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Abstract: This paper presents new findings that contribute to the understanding of the deformational
style of the Wadi Shueib Structure (WSS) and the Amman-Halabat Structure (AHS) and their
relationship with the regional tectonic regime of the Dead Sea Transform Fault (DSTF). Our research
utilized Landsat-8 OLI imagery for the automatic extraction of lineaments, and our lineament mapping
was facilitated by processing and digital image enhancement using principal component analysis
(PCA). Our data revealed a relatively higher density of lineaments along the extension of the major
faults of the WSS and AHS. However, a relatively lower density of lineaments was shown in areas
covered by recent deposits. Two major lineament trends were observed (NNE-SSW and NW-SE) in
addition to a minor one (NE-SW), and most of these lineaments are parallel to the orientation of the
WSS and AHS. We offer the supposition that the DSTF has merged into the major faults of the WSS and
AHS. We further suppose that these faults were reactivated as a restraining bend composed of active
strike-slip fault branches that developed due to the NNW-SSE-trending Dead Sea transpressional
stress field. Depending on the relationship between the direction of the WSF and AHF strands and
the regional tectonic displacement along the DSTF, thrust components are present on faults with
horsetail geometry, and these movements are accompanied by folding and uplifting. Thus, the major
faults of the WSS and AHS represent a contractional horsetail geometry with associated folding and
thrusting deformation.

Keywords: Dead Sea Transform Fault (DSTF); Wadi Shueib Structure (WSS); Amman-Hallabat
Structure (AHS); horsetail geometry; lineaments; remote sensing

1. Introduction

Strike-slip movement is a common process of deformation in both the continental and oceanic crust
that exists at a wide range of scales. Several structural features have been recognized within/around
strike-slip fault systems, such as horsetail structures (e.g., [1–9]). These structures tend to develop
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where slip dies out more gradually towards the fault tip [10] and are used to describe the characteristic
strike-slip fault and its deformation pattern [8]. Several previous studies on the strike-slip mechanism
focused on the development of horsetail structures in shear zones and were interpreted by the simple
shear model [1,2,4]. More recent studies interpreted these structures by the transpression/transtension
model (e.g., [3,11,12]). The simple shear model was utilized in the study area of our research.

The study area is ~1970 km2 and extends to the east of the Dead Sea Transform Fault (DSTF) in
the Jordan Valley, covering the area around the Wadi Shueib Structure (WSS) and the Amman-Hallabat
Structure (AHS) (Figure 1a,b). The DSTF is one of the longest active sinistral strike-slip fault systems
(~1100 km length) in the world [13,14]. The terms WSS [15] and AHS [16] were introduced to describe
the transpressional deformation pattern within the region (Figure 1a,b). They consist of two sinistral
NE-SW-trending strike-slip faults, which are the Wadi Shueib Fault (WSF) and the Amman-Hallabat
Fault (AHF) (Figure 1b), and NNE-SSW- to NW-SE-trending fold systems [17–19]. To the best of the
authors’ knowledge, the deformation pattern of the WSF and AHF has not been studied previously at
this large scale. The WSF and AHF are located east of the previously mapped regional active tectonic
Wadi Arab Fault (WAF) zone, which is part of the DSTF in Jordan (Figure 1a,b). However, very little
research has been performed to trace the true extent of fault segments such as these on land. The role
of these faults in shaping the architecture of the highly deformed study area has thus remained largely
unknown. Thus, in this research we tried to address this problem to some extent by mapping the
small- and large-scale fault segments on the surface. Structurally, the presence of faulting in any area is
based on the displacement of rock layers (e.g., [12]). However, most of the faults are buried underneath
recent deposits and appear as surface geological features expressed as lineaments. Lineaments are
interpreted as surface expressions of geologic weak zones as well as faults and rock fractures that are
most likely related to the regional tectonic activity and geodynamic setting, which can be properly
detected only through remotely sensed data (e.g., [12,20–26]). Lineament mapping plays an essential
role in elucidating the tectonic behavior of a tectonically active area [27]. Moreover, the dominant
lineament directions can provide information about the regional fracture pattern and its relationship to
the major tectonic elements therein [28–31].

Remote sensing data can be obtained in multi-sensor, multi-resolution, multi-frequency,
and multi-temporal forms that enable the integration of data from various sources and various
typologies. The use of multi-sensor image data is increasingly becoming an important component of
digital image processing because it increases the user’s ability to simultaneously analyze complementary
information [32,33]. Satellite images and aerial photographs are extensively used to extract lineaments
for different purposes at various scales [34].

Remote sensing analysis is carried out using image processing software, such as PCI Geomatica,
ArcGIS 10.7, and ENVI 5.3. The motivation of our research was to elucidate the geological structures of
the study area by mapping the lineaments using optical remote-sensed satellite images. The integrated
remote sensing and geographic information system (GIS) techniques can provide a relatively fast
and inexpensive way of detecting and locating hidden geological structures. The use of remote
sensing techniques in this research was mainly directed towards detecting the direct effects where the
geological features (i.e., Lineaments) themselves can be investigated and extracted or proxy effects
where a localized near-surface feature can cause a localized change in a surface property (land cover).
This approach allowed the detection of variations in the topsoil properties if they were adequately
measured using multispectral remote sensing imaging, which can yield potential information about
the exact spatial locations and extensions of buried geological structures.
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Transform is based on Atallah [47,48], and that west of it is based on Chaimov et al. [49]. DSF: Dead 

Sea Fault; JVF: Jordan Valley Fault; WAF: Wadi Araba Fault. (b) Detailed geological map of the study 

area (modified from [50–53]). 

Figure 1. (a) A generalized map of geological units (based on [35,36]) and the main tectonic elements
of the Middle East region compiled from [37–46]. The location of the fold-belts east of the Dead Sea
Transform is based on Atallah [47,48], and that west of it is based on Chaimov et al. [49]. DSF: Dead
Sea Fault; JVF: Jordan Valley Fault; WAF: Wadi Araba Fault. (b) Detailed geological map of the study
area (modified from [50–53]).
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In our research, a Landsat-8 OLI image was used for automated lineament feature extraction.
Lineament mapping was facilitated by reprocessing and digital image enhancement using the principal
component analysis (PCA) of existing Landsat image datasets. Additional information also was
obtained from the field observation of the study area for a greater structural correlation. This research
aimed to build a better structural framework of the WSS and AHS with respect to the regional tectonic
pattern of the DSTF and provide new findings using remote sensing that support previously published
studies based on field observation.

2. Previous Studies

The name “Wadi Shueib Structure” (WSS) was introduced by Mikbel and Zacher [15] to describe
the fold-belt that begins from the Jordan Valley and extends to the south of the Zarqa city (Figure 1a,b).
It was initially called the “As-Salt Monocline Flexure” by Burdon [54], who contended that a thrust fault
in the basement rocks produced by SE compression stress gave rise to the formation of a monocline
structure. That same structure also was referred to as “the Suweileh Structure” by Bender [55].

The AHS was first defined as a monocline and narrow fold-belt by Quennell [56]. Mikbel and
Zacher [16] described the structure as a fold-belt that starts from the NE corner of the Dead Sea
and extends in the NE direction as a system of tight anticlines and synclines. The fold-belts east of
the DSTF were previously described as either normal faults or flexures (Figure 1a). More extensive
studies thereafter defined these structures as a zone of folding caused by the accumulation of the
NW-SE compressional stresses on the Arabian plate since the Late Cretaceous time [15,16,47,57,58].
Different studies have pointed out that some of these folds were most-likely formed as part of the
Syrian Arc Fold System [47,57,59]. Newer studies have documented more recent fault movements in
different places along with both structures, and the authors were able to relate these movements to the
active major stress field of the DSTF from the mid-Miocene time to the present day (e.g., [18,19,60]).

A plethora of studies have been carried out to enhance geological knowledge and to revise
existing geological maps by using optical remotely sensed data, finding new faults that were previously
unmapped (e.g., [61–67]). For example, Langridge et al. [61] assessed the potential for generating sub-5
m bare earth digital elevation models (DEMs) from ground return data in areas of varying degrees of
dense rainforest cover and relief as an aid to mapping portions of the Alpine and Hope faults in New
Zealand. They derived the DEMs from airborne light detection and ranging (LiDAR), and their derived
high-quality and high-spatial-resolution DEMs from the LiDAR data supported them in recognizing
and mapping the details of many fault-displaced landforms and other geomorphic features that were
previously unknown. The results of Langridge et al.’s study show the great potential and limitations
of LiDAR as a cost-effective, useful tool for the precise mapping and examination of active faults and
other geomorphic features that are covered by dense growth forests worldwide. Radaideh et al. [62]
investigated the dominant orientations of morphological features and the relationship between these
trends and the spatial orientation of tectonic structures in SW Jordan. They used Landsat-8 and
hill-shaded images, which were derived from 30 m-spatial-resolution Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER-DEM) data. In their study, they applied remote sensing
and GIS techniques, using both datasets for the automatic extraction of morphological features,
mapping geological lineaments, and determining drainage patterns. To overcome the limitations
of the lighting’s effect on the appearance of linear features, the multi-oblique-weighted (MDOW)
shaded relief method [63] was used by the authors to generate a hill-shaded image illuminated with
different azimuth angles of the light source. Depending on the illumination azimuth and tilt selection,
the features are either obscured or highlighted in a hill-shaded image. The features parallel to the light
beam were not identified as easily as those oriented perpendicularly to the illumination. In addition,
some of the linear features identified at one azimuth angle of the light source were not apparent or
were poorly visible at another angle.
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3. Regional Tectonic Setting

The DSTF is an N-S-trending continental plate boundary that transforms the crustal structure
that separates the Arabian plate on the east from the Sinai sub-plate on the west, connecting the
divergent plate boundary in the Red Sea with the convergent plate boundary in the East Anatolian Fault
(Taurus-Zagros compressional front) (Figure 1a: [67–72]). Tectonically, the DSTF can be subdivided into
three fault segments (Figure 1a: e.g., [73,74]): (i) the southern segment extending from the Gulf of Aqaba
(Red Sea) through the Jordan Valley; (ii) the central NE-SW-trending segment running through Lebanon
and SW Syria; and (iii) the N-S-trending segment adjacent to the Syrian Coast Range. In the Jordan
region, the DSTF consists of three fault segments (Figure 1a): (1) the Wadi Araba Fault (WAF) to the
south, (2) the Dead Sea Fault (DSF) in the middle, and (3) the Jordan Valley Fault (JVF) to the north [72].
The onset of the formation of the DSTF has been dated to around 14 Ma (i.e., Middle Miocene) [75].
The regional tectonics of the continental part of the Arabian plate (including Jordan) have been studied
previously through macrostructures (e.g., [15,16,47,54,55,76–78]). Other authors have studied the
regional tectonics with a special focus on mesostructures (e.g., [17,44,53,60,79–85]). Regional plate
motion studies have used the fault orientation, additional local observations, and constraints from the
motion of adjacent plates to estimate a 5–10 mm/y relative motion across the DSTF (e.g., [14,86,87]).
Local geological and seismic studies that estimate the slip-rate across the DSTF yield a wider range
of relative motion estimates, from 1 to 10 mm/y (e.g., [88–95]). The estimated slip-rate is based
on the accumulated offset of 107 km of the pre-Miocene rocks east and west of the transform.
Using aerial photograph analysis and earthquake catalog information of the DSTF, Garfunkel et al. [72]
concluded that the present-day slip-rate has been slower (1.5–3.5 mm/y) than the Pleistocene rates
(2.58–0.0117 mm/y). Recent studies on offset alluvial fan surfaces and drainage systems along the
northern WAF have suggested slip-rates of 4 mm/y [96] and 4.7 mm/y [97]. Hence, the relative plate
movements along the DSTF are responsible for most of the active deformation between the Arabian
and African-Sinai plates (e.g., [97]). Based on high-resolution GPS measurements, Alchalabi et al. [74]
proposed that part of the deformation of the northern DSTF could be accommodated by other structures,
such as the fault and fold zones. Diabat et al. [17] categorized the stress field east of the DSTF into
two compressional stress systems: (1) the NNW-SSE-trending Dead Sea System (DSS) and (2) the
NW-SE-trending Syrian Arc System (SAS) (Figure 1a). According to Quennell [14] and Zain Eldeen
et al. [83], from the Late Cretaceous time to present day, Jordan has been affected by three main
compressional stress systems: the ENE-WSW-, NW-SE-, and NNW-SSE-trending stresses.

4. Geological Setting of the Study Area

The following stratigraphic description of the study area is based on previous studies by
Burdon [54], Bender [98], Powell [99], and Powell and Moh’d [100]. Additional information was also
obtained from field observations for a better lithological correlation (Figure 2). The major geological
units in the study area range in age from the Jurassic to the Upper Cretaceous periods. The Jurassic
outcrops are composed mainly of yellowish dolomite, limestone, and marly limestone [101]. They are
outcroppings in the eastern part of the study area as an isolated exposure, in the core of an anticline,
1 km to the southwest of Mahis village (Figure 1b).

Three megasequences are recognized within the Cretaceous to Eocene sedimentary succession:
(1) the Kurnub Group, (2) the Ajlun Group, and (3) the Belqa Group (Figure 2, [54,99,100]). The Lower
Cretaceous rocks are represented by the Kurnub Group, which is predominantly comprised of a thick
deposit of massive white to reddish, medium to coarse-grained sandstone, which was deposited in
alluvial environments with an upward trend from a braided system then a low and then high sinuosity
alluvial plain [98,100]. The Kurnub Sandstone overlying the Jurassic rocks crops out in different places
of the study area (Figure 1b). The Upper Cretaceous Ajlun and Belqa Groups reflect a shallow-marine
environment and are represented by carbonates, chert, and phosphate [99]. The Ajlun Group is
subdivided into five main formations (Na’ur, Fuhies, Hummar, Shueib, and Wadi Es-Sir) (Figure 2).
The Na’ur, Fuhies, and Hummar Formations are of Cenomanian age [99]. The Shueib Formation
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(Late Cenomanian–Early Turonian) consists mainly of nodular limestone, marl, marly limestone,
dolomitic limestone, coquina, fossiliferous limestone, and nodular marly limestone (Figure 2). It is
overlain by the prominent cliff-forming Wadi Es-Sir Formation of Turonian age [99].

In our study area, the overlaying Belqa Group consists of chalk, chert, and phosphorite deposited
in a pelagic or hemipelagic ramp setting [100]. It is subdivided into five main formations that are the
Um Ghudran, Amman, Al-Hasa, Muwaqqar, and Um Rijam [99]. The Um Ghudran Formation was
deposited in a moderate to deep-water pelagic environment, belongs to the Coniacian–Santonian age,
and represents the basal part of the Belqa Group [99]. It is up to 15 m thick and consists of massive,
white buff–grey, hard, detrital chalk that contains fish teeth, shell fragments, and thin layers of chert
(Figure 2). The overlying Amman Formation consists mainly of silicified limestone and belongs to the
Santonian–Campanian age [99]. The Al-Hasa Formation consists of thin to medium-bedded phosphate,
cherty phosphate, limestone, coquina, and marl. The Amman and Al-Hasa Formations were deposited
in a shallow-marine environment [99]. The Pleistocene rocks are represented by the Jordan Valley
Group and consist mainly of conglomerate, sandstone, claystone, and basalt flow [98]. In the study
area, this group is subdivided into three main formations: the Ghawur al Katar, Lisan, and Damia
(Figure 1b). The Ghawur al Katar Formation was deposited in a deep-water environment, the Lisan
Formation was deposited in a shallow-water pelagic environment, and the Damia Formation was
deposited in a wet continental environment. A basalt flow is only exposed in one location to the
southwest of Dair Alla city (Figure 1b). It is an NNE-SSW-trending feature that follows the direction of
the DSTF [102].

Quaternary deposits of recent sediments cover almost the entire western part of the study area
(Figure 1b) and are mainly composed of unconsolidated materials, such as gravel, sand, and silt,
which were produced by sediments dumped along wadies during periods of floods [98].
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5. Materials and Methods

There are several features that are indicative of faulting in the field, which include the following:
the offset of the marker horizons; the juxtaposition of rock units that were not in contact when first
formed; the omission or repetition of sections; and the presence of slickensides surfaces, slip lineations,
fault breccias, and fault-related folds. Displacement along major strike-slip faults, such as the AHF and
faults related to WSS, is not necessarily exactly parallel to the fault surface, in part due to the existence
of restraining and releasing bends along the fault.

The extraction and analysis of lineaments from digitally enhanced satellite images provides basic
sources of information for regional structural and tectonic studies. The geological structure analyses of
this study were based on optical remote sensing satellite data from the Landsat-8 OLI Operational
Land Imager. Landsat-8 OLI collects 11 spectral bands with a spatial resolution of 30 m for Bands 1–7
and 9, 15 m for the panchromatic band (Band 8), and 100 m for the thermal bands (Bands 10 and 11).

The study area was covered by one scene of Landsat-8 OLI (Path 174 and Raw 38), which is freely
available from the United States Geological Survey (USGS) Global Visualization Viewer (GLOVIS)
portal and was acquired on June 10, 2019. To extract the lineament features from the Landsat-8 OLI
scene, several processing steps were required as shown in Figure 3.
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Figure 3. Flowchart methodology of the study.

The utilized image coordinate was projected to the Universal Transfer Mercator (UTM) coordinate
system. Then, the composite bands of all of the multispectral bands were combined into a single file to
create a full image and were pan-sharpened to a 15 m spatial resolution to match the panchromatic
band. To analyze the remotely sensed images, the different images representing the different bands
were stacked using the ArcGIS 10.7 software [103], which allowed for different combinations of
colors to be shown, including natural (true) and false color composite representations. A true-color
composite is one in which the colors have been assigned to digital number (DN) values that represent
the visual spectral range of the colors used in the image [104]. Bands 4 (red band), 3 (green band),
and 2 (blue band) of an OLI image were assigned respectively to the R, G, and B colors for displaying a
“true-color” image in this study. The output image of a true-color composite is shown in Figure 4.

Thereafter, the full scene was clipped to fit the boundary of the study area. Then, different band
filtering and stretching techniques derived from the Landsat-8 OLI image were used to automatically
extract the geologically related linear features and other discontinuities of the study area. In practice,
this work was restricted to the linear stretching image enhancement processes, which were applied to
the image data to display the data more effectively for subsequent visual interpretation.

Finally, PCA was used to obtain an enhanced image where the structural features and geologic
lineaments were more evident, which thus eased the lineament extraction procedures that followed.
PCA is a statistical technique designed to reduce redundancy in multi-spectral data, which consists of
identifying the spectral differences between materials that may be more apparent in PCA images than
in the individual bands [32]. PCA transforms a multivariate data set of intercorrelated variables into a
dataset of new uncorrelated linear combinations of the original variables while focusing the variation
of the many bands into a smaller-dimensioned image dataset, thereby making the transformed dataset
more interpretable than the source data. The output image used for the extraction of lineaments is
shown in Figure 5 using Landsat-8 OLI Bands 6, 5, and 2. These PCAs were assigned to display colors
(Red, Green, and Blue, respectively) to form a PC-color composite image.

The line-module technique within the PCI Geomatica 2018 [105] software was used to extract the
lineament map for the study area. The extraction process was controlled by six different parameters:
the band selection, filter process, gradient threshold, length threshold, line fitting threshold, and angular
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difference threshold. Based on those parameters, several lineament maps were generated using different
threshold values. The most suitable threshold value was selected, considering the obtained lineaments
as fault lines. The general properties of the faults were also taken into account to determine the
threshold values, such as the length, curvature, segmentation, and separation. The input parameters
of the threshold-processing step were tested to select the best lineament identification. The selected
threshold parameters were RADI (Filter Radius) = 10, GTHR (Edge Gradient Threshold) = 50,
LTHR (Curve Length Threshold) = 30, FTHR (Line Fitting Threshold) = 3, ATHR (Angular Difference
Threshold) = 30, and DTHR (Linking Distance Threshold) = 20. Figure 6a shows the extracted lineament
map after the manual removal of the man-made artifacts from the imagery, such as vegetation cover,
roads, and built-up areas. The figure also shows the major trends of these features (Figure 6b) and the
extracted lineaments’ overlay on the hill-shaded model of the study area (Figure 6c).
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Figure 6. (a) Automated lineament map extracted from Landsat-8 OLI satellite images taken within
the study area. (b) Rose diagram plot of the extracted lineaments showing two main lineament
population trends based on cumulative-length weighting: NNE- SSW, NW-SE, and a minor trend
NE-SW. (c) Extracted lineament overlay on the hill-shaded model of the study area (the red color
represents a relatively higher elevation and the blue color represents a relatively lower elevation).
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6. Results and Discussion

6.1. Lineament Density Map

The linear features shown in Figure 6a were used to produce the surface lineament distribution
and lineament density map, including fault and fold systems. It is important to mention here that the
extracted lineaments were uploaded on top of a Google Earth map to visually differentiate the folds
from the lineament features.

Our results demonstrated a good correlation between and distribution of the structural geology
from the published literature and digitalized geological map lineaments and the extracted lineaments
in this study, which were validated through geological field visits (ground-truth) in the study area. It is
worth noting here that the comparison between the extracted lineament map and the published fault
map using GIS matching techniques showed that 60% of the lineament segments/lines in the extracted
lineaments map were properly identified in the study area. The additional lineament segments we
discovered that were not identified in the published literature were used to update and improve the
existing structural maps of the study area.

In practice, the lineament density map was generated from the number of lineaments per unit
area [106]. Figure 7 illustrates the lineament density map, which shows the concentration and spatial
distribution of the lineaments within the study area. The lineament density map revealed a relatively
higher concentration of lineaments in different places, over regions of high rugged topography and
complex geological setting, particularly in the areas along the major fault traces. These higher-density
lineament areas were observed as elongated pockets (i.e., along the extension of the WSF and AHF)
(Figure 7). The lineament density map also shows a relatively lower concentration of lineaments in
different places of the study area (e.g., in the southwest and between the WSS and AHS). The lower
concentration of lineaments in these areas could be due to the higher thickness and/or softness of the
Quaternary cover (Figure 1b) and their recent age, assuming that the development of lineaments does
require some time.Geosciences 2020, 10, x FOR PEER REVIEW 12 of 22 
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A rose diagram was used in this study to examine the distribution of the extracted lineaments
based on the contribution of their frequency to the orientation trend. The rose diagram was created
with the RockWorks.v.17 software [107] by counting each line as an element regardless of its length
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(Figure 6b). Lineaments are related to large subsurface fractures and faults, where their orientation
and number give an idea of the regional fracture pattern of an area [28,67]. In addition to this view of
individual lineament orientations at a given point, it is possible to combine the various orientations
in all directions into a single rose diagram with angles ranging from 1◦ to 180◦ as suggested by
Chopra [108]. The rose diagram plot in Figure 6b shows the dominant directions for the extracted
lineament population based on cumulative-length weighting. It also reveals the two main lineament
population trends in the study (NNE-SSW and NW-SE) and a minor trend of NE-SW.

6.2. Tectonic Implications

Lineament mapping plays an essential role in the elucidation of the tectonic behavior of a
tectonically active area [20,109,110]. Moreover, the dominant lineament direction of an area can give an
idea about the regional fracture pattern and relationship between the major tectonic elements and the
geodynamic setting [110]. In the study area, the formation of the WSS and AHS was attributed to the
NW-SE-trending Syrian Arc compressional stress field during the Late Cretaceous period [47,56,58].
They were redefined as active structures since the Quaternary time [19,59,111], and as transferring part
of the tectonic stress through the WAF [19,111]. According to the authors of the above publications,
the WSS and AHS have been reactivated in response to two different mechanisms: 1) the AHS directly
receives a small part of the tectonic stress through the WAF, while 2) the WSS acts as a sinistral
transfer fault of a transtensional zone composed of numerous NE-SW normal faults active in the
Quaternary period.

The most recent study on the WSS and AHS was conducted by Al-Awabdeh et al. [19], who based
their interpretations on fieldwork measurements; the authors introduced a schematic sketch of the
tectonic evolution of both structures from the Late Cretaceous to Pliocene period (Figure 8a,b). Their
suggested sketch shows the present-day configuration of the WSS and the AHS due to the Miocene
reactivation by the stress field of the DSTF and the proposed northern closure of the Dead Sea
Basin. The identified lineament map in this study (Figures 6a and 9) shows new fault systems and
several significant fold structures that were not mapped previously by the fieldwork documented in
Al-Awabdeh et al. [19].
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Figure 8. Schematic sketch of the tectonic evolution of the WSS and the AHS modified from
Al-Awabdeh et al. [19] (a) from the Late Cretaceous to Paleocene period; and (b) the present-day
configuration of the WSS and the AHS due to the Miocene reactivation by the transpressional stress
field of the Dead Sea Transform Fault (DSTF). The stress field orientation is based on [17,60,83,112].
AHS: Amman-Hallabat Structure; JVF: Jordan Valley Fault; WAF: Wadi Araba Fault; and WSS:
Wadi Shueib Structure.
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Figure 9. Configuration of the Wadi Shueib and Amman-Hallabat Faults and their spatial relationship
with the Wadi Araba Fault.

It is worth noting here that the comparison between the extracted lineament map of this study
(Figure 9) and the published fault map of Al-Awabdeh et al. [19] (Figure 8b) shows an update of the
location (and in some places the trajectory) of the WSF and AHF. Thus, the identified lineament map
provides new findings that modify the existing published data.

The termination of the strike-slip WAF, as a segment of the DSTF, represents a puzzle for geologists
studying the evolutionary history of the transform and its related structures to the east. However,
the extension of the WSF and AHF from the lineament map (Figure 9) shows that the southwestern
extension of the WSF merges with the southwestern extension of the AHF. Furthermore, the WAF joins
the faults of the WSS and AHS at the northeast corner of the Dead Sea. These observations are in good
agreement with the interpretations of Al-Awabdeh et al. [19].

Our reconstruction of the structural deformational style of the WSF and AHF and their spatial
relationship with the WAF is consistent with the assumption that these faults may have developed
as splay or horsetail faults at the endpoint of the WAF (Figure 10a). It is well-known, in structural
geology, that extensional horsetail splays may host sedimentary basins while compressional horsetail
splays may display thrust faults and folds at the tips of major strike-slip faults (e.g., [12]). Based on this
accepted supposition, we further suggest that the WSF and AHF were reactivated as restraining bends
composed of active strike-slip fault branches and folds that developed due to the NNW-SSE-trending
Dead Sea transpressional stress field (Figure 10b,c). This interpretation refers to the kinematically
induced stress field mechanism that is locally induced by the relative movement along the DSTF of the
Arabian plate and Sinai Subplate. Such a mechanism is plausible way of explaining the multi-scale
relationship between deformation and stress in the various geodynamic settings. For a general
description of the mechanism, see, for example, [113]. At each scale, the deformations produced
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by the outer stresses induce inner stress regimes within the influence area, which, in turn, produce
smaller scale deformations [113,114]. In the study area, the regional scale plate movement produces,
in the influence area of the DSTF, a local stress regime responsible for the observed transpressional
deformation along the WSF and AHF as a result of the shear transmitted through the WAF.
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Figure 10. (a) Tectonic map of the eastern Mediterranean, showing the plate boundaries and major
segments of the DSTF along the Jordan (compiled from [37,38,41,45]). (b) The simplified sketch
shows how the Wadi Shueib and Amman-Hallabat Faults splay as horsetail structures from the WAF.
(c) The conceptual model illustrates the transpressional Wadi Shueib and Amman-Hallabat Faults
along with the northern termination of the WAF (the model has no vertical exaggeration). The model
suggests that both structures are reactivated splays within the area of the restraining bend. Fault splays
comprising contractional horsetail structures. Depending on the direction of curvature to the sense of
displacement, thrust components of displacement occur on faults of the horsetail, and these movements
are accompanied by folding and uplifting. AHF: Amman-Hallabat Fault; DSF: Dead Sea Fault; JVF:
Jordan Valley Fault; WAF: Wadi Araba Fault; WSF: Wadi Shueib Fault.

Depending on the relationship between the direction of the WSF and AHF strands and the
regional tectonic displacement along the WAF, a thrust component occurs on the faults with horsetail
geometry. These movements are accompanied by folding and uplifting (Figure 10c); therefore,
the WSF and AHF represent contractional horsetail structures with associated folding and thrusting
deformation. Our observations are consistent with the conceptual models of Cunningham et al. [115]
for tectonic features associated with strike-slip restraining bends. Our interpretation in this study
contributes to our geological knowledge base and improves the existing geological maps of the area.
Although transtensional horsetail structures have been previously described at different segments of
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the DSTF [102], the transpressional horsetails have been described only at the end of the strike-slip
fault bordering the eastern margin of the Gulf of Aqaba [116,117].

According to Bowman et al. [118], strain partitioning is a characteristic of oblique-slip and can be
explained by the upward elastoplastic propagation of a localized basement fault or a shear zone at
depth. They illustrated that the static stress field above a pure strike-slip fault at depth is a simple
strike-slip stress field, while a buried oblique-slip fault tip propagating from depth separates into
an arrangement of discrete zones of different styles of deformation, such as normal, reverse and
strike-slip faulting.

Generally, the partitioning of transpressional strain occurs when stress is applied obliquely
to pre-existing structural weaknesses, or during later stages of progressive strain when the early
deformation of isotropic rocks imparts sufficient anisotropy to allow the subsequent strain to be
partitioned [12,119,120]. In the case of the WSF and AHF, we propose that strain partitioning occurred
when the NNW-SSE-trending Dead Sea transpressional stress field was applied obliquely to pre-existing
structural weaknesses of these fault systems. Paleostress analysis, particularly along with the WSS
and AHS, showed that σ1 and σ3 of the recent stress field are almost horizontal and NNW-SSE- and
ENE-WSW-striking, respectively, and σ2 is vertical [17,60,80–83,112].

According to Diabat [60], the Amman-Hallabat strike-slip fault changed direction along its strike in
many places outside the study area, particularly east of Amman, accompanied by a vertical component,
resulting in either transpression or transtension. Extensional structures, such as the NW-trending
normal faults, and compressional structures, such as NE-trending folds and reverse faults, are believed
to have resulted in the association of the major strike-slip system with σ1 swinging around the N-NW
direction as deduced from the paleostress results. This event produced three different stress states
related to the major fault (AHF): (1) sub-horizontal (σ1), oblique to the strike of the adjacent fault
segment, with sub-vertical (σ2), and sub-horizontal (σ3); (2) sub-horizontal (σ1), perpendicular to
the strike of the major fault, with sub-vertical (σ2), and sub-horizontal (σ3), subparallel to the strike
of the major fault; and (3) sub-vertical (σ1), with NE-oriented (σ3) parallel to the major AHF and
perpendicular to the NW-trending faults and sub-vertical (σ2). Variation in the directions of the
principal stresses may either reflect the later reactivation of the AHF due to stress changes over time or
stress changes due to the position along the major fault.

This situation can be explained as a switch of the stress axes σ1 and σ2 that occurs during active
tectonic events and partitioned strike-slip deformation. In the study area, we found this activity to be
consistent with the present-day stress field and to be responsible for the active NW-SE normal faults
and the reactivation of pre-existing structures as the WSS and AHS [17,60,111]. Furthermore, the role
of the transform fault, such as the DSTF, is to accommodate the relative motion between adjacent
blocks, and depending on the changing geometry of the fault and/or changes in the relative movements,
it can generate switches and partitions as indicated in our study. These observations are in very good
agreement with the suggested model of this study that explains the structural deformational style of
the strike-slip regime along the WSF and AHF and their related structures.

7. Conclusions

This paper presented the results of the study we conducted to understand the structural
deformation style of the strike-slip regime along the WSS and AHS in NW Jordan using a combination of
remote sensing analysis and GIS techniques. This region is highly faulted and has a complex geological
pattern. It contains prominent geological features and is bounded to the east by a portion of the DSTF.
Our lineament analysis revealed an effective tool for mapping out the exact location/elongation of the
major faults of these structures (WSS and AHS) and modifying existing structural maps of the study
area as well.

We analysed images of the study area from PCA for automatic lineament extraction under
the user-suggested parameter values from several setting tests within the LINE module of the
PCI Geomatica software. The extracted lineament density map revealed a higher concentration of
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lineaments in different parts of the study area, particularly over regions of high rugged topography
and complex geological settings. These higher-density lineament areas were observed as elongated
pockets along the extension of the WSF and AHF. The lineament density map also revealed a relatively
lower concentration of lineaments in different places of the study area (i.e., in the southwestern area
and between the WSS and AHS). The lower concentrations of lineaments in these places could be due
to the higher thickness and/or softness of the Quaternary cover and their recent age, assuming that the
development of lineaments does require some time.

Our results show a good correlation between and distribution of the lineaments we extracted and
the structural geology from the previously published literature and the digitalized lineaments from the
geological maps, which we validated through geological field visits (ground-truth) in the study area.
Furthermore, our comparison, using GIS-matching techniques, between the extracted lineament map
and the published structural maps revealed that 60% of the lineament segments/lines in the extracted
lineament map were properly identified in the study area. The additional lineament segments that
were not identified in the literature were used to update and improve the existing structural map of
the study area.

Based on our lineament map, the southwest extension of the WSF merges with the southwest
extension of the AHF, and the WAF joins both faults in the northeast corner of the Dead Sea. The observed
structural style of the WSF and AHF and their spatial relationship with the WAF are in good agreement
with the assumption that these faults developed as splay or horsetail faults at the endpoint of the WAF.
It is a plausible assumption that the WSF and AHF were reactivated as restraining bends composed of
active strike-slip fault branches that developed due to the NNW-SSE-trending Dead Sea transpressional
stress field. This interpretation refers to the kinematically induced stress field mechanism, which was
locally induced by the relative movement between adjacent blocks along the DSTF of the Arabian
plate and Sinai Subplate. This mechanism is a valuable way of explaining the multi-scale relationship
between deformation and stress in various geodynamic settings. At each scale, the deformations
produced by outer stresses induce inner stress regimes within the influence area, which, in turn,
produce smaller-scale deformations. In the study area, the regional scale plate movement produced,
in the influence area of the DSTF, a local stress regime responsible for the observed transpressional
deformation along the WSF and AHF as a result of the shear transmitted through the WAF.

Depending on the relationship between the directions of the WSF and AHF strands and the
regional tectonic displacement along the WAF, thrust components may occur on faults with horsetail
geometry, and these movements are accompanied by folding and uplifting. Thus, the WSF and
AHF represent contractional horsetail structures with associated folding and thrusting deformation.
Our research observations are consistent with the conceptual models for the tectonic features associated
with strike-slip restraining bends.
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