is the most 

distinguished one in the northern region with dendritic 
network for its master stream and their branches. It is 
characterized by a dense network of tributaries that 
extend more in width based on slope and permeability 
of rocks. In the southern CSP, Wadi Ghoweiba, Wadi 
Hagul and Wadi El Ramliya (Fig. 1) are the large 
extended ones. Obviously, the main wadies are 
structurally controlled, where they extend along major 
faults, while tributaries are related to lithologically, 
fracturing and/or regional slope. 
 

3. STRUCTURAL SETTING 
 
Structural mapping seeks to characterize rock 

deformation that registered brittle or ductile 
deformation. This in turn can affect the 
geomorphology and hence, the drainage pattern. 
Accordingly, structural mapping was achieved in 
detail at several selected study sites (Figs. 2 and 3). In 
this research the interpreted geological structures are 
compiled based on field structural mapping of 
Henaish (2018a, b), Attwa & Henaish (2018), 
Henaish & Kharbish (2020) and Attwa et al., (2020). 
Additionally, in the present study, new interpreted 
geological structures and modification were added 
according to new field data. The attitudes of bedding 
planes as well as structural elements of each area have 
been traced on high resolution GoogleEarth images. 

Regarding structural elements and their 
geometrical characteristics, six areas have been 
chosen from CSP representing drainage pattern 
related to folds as well as faults, which are; the 
northern part of G. Abu Treifiya SW, G. Qattamiya, 
G. Gafra, G. Nasuri, G. Hamza and G. Eweibed (Figs. 
2 and 3). Starting with normal fault arrays, the first 
mapped area is represented G. Abu Treifiya SW (Fig. 
2a) which lies at the southern sector of CSP. The 
outcrop rock units are represented by Middle Eocene 
as well as Upper Eocene sediments which show low 
dip angles ranging from 4° to 10°. The northern part 
of G. Abu Treifiya SW is characterized by several 
relay ramps which are breached in some locations. 
Normal fault planes strike toward the NW and NNW 
directions with steep dip angles (70°-80°). 

The G. Qattamiya area is the mapped second 
site representing structures of normal fault arrays 
(Fig. 2b). It is represented by Middle Eocene rock 
units with low dip values that reach 6°. Also, Upper 
Eocene rock units are exposed at the downthrown 
sides of normal faults and have dip values that range 
from 10° to 15°. The Gebel Qattamiya block 
comprises sets of NNW- with subordinate E-striking 
normal faults. The overall structure geometry of the 
block is represented by horst-graben structures. The 
third mapped sector is represented by inward hard-
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linked faults at the southern scarp of G. Gafra (Fig. 
2c). It comprises Oligocene and Miocene rock units 
with gentle dip values. Moreover, Quaternary 
sediments lie at the downthrown side of the southern 
border faults forming fan delta. The southern sector 
of G. Gafra is dissected by WNW- to NW-striking 
normal faults and a single ENE-trending fault. Also, 
Oligocene and Miocene rock units are affected by 
folding related to the nearby faults. 

From the study sites, the first areal deformed 
by fault-related folds is represented by G. Nasuri (Fig. 
3a). The main core of G. Nasuri fold comprises 
Middle Eocene rocks with gentle dipping flanks that 
have dip angles of 12°-20°. The fold axis is sub-
parallel (i.e. acute angle of 2°-30°) to the bounding 
conjugate faults that strike toward the NW and NE 
directions. The Nasuri fold is formed as a result of 
drag along the footwalls of the bounding normal 
faults (Henaish, 2018a). At the eastern side of G. 
Nasuri an anticline and synclinal folds lie affecting 
the Upper Eocene rocks and Oligocene sediments, 
respectively. Other gentle fault-related folds are lying 
to the north at the downthrown sides of normal faults 
affecting the Oligocene sediments. 

The eastern CSP comprises a well-known 
anticline fold with Upper Eocene core which is called 
G. Eweibed (Fig. 3b). It has an E-W trending fold axis 
that is sub-parallel to the bounding E-W, NE-SW and 
NW-SE normal fault segments. To the east of Gebel 
Eweibed, several NW-striking en echelon normal 
faults cut the Miocene sediments. Also, two major 
NW-trending anticlinal folds are formed as a result of 
drag along the footwalls of the NW-striking normal 
fault segments with Oligocene fold cores. 

At the western side of CSP, Gebel Hamza (Fig. 
3c) is representing a major ENE-trending anticlinal 
drag fold with northern and southern Miocene flanks 
and Oligocene core. Both fold limbs show gentle dip 
values of 8°-15°, whereas the Oligocene core is 
highly eroded. The G. Hamza fold is bounded from 
all sides by ENE- and NE striking normal faults, also, 
several NE-SW trending faults are dissecting limbs 
and the core of the fold. The normal faults have steep 
dip angles that reach 70°. At the southwestern and 
northeastern parts of G. Hamza, the intersection of 
normal faults revealed inward hard-linked faults 
where Miocene and Quaternary sediments are 
exposed at the downthrown sides of the intersected 
faults. 
 

4. REMOTE SENSING DATA 
 
Active remote sensing data (i.e., radar sensor) 

is the best technology in drainage network mapping 

as well as geological structures displaying and 
extraction (e.g., Prabhakar et al., 2019; Raju et al., 
2020; Abdelouhed et al., 2021), especially Shuttle 
Radar Topography Mission Global 1 arc second 
(SRTMGL1). This data is estimated by the National 
Aeronautics and Space Administration (NASA) and 
the National Geospatial-Intelligence Agency (NGA) 
to obtain near global scale elevation data in order to 
generate a complete high-resolution digital 
topographic record of the Earth's surface. In our study 
area, four SRTMGL1 images with 30 m spatial 
resolution were downloaded from the US Geological 
Survey (USGS) website in order to cover all the 
investigated area. Although there are many 
 

 
Figure 2. Major structural features (i.e. faults and folds) 

affecting (a) northern G. Abu Treifiya SW, (b) G. 
Qattamiya and (c) southern G. Gafra. 
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Figure 3. Major structural features (i.e. faults and folds) affecting (a) G. Nasuri, (b) G. Eweibed and (c) G. Hamza. 
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recent scenes for the investigated areas, the 
downloaded SRTMGL1 images recorded at February 
2000 were utilized in order to avoid the impact of 
many man-made and urban features that invaded the 
mapped areas.  

Different GIS spatial analysis tools were used 
to facilitate and achieve the aim of the research. 
Firstly, the utilized SRTMGL1 images were 
combined using ArcGIS mosaic to new raster tool and 
clipped into six images according to the interested 
regions. Secondly, in order to delineate the drainage 
pattern, clipped SRTMGL1 images have been 
analyzed using ArcGIS hydro tools according to the 
following ordered functions: Fill Sink, flow direction, 
accumulation, stream definition, segmentation and 
then using the Drainage Line Processing task to 
produce the stream network. Moreover, the flow 
direction image of each region was resembled to 
show the relationship between the flow path of the 
stream network with the regional slope and structural 
features in this region. On the other hand, the clipped 
images were relief shaded using ArcGIS Hillshade 
Analyst tool. The image for each region was shaded 
into two main products with different azimuth angles 
for enhancing fine linear variations in the surface that 
consider very useful step in lithological 
discontinuities mapping (e.g. Smith & Clark, 2005; 
Abdullah et al., 2010). These shade images were 
integrated into one image through Weighted Sum tool 
and then the structure features have been able to be 
distinguished visually. 
 

5. RESULTS AND DISCUSSION 
 

In the present research, pseudo-colored shaded 
relief images are helpful in enhancing different linear 
and curvilinear features for the selected analyze sites 
that may indicate faults and fold structures as shown in 
Figures 4 and 5. Moreover, changes in terrain texture 
and pattern can also help in extracting information 
about rock types as displayed at southern G. Gafra site 
(Fig. 4c). Regarding to the extracted drainage pattern; 
trellis, dendritic and radial patterns are developed 
along the selected sites. Two different drainage 
network systems are observed: the old drainage system 
which includes high order branches (6th, 5th and 4th) and 
the recent drainage one that includes smaller order 
branches (Figs. 4 and 5). The oldest drainage network 
in the study sites is the only 6th order stream that 
recorded at southern G. Gafra site with a main NW-SE 
direction (Fig. 4c). In some cases the branches of 
the drainage pattern and faults present relatively 
different directions, which indicate that it is affected by 
regional slope and not, directly, by tectonics. 
Obviously, the flow direction of the drainage pattern at 

the study sites is characterized by highly dynamic 
water flow systems due to the variation in topography, 
heterogeneity in lithology and structural complexity. 
These variable flow directions will be explained in the 
following paragraphs. 

By studying and correlating the drainage pattern 
along CSP, it is observed that they are mainly 
controlled by different structural geometries that are 
mainly faults and fault-related folds in addition to dip 
direction of bedding planes. The correlation between 
field mapped structures supported by high resolution 
GoogleEarth images as well as drainage extracted from 
DEMs revealed nine different models of structural 
geometries controlling drainage pattern. This 
comparison based on the analysis of geometry and 
attitude (in the form of rose diagrams) of mapped 
structures and the extracted drainage (Figs. 4 and 5). 
These models are resulted from three main types of 
geological structures which are; simple fault plane(s), 
linked faults (soft- or hard-linkage) and extensional 
folds. 

The first type is represented by single normal 
fault plane (Fig. 6a, b) that causes two different 
drainage patterns according to the dip direction of 
bedding planes related to the nearby fault and the 
resulted cut-off angle between the fault and bedding 
planes. Where the dip direction of bedding planes is 
antithetic to the fault plane with an acute cut-off angle, 
the stream tends to drain parallel to the fault plane; 
hence, the direction of sediment entry points is parallel 
to the dip direction of the fault plane. Contrarily, where 
the dip direction of bedding planes is synthetic to the 
fault plane, with an obtuse cut-off angle, the drainage 
is likely to flow perpendicular or oblique to the fault 
plane, hence, the direction of sediment entry points is 
in opposition to the dip direction of the fault plane. 
Additionally, more complex type is represented by 
normal fault arrays forming simple horst-graben 
structure (Fig. 6c) as shown in Gebel Qattamiya (Figs. 
2b and 4b). In this type drainage can be either parallel 
or perpendicular to the fault plane according to the dip 
direction of bedding planes as in the first type, also, 
sedimentation is favorable at structural lows or grabens 
(e.g., Trudgill, 2002). 

The second type is represented by drainage 
pattern related to linked normal fault segments. In 
extensional tectonic settings, normal fault segments 
grow in length and height where they can interfere. 
Where the tips of faults are not linked, fault segments 
can be either overlapped or underlapped, hence, fault 
segments are described as soft-linked (e.g, Fossen & 
Rotevatn, 2016; Henaish, 2021). Obstinately, where 
fault segments linked on map or cross-section scale, 
they are described as hard-linked (e.g, Savastano et 
al., 2017).The soft-linked faults (Fig. 6d) are well-
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represented at Gebel Abu Treifiya SW by a simple 
relay ramp formed between two overlapped NW-
oriented normal faults (Figs. 2a and 4a). The resulted 
drainage pattern is found to be related to the dip 
direction of the relay ramp also it controls the 
sediment entry point. It is worth mentioning that 
Moustafa & Khalil (2017) concluded that relay ramps 
control both drainage pattern and sedimentation 
based on many examples from the Gulf of Suez and 
CSP (e.g. G. Ataqa). 
 

 
Figure 4. Extracted drainage network with the mapped 

structures overlaid on hill shaded SRTM DEM image and 
their trend analysis (Rose diagrams RDs) of (a) northern 
G. Abu Treifiya SW, (b) G. Qattamiya and (c) southern 
G. Gafra. (Note, red RD related to faults; pink RD for 

folds; dark blue RD for main streams (high orders) and 
bright blue RD for tributaries (low orders). 

 
At the study sites, hard-linked faults can be 

found at several places. Two examples of large-scale 
inward hard-linked faults have been compared from 
at the southwestern part of G. Hamza (Figs. 3c and 
5c) and the southern scarp G. Gafra (Figs. 2c and 4c). 

At G. Hamza, the drainage catchments emerge at the 
footwall of the linked faults where sedimentation 
rises at the hanging-wall of linked faults in the form 
of Miocene rocks and Quaternary sediments (Figs. 5c 
and 6e). Defiantly, drainage catchments at the 
southern scarp of G. Gafra emerge at the hanging-
wall side of the inward linked faults. In such case, this 
pattern is resulted from what so called reversed 
drainage (e.g., Anagnostoudi et al., 2010). This 
happens as the flow direction of drainage is reversed 
due to higher topographies resulted from 
sedimentation of Quaternary sediments at the 
hanging-wall of the linked faults (Figs. 2c and 6f). 

The third type of structural controlled drainage 
pattern in the present study is represented by fold 
structures. In the selected study sites, mapping and 
analysis of folds revealed that they are formed as 
extensional folds along conjugate fold arrays or as 
transfer structures between overlapped faults. The 
results of the extracted drainage related to folded 
surfaces geometry revealed three models of drainage 
pattern (Figs. 6g, h, i). The investigation of G. 
Eweibed area (Figs. 3b and 5b) revealed that drainage 
pattern is drain away from fold crest (i.e., away from 
the fold axis) of anticline folds in accordance to the 
dip direction of folded strata. Also, the nose of 
plunging folds controls the drainage pattern 
according to the plunge of fold axis. On the other 
hand, synclinal folds (Fig. 6h) show that drainage 
pattern is down streamed towards the fold trough (i.e., 
towards the fold axis) and then parallel to the fold axis 
according to the plunge (e.g. east G. Nasuri). 

The abovementioned characteristics of 
drainage pattern related to folded surfaces represents 
the ideal case. However, folds encountered by 
faulting, show different drainage pattern. For 
example, the anticlines of G. Nasuri (Figs. 3a and 5a), 
which are affected by many faults parallel to the fold 
axis, show difference in drainage pattern than those 
of G. Eweibed area (Figs. 3b and 5b). Also, at G. 
Hamza (Figs. 3c and 5c), it is clear that drainage 
pattern flow parallel to fold axis rather than the dip 
direction of folded bedding planes. This is attributed 
to, the crestal part erosion of the anticline fold of G. 
Hamza (Fig. 6i). Attwa et al., (2020) concluded that 
G. Hamza fold shows a topographic low at the core of 
the fold due to erosion of the fold crest. It is worth 
mentioning that they mapped many near surface 
groundwater aquifers at the fold core of G. Hamza 
anticline where they are controlled by faulting. 
 

6. CONCLUSION 
 

Analyzing drainage network systems represent an 
initial key step that can be helpful in many issues 
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Figure 5. Extracted drainage network with the mapped structures overlaid on hill shaded SRTM DEM image and their 

trend analysis (Rose diagrams RDs) for (a) G. Nasuri, (b) G. Eweibed and (c) G. Hamza. (Note, red RD related to 
faults; pink RD for folds; dark blue RD for main streams (high orders) and bright blue RD for tributaries (low orders).
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Figure 6. Suggested models of structural-controlled drainage at the present study. 

 
including; groundwater flow, environmental hazards 
assessment, fault activity and sedimentation. Also, 
geological structures have major controls on drainage 
network in active tectonic settings. In this manner, the 
present study focused on structural controls on drainage 
pattern using incorporation of structural data and 
analyzed remote sensing data at CSP. Mapped 
geological structures based on field data were correlated 

to hill shaded SRTM DEM images for six selected 
analyze sites. As result, a concordance was observed 
between the mapped structures and the linear as well as 
curvilinear features detected on hill shaded images. 
Moreover, drainage network system was extracted from 
SRTM DEM images using GIS based tools. 

Trellis, radial and dendritic patterns were the 
most observed drainage types in the studied sites. 
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Additionally, by evaluating the results of trend 
analysis for the main streams and tributaries as well 
as geological structures; there is a normally 
relationship between them. Accordingly, nine models 
of geological structures controlling drainage systems 
were suggested. These models are mainly related to 
three main categories including; simple fault plane(s), 
linked faults and fault-related folds. Also, it was 
found that these models can control sedimentation 
and groundwater accumulation along CSP. Such 
models could be helpful for geo-related studies in 
highly deformed settings. 
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