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Abstract The geology of Jordan is characterized by fault

systems with three major trends: (1) NW–SE, the oldest,

(2) WNW–ESE, and (3) NNW–SSE, the youngest. The

drainage network of the Wadi Zerka Ma’in catchment area,

located in the middle of the Dead Sea rift, parallels these

structural orientations. A regional transtensive fault, with

embedded normal faults, bounds the lower and middle part

of the catchment area. The topographic profile of the Zerka

Ma’in River exhibits two major knickpoints where it

crosses two major embedded normal faults. The second

major knickpoint developed as a result of the dramatic

lowering of the Lisan Lake water level, a lake that pre-

dates the Dead Sea. The decreased water level triggered

river incision into the clastic sandstone units of Wadi Zerka

Ma’in. We performed a morphotectonic analysis study to

investigate how the rock structures control the drainage

network and the catchment area geomorphology. Accord-

ing to the transverse topographic symmetry factor (T), the

catchment area is highly asymmetric. The major basin

asymmetry trend is SE-oriented, parallel to the oldest set of

fault systems. The catchment area displays a convex hyp-

sometric curve indicating a very recent stage in the geo-

morphologic cycle. Our study indicates that the Lisan Lake

catchment area shrinkage and structures growth controlled

and shaped the Wadi Zerka Ma’in catchment area geo-

morphology. The combined use of a geographic informa-

tion system (GIS) and remote sensing was shown to be very

efficient in unraveling the evolution of the drainage net-

work and catchment area geomorphology.

Keywords Dead Sea � Catchment area � Drainage

network � Strike-slip fault � GIS � Remotes sensing �
Structural control

Introduction

The catchment area is a basic spatial unit in surface water

hydrology. However, the geomorphological features of the

catchment area such as the drainage network and catchment

area asymmetry and similarity have a major influence on the

surface water hydrology especially on the run off processes

(Rodrı́guez-Iturbe and Rinaldo 1997; Stephenson 2003;

Subramanya 2006; Vivoni et al. 2008; Wade et al. 2012).

The interaction between surface deformation and underlying

structural geology which was generated by the tectonic

movements is defined as tectonic geomorphology. The

drainage pattern and the catchment area asymmetry and

similarity reflect tectonic geomorphology (Wilson and

Dominic 1998; Van der Beek et al. 2002). Therefore, there

are several disciplines between structural geology,
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geomorphology and hydrology, which need to be looked at

in combination to fully understand tectonic geomorphology.

The geomorphologies and structural settings of the

catchment areas were sparsely studied in Jordan so far. The

Wadi Zerka Ma’in catchment area is located on the north-

eastern side of the Dead Sea, in Jordan, and spans an area

of 272 km2. It is characterized by a sub-dendritic drainage

network with two main trends, N–S and E–W (Odeh et al.

2009a, 2013, 2015) (Fig. 1). A tectonic geomorphological

study for Wadi Zerka Ma’in catchment area has not yet

been carried out. Therefore, the objectives of this research

are the following:

1. A passive structural evaluation of the catchments area.

2. A comprehensive description and characterization of

the drainage network.

3. An evaluation of the catchment area asymmetry and

similarity.

4. A stream profile analysis of the Zerka Ma’in River.

5. An assessment of the passive structural control on the

drainage network and catchment geomorphology using

the results of the previous tasks to fully understand the

geomorphology of Wadi Zerka Ma’in.

Wadi Zerka Ma’in catchment is a part of the Dead Sea

basin. However, the Dead Sea is considered as a

Fig. 1 Location of the study

area (north east of the Dead

Sea). The study area has a high

relief topography where the

elevation varies from -420 to

1020 m above sea level

(modified after Odeh et al.

2013)
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hypersaline lake that is allocated in a pull-apart basin

(Horowitz 2001). That basin is part of the Dead Sea

transform fault and the lowest place worldwide with an

elevation of -421 m above sea level (asl) in 2008. The

length of the Dead Sea transform system is about 1000 km

(Niemi and Ben-Avraham 1997). This length includes the

Dead Sea rift valley. It provides a link between continental

divergent and convergent plate boundaries. The fault

transform system is with an age of 18 million years (Niemi

and Ben-Avraham 1997; Horowitz 2001; Laske et al.

2008).

The two sides of the Dead Sea basin are faulted zones as

a result of the Dead Sea pull-apart basin. These sides have

a jointed, fractured and massive sandstone in addition to

karstic and fractured lime stone that are genetically con-

nected with faults. However, basaltic rock and unconsoli-

dated sediments are also widely distributed (Quennell

1956; Bender 1974; Horowitz 2001; Closson et al. 2010).

The Dead Sea basin is characterized by steep escarp-

ments and complicated morphological units that have not

been yet adequately investigated. The land surface of that

region has a high relief topography where the elevation

difference between the lake and the highlands could be

more than 1200 m over a horizontal distance of 15 km

(Closson et al. 2010).

Hydrologically, the Dead Sea has a surface water level

which is currently dropping at a rate of about 1 m per year

as a result of huge evaporation and overexploitation of its

tributaries (Salameh and Bannayan 1993; Enzel et al.

2006). The current lowering started 40 years ago, but the

sedimentary structures of the basin indicate that the surface

water level was dropping during different geological ages

in which the Dead Sea lake was much larger than currently

(Horowitz 2001; Closson and Abou Karaki 2009; Enzel

et al. 2006).

The Dead Sea basin is a unique global study area for

evaluating the coupled relationships between basin evo-

lution and groundwater flow. The temporal and spatial

distributions of elevations and salinities of groundwaters

and lakes are strongly associated to paleo conditions of

tectonics, sedimentation, and erosion. Furthermore, cli-

mate changes have induced changes in the rift’s water

mass balance, triggering lake level fluctuations and tem-

poral and spatial changes in lake water salinity (Horowitz

2001; Enzel et al. 2006). The Dead Sea catchment area

has special conditions concerning of hydrogeology,

hydrology, geomorphology and geology which have a

major influence on the generation of the Dead Sea lake

(Bender 1974; Niemi and Ben-Avraham 1997; Enzel et al.

2006; Salameh and Al Farajat 2007).

From a geological perspective, the Arabian-Nubian

shield is composed of Pre-Cambrian crystalline basement

rocks and crop outs in south-western Jordan (Johnson

1998). This shield underwent several epirogenic activities

since Pre-Cambrian time (Bender 1974). This resulted in

transgressions and regressions of the Tethys Sea. The

geological layers of the Dead Sea basin were deposited

during the northwest transgressions and the erosion of the

uplifted Arabian-Nubian Shield from the south during the

regressions (Andrews 1991). Jurassic and Cretaceous sed-

iments of considerable thickness were laid down and reach

up to 4000 m in the southeast of Jordan (Fig. 2) (Flexer

1968; Andrews 1991).

In the Upper Eocene, the Tethys regressed with depo-

sition of fluviatile and lacustrine deposits mainly in the

Jordan Rift Valley and Wadi Araba in western Jordan

(Horowitz 2001). From the Oligocene to Quaternary basalt

flows erupted during volcanic activity in the Harrat Ash

Shaam volcanic system, a massive alkaline volcanic field

extending from the south of Syria to northwest Saudi

Arabia (Bender 1974; BGR 1997).

The fault systems in Jordan have three main trends: (1)

NW–SE, the oldest, parallel to the Red Sea and generated

simultaneously with rifting (Johnson 1998; Odeh et al.

2010). The Wadi Al Sirhan catchment area has a fault that

belongs to this system (Salameh and Al Farajat 2007). The

system has been rejuvenated with lock rotation to become

oriented WNW–ESE, and produced a shear belt along with

(2) a WNW–ESE fault system, which is perpendicular to

the Dead Sea transform fault (Garfunkel and Ben-Avraham

1996). The major strike-slip fault of Wadi Zerka Ma’in

belongs to this system (Odeh et al. 2009a). Clockwise

rotation changed gradually from NW–SE to N–S and led to

the formation of (3) a NNW–SSE fault system that is

parallel to the Dead Sea transform fault and is the youngest

fault system in the study area (Quennell 1956; Garfunkel

and Ben-Avraham 1996; Niemi and Ben-Avraham 1997).

The regional Dead Sea transform fault experiences

*6 mm of motion per year (Klinger et al. 2000). It con-

nects the divergent plate boundary along the Red Sea with

the zone of plate convergence along the alpine orogenic

belt in Turkey (Johnson 1998). According to Quennell

(1956), the Dead Sea rift valley was generated by two

major horizontal movements with a total sinistral move-

ment of 107 km and with a vertical down-throw of

*1500 m. These movements are not older than 14 Ma and

not younger than 6 Ma. The Dead Sea represents a pull-

apart zone in the Dead Sea transform fault (Bayer 1988;

Niemi and Ben-Avraham 1997).

Dead Sea surface water level fluctuations during dif-

ferent periods caused major changes in the river topo-

graphic profiles that discharge directly into the sea

(Frumkin and Elitzur 2002; Street-Perrott and Harrison

1985). The Dead Sea surface water fluctuations affect the

geomorphological characteristics of the catchment areas of

those rivers (Street-Perrott and Harrison 1985; Salameh
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and Al Farajat 2007). It was understood that these fluctu-

ations are due to the paleoclimatic changes, but recently

more evidence about geological and geomorphological

controls for these fluctuations became evident (Street-Per-

rott and Harrison 1985; Salameh and Al Farajat 2007;

Whipple and Tucker 1999).

In the post-Messinian a maximum ingression of the

Mediterranean Sea occurred in the west and generated the

Sedom Sea in the Dead Sea rift valley (Fig. 3). However,

the Sedom Sea was connected to the Mediterranean Sea by

the Yizreel Valley and therefore had 0 m elevation above

sea level (Horowitz 2001). Subsequently, the land between

the Dead Sea rift and the Mediterranean Sea was uplifted,

denying further marine transgressions (Niemi and Ben-

Avraham 1997). In the middle Pleistocene, the rift con-

tained three lakes: Al Hula, Kinnert and Samara. However,

*100 ka ago the climate became more and more arid and

caused the Lake Samara to shrink and be replaced by the

more saline Lisan Lake which was *180 m below sea

level (Horowitz 2001; Salameh and Al Farajat 2007).

The shrinkage of the Lisan Lake led to the formation of the

Dead Sea in a pull-apart zone of the Dead Sea transform fault.

The Dead Sea had a water level of about -400 m asl 23 ka

ago, (Sneh 1996; Niemi and Ben-Avraham 1997). However,

according to Salameh and Al Farajat (2007) the shrinkage of

the Lisan Lake catchment area from *170,000 km2 to the

recent Dead Sea catchment area of *44,000 km2 was the

main reason for that reduced lake level.

The catchment area shrinkage was a result of the erup-

tion and spread of the basalt flows of Jabal Arab Druz

(Fig. 4), which together with the resulting deposition of

thick rock debris and gravels blocked the pre-basalt drai-

nage system (Lisan Lake catchment area) (Salameh and Al

Farajat 2007). These basalt flows and volcanic eruptions

together with Jabal Arab Al Drouz are called the Harat Al

Sham volcanic system (BGR 1997). The Harat Al Sham

volcanic system, which led to the Lisan Lake catchment

area shrinkage, took place in six phases (Bender 1968). The

first four phases started in the Miocene while the fifth

continued into the Pleistocene (Dubertret 1929; Bender

1968). However, the sixth phase started in the Holocene

and covered an area much larger than the first previous five

phases (Dubertret 1929; Bender 1968; Salameh and Al

Farajat 2007). By C14 age determination for organic matter

Fig. 2 Geological map of Jordan (modified after Bender 1974). The major fault system direction is in NW–SE direction parallel to the Red Sea
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contained in the lava (4000 years old), it was found that the

last lava flow of the Harat Al Sham volcanic system

occurred in prehistoric time (de Vries and Barendsen 1954;

Bender 1968). According to Salameh and Al Farajat

(2007), the major phase of blocking the drainage to Lisan

Lake by the basalts and lava flows occurred when the sixth

phase basalt flow spread and covered all the five previous

phases. After volcanic blocking, the Lisan Lake catchment

area was divided into four major catchment areas as fol-

lows (Fig. 5):

1. Wadi Al Sirhan (79,608 km2).

2. Hammad (38,237 km2).

3. Damascus (9570 km2).

4. Dead Sea (43,629 km2).

Methodology

Remote sensing provides a synoptic view for monitoring

and change detection analysis of drainage networks (Gong

and Xie 2009). A geographic information system (GIS) is a

useful tool for the analyses of spatial and temporal

parameters detected by remote sensing techniques (Saintot

et al. 1999; Odeh et al. 2015). Therefore, an integrated

approach of remote sensing and GIS was used to generate

digital elevation models (DEMs) that were used for car-

rying out the geomorphological and structural analyses.

Drainage networks respond rapidly to structural changes

(Shahzad et al. 2009). The automated generation of drai-

nage networks from digital elevation models (DEMs) is a

Fig. 3 Lisan Lake stages

generation (modified after

Horowitz 2001). After Sedom

Sea stage three lakes were

generated in the rift: Al hula.

Kinneret and Samara Lakes,

Sedom Sea was connected with

the Mediterranean Sea
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powerful analytical function in geographic information

systems (GIS). DEMs enable earth scientists to obtain

geometric characteristics, including numerical descriptions

of topographic forms, of the land surface at different scales

(Bolongaro-Crevenna et al. 2005). However, extracting a

topographic relief is a type of spatial analysis that uses

rules of correspondence between real and numerical forms.

Wood (1996) used algorithms for numerically describing

reliefs with a limited number of morphometric classes.

These algorithms specify each morphometric class based

on the values of slope and convexity that were calculated

from a DEM. Wood’s method is according to Evan’s

hypothesis (1972) which says that the land’s surface can be

conceptualized as a continuous surface and represented

analytically by a second degree polynomial function

(Wood 1996; Bolongaro-Crevenna et al. 2005). Remote

sensing methods offer a vast array of DEMs with different

resolutions to choose from (Wang and Yin 1998). There-

fore, an integrated approach that combines remote sensing

and GIS was used to extract the drainage network of Wadi

Zerka Ma’in. Two different DEM resolutions were used:

1. A DEM of 90 m resolution that covers the regional

area and was downloaded from the Shuttle Radar

Topography Mission (SRTM) home page.

Fig. 4 Pre-basalt catchment

area. The clipped area

represents the Basalt of Harat Al

Sham volcanic system including

Jabal Arab Al Druz
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2. A DEM of 15 m resolution that covers the study area

and was produced from two scenes of Advanced

Spaceborne Thermal Emission and Reflection

Radiometer (ASTER) images (Fig. 6a).

Interrelationships between topography and near-surface

structure are often recognizable (Wilson and Dominic

1998). Topography can be parsed automatically by

manipulating land surface heights within elevations

arrayed in DEMs. From a functionality perspective, GIS

techniques can efficiently achieve that process through a

variety of data visualization approaches, patterns, and

spatial analyses (Wang and Yin 1998; El Bastawesy 2007).

The two DEMs were inserted in the GIS. According to

the extension hydrology in the ArcGIS 9.3 software, the

drainage network was extracted regionally and locally.

However, the DEM of 90 m resolution was used to extract

the drainage at regional scale while the DEM of 15 m was

used to extract the drainage network at local scale. The

drainage networks were extracted by the extension of

hydrology in ArcGIS 9.3 (Fig. 6b). The first step was

removing the holes in the DEMs and then using a D8 flow

grid algorithm (O’Callaghan and Mark 1984). This algo-

rithm estimates the flow direction possibilities at each cell

towards the eight neighboring cells. The least cost algo-

rithm was used to connect the stream flow directions to

generate a continuous network of streams (Shahzad and

Gloaguen 2009a). Geometrical classification and hillshade

effects were then computed for the raster elevations to

Fig. 5 Dead Sea, Wadi Al

Sirhan, Wadi Hammad and

Damascus catchment area. The

three catchment areas were one

large catchment area before the

late Pleistocene. Wadi Al Sirhan

catchment is mainly located in

Saudi Arabia, but its extension

into Jordan is the closed basin of

Al Azraq, which contains

separate local depressions that

receive flash floods from

surrounding hill slopes

(supplementary Fig. 1)
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parse and visualize the topography using the spatial analyst

extension in the ArcGIS 9.3 software (Fig. 6c).

Stream profile analysis is a useful tool in tectonic geo-

morphology as a diagnostic indicator of factors such as

stages of landscape evolution, tectonic uplift or subsidence,

variations in rock resistance and base level changes (Wobus

et al. 2006; Phillips and Lutz 2008). It is a tool to aid

understanding of tectonic–climatic–topographic interactions

because river incision into bedrock is a response to tectonic,

lake or sea level, and climatic forcing (Whipple and Tucker

1999). Thus, the dynamic of stream power incision (Whip-

ple and Tucker 1999) is represented as follow:

dz

dt
¼ U � E ð1Þ

where dz/dt denotes the rate of change in the topographic

elevation of a river during time. U is the rate of landmass

uplifting and E is the rate of erosion. Whipple and Tucker

(1999) define the rate of the erosion and generated the

following equation:

dz

dt
¼ U � KAmSn ð2Þ

where A is the catchment drainage area, S is its slope and

K is its erosion coefficient. The constant of m and

(C) Simplified workflow for application of GIS in DEM.

1) Topographic cross sections.
2) Drainage network.
3) Lines directions and densities.
4) Hill shade visualization.
5) Raster classification. 
6) Raster clipping.

DEM
(15 m, 90 m)

GIS
ArcGIS 9.3

spatial analyst 

Collecting the tie point manually (Identical 
points on the both Images 3N and 3B).

DEM
15 m Epipolar Image

Geomatica 
V10.3

ASTER
Image

Extract Stereopair
Channels (3N, 3B)

(A) Simplified workflow for DEM extraction from ASTER image.  

Collecting tie points
automatically

Flow directionDEM Fill sinks
Flow accumulation
Standard Deviation (SD) 
Classification 

Conditional tool (true value 1 and expression > SD) in Raster format

Stream order classification using Shuller classification in Raster format

Convert stream to feature to produce the drainage network in shape file format

(B) Simplified workflow for drainage network generating by the extension of hydrology in ArcGIS 9.3. 

Fig. 6 An integrated approach of remote sensing and GIS. The Digital elevation model (DEM) that is extracted by remote sensing techniques

while the spatial analysis of it is done by GIS
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n depends on basin hydrology, hydrologic geometry and

the predominant erosion process.

Under dynamic equilibrium conditions (between the sea

level and the river incision) dz/dt will be zero. Therefore,

the previous equation would be as follows (Hack 1973;

Flint 1974; Whipple and Tucker 1999; Snyder et al. 2000;

Kirby and Whipple 2001):

S ¼ U

K

� �1=n

Am=n ð3Þ

where the coefficient (U/K)1/n is the steepness of the river

profile while m/n is the concavity of the profile.

According to Wobus et al. (2006), the stream power law

is represented as:

S ¼ ksA
�h ð4Þ

where the river steepness index ks equals (U/K) and the

concavity index h equals (m/n). Following Mahmood et al.

(2013), we can combine the two Eqs. (3) and (4) and get

equation:

U ¼ knsnK ð5Þ

where ksn is the normalized steepness index (Flint 1974;

Snyder et al. 2000; Whipple 2004). For further explana-

tions on how ksn can be determined, the reader is referred to

Wobus et al. (2006). The stream gradient index (Hack

1973) is defined as:

SL ¼ DH=DL

� �
L ð6Þ

where SL is the stream gradient index, DH/DL is the gra-

dient of the stream reach where the index is computed, (DH
is the drop in the topographic elevation of the reach and DL
is the length of the reach) and L is the total stream length

from the drainage divide to the center of the reach.

There are two methods to evaluate the basin asymmetry:

the transverse topographic symmetry factor method (T) and

the asymmetric factor method (AF). An asymmetric factor

(AF) can be applied over a relative large catchment area

(Keller and Pinter 2002). Wadi Zerka Ma’in has a small

catchment area, therefore we applied a transverse topo-

graphic symmetry factor (T), which evaluates the amount of

asymmetry of a river within a catchment area and the varia-

tion of this asymmetry. The catchment area midline is the line

of symmetry for the catchment. Mathematically, T denotes

the ratio of the distance from the catchment area basin midline

to the river (Da) and to the catchment area border (Dd) as

follows (Horton 1945; Kothyari and Rastogi 2013):

T ¼ Da=Dd ð7Þ

The factor value varies from zero to one, which represents

the minimum and the maximum values. Hypsometry refers

to the distribution of the land area at different elevations. It

has generally been used to infer the stage of geomorphic

development and to study the influence of tectonics on

topography (Hurtrez et al. 1999). The hypsometric curve is

a plot of relative height (h/H) versus relative area (a/A),

where: h is the topographic elevation of a given location on

the river, H is the total topographic elevation, a is the

measurement (in km2) of the area that is higher in elevation

than the point of measurement, A is the total area of the

catchment.

Shahzad and Gloaguen (2009a, b) developed TecDEM,

a Matlab-based software for estimating and plotting stream

profile analysis. We used TecDEM to estimate, extract and

visualize stream profiles for the study area using the 15 m

DEM that was extracted from the Aster stereopair. The

drainage network density is defined as the ratio of the sum

of the total stream length divided by the drainage catch-

ment area (Horton 1945; Knighton 1998). It is a spatial

measurement of the drainage network geometry because it

represents the degree of dissection of the drainage basin by

surface streams (Keller et al. 1999). The spatial analyst

extension in ArcGIS 9.2 was used to produce a drainage

density map for the study area.

Results and discussion

Drainage network and fault directions

The fluvial dissection of the landscape consists of geo-

morphological units and their included channel ways

organized into a system of connections known as a drai-

nage network (Abrahams 1984). Drainage networks rep-

resent the type of quantitative regularity that are useful in

analyzing both the fluvial systems and the terrains that they

dissect (Abrahams 1984). However, The drainage network

is a essential hydrological and geomorphical part of the

river system (Knighton 1998). According to it, the

description of the geometry of landforms could be defined

(Abrahams 1984; Knighton 1998). Wadi Zerka Ma’in

catchment area has a combination of two drainage network

types as follows:

(a) Dendritic drainage network:

Most of the third-order streams in the catchment area

of Wadi Zerka Ma’in are in form of dendritic shape

as a results of the uniformly resistant geological

layers (limestone in the upper and middle part and

sand stone in the lower part of the catchment) to

erosion. However, this type of drainage network in

the study area is recent and generated after the fault

systems (Huggett 2007; Odeh et al. 2010).

(b) Rectangular drainage network:

Most of the first- and second-order streams in the

Environ Earth Sci (2016) 75:482 Page 9 of 18 482
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studied area are of this type. It is the oldest drainage

network in the study area. It represents a perpendic-

ular drainage network of streams with tributaries and

main streams joining at angles. It is less regular than

trellis drainage networks and is controlled mainly by

the faulting systems in the study area (Huggett 2007;

Odeh et al. 2009a).

The geomorphological units and geological struc-

tures of a catchment control the overland flow

processes as a results of controlling the length and

the direction of drainage network flow over the land

surface unit (Sreedevi et al. 2012; El Bastawesy et al.

2013; Odeh et al. 2015). Therefore, the analysis of a

drainage network quantitatively is important to

understand the hydrological and environmental

interactions over a catchment area. Furthermore,

the drainage network has interactions with the

geological processes which determine the stream

orders, stream lengths, stream flow directions and

catchment areas shapes (Kaliraj et al. 2014).

The study area is part of the Dead Sea rift valley that

is considered as an active tectonic region with

complicated geological systems (Horowitz 2001;

Shtober-Zisu et al. 2008). In tectonically active

regions most of the drainage network reflects the

interaction between surface processes and the growth

and propagation of underlying faults (Ribolini and

Spagnolo 2008). Figure 7 shows that most of the

drainage networks are of rectangular type. However,

the directions of Wadi Zerka Ma’in catchment area

rectangle drainages follow the NNE–SSW fault

system that is parallel to the Dead Sea transform

fault, and the WWN–EES fault system that is normal

to the Dead Sea transform fault. However, the effects

of the NW–SE faults are limited and found mostly in

the upper part of the catchment area. The influence

of the oldest fault system on the drainage network

has degraded within geological times (Odeh et al.

2009b).

Influence of a regional strike-slip faulting

on the Zerka Ma’in River profile

The regional strike–slip fault of Wadi Zerka Ma’in cuts

through the middle and lower parts of the catchment area

and is associated with normal faults. Therefore, it is con-

sidered as a transtensive strike-slip fault (Fig. 8) (Odeh

et al. 2010). A knickpoint is a steep reach in a stream

topographic profile that creates a localized sharp incision

(Gardner 1983). It is a response either of the resistance

differences of lithological layers to the denudation process,

a reaction to fault displacement, or a disequilibrium

steepening in response to a relative base level fall (Tucker

and Slingerland 1994; Bishop et al. 2005). Four normal

faults are located in the Wadi Zerka Ma’in River with four

complimentary knickpoints (Fig. 9). The first major one is

located at a distance of 34 km from the source, with a

vertical lowering of 200 m. The second major one is

located 44 km from the source with a vertical lowering of

100 m. The rapid drop of the Dead Sea water level after the

Lisan Lake stage enhanced river incision in the clastic

sandstone units, so the fourth knickpoint developed as a

result of disequilibrium with the Dead Sea water level.

Catchment areas that are influenced by uplifting pro-

cesses are marked by a convex river profile and high

steepness index (ksn) values (Knighton 1998, Van der Beek

et al. 2002). Figure 10 A shows that the studied area has

four steepness indices (ksn) that are generated in four stages

as follows:

1. ksn = 0.73 with concavity index (h) of 0.56 as a result

of anticlinal uplift with slight embedded normal fault

effect in the top of the catchment area.

2. ksn = 51.40 and h = 1.74 as a result of the first major

knickpoint which is caused by the first normal fault.

3. ksn = 62.04 and h = 1.54 as a result of the second

major knickpoint which is caused by the second

normal fault.

4. ksn = 544.03 and h = 1.18 as a result of a slight

embedded normal fault effect that was developed by

river incision after the Lisian Lake stage.

The Hack stream gradient (SL) (Hack 1973) index is a

valuable tool for evaluating the vertical surface deforma-

tion component (Troiani and Della 2008). The sensitivity

of the index to changes in the stream permits evaluation of

the relationships between tectonic activity, rock resistance

and topography (Keller and Pinter 2002). It was found that

there are four major stream gradient indices that occurred

with changing steepness indices. The effects of the normal

fault in vertical deformation are shown by the SL = 994

and SL = 3092 (Fig. 10b).

Catchment area hypsometry and asymmetry

The hypsometric curve is a dimensionless graph of area-

altitude distribution. It describes the total size of the

catchment area relative to topography (Ohmori 1993). The

runoff components are a function of the basin hypsometric

curve. A relatively little eroded (convex) basin shows

higher total runoff that is more dominated by subsurface

processes, while a relatively more eroded (concave) basin

has less total runoff with a higher fraction of surface

response (Vivoni et al. 2008; Rodrı́guez-Iturbe and Valdes

1979). According to the geomorphic cycle, a convex curve
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indicates a young stage and s-shaped curves a mature and

old stage (Strahler 1952; Ohmori 1993).

Figure 11 shows the hypsometric curve of Wadi Zerka

Ma’in. The catchment area has a high convexity, indicating

an early stage in the geomorphic cycle. The normal faults

within the major strike-slip fault led to an uplifting which

generated the convexity. A high convexity generates high

total runoff that is denominated by subsurface processes

more than from surface ones. The hypsometric integral

value indicates the young stage (disequilibrium stage) of

the catchment area with undissected landscapes that change

continuously as a result of erosion activities (Phillips and

Lutz 2008; Kaliraj et al. 2014). The erosion process of the

catchment area represents interactions of the drainage

Fig. 7 Drainage network

directions in the study area. The

study and the surroundings area

were divided into seven

rectangles to investigate the

drainage network spatially. The

rose diagrams were generated

for each rectangle alone. The

major directions of the drainage

network are similar to the major

directions of the major fault

systems
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Zerka Ma’in River
N

Fig. 8 Location of the topographic profiles and a transtensional zone of the major strike-slip fault in the Wadi. There is negative (Tulip)

structure-transtensional zone within the Wadi. The embedded normal faults are within the transtensional zone
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network with the geomorphological landforms (Kaliraj

et al. 2014). The anomaly index values at the beginning of

the curve indicate the topographical and lithological

influences on the formation of the drainage system, espe-

cially along the high altitude areas in the northern part of

the catchment area (Hurtrez et al. 1999; Kaliraj et al. 2014).

A transverse basin asymmetry vector denotes the

direction and degree to which a river deviates from the

basin midline. It creates important map-scale data for a

neo-tectonic assessment and permits the delineation of

geomorphic domains of stream migration that are related to

tilted fault blocks (Garrote et al. 2006). Catchment areas

that are associated with strike-slip faults, like the case of

Wadi Zerka Ma’in, are asymmetrical. This is because of

the geomorphological changes that occurred during hori-

zontal faulting (Ben-Avraham 1991). Figure 12 shows that

the Wadi Zerka Ma’in catchment is a strike-slip faulted

area that displays a strong left asymmetry and is highly

influenced by the NW–SE fault system, the oldest in the

region (Odeh et al. 2010). The second major trend of the

asymmetry arrows is parallel to the strike-slip fault of Wadi

Zerka Ma’in and the third trend is parallel to the Dead Sea

transform fault. Thus, the trends of the asymmetric arrows

parallel those of the fault systems.

Knickpoint (Kp) No.1

Kp No.3

Kp No.2

Kp No.4

(A)

(B)

km

km

Fig. 9 The topographic profiles show four topographical lowering

stages (knickpoints) as a result of the displacements the embedded

normal faults within the transtensional zone of the major strike-slip

fault. The locations of the crossed topographic profiles are shown in

Fig. 8. However, at the end of the Zerka Ma’in River topographical

profile there are three small topographical droppings that are

correlated with the recent Dead Sea water level decrease
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Conclusion

The geomorphological features of the catchment areas are

developed simultaneously by the growth of tectonic

structures. Therefore, the structural geology of the wadis

can be evaluated by an investigation of their geomorpho-

logical characteristics. The presented case study of Wadi

Zerka Ma’in catchment area represents a particular com-

bination of disciplines between structural geology, geo-

morphology and hydrology. We summarize our findings as

follows:

• The regional strike-slip fault of Wadi Zerka Ma’in has

two major embedded normal faults that cause two

major topographic lowerings (knickpoints) along the

Zerka Ma’in River: (1) 34 km from the source with a

lowering of 200 m, (2) 44 km from the source with a

lowering of 100 m.

• The rapid decrease of the Lisan Lake water level

enhanced the development of the second major topo-

graphic lowering by enhancing the river incision.

• The catchment area of Wadi Zerka Ma’in is asymmet-

rical due to the NW–SE fault system, the oldest faults

system. The asymmetric arrows have the same trends as

this fault system.

• The hypsometry curve shows that the catchment area is

convex. This is a result of the embedded normal faults

within the regional strike-slip fault. The catchment area

Fig. 10 Stream profile analysis of Wadi Zerka Ma’in River. The four trends in the log slope–log area diagrams are associated with the four

knickpoints of Zerka Ma’in River. In addition, the Hack stream index diagram shows four major gradients as a result of the knickpoints
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Skewness = -2.06
Kurtosis = 7.16

h/
H

a/A

Fig. 11 Hypsometry plot as an

indicator of basin similarity.

The concaving up of the

diagram indicates the catchment

is a recent basin as a result of

the major strike-slip fault

N

S

EW

Average

(A) (B)

Fig. 12 Basin asymmetry similarity: a Basin asymmetry arrows.

b Basin asymmetry rose diagram. The major trend of the basin

asymmetry arrow is similar to the major trend of the oldest fault

system in Jordan, NW–SE faults (Fig. 2). The catchment asymmetry

is generated mainly because of these faults
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of Wadi Zerka Ma’in is in an early stage of the

geomorphic cycle.

• It was found that the drainage network follows the same

direction of the fault systems.

• The catchment area asymmetry is more influenced by

the oldest fault system.

• The combination of GIS and remote sensing with

stream profile analysis provides an excellent tool for the

structural evaluation of wadis.

• Further tectonic geomorphology studies are needed for

the Dead Sea catchment areas to understand the Dead

Sea drainage network system and the surrounding

catchment areas.

The Dead Sea catchment area has a lag of studies that

combine the disciplines of geomorphology, structural

geology and hydrology although there has been consider-

able work in each topic individually. Our study achieved a

conceptual model for a combined analysis of structural

geology and geomorphology and subsequently evaluated

the effect of the geomorphic shape on the hydrological

system of the catchment area.

The integrated approach of remote sensing and geo-

graphic information systems was applied intensively on the

aspects of hydrological and environmental modeling of the

Dead Sea basin. Our research is distinguished by applying

this approach on the geomorphological evaluation. Fur-

thermore, our study presents a new geo-visualization of the

Dead Sea origin by manipulating different DEM

resolutions.

The difficulties that we faced are mostly correlated

with data scarcity. There are no hydrograph data for the

Zerka Ma’in River. Such data would help to better

understand the hydrological system. The borehole data are

limited to understand the subsurface geology of the study

area in addition to the fact that there are no geophysical

data that offer a better understanding for the structure of

the wadi.

We do recommend to extend our study to all catchments

of the Dead Sea basin and to evaluate the hydrological

system of the Dead Sea in terms of geomorphological

properties. We do believe that future projects in the Dead

Sea basin should combine more the disciplines of geology,

hydrology and geomorphology.
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