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Abstract

This research is intended to assess the regional pattern of hypsometric curves (HCs)
and hypsometric integrals (HIs) for the watersheds draining into the Jordan Rift
(River Jordan, the Dead Sea, and Wadi Araba watersheds). Hypsometric analysis was
performed on 22 drainage basins using ASTER DEM (30 m resolution) and GIS. The
area-elevation ratio method was utilized to extract the hypsometric integral values
within a GIS environment. A prominent variation exists in the HC shapes and HI
values. The highest hypsometric values are found for the Dead Sea (X = 0.87) and
River Jordan (X = 0.77) watersheds. Whereas the lowest values (X = 0.51) charac-
terized Wadi Araba catchments, except Wadi Nukhaileh (lower Wadi Araba) which
yields an HI value of 0.26. Seventeen HCs pertained to the River Jordan and the Dead
Sea watersheds evince remarkably upward convex shapes indicating that such drai-
nage basins are less eroded, and at the youth-stage of the geomorphic cycle of ero-
sion. Catchments draining to Wadi Araba are of intermediate HI values (0.41 - 0.58)
which are associated with a balance, or dynamic equilibrium between erosion and
tectonic processes. Accordingly, they correspond to a late mature stage of geomor-
phic development. Additionally, Wadi Nukhaileh yields the lowest HI value (0.26)
and is associated with highly eroded terrain of late mature geomorphic evolution,
approaching an old stage therefore, with distorted concave upward curves. High HI
values indicate that these watersheds have been subjected to tectonic uplift, down
faulting of the Rift and intense rejuvenation. Differences in HI values can be attri-
buted to disparity in tectonic uplift rate, base level heights, and mean heights of the
River Jordan watersheds, the Dead Sea and Wadi Araba watersheds, and variation in
lithology, which caused noticeable differences in rejuvenation processes, and channel
incision. Regression analysis reveals that R* values which represent the degree of
control of driving parameters on HI, are positive and generally low (ranging from
0.026 to 0.224) except for the height of base level (m) parameter which contributes
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0.42 (significant at 0.1% level). Such results mean that the height of base level has a
significant at 0.1% level. It is obvious that the most crucial driving morphometric factor
influencing HI values of the Jordan Rift drainage basins, is the height of base level (m).
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Hypsometric Analysis, Tectonic Activity, GIS, ASTER DEM, Regression Analysis,
Jordan Rift

1. Introduction

Hypsometric analysis refers to the relative proportion of an area at different elevations
of the earth’s surface [1]. The technique has been developed and addressed to explain
the geomorphic stages of landscape evolution, denudational processes which shape the
morphology of drainage basins, and to recognize and interpret the impact of tectonic
and erosional processes over a region. Hypsometry can be assessed through the hypso-
metric curve (HC) and hypsometric integral (HI) which are both explained in terms of
the degree of drainage basin dissection and relative landform age. Hypsometric analysis
is a fundamental tool to investigate the influence of lithology, tectonics, and climate on
landforms change. Accordingly, the technique clarifies the interaction between tecton-
ics and erosion. Thus, a geomorphic index can be established to illustrate the relative
importance of erosion processes sculpting the topography of a watershed [2] [3] [4].
Recently, hypsometric analysis has been employed in several investigations in earth
sciences such as: geology, tectonics, geomorphology, hydrology, and climatology [5] [6]
[7] [8]. As a dimensionless number, hypsometric integral enables us to compare differ-
ent drainage basins irrespective of scale [9]. HI analysis also provides an efficient tool to
assess interactions existing between tectonic uplift, climate, lithology and erosion. With
its dimensionless form, hypsometric analysis has been developed by Langbein [10] to
exemplify the overall slope and forms of large drainage basins. The methodology has
been extended later to investigate small drainage basins of low order [11] [12] [13] [14]
[15]. The hypsometry of a watershed is displayed graphically as a “hypsometric curve”
(HC), and quantitatively as an integral termed “hypsometric integral” (HI). The hyp-
sometric curve refers to the volume of rock mass in the catchment and the amount of
erosion that has taken place in the catchment against the remaining mass [16] [17] [18].
Whereas the hypsometric integral is computed from the area under a hypsometric
curve and expressed as a percentage, where its value varies from 0 to 1. It has been
postulated earlier that HI is strongly and positively correlated to the tectonic uplift rate
for large watersheds with the area approximating 1000 km?. By contrast, small catch-
ments (<100 km?) are affected mainly by lithological variations [2]. Therefore, the
shape of hypsometric curves and the hypsometric integral values furnish fundamental
information regarding the erosional stages of landforms and tectonic, lithology, and
climatic factors controlling drainage basin development [19] [20]. Further, Lifton and

Chase [2] examined the effect of uplift rates on hypsometry using a numerical model
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for landscape development. They concluded that hypsometric integral is positively cor-
related to uplift rate, thus it is often employed at present to trace and evaluate regional
uplifting. Several studies have shown that HI is asserted by morphometric properties of
a drainage basin, basin relief, area, length, width, and perimeter [6] [16] [19]. The
shapes of the hypsometric curves, and values of hypsometric integral represent a pri-
mary indicator of watershed status [1] [17]. Disparity in HC shapes and variation in HI
values are attributed to the degree of disequilibria in the balance of erosive and tectonic
forces [3]. Comparison of HC shapes for different catchments developed under similar
geologic, geomorphic and climatic conditions provide a relative insight into the ero-
sional history and degradational processes of drainage basins. Furthermore, the shape
of a hypsometric curve is an important indicator to recognize the landform erosion
stage and evolution process with respect to the fluvial cycle of erosion, or the geological
time needed to reduce terrain elevation to the base level [11]. Following the inspection
of different hypsometric curves, and comparing different hypsometric curves for dif-
ferent watersheds, Strahler [1] categorized drainage basins with reference to three stag-
es of geomorphic evolution (Figure 1): 1) youth stage (convex upward curves, where
HI > 0.60), where basins in this category are highly susceptible to erosion and landslid-
ing; 2) mature stage or equilibrium (S-shaped hypsometric curve which concave up-
ward at high elevations and convex downward at low elevations, where 0.30 < Hi < 0.60);
and 3) old (monadnock) or peneplain stage (concave upward curve, where HI < 0.30).
These stages of geomorphic evolution are based on the supposition that whenever ac-
tive tectonic uplift rates surpass erosion rates, the elevation and relief increase [1] [15]
[21] [22]. Hypsometric curves prepared for hundreds of third or fourth- order drainage
basins from different regions with homogenous geomorphic setting, show mature hyp-
sometric curve properties which resemble the model of hypsometric function elabo-
rated by Strahler [1]. Nevertheless, there is still an inconsiderable but distinct difference
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Figure 1. Three types of hypsometric curves-youth-
ful, mature and old stage [13].
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in the HCs shapes for different catchment regions [23].

Strahler [1] examined the relationship of HI with morphometric parameters charac-
terizing drainage basins (ie, maximum elevation, stream channel gradient, slope
steepness, drainage density, bifurcation ration, and length ratio). He concluded that
positive correlation is evident between the average length of stream segments of any
given order in each basin or sub-basins, and the related mean hypsometric integral.
Such a relationship reveals that a progressive decline in stream length in the same order
in evident as the integrals diminish. Crucial relationships were also explored between
HI and the area of the catchment in active tectonic conditions where other factors, ie,
geologic structure, lithology, and climate are the same. In this regard a strong relation-
ship has been revealed for HI classes and area classes with the number of watersheds in
respective classes and the total area occupied by respective hypsometric and area classes
[23]. The SIBERIA Catchment Evolution model was employed by Willgoose and Han-
cock [19] to assess linkages between watershed processes and hypsometry. The results
achieved indicate that the SIBERIA model is of high reliability for predicting the form
of the hypsometric curve from a simple model of geomorphic processes. In the recent
past, hypsometric analysis was employed to evaluate the erosion status for prioritization
and integrated watershed management [24]. Further, HI values were adopted as an in-
dicator for high surface runoff, and thus, for prioritizing sub-watersheds for considera-
tion in conservation measures [25]. Other researchers utilized HI values to elaborate a
morphological index to predict surface runoff and sediment yields for different drai-
nage basins [26].

HI values for two catchment groups draining into the Tyrrhenian Sea and the Adria-
tic Sea (Italy) were inspected to assess the evolution processes against the stage of geo-
morphic cycle. It is indicated that low HI values of the Adriatic watersheds are ex-
plained in terms of spreading and the associated high impact of denudational processes
rather than the factor of age, i.e old stage of geomorphic cycle. Hence, HI values and
HC curves were interpreted in relation to different tectonic history pertaining to each
side of the Italian Peninsula [27]. The application of GIS tools in hypsometric analysis
was introduced by Luo [28]. Later, he applied hypsometric techniques to quantity
landforms, and to identity their origin both on earth and other planets (Mars), using
digital data and GIS [29]. He also concluded that the technique is rational in separating
typical sapping and fluvial landforms on the basis of their morphological aspects. Sta-
tistical and morphometric parameters such as density skewness, skewness, and hypso-
metric integral seem to be particularly powerful in separating the two types of land-
forms. It is believed that groundwater-sapping on Mars has played an important role in
its landform evolution. Lou [30] also adopted hypsometric analysis to investigate the
origin of stream networks in the Margaritifer Sinus region of Mars in an attempt to in-
fer the evolution processes. He suggested that a number of basins are of sapping origin,
or alternatively, more fluvial-like, indicating a warm and wet climate prevailing on ear-
ly Mars.

Recently, Markose and Jayappa [31] employed hypsometric analysis to assess HI val-

KD
+%%, Scientific Research Publishing

1315



Y. Farhan et al.

ues and HI curves for 20 sub-basins of the Kali River (India). They successfully diffe-
rentiate between two groups of sub-basins: the first group is characterized by high HI
values, thus of younger geomorphic stage and subjected to recent tectonic activity. By
contrast, the second group is described by low HI values, hence, less disturbed by recent
tectonic activities, and exposed more to fluvial erosion [32]. Farhan ef al performed
hypsometric analysis to investigate the geomorphic evolution and to demarcate areas of
erosional proneness over W. Mujib-Wala watershed (southern Jordan). Twenty eight
fourth-order sub-basins were selected and subjected to hypsometric analysis using 30 m
ASTER DEM and GIS. HI values range from 0.71 to 0.88, whereas the hypsometric
carves display sharp upward convex shapes, denoting that all sub-basins are at the
youth-age stage of geomorphic evolution. Incised channel erosion, landslide activity,
and high susceptibility to soil erosion loss are characteristic phenomena of these cat-
chments. The marginal differences in rock mass removal from the watershed, and the
28 sub basin are explained in terms of variation in lithology, tectonic influence, and re-
juvenation processes. The estimated sediment yields of W. Mujib and W. Wala sepa-
rately [23]-[34] were also found in affirmation with high HI values. Higher values of
HI, high sediments yield and soil erosion rates, occurred over the rejuvenated belt
which occupied the western part of W. Mujib-Wala catchment.

Hypsometric analysis and slope computation were utilized to conduct terrain analy-
sis on remote subaerial Hawaiian shield volcanoes, where field work is inaccessible.
SRTM-1 and SRTM-3 digital elevation models and morphometry were employed in
this regard [35]. It has been concluded that the combination of morphometric parame-
ters such as average and median slope, average slope elevation [36] [37] [38], and hyp-
sometric analysis can be used in accordance with lava flow mapping to furnish insight
into a volcano’s eruption and magma production history for both inaccessible remote
terrestrial volcanoes, and volcanoes on other planets [35]. Hypsometric analysis tech-
niques combined with selected morphometric parameters (i.e., basin area and/or relief)
have been suggested to increase the predictive power and transferability of rainfall-ru-
noff model [39]. Yunus [40] examined the relations between HI and the distance from
the central location of each basin from south to north, HI and basin area, shape and li-
thology with reference to 36 drainage basins in the western Arabian Peninsula. Results
revealed that basin hypsometry is independent of spatial variation and spatial scale.

Hypsometric analysis in the present research was performed in order to:

1) Assess the regional pattern of HC and HI for 22 drainage basins draining the east-
ern plateau of the Jordan Rift Valley, and to explain the variation of regional pattern in
terms of tectonic activity, uplifting, continuous lowering of the Dead Sea base level, and
height of base level pertaining to different watersheds (Figure 2).

2) Examine the relationships between HI values and the morphometric driving pa-
rameters, Ze., the hierarchical orders and area of watersheds, height of base level, shape
factor (from factor and elongation ratio), and mean height of drainage basins draining
to the River Jordan, Dead Sea, and Wadi Araba.

3) Identify the predictor parameters of HI (the dependent variable among the geo-
morphometric parameters), and recognize the total variance (R?) explained by the most
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Figure 2. The twenty two watersheds of the eastern Jordan rift.

important variable through stepwise multiple regression.
4) Evaluate the hypsometric parameters in order to achieve useful information on
areas of high tectonic activity, and type of erosion processes shaping the eastern drai-

nage basins of the Jordan Rift.

2. Study Area

The Jordan Rift Valley trends north-south, and extends to 360 km from Lake Tiberias
to the Gulf of Aqaba. With its eastern watersheds, it covers an area of 27,169 km? be-
tween latitudes 35°63" and 35°53" North and longitudes 34°98" and 36°80" East (Figure
3). Two major physiographic units can be distinguished along the Jordan Rift Valley:
the highlands, and the associated dissected fault scarps overlooking the Rift; and the
lowlands constituting three units: the Jordan valley floor, the Dead Sea (-430 m-b.s.1.),
and the floor of Wadi Araba, between the Dead Sea and the Gulf of Aqaba.

Since the early Miocene, each successive opening and downward movement along
the Jordan Rift fault (part of the Dead Sea Transform (DTS)) [41] [42] predetermined
the tectonic and geomorphic development of the deep Dead Sea Basin, and the uplifted
eastern shoulder of the Jordanian Plateau [43]. During the Miocene, a major horizontal
offset of 60 - 65 km occurred and was associated with a minor subsidence of approximate-
ly 1000 m. Whereas during the Pliocene and particularly down through the Pleistocene,
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Figure 3. Location of the study area, and the DEM of the watersheds.

a second horizontal offset of 40 - 45 km was realized and followed by a major subsi-
dence reaching 6000 m [44] [45]. However, recent gravimetric survey indicates that the
thickness of sediment sequence across the Dead Sea is reaching 10,000 m [46], which
indicates that the subsidence level at the Dead Sea part of the transform was more than
7000 m as reported above. Tectonic activity has also resulted in basalt flows (Oligocene
to Pleistocene) which covers a vast area of the northeastern part of the highland. Tec-
tonic and rejuvenation processes initiate old landslide complexes which extend for sev-
eral kilometers down slope towards the main courses of wadis/rivers draining to the
Jordan Rift Valley. Progressive lowering of the Dead Sea level has strong influenced the
fluvial behavior of drainage basins draining to the Jordan Rift (north of Ghor Al
Al-Ajram, +240 m-a.s.], Wadi Araba (Figure 4). The response of a drainage system to
base level changes is evident through degradation, and changes in channel pattern and
geometry [47]. Lowering of the base level (ie, when the slope of the “new” emerged
area is steeper than that of the stream channel) activates degradation, and initiates gul-
lies, down cutting and incision, knick-points migration, development of river terraces
and incised meanders, breaks in the cross-profile of the valley, acceleration of bank ero-
sion, and sediment discharge at the outlet. Adjustment to base level changes normally
started at the outlets of the stream and arise upstream through the drainage system [48]
[49] [50]. In this context, previous estimation of the lowering of the Dead Sea level, in-
dicate that the Dead Sea level has dropped from —392 m in the early 1930s to —414 m in
1998—a total sea level drop of 22 m, averaging about 32 cm per year [47]. Recent mea-
surements of the Dead Sea level (2015) using ASTER DEM (30 m resolution) are found

to be —431 m-b.s.], which means 46 cm per year [32]. A study was carried out to estimate
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the lowering and shrinkage of the Dead Sea water surface over the period 1973-2004
using GIS and remote sensing techniques [49]. It is reported that annual lowering of the
Dead Sea is 83 cm. Thus, it is expected that the Dead Sea will become even lower in the
future due to the construction of dams on the Dead Sea catchments, the production of
potash and other salt minerals from the Dead Sea, possible climatic change, and the in-
crease of water consumption for tourism, industrial and agricultural activities [51].

The highlands varied from north to south, in terms of morphology and relief, rain-
fall, soils, land use and land cover. Cambrian, Ordovisian, and lower Cretaceous sand-
stones exposed. Pre-Cambrian granitic basement predominate the southern part of this
unit from the Dead Sea to the Gulf of Aqaba (Figure 5). By contrast, Upper Cretaceous

rocks of the Ajlune group and basalt covers most of the northern highlands. Further,
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Figure 4. Topographic cross profile illustrates the River Jordan, the Dead Sea, the Gulf of Agaba.
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Cambrian, Ordovisian, and lower Cretaceous sandstones, and Upper Cretaceous Li-
mestone and Eocene rocks are exposed in the central parts of the highlands. The Dead
Sea catchments are significantly influenced by successive rejuvenation, which has per-
mitted erosion to cut spectacular canyons (Wadi Mujib-Wala and Wadi Hasa are the
best examples) through strata which ranges from Eocene to pre-Cambrian [52]. Com-
parable with the bordering highlands, the floor of the Rift Valley is arid. In the north,
water is, or was dominant in Lake Tiberias, in the lacustrine Lisan marl and in the Dead
Sea, with the Lisan Marl extending to form its southern shore. From Wadi Araba to
Aqaba, terrestrial deposits such as talus fans, alluvial fans, gravel outwash plains, and
sand forms predominate. These deposits testify to the aridity and lack of water in the
past and present. Between Lake Tiberias and the Dead Sea, the Jordan River meanders
through its floodplain named locally the “Zhor”, incised to a depth of about 50 m below
the “Ghor” or the Bajada of the valley. Recent lowering of the Dead Sea level has caused
a continual adjustment of the lower Jordan River and led to: channel extension, major
changes in channel morphology, deep incisions, and the development of minor terrac-
es. Channel incision reached 11 km by 1993 [47].

The Zhor is flanked by badlands topography formed by fluvial erosion of the soft Li-
san marls which underlie a series of large coalescing’s alluvial fans. The highlands and
the dissected fault scarps are characterized by dry Mediterranean, and semi-arid climate
respectively. The average annual rainfall varies from 630 mm in the Ajlune Highlands,
to 270 mm in Madaba, 349 mm in Kerak, and 149 in Ras En Nagb. Whereas the annual
rainfall in the lowland zone ranges from 397 mm in Adasiya (on the northern corner of
the Jordan Valley), 278 mm in Deir Alla (middle of the Jordan Valley), 168 mm in
Shuneh (north of the Dead Sea), and 37 mm in Aqaba city. The number of rainy days
(>1 mm/day) ranges from 30 to 50 days in the highlands, and comprises some 14 days
in the lowlands of the Jordan [53] [54] [55]. Mediterranean Vertisolic soil covers large
areas of semi-level lands of the highlands. This soil has a good water holding capacity
making it suitable for rainfed cultivation (ie, grains and barley, summer vegetables,
olive and fruit trees) (Figure 6). The dissected fault scarps have a yellow soil which re-
flects the dry conditions prevailing there [56]. Some irrigated agriculture is practiced
based on water collected by the reservoirs constructed on the eastern watersheds, or on
the available underground water. 15% of the valley-side slopes are bare rock, and trun-
cation of the upper soil horizon is widespread; consequently, fully developed soil pro-
files are rare. Erosion exposes more loosely structured soils, which accelerates further

erosion.

3. Materials and Methods

The geomorphometric parameters employed in this investigation are derived from a 30
m resolution ASTER Globe Digital Elevation Model (GDEM) v. 2, provided on line cost
free by the Ministry of Economy, Trade, and Industry (METI) of Japan, and NASA in
the US (download from Jspace systems

http://www.jspacesystems.or.jp/ersdac/GDEME/4.html). Topo sheets of scale 1:50,000
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Figure 6. Land use/land cover over the watersheds.

(20 m contour interval) were obtained from the Royal Jordanian National Geographic
Centre (RJNGC). Topographic information was digitized and geo-referenced with
UTM (WGS 1984, Zone 36 north) using Arc GIS tools. The contours were also digi-
tized to establish the line feature class in Arc GIS, and then an ASTER DEM was gener-
ated using the Spatial Analyst Module. Additionally, drainage networks for the 22 wa-
tersheds were demarcated and digitized using Arc GIS 10.1 software. Stream order was
designated to each stream following the stream ordering system developed by Strahler
[11] [12] [13]. Stream order for the 22 watersheds ranges between 2™ and 8" order.
Area of the basin, perimeter, length of watershed, height of base level (m) or minimum
elevation, mean elevation, elongation ratio, form factor, circularity ratio, stream order
for the 22 watersheds were measured using GIS software. The hypsometric curve (HC)
and hypsometric integral (HI) were calculated using GIS. The attribute feature classes
that accommodate these values were utilized to plot the hypsometric curves for the 22
studied watersheds, from which the HI values were calculated using the elevation-relief
ratio method elaborated by Pike and Wilson [57]. The elevation-relief ratio method is
found to be easy to apply and more accurate to calculate within the GIS environment.

The relationship is expressed in the following equation:

Hypean —H

HIl ~ mean min

Hmax _Hmin

o3
o<
§2<3
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where: H.n is mean elevation,

Hin is minimum elevation of a watershed,

H,.x is maximum elevation of the drainage basin.

Regression analysis is employed to detect the scale dependency of HI [7] [31] [32],
and to assess the effect of different driving parameters (ie., height of base level (m),
shape, elevation and stream order) on hypsometric integral. The value of R* often indi-
cates the degree of control of these parameters on hypsometric integral. HI values were
also validated using the results of estimated average annual sediment yield and soil ero-
sion loss achieved for several watersheds draining to the Jordan River (Wadi Kufranja),
and the Dead Sea (Wadi Kerak, Wadi Mujib, and Wadi Wala) through the application
of RUSLE and SWAT models [33] [34] [55] [58]. Verification of the accuracy of field-
work observation was accomplished based on HCs, HIs, reconstruction of projected
profiles, and longitudinal profiles for several wadis and rivers representing the Jordan
Rift drainage basins. These cartographic methods facilitate the study of erosion cycles
or subcycles, and help to determine the base levels to which these streams were eroding
[59]. The surfaces preserved from such cycles are either erosion surfaces or surface of
deposition or sedimentary accumulation. Erosion surfaces (gentle or flat) at high levels
(upland remnant), are well illustrated in projected profile. They belong to early cycles,
which are not interrupted until late maturity, old age or senility. The oldest may be in-
terpreted as true peneplain remnants. They truly indicate the former position of the
base level, because erosion had proceeded nearly to base level. Inclined erosion surfaces
(or slopes), when regular, demonstrate the absence of interruptions in major move-
ments of base level. Sudden changes in slope, are an indication of such discontinuities.
Slopes lead down to the valley floors (also termed flats), where downward erosion is
terminated, are also assigned as erosion surfaces. Their remnants at present stand as
terraces. By contrast, the surface of deposition includes the floodplains, which either
belong to modern rivers, or have been preserved in remnants as terraces. They
represent the upper limit of aggradation, and they are well presented in reconstructed
stream profiles. On the longitudinal profiles, the knick point was defined by intersec-
tion of the projection of the upstream and downstream reaches by fair drawing. The
cross-sections of the wadis were also drawn and “valley-in-valley” phenomena were
demarcated. Therefore, only these knickpoints which lie at the head of the recon-
structed profile with the typical form of a graded reach; have been admitted as being
rejuvenation heads.

Simple regression analysis was employed to explore the control of different mor-
phometric driving parameters on hypsometric integral (HI), Ze hierarchical orders of
the watersheds, area of the watershed, height of base level (m), shape factor (form fac-
tor, and elongation ratio), and mean height of the watershed (m). The value of R* is an
indicator of the degree of control of these parameters on HIs. Stepwise multiple regres-
sion analysis was employed to identify the predictor parameters of HI (the dependent
variable) among the geomorphometric parameters (the independent variables). The

model employed is in the form given below:
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Yi=a+ bix; + baxs + bsxs + ... bjx;

Yi = hypsometric integral value

a = is a constant (the point where the line crosses the Y axis)

b = regression coefficient

Xi, ... Xj = the independent variables (x1 ... Xn).

The Digital Elevation Model (DEM) is demonstrated to be an efficient tool to analyze
HI. As a dimensionless parameter, HI permits different catchments to be analyzed and
compared irrespective of basin area, shape, or any other morphometric parameter [7]
[11]. Further, a GIS software provides a useful tool for calculation and extraction of
morphometric parameters (e, area, altitude, length and width, perimeter and shape)

and geomorphometric information for inaccessible drainage basins.

4., Results and Discussion
4.1. Hypsometric Curve Shapes

Hypsometric curves for the 22 drainage basins draining to the Jordan Rift Valley are il-
lustrated in Figure 7. A distinct variation exists in the HC shapes and HI values cha-
racterizing the River Jordan, Dead Sea, and Wadi Araba watersheds. The hypsometric
curves of the catchments draining to the Dead Sea are remarkably convex upward, with
average HI 0.87. The hypsometric curve shapes representing the River Jordan catch-
ments, resemble those representing the Dead Sea watersheds, and the watersheds of Ras
En Nagb escarpment (southern Jordan) east of the Rift [32] [60]. The average HI value
is 0.77. Whereas, the shape of the hypsometric curves related to three catchments of
Wadi Arab are slightly concave upward, with average HI 0.51, and highly concave up-
ward for Wadi Nukhaile (Figure 6) with a HI value of 0.26. The hypsometric curve
shapes of the River Jordan and the Dead Sea watersheds indicate that these watersheds
are at the youth-age stage of geomorphic development (Figure 6, Table 1), although
marginal differences in HC shapes were observed between the River Jordan and the
Dead Sea catchment. These differences are retrospective to mass removal from the
drainage basins, due to variation in tectonic influence, lithology, and rejuvenation
processes.

The rejuvenated drainage draining into the Jordan Rift Valley (including the Dead
Sea) commenced in the Miocene. Fluvial erosion cuts further and further eastwards in-
to the Arabia surface the old Dead Sea basin as the base level of the Dead Sea has been
lowered with each renewed downward movement of the Rift. Head ward erosion of
streams towards the east reached a maximum distance of about 100 km. In this context
recurrent lowering of the Dead Sea base-level was more significant than uplift of the
plateau shoulder [52]. By contrast, the shape of the hypsometric curves of four water-
sheds in Wadi Araba is slightly concave upward, which denotes that this group is pass-
ing through a mature stage of geomorphic evolution. Whereas the shape of the hypso-
metric curves of two watersheds (W. Rakiya-Uheimer and W. Yutum) are remarkably
convex upward, indicating the youth-age stage of geomorphic development. Wadi

Nukhaile—the last watershed, represents a concave upward curve, or the old highly
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Table 1. Categorization of the twenty two watersheds based on HC, HI, and stage of geomorphic evolution.

HC shape

Remarkably convex upward

Remarkably convex upward

Slightly concave upward

Remarkably convex upward

Highly concave upward

Watershed ID with HI X (HI) Stage of geomorphic evolution
Dead Sea watersheds 0.87 Youth-age stage
. uth-
10(0.87), 11(0.88), 12(0.874), 13(0.847), 14(0.864), 15(0.858) ge stag
Jordan River watersheds 0.77 Youth .
. outh-age stage
1(0.83), 2(0.63), 3(0.86), 4(0.63), 5(0.855), 6(0.65), 7(0.83), 8(0.85), 9(0.84) ge stag
Wadi Araba watersheds
0.51 Early mature stage
Upper 16(0.40), 19(0.49) 20(0.54), 22(0.58)
Middle 17(0.86), 21(0.88) 0.87 Youth-age stage
Lower 18(0.26) 0.26 Approaching old stage

eroded landscape with a HI value of 0.26. Although all hypsometric curves of the River
Jordan (average HI value is 0.77) and the Dead Sea (average HI value is 0.87) water-
sheds are of shape convex upward shapes, the Dead Sea group of hypsometric curves
demonstrates the most significant influence of base level changes and rejuvenation on
these watersheds. The height of base level for streams draining to the Dead Sea ranges
from (-302) m-b.s.l to (-436) m-b.s.], with an average of (-400) m-b.s.], whereas, the
average mean elevation for the Dead Sea watersheds is 813.2 m-a.s.l. By contrast, the
height of base level for streams draining to the River Jordan varies from 11 m-a.s.l to
(—385) m-b.s.], with an average of (—285.5) m-b.s.], while the average mean elevation for
the River Jordan catchments is 737.1 m-a.s.l. Furthermore, the height of base level for
wadis draining to Wadi Araba range from 8 m-a.s.l to 401 m-a.s.], with an average of
135.3 m-a.s.l, while the average mean elevation for wadi Araba watersheds is 713.9
m-a.s.l. It is obvious that the Dead Sea constitutes the lowest base level (-436) m-b.s.],
and the associated watersheds also attained the highest mean elevation (813.2) m-a.s.1
over the Jordan Rift Valley. Therefore, the drainage basins draining to the Dead Sea
were affected heavily by successive stages of rejuvenation processes as a result of the
progressive lowering of the base level along the Dead Sea. Opposite to the outlet of W.
Mujib-Wala, the Dead Sea reaches a maximum depth of —401 m below its surface at a
point near its coast midway between the outlets of W. Hasa and W. Zerqa Ma’in to the
south and north of W. Mujib-Wala respectively. At this point, the bottom of the Dead
Sea is at —815 m below sea level. Beneath much of this northern area, the sea exceeds
300 m in depth [52]. Tectonic activity since the early Miocene, the progressive hori-
zontal movement of the eastern and western blocks of the Rift, and continued uplift of
the eastern shoulder of the Rift were accompanied by down-cutting of antecedent
gorges of the westward flowing rivers. These processes continued through the Pliocene
and Pleistocene (although of prolonged still-stand, free from diastrophic events), thus
creating the deep northern sections of the Dead Sea and causing a rapid lowering of its
water surface level [59]. With reference to successive sea level change, high magnitude
rejuvenation phases occurred and affected the watersheds of the Jordan Rift Valley
north of Ghor Al-Ajram (+240 m-a.s.], wadi Araba) including the Dead Sea and River

Jordan drainage basins. Rejuvenation initiates deeply dissected topography, dense in-
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cised drainage, and over steepened and disrupted slopes, but with higher rates charac-
terizing the Dead Sea catchments. Further, all the Rift watersheds undergo high mag-
nitude geomorphic hazards, ie., slope instability, high sediment yield, flooding, and

severe soil erosion loss.

4.2. Hypsometric Integral Values

Recently, it has been argued that hypsometric integral controls the shape of a hypsome-
tric curve, and thereby offers an indicator for geomorphic evolution of drainage basins
[31]. In the present investigation, the hypsometric integral values vary from 0.26 (W.
Nukhaile, Wadi Araba) to 0.881 (W. Wala, the Dead Sea). Other driving morphometric
parameters are also varied among the 22 watersheds (Table 2). Although distinct varia-
tion is present in HI values, four main categories of HI can be determined. In the first

Table 2. Hypsometric integrals and other morphometric driving factors for the twenty two watersheds.

Stream Perimeter

Basin  Length of  Height Drainage Max  Mean

Elongation Form Stream

No.  Wadi/River order  (km) area Basin of base ratio factor frequency Density  Elevation height HI
(Km?) (km) level (m) (Km/Km?) (m) (m)

1 W. Shallala 5 153 454 43.8 12 0.549 10.36 1.53 0.10 1192 596 0.83
2 W. Arab 5 107 313 28.7 —243 0.695 10.89 1.07 0.09 1021 511 0.63
3 W. Zeqlab 4 78 111 24.2 -314 0.490 4.57 1.10 0.22 1090 545 0.86
4 W. Rayyan 5 81 128 24.5 -304 0.521 5.22 1.15 0.19 1187 594 0.63
5 W. Kufranja 4 63 126.3 19.6 -334 0.602 5.58 1.22 0.18 1235 618 0.855
6 W. Rajeb 4 61 90 20.2 -282 0.531 4.47 1.05 0.22 1233 617 0.65
7 Zarqa River 7 421 4052 128 -367 0.561 31.66 1.11 0.03 1576 788 834
8 W. Shueib 5 92 165 30.5 -385 0.475 5.39 1.28 0.19 1095 548 0.849
9 W. Kafrein 5 109 279 28.5 -352 0.661 9.79 1.27 0.10 1071 536 0.84
10 W.Zarqa Ma’in 5 116 273 32.2 —430 0.579 8.48 1.33 0.12 923 462 0.87
11 W. Wala 7 317 1713 69.7 =302 0.670 24.57 1.13 0.04 1010 505 0.881
12 W. Mujib 8 572 4849 120 -430 0.655 40.41 1.06 0.02 1275 638 0.874
13 W. Mujib-Wala 8 716 6562 125 -430 0.731 52.49 1.09 0.02 1275 638 0.874
14 W. Kerak 4 109 191 32 —436 0.473 5.62 1.77 0.18 1277 639 0.864
15 W. Hasa 6 379 2594 93.2 -373 0.617 27.83 0.27 0.04 1597 799 0.858
16 W. Abu Barqa 4 111 140 18.7 210 0.715 7.50 4.08 0.13 1724 862 0.41
17 W. Rakiya-Uheimr 5 138 338 31.2 94 0.665 10.83 1.77 0.09 1659 830 0.864
18 W. Nukaileh 4 76 136 16.8 115 0.782 8.07 2.05 0.12 1065 533 0.26
19 W. Darba 4 89 106 22 55 0.529 4.83 2.37 0.21 1418 709 0.49
20 W. Mulghan 4 42 38 12 645 0.561 2.96 4.39 0.34 1485 743 0.54
21 W. Yutum 7 428 3633 85.7 8 0.794 42.40 1.30 0.02 1761 881 0.832
22 W. Yutum El-Umran 6 149 793 44.4 401 0.716 17.86 1.77 0.06 1829 915 0.58
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category, HI values range from 0.20 - 0.30. This category represents W. Nukhaileh,
lower Wadi Araba. The second category (0.40 - 0.59) characterized four catchments in
Wadi Araba. A third category of HI values (0.60 - 0.84) is restricted to the watersheds
draining to the River Jordan (Figure 8).

Finally, the fourth category of HI values characterize the River Jordan and the Dead
Sea catchments and correspond to less eroded “young” landforms where tectonism is a
dominant process as compared to erosion. Furthermore, high HI values indicate that
high total runoff with subsurface processes constitutes the most significant geomorphic
processes. Without exception, all the 22 watersheds are considered of high susceptibili-
ty to erosion, incised channel incision and mass movement processes. Examples for the
estimated soil erosion loss and annual average sediment yield for different watersheds
are: W. Kufranja [55] using RUSLE approach, the Zerqa River [61] using the AGNPS
model, and W. Shueib [62] soil erosion susceptibility survey elaborated by van Zuidam
[63] [64], ITC/the Netherland. All these watersheds drain to the River Jordan. Further,
it has been concluded that high soil erosion loss was estimated for W. Kerak using the
RUSLE model [58], and for the W. Wala and W. Mujib watersheds using the SWAT
model [33] [34]. These studies reported that the rejuvenated belt (the western parts) of

W. Kerak, W. Wala, and W. Mujib suffer from high, severe, and extreme soil erosion
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Figure 8. HI pattern of the Jordan rift watersheds.

2
+%%, Scientific Research Publishing 1327



Y. Farhan et al.

loss, the presence of large old landslide complexes, present active landslides, and flood-
ing. High HI values indicate active tectonics (uplifting, downfaulting, subsidence, and
recurrent lowering of the Dead Sea and River Jordan base levels) led to continuous re-
juvenation. Here, the average height of base levels is (—400) m-b.s.], and (-285.5) m-b.s.1
respectively. The Dead Sea catchments are characterized by high HI values. The youth
full status of watersheds makes them the most dynamic and active drainage basins in
terms of erosion, as a result of downfaulting, uplifting, and the continuous drop in the
Dead Sea base level. Scattered remnants of the Arabia surface are still standing on the
eastern margins of these catchments. The sudden change in the directions of streams
correlate well with directions of faults and joints, and river capture [65] indicating that
fluvial incision has been concentrated along lithological weakness, tectonic lines, and
structural discontinuities. The average HI values for the northern W. Araba watersheds
is 0.51 (W. Abu Barqa; W. Darba; W. Mulgan and W. Yutm El-Umran), and the aver-
age height of base levels is 182.5 m-a.s.l. These figures denote that these catchments are
passing through the mature stage of geomorphic evolution, and their HCs are shaped
due to fluvial and slope wash processes [31]. Such watersheds have a slow rate of ero-
sion as is expected [66] unless a high intense rainstorm should occur, resembling heavy
rainstorms that occur occasioally in southern Jordan [67] [68]. Such conditions initiate
a sudden high runoff peaks, and destructive flash floods associated with large sediment
load. Typical landforms which characterized the block-faulted arid depressions are do-
minant in lower W. Araba such as alluvial fans, scree slopes, and coarse debris mate-
rials.

However, Wadi Nukhaileh with it low HI value (0.25), and slight height of base level
(115 m-a.s.l), has a pronounced concave upward curve. Therefore, the drainage basin is
considered to be old, with highly eroded landscapes due to its location in a high inten-
sity tectonic zone. Further, the catchment is dissected by a dense network of faults and
joints of different order, which displaced the fragile and fragmented masses of carbo-
nate and sandstone rocks towards the lower and the middle reaches of the watershed.
Therefore, the catchment has undergone severe erosion and dissection. Although W.
Rakiya-Uhemer and W. Yutum are located to the north and south of W. Nukhaileh re-
spectively, the HI values for the two watersheds are high (0.864 and 0.832), and the
height of the base levels are 94 m-a.s.1 and 8 m-a.s.l respectively. By contrast, both wa-
tersheds recorded the highest average mean elevation (825 m-a.s.l) among the 22 Jordan
Rift Valley watersheds (Table 2). Consequently, convex upward hypsometric curves
were established, and indicated that both watersheds are at the youth-age stage of geo-
morphic evolution. It is argued elsewhere [16] [19] that in small watersheds the shape
of HC is convex and the HI value approaches unity, indicating the prevalence of
hillslope processes. Whereas, large catchments show concave curves, and the integral
approach zero with fluvial processes prevail. The scale of dependency (Ze. the relation
between watershed size and HI value) has also been examined recently by Markose and
Jayappa [31] and Farhan et al [32] using regression analysis. They concluded that HI

and size of the basins have a positive relation in small sub-basins, but when the area in-
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creases, the relationship becomes negative and weak, which confirms that HI values are
controlled by the basin area in the case of small sub-basins rather than larger water-
sheds. In the present study, variation in drainage basin area is present in the Jordan Rift
Valley including the Dead Sea basin. Small and large basins (range from 38 km? to 6562
km?) exhibit high HI values (range from 0.63 to 0.881) and sharp convex upward curves
(Figure 6). The present results are inconsistent with the argument provided above re-
garding the relation between size of sub-watersheds and HI values. High HI values and
sharp convex shapes characterizing the Jordan Rift watersheds are attributed to intense
tectonic activity (uplifting and downfaulting), the influence of continuous lowering of
the Dead Sea base level during the geomorphic history of the Rift, and rejuvenation.
Furthermore, great negative height of the base level (-346 m-b.s.]) between the plateau
and the Dead Sea base level (Table 2) entails high relief energy during rejuvenation
phases, thus, resulting in severe erosion, and activates hillslope processes initiating
sharp convex upward hypsometric curves and high HI values for both small and large

watersheds along the Jordan Rift.

4.3. Regression Analysis: Assessing the Impact of Driving
Morphometric Parameters on HI

Hamdouni et al [69] postulated that high values of HI correspond to youth-stage, ac-
tive tectonics, whereas, low values of HI pertain to old degraded landscapes that have
been more eroded and less influenced by neotectonics and recent tectonic activities.
Average HI values for the eastern Rift watersheds (Jordan River, the Dead Sea, and
Wadi Araba catchments) are: 0.77, 0.87, and 0.51 respectively. High HI values indicate
that these drainage basins are tectonically uplifted, and hillslope processes predominate.
Table 2 illustrates the geomorphometric characteristics of the 22 watersheds in order to
evaluate their interactive relations. To achieve this purpose, regression analysis was
employed to examine the control of the following: steam order, catchment area (km?),
height of base level (m), elongation ratio, form factor, and mean height of watersheds
on hypsometric integral. Linear regression analysis shows that R* values (which represent
the degree of control of driving parameters on HI) (Table 3, Figures 9(a)-(f)) are posi-
tive and generally low (0.026 - 0.224) except for the height of base level (m) parameter,
which contributes 0.419 (the F-value is significant at 0.1% level). It is obvious that the

Table 3. R? values of regression analysis between HI values and morphometric driving.
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Dependent variable Independent variable R? values
Stream order 0.224
Basin area (km?) 0.154
Height of base level (m) 0.419
Hypsometric integral (HI) values
Elongation ratio 0.068
Form factor 0.150
Mean height of watershed (m) 0.026
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Figure 9. Regression models between the his values and different driving factors (stream order
(a), watershed area km? (b), height of base level m (c), elongation ratio (d), form factor (e), and
mean height m (f)).

height of base level (m) for the watershed has a significant control on HI. Whereas oth-
er driving parameters show weak relationships, indicating negligible control on HI. The
results achieved above have been verified through stepwise regression analysis. In this
context, HI parameter is considered the dependent variable, while the other 11 driving
parameters are visualized as independent variables. The only variable entered in the
analysis was the height of base level (m) of the watershed. The results of stepwise re-
gression show that the total variance explained by this independent variable (R?) is 0.42.
The F-value (14.452) is significant at 0.1% level. Thus, 42 percent of variation in HI is
explained by the recognized predictor variable (the height of base level (m) Table 4(a)
and Table 4(b)).

4.4. Tectonic Control and Geomorphic Development of the Rift Drainage

The geomorphic development of the eastern Jordan Rift drainage systems was ascribed
largely to several key factors: tectonic activity that took place along the Rift and its eastern
shoulder; the enormous dense faults system and tectonic lineaments affecting the Dead
Sea watersheds and eastern Wadi Araba; and intense fluvial erosion following the region-

al regression of the Tethys late Eocene/Oligocene [70] which resulted in the formation of
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Table 4. Summary of stepwise regression analysis results.
(a)

Variables Entered Variables Removed Method

Stepwise (Criteria: Probability-of-F-to-enter < = 0.050,

Height_of_base_level
eight_of_base_level (m) Probability-of-F-to-remove > = 0.100).

a. Dependent Variable: HI.
(®)

Change Statistics

Std. Error of

R RS Adjusted R S
quare Adjuste U3¢ the Estimate

R Square Change F Change Df 1Df 2 Sig. F Change

0.648* 0.419 0.390 0.14167 0.419 14.452 1 20 0.001

a: Dependent Variable HI; b: Predictors: (Constant, height_of_base_level).

the Arabia surface. Remnants of this erosional peneplain (Upper Oligocene age), pro-
vide the datum level for reconstructing the phases of geomorphic evolution explaining
the role of tectonics (uplifting, and subsidence of the Dead Sea, warping, tilting and
faulting) and continued lowering of the base level and progressive rejuvenation of
drainage networks. According to Picard [71], the formation of the modern Rift com-
menced in the Lower Miocene during the first phase of movement restricted to a hori-
zontal displacement of 62 km, with 3 degrees rotation of the Arabia block relative to the
Palestine block. The vertical movement caused warping or faulting of the margins of
the blocks at the bulge [59]. Extensive degradation prevailing during the Upper Mi-
ocene-Pliocene stripped the Arabia surface from the greater part of the watersheds east
of the rift, then replaced by Miocene-Pliocene planation surface. Remnants of the Oli-
gocene peneplain are recognized by the accordance of their summits. It is exposed
northeast of W. Wala, and southeast of W. Mujib. Intense erosion associated with reju-
venation during the lower and middle Pleistocene destroyed the Miocene-Pliocene
planation surface north of Kerak, but remnants of this surface are still partially pre-
served south and southeast of W. Kerak and W. Mujib respectively.

The pre-existing drainage system was also disturbed. High tectonic uplift of the east-
ern Rift shoulder (up to =1600 m which represents the height difference between the
plateau and the Dead Sea level) produced the plateau landscape which topped up the
western part of the watersheds overlooking the Rift. The development of drainage net-
works encountered tectonic discontinuities (Ze. faults, monoclonal, anticlinal, and syn-
clinal axis) and lineaments. Thus, the directions and abrupt changes indirections of
major streams are often controlled by faults and structural joint systems [65]. Further-
more, the deep incision of the canyon system 30 - 50 km east of the Dead Sea (ie. W.
Zerqa Ma’in; W. Mujib-Wala; W. Kerak; W. Hasa) has been possible mainly due to the
Zerqa Ma’in fault; Shihan-Siwaqa fault system; the Kerak Al-Fiha fault system; and W.
Hasa fault system. However, the incision of W. Mujib canyon is considered to be
younger than the Shihan, Shukeik and Dhiban plateau basalt eruptions (Late Mi-
ocene/Early Pliocene age, 6 - 8 Ma) as the basalt exposed on the plateau edge of W. Mu-
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jib, and did not flow into the canyon. Whereas for the basalt of W. Zerqa Ma’in canyon,
and based on the average annual incision rate estimated for the first-order streams
(0.33 mm/yr), it is suggested that the incision of W. Zerqa Ma’in canyon is dated to = 4
Ma [65] [72]. The relative age differences between W. Zerqa Ma’in in the north, W.
Mujib-Wala, W. Hasa in the south may be attributed to differences in the heights of
base level (m) and mean height of watersheds elevation (m). The major canyons of the
Dead Sea catchments were probably incised during the time-span between Late Oligo-
cene and the Late Miocene before the second phase of horizontal movement occurred
along the Rift. Steinitz and Bartov [72] stated that the proto-main wadi channels of the
Dead Sea catchments are probably joined by the great Miocene Hazeva fluvial system to
discharge into the Mediterranean Sea through Nahal Besor [73]. Following the devel-
opment of the Upper Oligocene peneplain until the Middle Miocene, the Dead Sea Rift
operates as intermediate basin of the Hazeva drainage system draining the southern
and southwestern Levant region [44]. During the Late Miocene intense tectonic activity
opened troughs both south of the present Dead Sea and in the Central Jordan Valley,
thus previous drainage systems were captured by major streams of the Dead Sea water-
sheds (ie. W. Zerqa Ma’in; W. Mujib-Wala; W. Kerak; W. Hasa) and diverted the
drainage towards the internal base levels, where large amount of sediments could ac-
cumulate. Two stages of Miocene incision were accomplished [65]. Rapid structural
and fluvial geomorphic changes took place along the eastern Rift watersheds. The
still-stand period of the Middle Pleistocene was interrupted by the second phase of
movement in the Late Pleistocene. The horizontal displacement was estimated to be 45
km and the rotation of the Arabia block was 2= degrees relative to Palestine block
[52] [59]. Intense normal faulting during the Pliocene and Pleistocene caused signifi-
cant differences (up to 1200 m) between the uplifted plateau and subsiding Dead Sea
basin. Besides, significant fluvial erosion has resulted in huge quantities of eroded se-
diments estimated at 113 km?® during the development of the eastern canyon complex.
The evidence regarding the second shift along the Rift is illustrated by the configuration
of the Dead Sea. It is postulated that the deep northern half of the sea was established
during the second phase of movement through the lengthening of the Dead Sea gap by =
45 km. The absence of deltas at the outlets of W. Mujib-Wala and Zerqa Ma’in can only
be interpreted by the increase in the Dead Sea length. Following the second movement,
the Dead Sea wadis discharged into what is now presents at the southern half of the
Dead Sea, south of Lisan Peninsula. All the Dead Sea catchments north of Ghor
Al-Ajram supplied a huge bulk of sediments which infilled in this southern portion of
the Dead Sea gap. The Lisan Peninsula probably constitutes the detached lower end of
the Jordan River floodplain, where the sediments of both geomorphic units are similar.
Accordingly, the gap opened across the plain of the Jordan about 20 km from the Dead
Sea, the deep northern half of which resulted from its widening.

Wadi Zerqa Ma’in has eroded at least 22.5 km® of material while forming its gorges,
whereas, W. Mujib-Wala excavated a total of 135 km’ of earth material. Since the

present volume of the Dead Sea is only 135 km?, where has this immense volume of se-
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diment supply gone? There are no currents to spread them out evenly over the bottom,
the absence of subaerial sediments at the outlets is attributed to the Upper Pleistocene
and Holocene down faulting along the eastern Rift fault. Khalil [74] concluded that
several 100 m of post-Lisan down faulting had commenced. Tectonic analysis carried
out by Enzel et al [75] and Gerson et al. [76] on alluvial fans in Wadi Araba suggest
that the surveyed minor fault scarps and terrace risers can be attributed to pa-
leo-earthquakes. Moreover, the pressure exerted by thick deposits over the Dead Sea
floor, neotectonics, and seismic activity are possibly causing a gradual sinking of the
eastern margins of the Dead Sea at a rate equal to, or even exceeding that of continuous
sedimentation at the outlets of the Dead Sea watersheds. Progressive opening and down
movement of the Jordan Rift has lowered the base level of the Dead Sea basin, and re-
juvenated the streams draining into this tectonic depression, thus, allowing them to
erode further and further eastward into the plateau and capturing additional drainage
to the Dead Sea. The maximum eastward extension of the rejuvenated drainage, and
deep canyon development have been taken place opposite the Dead Sea. North and
south of the Dead Sea, head ward erosion towards the east is less and has infringed (but
little) on the plateau inland drainage towards the Azraq and El-Jafr depressions. East-
ward lower erosion rate may have accounted for less rainfall in the east, a higher base
level in Wadi Araba, or, a stronger eastern drainage established by great tilting of the
plateau to the east [52]. All the material eroded through incised and rejuvenated drai-
nage dissecting the old erosion surfaces of the plateau has been deposited to form a par-
tial infilling of the Rift Valley. The equilibrium between erosion over the watersheds of
the rejuvenated zone and deposition in the Rift has not been accomplished yet, and this
is verified by the exposure of solid rock in the floors of the main wadis (/e the Yar-
mouk River; W. Zerqa Ma’in; W. Mujib-Wala; and W. Hasa) draining into the Dead
Sea basin. However, in some other wadis grade has been attained in the lower reaches
although head ward erosion is still active in cutting back into the plateau. At present,
rapid decline in the Dead Sea level has resulted in upstream progressive incision and
prominent down cutting of the main wadi channels, and upstream migration of the
knickpoints [47]. To conclude, the second phase of movement is still continuous.

The Jordanian Rift aligns the Dead Sea Transform (DST), a major left lateral strike-
slip fault, which runs parallel to the eastern fault scarp. The fault has been active since
the middle Miocene, and has caused cumulative displacement of 107 km according to
Quennell [59]. Various investigations verify tectonic activity, uplifting and minor
landform deformation along the Jordan Rift. Examples of alluvial fan and drainage ba-
sin offsets were reported in northern Wadi Araba [77]. The deposition of several gen-
erations of overlapping, superimposed and dissected alluvial fans in lower Wadi Araba
is an indicator of continuous uplifting of the eastern granitic horst and the overlying
Paleozoic-Mesozoic sedimentary succession, and active intermountain wadis, whose
outlets at the horst front were upraised continuously above the floor of Wadi Araba
[78]. Nevertheless, it has been claimed that alluvial fans are considered here an irrepla-

ceable record of neotectonic seismic (earthquake) along the Wadi Araba-Dead Sea
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Transform DST [79], where several minor fault scarps and terrace risers are recorded
and attributed to paleo earthquakes [75] [76]. The increment of fan slope towards fan
head is assigned to sediment buildup and the occurrence of steep normal fault scarps at
mountain fronts, which constitutes an indicator of recent uplift in the watershed area.
Besides, the alluvial fans were dislocated apart from drainage basins as a result of strike-
slip movement along the Dead Sea Transform (DST) and its subsidiary faults [80]. Le
Boen et al [81] estimated the fault slip rate along the Wadi Araba fault to be 5 - 7
mm/yr. On the western part of Wadi Araba, Ginat et a/ [82] substantiate incidence of a
15 km left-lateral strike slip displacement along the Dead Sea Transform (DTC) in the
Late Pliocene to early Pleistocene. Therefore, dislocation of the western alluvial fan sys-
tem away from its original location is evident.

Although the Jordan Rift is arid in the past and present, El-Isa and Mustafa [83] re-
ported that slumping in the upper part of the Lisan series is attributed mainly to pa-
leo-earthquakes. The old terrace platforms, and surface of depositions were examined
along with reconstructed longitudinal and projected profiles (Figure 10). Seven low-
level surfaces were recognized at 650 - 500 m, 300 m, 180 m, 100 m, —20 m, —100 m,
and —290 m that had developed in connection with the first movement. Also, it is post-
ulated that continuous lowering of base level was more significant that uplift of the pla-
teau. The longitudinal profiles for major rivers/wadis represent watersheds of the Jor-
dan River, the Dead Sea and Wadi Araba, showing that streams are far from attaining
grade, where major discontinuities are portrayed along these profiles (Figure 10(a)).
Often a slightly short concave, or long straight segment was observed at the head sec-
tion of the profile, but no clear concave element exists, which reveals that these wadis
do not approach equilibrium status of a profile, or “grade” as suggested by Davis [84].
All watersheds draining into the Jordan Rift Valley do not follow this rule. Thus, it can
be demonstrated that age has no influence on the form of the longitudinal profiles, due
to successive opening and downward movement of the Rift, associated with progressive
lowering of the Dead Sea base level, and the resultant rejuvenation of streams opposite
to the Dead Sea, where base level is now the lowest.

Some of the knickpoints displayed frequently represent local variation in rock resis-
tance against erosion, and at least four major knickpoints are accepted as rejuvenation
heads (7000 m, 450 m, —100 m, and —250 m), since they coincide with at least three
other wadi profiles pertaining to the River Jordan, the Dead Sea, and Wadi Araba wa-
tersheds. It is observed that the upper two breaks between 700 m and 450 m are knick-
points truncating the Upper Miocene-Pliocene surface, and they may have developed
during early Pleistocene tectonics before the second phase of movement. By contrast,
the other lower two knickpoints (~100 m and —250 m) are probably assignable to the
Upper Pleistocene tectonics, during the second phase of movement. This conclusion
has been supported by major interruptions appearing on the projected profiles illu-
strating the area opposite the Dead Sea (Figure 10(b) and Figure 10(c)). Here, upland
remnants of erosion surfaces, valley-in-valley, benches and terrace phenomena are por-

trayed. The distribution of major discontinuities on valley-side slopes and longitudinal
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Figure 10. Longitudinal profiles of selected watersheds (a); projected profiles along the dead sea looking from west to east (b);

and from east to west (c).

profiles, are considered to be the product of tectonic downfaulting, uplifting, and sub-
sequent rejuvenation, which resulted in a “poly-cyclic” catchment as proposed by
Chorely [85].

5. Conclusions

Hypsometric analysis for the Jordan Rift watersheds was conducted to decide the age
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and evolution of landforms, and to identify type of geomorphic processes acting over
the watersheds. 12 morphometric parameters related to 22 watersheds were measured
using GIS and ASTER DEM. The degree of control of driving parameters on HI values
was examined using regression analysis. The role of tectonic activity, uplifting, and re-
juvenation processes in determining HI values and other characteristics of the Rift wa-
tersheds was assessed. Twenty two watersheds show varied, and high HI values (0.41 -
0.88), with sharp upward convex hypsometric curves. Wadi Nukhaileh (Lower Wadi
Araba) as an exception, reveals pronounced low HI value (0.26) and prominent con-
cave upward hypsometric curves. Thus, the wadi is considered as old and highly eroded
landscape due to its location in a high intensely tectonic zone, dissection of the wa-
tershed by a dense network of faults and joints of different orders, and the exposure of
soft carbonate rocks at the middle lower reaches of the catchment. The other 21 water-
sheds are classified at the youth-age stage of geomorphic development. Thus they are
liable to high susceptibility to surface runoff, landsliding, soil erosion loss and flooding.
Hillslope processes are encouraged by the presence of soft rock, and structural linea-
ments/discontinuities across the western parts of the watersheds close to the escarp-
ment overlooking the Rift. Dislocation of alluvial fans, initiation of minor fault scarps
and terrace risers, accelerated east head ward erosion of 30 - 50 km, and stream cap-
tures are evidences of tectonic uplift and thus, high HI values. Progressive tectonic up-
lift and subsidence of the base level at the Dead Sea are the main causes of extensive and
high rate of Pliocene-Pleistocene fluvial incision along the deep canyons and main wadi
courses of the Rift watersheds. Significant fluvial erosion has resulted in large quantities
of eroded sediments estimated at 113 km’ during the development of eastern gorge
complexes. The eastern Rift drainage basins exhibit a remarkable variation in measured
driving parameters, Ze., stream order hierarchy, size of watershed (km?), mean height
(m), height of base level (m) and shape factor (elongation ratio, form factor, and circu-
larity ratio). Positive R? values, but weak relations were achieved through regression
analysis which indicates no significant control of driving parameters on hypsometric
integral values, whereas, the height of base level (m) is the only important parameter as
indicated by R* value (0.42).

Therefore, the height of base level (m) has a perceivable control on HI. The present
results have been verified through stepwise regression analysis. In this context, HI val-
ues are considered the dependent variable, while the other 11 driving parameters are
treated as independent variables. Again the results show that R? value is 0.42, and the
F-value (14.452) is significant at 0.1% level. Therefore, 42 percent of variation in HI is
explained by the recognized predictor variable, or the height of base level (m) parame-
ter. Spatial distribution of HI values does not correlate with the specific type of litholo-
gy and climate; instead, high HI values correspond with regional active structures along
the Dead Sea Transform (DST) and the associated lowering of the Dead Sea base level.
Further, high HI values correspond strongly to neotectonic activity recorded in differ-
ent parts of the Rift, historical and instrumental seismicity, and the present continuous

decline of the Dead Sea level. HI analysis in this regard enables to recognize zones of
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tectonic activity, uplifting and structural/landforms deformation along the Jordan
Rift-Dead Sea Transform. The highest HI values are characteristic of the eastern Jordan
River and Dead Sea watersheds; thus, total runoff is expected to be higher, with
sub-surface runoff as major process. The estimated average annual sediment yield and
soil erosion loss are found to be the highest opposite the Dead Sea and the Jordan River
watersheds. Tectonic and erosional processes are both interactive in shaping the land-
forms over these watersheds. The present rapid decline in the Dead Sea base level has
caused upstream progressive incision and down cutting of the main wadi channels, and
upstream migration of the knickpoints. The impact of active tectonics, uplifting, base
level changes, and rejuvenation has been verified through field observations, statistical
evaluation, and cartographic analysis of longitudinal profiles and projected profiles.
The old terrace platforms, and surface of deposition were examined earlier [59] along
with reconstructed longitudinal and projected profiles, so as to recognize ultimately
seven low-level surfaces (at 650 - 500 m, 300 m, 180 m, 11 m, —20 m, —100 m, —290 m)
developed in connection with the first tectonic movement. The longitudinal profiles
representing major eastern streams of the Jordan Rift show that streams are far from
attaining grade, where major breaks are portrayed along these profiles, and no concave
element observed at the head segment of the profile. Such conditions indicate that these
wadis do not approach equilibrium status of a profile, or “grade” state as suggested ear-
lier by Davis. Thus, it can be demonstrated that age has no influence on the form of the
longitudinal profiles, due to progressive opening and downward movement of the Rift,
associated with continuous lowering of the Dead Sea base level and retained intense re-
juvenation.

Although several observed knickpoints represent local variation in rock resistance
against erosion, at least four major knickpoints are accepted as rejuvenation heads (at
700 m, 450 m, —100 m, and —250 m), since they coincide with at least three other
stream profiles. The upper two discontinuities (700 m and 450 m) were initiated during
early Pleistocene tectonics before the second phase of movement. By contrast, the other
two lower knickpoints (—~100 m and 250 m) are probably attributed to the Upper Pleis-
tocene tectonics during the second phase of movement. However, high soil erosion loss
rates and high average annual sediment yield estimated recently for six watersheds
(Zerqa River, W. Kufranja, W. Kerak, W. Shueib, W. Mujib, and W. Wala) opposite the
Dead Sea and Jordan River, confirms the fact that the higher HI values denoting the
youthful age stage of geomorphic evolution of the catchments, caused higher soil ero-
sion rates and sediment load. Furthermore, the measured HI values have a strong im-
pact on erosion status of a watershed. The related information is helpful in planning for
watershed prioritization in order to undertake appropriate decisions regarding the con-
struction of soil and water conservation measures to achieve proper integrated wa-

tershed management.
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