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MORPHOTECTONIC INDICES OF THE EASTERN WADI ARABA
(DEAD SEA RIFT, JORDAN)

ABSTRACT: ATALLAH M., Morphotectonic indices of the Eastern Wadi
Araba (Dead Sea Rift, Jordan). (IT ISSN 0391-9838, 2002).

Two morphotectonic indices, ie, mountain front sinuosity (S.),
valley width to height ratio (Vy) were measured along the eastern rim of
Wadi Araba, which represents the southern segment of the Dead Sea
transform in Jordan. The area can be divided into three mountain fronts
based on trend and continuity of the escarpment. The southern two
fronts are controlled by two eroded boundary normal faults, while the
northern front is controlled by the Dead Sea transform fault. Generally
the values of these indices are low and characteristic to active mountain
fronts with high uplift rate. The effect of rock type variations on the in-
dex values is clear on rocks of the same front; highly resistant igneous
rocks show very low S and V; values, whereas low resistant Lower Cre-
taceous sandstone show high index values.

Key Worps: Morphotectonic indices, Mountain front sinuosity,
Dead Sea transform, Wadi Araba.
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INTRODUCTION

The geomorphology of an area is determined by the
interaction of many variables, the most important being
base level change, climate, rock type and tectonics, Base
level tectonic fall partly determines the relief of a fluvial sys-
tem, and a pulse of uplift along a mountain front will cause
adjustment in the systems that flow across the front (Bull &
McFadden, 1977). Uplift can influence stream dynamics
and favour down cutting with respect to lateral erosion.
Geomorphic indices are useful tools in evaluating tectonic
activity. Useful geomorphic indices are the mountain front
sinuosity (S, index) and the ratio of valley-floor width to
valley height (V; index), both developed by Bull & McFad-
den (1977). Rapid uplift along range boundary faults pro-
duces a straight front and narrow valley floors due to down
cutting of the streams. When uplift slows or stops, moun-
tain front sinuosity increases with time as the front retreats
due to erosional processes, at the same time streams cut lat-
erally, producing wide valley floors. These indices have
been applied to mountain ranges in the western United
States to determine the relative activity (Keller, 1977; Bull
& McFadden, 1977; Keller & Rockwell, 1984; Keller &
Pinter, 1996). In these studies, mountain fronts with S ;
and V values less than 1.6 and 2 respectively are consid-
ered to be tectonically active with uplift rate ranges from 1-
5 mm per year. Geomorphic indices are useful in tectonic
studies because they can be used for rapid evaluation of
large areas, and the necessary data often are obtained easily
from topographic maps and aerial photographs.

The Dead Sea transform (rift) is a prominent geological
and geomorpholgical feature; narrow valley floor and high
steep margins characterize it. The difference in elevation
between the lowest point in the rift (the Dead Sea) and the
adjacent highlands is more than 1500m. There is evidence
of active strike slip movements along the transform since
the Miocene (Quennell, 1958; Freund, 1965; Garfunkel &
alit, 1981; Galli, 1999). Other evidence for vertical move-
ments along boundary faults is also present on the western
and eastern margins of the rift (Bender, 1968; Bahat &



Rabinovitch, 1983; Picard, 1987). Garfunkel & alif (1981)
described recent vertical offset in eastern Wadi Araba. Re-
cent vertical movement is also described on the western
margin of the rift (Gardosh and ali7, 1990; Enzel & alii,
1996). The aim of this paper is to use morphotectonic in-
dices to understand the dynamics of the Dead Sea trans-
form. The study area extends from Aqgaba in the south, to
the southern boundary of the Dead Sea basin represented
by Khunaizira scarp in the north (fig. 1). Topographic
maps at a scale of 1:50,000 produced by the Jordanian Ge-
ographic Center were used to obtain the values of the geo-
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FiG. 1 - Generalized geological map of Wadi Araba area.

morphic indices. The small scale of these maps produces
certain measurement error in the values of the indices.
There are no maps with larger scale available for the study
area, but for such reconnaissance study, these errors are
considered acceptable.

GEOLOGIC SETTING

Wadi Araba is part of the 1000 km Dead Sea Trans-
form (DST) which separates the Arabian micro plate from
the Sinai micro plate (fig. 1). The transform fault was
formed as a result of north-south, left lateral, strike slip
movement of the Arabian micro-plate relative to the Sinai
micro-plate, which began in the Miocene (Quennell, 1958;
Freund, 1965; Garfunkel & afiZ, 1981).

The study area consists of two major geomorphological
units: the highlands to the east and the Wadi Araba rift
valley to the west. The former consists of uplifted blocks
that are asymmetric, with steep western fronts and gently
dipping eastern slopes. Mainly E-W trending valleys dis-
sect them. The highest mountains are more than 1600 m
above sea level and more than 2000 m above local base
level (the base level is below sea level).

The Wadi Araba rift valley is an elongated depression
(10-15 km wide) extending from the Gulf of Agaba to the
Dead Sea. The rift floor is a nearly flat area covered mainly
by unconsolidated Quaternary gravel, sand dunes, mud
flats and lake deposits. Wadi Araba itself contains two
drainage basins, separated by the watershed of Ar Risha
Mountain; the southern basin drains to the Gulf of Aqaba
and the northern basin drains north to the Dead Sea (fig.
1). The maximum elevation of the rift floor is the Ar Risha
Mountain, which is 250 m above sea level. It drops to zero
in the Gulf of Aqaba and to 300 m below sea level at the
top of Kunaizira fault scarp and to 412 m below sea level
at the Dead Sea, which is the lowest point on the conti-
nental earth surface.

The mean annual precipitation in the highlands ranges
between 100-400 mm. Wadi Araba is an extremely arid
area, the mean annual rainfall is less than 50 mm, oc-
curring as a few isolated storms during late Autumn and
Winter.

Basement rocks of Precambrian age outcrop along the
mountain range that borders the eastern margin of the rift
from Agaba to the South to Wadi Nukhaila to the North
(figs. 1, 2). Further to the north, Paleozoic and Mesozoic
sandstone and Mesozoic carbonates are exposed along the
rift margin. Tertiary limestone and conglomerate outcrop
in highly faulted areas (fig. 1). North of Bir Madhkur (fig.
1), the rift is bounded by a NNE trending elongated por-
phyritic body covered by Paleozoic and Mesozoic rocks.
In this area the rift rim is located further to the East, espe-
cially in Finan area, where the horst of Dana forms a
prominent bay in the rift boundary (fig. 1). North of the
village of Al-Qurayqira, the bounding mountains of the
rift have less steep slopes than the previously described
mountains. The outcropping rocks are mainly Cambrian
sandstone and Cretaceous sandstone and carbonate.



The area cast of Wadi Araba is characterized by inten-
sive faulting. Among the major faults is the Quweira N-§
sinistral fault. Other E-W faults are the Salawan dextral
fault and the Dana fault (fig. 1). The Dana horst is re-
stricted between these two faults. Block rotation was re-
corded along the major strike slip faults east of Wadi Ara-
ba (Atallah, 1988). The overlap of strike slip faults east of
Wadi Araba produced some pull apart basins as the Gha-
randal pull apart basin, where Cretaceous and Tertiary
rocks outcrop in an area of dominating Precambrian and
Paleozoic rocks.

GEOPHYSICAL REVIEW

The detailed anatomy of the Dead Sea transform,
based on gravity, seismic and well data show that the
transform consists of a string of subsurface basins of vary-
ing size, shape and depth along the plate boundary and
relatively short and discontinuous fault segments (Ten
Brink & aliZ, 1999). An estimated slip rate of 6-10 mm/yr
is based on a cumulative offset of 107 km of Miocene and
older rocks (Garfunkel & aliz, 1981). Late Pleistocene slip
rate depending on dated geomorphic features in northern
Wadi Araba was calculated to be 4 mm/year (Klinger &
alii, 2000) and 4.7 mm/year (Niemi & aliz, 2001). The sei-
smic, historical and archeological records of the DST re-
gion show that past strong earthquakes have caused wide-
spread destruction (Ben-Menahem, 1991; Poirier & Taher,
1980). However, the recent seismic activity has been rel-
atively low, especially in Wadi Araba (Shapira, 1981).
From the distribution of the earthquake epicenters in Wa-
di Araba, it can be concluded that there is no visible spa-
tial clustering of epicenters along the transform faults but
the clusters are related to the tensional basins (Van Eck
Hofstetter, 1990; Kovach & aliz, 1990). '

GEOMORPHIC INDICES

Wadi Araba consists of two geomorpholigical units:
The southern Wadi Araba, which extends from the Gulf
of Aqaba to the south to Ar Risha mountain in central Wa-
di Araba to the north. The major morhological features in
this part are the alluvial fans on the mountain fronts east
of Wadi Araba, especially the mountains of the Precam-
brian basement. Another morphological feature is the Ta-
ba sabkha, which is a large salty flat formed at the edges of
the alluvial fans. The third feature is the sand dunes,
which extends north of Taba Sabkha to Ar Risha moun-
tain. The northern morphological unit in Wadi Araba ex-
tends from Ar Risha mountain to the South to Kunaizira
fault scarp to the North. In this part, the Wadi Araba floor
is wider than the southern part, it reaches 25 km in the ar-
ea of Finan (fig. 1). In the northern part, there is no sabk-
has and the sand dunes are less than the southern part.
The alluvial fans still exist, but they are not well developed
as in the southern part. In addition to the above men-

tioned features, the Wadi Araba floor is disected by many
E-W ephemeral streams.

The following geomorphic indices were used to evalu-
ate the activity of the eastern side of Wadi Araba; moun-
tain front sinuosity (S,) and the ratio of valley-floor to val-
ley height (V).

MOUNTAIN FRONT SINUOSITY (S,

Mountain front sinuosity is determined by measuring
the length of the mountain front along the foot of the
mountain L and the straight line length of the mountain
L.. Thus, the mountain front sinuosity S, =L, /L, is ob-
tained (Bull & McFadden, 1977).

Mountain front sinuosity reflects the balance between
erosional forces that tend to cut embayments into a moun-
tain front and tectonic forces that tend to produce a
straight mountain fronts coincident with an active range-
bounding fault. Those mountain fronts associated with ac-
tive tectonics and uplift are relatively straight, with low
values of S, . If the rate of uplift is reduced or ceases, then
erosional processes will carve a more irregular mountain
front, and S, ; will increase. Another factor which influence
the sinuosity of the mountain fronts is the type of exposing
rocks at these fronts; highly resistant rocks tend to show
more straight mountain front while low resistant rocks
show more sinuous fronts. The escarpment bounding the
eastern margin of Wadi Araba can be divided into three
continuos segments (fronts), depending on continuity and
trend. The southern segment extends from the southern
end of Wadi Araba to Wadi Musa fault (fig. 1), trending
N10E. The second front extends from Wadi Musa fault in
the south to the Salawan fault in the north, trending
N30E. The northern segment extends from the Dana fault
in the south to the Khunaizira fault scarp in the north,
trending N20E.The base for the escarpment partition is
the change in trend. The fronts terminate mainly against

E-W faults.

Front 1

This front represents the major eastern boundary of
Wadi Araba, extending from Wadi el Yutum in the south
to the Wadi Musa E-W trending dextral strike slip fault
(fig. 2). The orientation of this front is N10E, mostly paral-
lel to the Dead Sea Transform fault. The lithologies along
this front are varied; they are Precambrian basement crys-
talline rocks in the south, in the Gharandal area (fig. 1)
Cretaceous and Tertiary rocks outcrop in a pull- apart ba-
sin. Farther to the north Precambrian rocks outcrop again
east of Ar Risha Mountain. Cambrian sandstone overlain
by Cretaceous sandstone and limestone forms the north-
ern part of this front. The drainage area of this front has a
complex structural pattern. The area is dissected by a net-
work of intersecting faults especially in its northern part,
where the outcrop pattern of the sedimentary and igneous
rocks is also very complex. At some places, younger rocks
outcrop in a structurally subsided block surrounded by
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FiG. 2 - The major valleys and mountain fronts east of Wadi Araba.

older rocks. Bender (1968) calls these structures «structu-
ral niches». The Agaba- Gharandal boundary normal fault
coincides with this front (Rashdan, 1988; Ibrahim, 1991,
1993) (fig. 1). In some places the fault trace is observed,
but along most of its trace it is eroded. In front of the
basement granitic rocks, alluvial fans are more prominent
than the sedimentary rocks. The value of the S for this
front is 1.6. The S, was calculated for the section of the

front where basement rocks crops out and was found to be
1.08, and for the sedimentary rocks 2.6. (fig. 3) shows a
straight mountain front on Precambrian basement, and
(fig. 4) shows a more sinuous front composed of Cambrian
sandstone.

Front 2

North of Wadi Musa fault (fig. 1), the width of the
Wadi Araba floor increases gradually due to the change of
the escarpment orientation from N10E to N30E. The ge-
ology of this front is controlled by the Quweira fault (fig.
1). This fault is one of the major sinistral faults east of the
Dead Sea rift. It strikes almost N-S, extending from the
southern border of Jordan to Wadi Araba, In Wadi Araba
it shows vertical throw of about 700 m. The western
downthrown block is composed of highly faulted Creta-
ceous rocks, while the upthrown block is composed of
Precambrian-Cambrian porphyrites (Bender, 1968). This
front composed of Cretaceous rocks south of the intersec-
tion of the Quweira fault with Wadi Araba and composed
of porphyrite between this intersection to Salawan fault.
This front coincides with the Malga fault (Rabba, 1991).
The S, index for this front equals 1.3. This front is trun-
cated in the north by the E-W striking Salawan fault,
which forms the southern boundary of the Dana horst,
where the mountain front retreats further to the east. The
Wadi Araba floor reaches its maximum width in the area
of Al Qurayqira (fig. 1).

Front 3

The southern boundary of this front begins at the
southern end of Fidan Precambrian granitic massif. It is
truncated by the western extension of the Dana E- W
fault, which forms the northern boundary of the Dana
horst (fig. 1). This front extends to the Khunaizira trans-
verse fault, which represents the southern boundary of the
Dead Sea basin and the northern end of Wadi Araba.
South of Wadi Ghuwaiba, the mountain front consists of
Precambrian basement, and north of this valley it consists
of Cretaceous and Tertiary calcareous rocks. The moun-
tains east of this front are different from those east of the
other fronts by their low elevations close to the rift, which
increase gradually eastwards. The value of S, index = 1.2.
Alluvial fans were formed in front of the Fidan basement
massif and in front of Dhahal calcareous mountains (fig.
5). In these two areas, the Dead Sea transform fault trace
is close to the mountain front. S, index for the Dhahal
Mountains is 1.09.

RATIO OF VALLEY-FLOOR WIDTH TO VALLEY
HEIGHT (V)

This index reflects the difference between V-shaped
valleys that are downcut in response to active uplift (low
values of V) and broad-floored valleys that are eroding lat-



FIG. 3 - Acrial photograph show-
ing straight mounrain front (low
Sy index) in granitic rocks east
of southern Wadi Araba. Differ-
ent sizes of alluvial fans were
formed at the granitic mountain
front (location is shown in fig. 1).

erally into adjacent hill slopes in response to base level sta-
bility (high values of V) (Bull, 1978)

The ratio of valley-floor width to valley height (Vmay
be expressed as:

Vr = 2VF\;'/{EI1I_E5:)+(EM‘E9:)

FIG. 4 - Arial photograph show-

ing sinuous mountain front (high

Spf idex) east of central Wadi

Araba in Cambrian sandstone.

Wide valley floors are also clear

on the photograph (location is
shown in fig. 1).

where Vy, is the width of valley floor, E;; and E , are ele-
vations of the left and right valley divides, respectively,
and Esc is the elevation of the valley floor (Bull &
McFadden, 1977). In this study, as in previous studies
(Bull, 1978), these parameters are measured upstream
from the front, at a distance of 0.1 of the drainage basin




FIG. 5 - Arial photograph showing
straight mountain front in calcare-
- ; ous Upper Cretaceous rocks in
) Dhahal area in northern Wadi
Araba.In this area, the Dead Sea
transform fault coincides with the
mountain front. Different genera-
tions of alluvial fan surfaces are
clear on the photograph (location
is shown in fig. 1).
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TABLE 1 - Values of Vy index length. Table (1) shows the values of V; for the major val-

leys east of Wadi Araba, the index values varied from

Front Name V; value Viaverage  0.27 to 11.5. The values less than 1 are mostly measured
Number of Wadi for wadi forfront  in the hard igneous rocks, while the values range from

1-2 are mostly in the hard Cambrian sandstone or Upper

Wadi el Yutum 054 Cretaceous and Tertiary limestone. Higher index values
Wadi Huweiti 0.30 2
Wadi Mal (more than 5) are measured in the soft Lower Cretaceous
adi Malghan 0.71 :
Wadlt An:: Saruruaisol 0.32 sandstone. Fig. 2 shows the valleys, where the V; were
Wadi Al-Muhtadi 0.75 measured.
Wadi Al Waara 0.42
‘Wadi Rahma 0.75
1 Wadi Turban - 0.42 - 2.21
ST e DISCUSSION AND CONCLUSIONS
Wadi Uheimir 8.31
Wadi As Siq 1.66 Mountain front sinuosity and valley width to height
Wadi Barga 0.26 ratio were used to evaluate the tectonic activity of the
Wadi H‘-“;""‘" 1'35 mountain ranges bounding the eastern side of Wadi Ara-
Eajf ﬁﬁhﬂqa‘.ie 2 ba, which is part of the Dead Sea Transform. Indications
adi ermi 11.5 3 5 s
Wadi Jurf Himar 18 of active strike slip movement along the transform are
abundant, but evidence of uplift along the boundary faults
Wadi Musa 55 is also present. The escarpment east of Wadi Araba was
Wadi Qunay 1.3 divided into three fronts based on the orientation and the
2 Wadi As Sakakin 0.27 159 continuity of the escarpment. Mountain fronts 1 and 2 are
Wadi Broos 037 bounded and controlled by eroded normal faults (Aqaba-
Wadi Mibar 052 Gharandal and Malqa faults respectively), while the Dead
= Sea Transform fault control the escarpment of front 3. The
Wadi Fidan 1.9 . z =
Wadi Ghuweiba 27 thf'ee .fropts are characterized by low, mountain front sinu-
3 Wadi Madsus 11 135 osity indices (table 2).
Wadi Dhahal 1.0 Front 1 has the highest S, value due to the exposure
Wadi Tilah 1.2 of the more erodible rocks along the northern half of the
Wadi Khunaizira 0.2 front (S, =2.6). The southern half, where granitic base-




TABLE 2 - Values of geomorphological indices for mountain fronts

Front Front Bounding Front Front §,; Average
No location rocks orientation length V;
(km)
Between Precambrian
Wadi el- basement,
1 Yutum and  sandstone NIOE 67 1.6 221
WadiJurf  and
Himar. Carbonates.
Between Sandstone,
2 Wadi Musa rhyolite N30E 2 13 159
and Wadi and
Mibar carbonates
Between Precambrian
3 Wadi Fidan basement N20E 33 1.2 1.35
and Wadi and
Khunaizira  carbonates

ment outcrops, the S is extremely low (1.08). The aver-
age V; values for the valleys crossing this front is 2.21 (ta-
ble 1). Values less than 1 are measured in the valleys
cutting the hard granitic rocks, while higher values are
measured in less resistance sedimentary rocks, especially
those cutting the Lower Cretaceous, Kurnub sandstone
like Wadi Uheimir and Wadi Muhermi (table 1). S, value
for front 2 is very low (1.3), because most of this front is
composed of hard porphyritic rocks, the sedimentary
rocks show also a straight mountain front. The average
value of the V; for the valleys crossing this front is very low
(1.59). A high value is observed in Wadi Musa, which cuts
less resistive sandstone, while other valleys, which have
values less than 1 cut through hard porphyritic rocks.
Front 3, has the lowest S ; index (1.2), although the ex-
posed rocks are mainly sedimentary. The average Vy index
for the valleys crossing this front is 1.35, which is the low-
est for the three fronts. V; indices were measured in sedi-
mentary rocks. Fronts 1 and 2 coincide with boundary
normal faults (Aqaba- Gharandal fault and Malga fault re-
spectively), while the Dead Sea transform passes close to
front 3, especially in the northern part of the front in Dha-
hal mountains, where the mountain front is a straight line
(fig. 5).

From the previous discussion, it can be concluded that
the S, and V; indices for the three fronts east of Wadi
Araba are low and indicate active mountain fronts, as
compared with the work of Bull & McFadden (1977) and
Bull (1978). In this study the effect of the lithological
changes is clear on the index values within the same front.
Extreme low values of S, and V; indices are observed in
the hard igneous rocks and extreme low values are ob-
served in the soft Lower Cretaceous sandstone. Very low
indices are also observed in the Cambrian sandstone and
Upper Cretaceous calcareous rocks, which support the
idea of active mountain fronts.
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