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Abstract

:

Soft-sediment deformation structures (SSDSs) typically form in unconsolidated sedimentary deposits before lithification. Understanding these structures involves evaluating their characteristics, genesis timing, and the dynamics of sediment deformation. SSDSs are essential for deciphering ancient environments, reconstructing depositional processes, and discerning past prevailing conditions. In the Dead Sea region, SSDSs are abundant and well preserved due to unique geological and environmental factors, including rapid sedimentation rates and seismic activity. Influenced by the Dead Sea Transform Fault, the area offers insights into tectonic activity and historical earthquakes predating modern instrumentation. This study extensively examines SSDSs along the Dead Sea area in Jordan, focusing on sediments near the Lisan Peninsula, where the prominent Lisan Formation (71–12 ka) exposes numerous deformations. Mineralogical and geochemical analyses using X-ray diffraction (XRD) and X-ray fluorescence (XRF) were applied on deformed and undeformed layers to test the potential trigger of seismite formation in the Dead Sea area. The XRD and XRF results reveal Aragonite and Halite as the predominant compounds. Field observations, coupled with mineralogical and geochemical data, suggest tectonic activity as the primary driver of SSDSs formation in the Dead Sea region. Other contributing factors, such as high salinity, arid climate, and depositional settings, may also have influenced their formation. These structures offer valuable insights into the region’s geological history, environmental conditions, and tectonic evolution.
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1. Introduction


Soft-sediment deformation structures (SSDSs) manifest within unconsolidated sedimentary deposits before lithification occurs, offering valuable insights into depositional conditions and pre-consolidation processes [1,2,3,4,5,6]. These structures, which have formed relatively recently, are found across a variety of environments, including glacial, deep marine, lacustrine, fluvial, aeolian, and evaporitic settings [1,7,8,9,10,11].



Various processes, such as fluidization and liquefaction, contribute to the formation of SSDSs when water between the grains exceeds the confined pressure above the top of the layer, causing liquefaction [12,13,14,15]. Factors triggering liquefaction include earthquakes, shear stress along sediment–water interfaces, groundwater table fluctuations, sediment overloading, and rapid sedimentation [16,17,18,19,20]. These deformational processes, often devoid of structural or morphological evidence post-liquefaction, provide valuable insights into preserved seismic events within sedimentary records [1,5,7,11,17,21,22,23,24,25].



The Dead Sea Basin (DSB) stands as a significant sedimentary archive in the Mediterranean region, with sedimentary characteristics reflecting climatic and environmental variations, particularly during the Quaternary period [26,27]. Moreover, the Dead Sea Transform Fault (DSTF) significantly influences sedimentary structure development through deformation and subsidence [28,29]. SSDSs are widespread in the Dead Sea area, notably within the Lisan Formation deposited in the lacustrine environment, composed primarily of alternating carbonate and detrital laminae, laminated detritus, and laminated halite facies [30]. However, understanding of the factors contributing to the formation and evolution of such sedimentary deformations, whether through seismic activities or other diagenetic processes, remains limited.



This study aims to investigate SSDSs across the Dead Sea region of Jordan (Figure 1A,B), with the goal of elucidating the processes underlying their formation. Our understanding of the formation and evolution of the SSDSs in the region, along with their deformational style, contributes to the knowledge of their lithological, sedimentological, mineralogical, and geochemical characteristics.




2. Geological and Tectonic Setting of The Study Area


The DSTF system is one of the world’s longest active sinistral strike-slip fault systems that extends ~1100 km (Figure 1A) [28,34], marking the boundary between the Arabian plate and the Sinai subplate [35,36,37]. It is characterized by a series of deep, narrow, and elongated basins, including the Dead Sea pull-apart basin. The DSTF dates to ~14 Ma (middle Miocene) and has accommodated ~105 km of left-lateral displacement [28,38,39]. Kinematically, the plate movement along the DSTF involves both strike-slip and dip-slip components, which played a crucial role in the formation and evolution of the Dead Sea (Figure 1A) [28]. The convergence of the African-Sinai plate and Arabian plate has resulted in the formation of a deep rift valley (790 m b.s.l maximum depth), known as the Dead Sea Rift. The vertical rifting produced a series of step faults that form the lateral hills staggering along both sides of the Dead Sea Rift. The vertical movement of the rifted areas to the bottom of the valley is about 10 km, while the relative uplift of the surrounding margins of the fault (filled rift) is about 1.5 km (e.g., [28,38,39]).



It is well documented that the orientation of stress fields in the northwestern Arabian plate underwent multiple shifts from the Turonian period to the present day. For instance, it transitioned from a WNW-ESE compression linked with the Syrian Arc Fold-Belt system (Turonian–Plio-Pleistocene) [40] to an NNE-SSW extension associated with the opening of the Red Sea (Neogene–present day) [41]. The structural configuration of the northwestern Arabian plate was significantly shaped by a substantial N-S extensional stress regime attributed to the Irbid rift, which began during the Oligocene–Early Miocene period (~25–17 Ma) and persists to the present day [41,42]. This extension is attributed to various factors, including the Afar mantle plume, the Red Sea opening, sub-lithospheric northward flow, and extensive volcanism across the Arabian plate (Harrat Ash Shaam Basalt) [42,43,44,45,46,47,48,49]. Concurrently, NW-trending rifting occurred along the Wadi Sirhan Graben during the Cretaceous period, which was reactivated during the Oligocene period and has persisted since then [49].



Situated within the Dead Sea Rift, the DSB occupies a pivotal position and exhibits a remarkably rapid rate of subsidence, resulting in the continuous deepening of its basin floor [50]. The basin’s asymmetry is evident, with steep cliffs dominating its western flank and a more gradual slope characterizing its eastern counterpart [28].



Over geological time, the basin and the neighboring areas [51,52] have become occupied by several lakes, with the most recent predecessors being Samra Lake during the last interglacial period (71–29 ka) and Lisan Lake during the last glaciation (12–71 ka), ultimately evolving into the present-day Dead Sea Lake [50,53]. These lakes, alongside earlier occupants of the DSB, have left behind unique sedimentary records in the region (Figure 2). Furthermore, the Dead Sea’s sensitivity to Mediterranean climate fluctuations [54] led to variations in the hydroclimate record across the basin [26]. The Lisan Lake level has fluctuated through the late Pleistocene due to changes in the hydroclimate of the Mediterranean region [27]. The recession of the Lisan Lake triggered a series of geological events that shaped the current landscape of the region. As the lake level receded, it left behind extensive deposits of gypsum and aragonite, forming distinct terraces along the shores of the Dead Sea and on the Lisan Peninsula [55,56]. This study focuses on examining these preserved geological structures, particularly the gypsum and aragonite terraces, to assess their relevance to the seismic history of the Dead Sea area. By analyzing the characteristics, composition, and distribution of these terraces, we aim to gain insights into the occurrence and magnitude of past seismic events that have impacted the region.



The geological diversity of the Dead Sea area is further showcased by its varied landscape, encompassing salt flats, sinkholes, and mineral-rich muds. Ongoing tectonic movements along the DSTF persistently mold the region’s geology, contributing to its dynamic character. Overall, the tectonic and geological configurations of the Dead Sea epitomize a captivating illustration of Earth’s geological processes in action.




3. Materials and Methods


3.1. Sedimentary Sections


SSDSs are well preserved within the Lisan Formation along the Dead Sea region, exhibiting varying sedimentary characteristics from the northern to the southern stretches of the Dead Sea. For this study, representative nineteen sites were selected on the eastern side of the southern basin of the Dead Sea near the Lisan Peninsula (Figure 1B). The Lisan Formation in this area, comprises Lisan Marl and Lisan Marl Gravel, approximately 25–30 m depth, and is composed of laminated beds featuring aragonite, gypsum, clay, and detrital sediments. Certain outcrops display repetitive cycles of gravel, sediments, and laminated fine to medium-grained pink sandstone interspersed with pebbles. Major faults such as the DSTF, Karak Wadi Al Fayha Fault, and Ed Dhira’a Fault are influencing the geology and the landscape of the Dead Sea Basin.



The SSDSs in the Dead Sea vicinity exhibit alternating layers of limestone and detrital sediment, as well as laminated detritus and salt facies. These sedimentary patterns stem from the fluctuating lake levels during the late Quaternary period, corresponding to glacial and interglacial cycles [58]. Specifically, limestone and detrital layers formed during glacial phases when the lake was at higher levels [59], while salt facies emerged during interglacial periods when the lake reached its lowest points [60].



Within the study area, the Lisan Formation is characterized by laminated beds primarily consisting of sediments of chemical origin deposited from Lisan Lake. The thickness of individual laminated layers ranges from a few millimeters, with black and white laminae comprising limestone and gypsum, respectively, reflecting seasonal variations [61].




3.2. Experimental Methods


Major and trace element compositions in laminated sedimentary within the Dead Sea region were analyzed by X-ray fluorescence spectrometry (XRF) using a Shimadzu XRF-1800 spectrometer. Two samples were collected from both deformed (DST1, Figure 3C) and undeformed (DST2, Figure 3D) sedimentary layers to assess the presence or absence of specific elements associated with deformation processes and to investigate the geochemical characteristics of these laminated layers. The XRF analysis enabled the identification of a range of oxides, including CaO, SiO2, Al2O3, Fe2O3, MgO, Cl, SrO, K2O, SO3, Na2O, TiO2, P2O5, MnO, Cr2O3, and CuO. The XRF samples underwent additional verification through XRD analysis to confirm their mineralogical composition and explore diagenetic formation, providing insights into mineralogical alterations occurring during deformational processes. X-ray diffraction (XRD) patterns of samples were obtained using a Shimadzu MAXima-X XRD-7000 automatic diffractometer. Thin sections were investigated by a polarizing microscope Nikon Eclipse LV 100 Pol (2 theta ranges between 3 and 63 deg) to identify the composition of both deformed and undeformed layers. The analyses were carried out at the Hashemite University, Jordan.





4. Results and Interpretations


4.1. SSDSs in the DSB


Various types of soft-sediment deformations within the laminated layers along the Dead Sea area were examined during field investigations. In the sections below, we provide a description for each type.



4.1.1. Small-Scale Slumps


This type of deformation in the Dead Sea area is characterized by folded and unfolded laminated layers (Figure 3A–E). Numerous exposures were observed, primarily within the laminated beds of the Lisan Formation composed of aragonite-bearing carbonates and dark clay layers. Several outcrops were examined near the potash ponds on both sides of the highway and in some narrow valleys. The size of the slumps ranged between millimeters and a few centimeters, except for those reported in Figure 4A, which reached the size of 10 cm. This is due to the aftershock seismic activity being applied prior to lithification in a short period, indicating that the epicenter of the earthquake was close [62]. The thickness of the deformed layers sandwiched between two undeformed layers varied from one location to another, indicating the degree to which these layers were not fully consolidated during deposition and were subsequently exposed to seismic activity prior to solidification.



The presence of laminated limestone and mud within the Lisan Formation, exhibiting folds with varying degrees of deformation, suggests distinct stages of deformation. These layers are typically deposited under conditions of low sedimentation energy, with increasing density towards the bottom to mitigate the effects of gravitational instability, such as Rayleigh–Taylor instabilities [63]. Notably, the laminated layers display a parallel displacement process, which is uncommon in soft sediments and typically requires shear forces associated with various mechanisms, like Kelvin–Helmholtz instabilities [64]. Such lateral shear forces may result from fluid passage after sedimentation or the presence of a slope on which sediments were deposited.




4.1.2. Mixed Layer


This structural feature was observed in two outcrops within the study area (Figure 4A,B), characterized by the presence of two distinct components within a single layer consisting of sand and laminated marl beds. The thickness of the mixed layer was approximately 60 cm and 40 cm, with the degree of mixing diminishing. The interaction between the sand and marl layers occurred due to density variations, with the sand layer influencing the laminated marl layer. Within the mixed marl layer, fragments were observed brecciated into various-sized pieces, while the sand layer exhibited a mushroom (diapiric) shape. Furthermore, the layers above the semi-horizontal mixed layer of gravel, marl, and sand displayed a decrease in the number of fragments towards the top, while the layer beneath the mixed layer slid downwards, evident by the accumulation of broken marl pieces.



The formation of a mixed layer occurs when horizontal laminae are liquified, broken into fragments, suspended, and then re-deposited [65]. Various factors may contribute to the formation of such mixed layers, including earthquakes, river flows, and layer slippage [66]. River flow, as a potential cause, was dismissed since the fractured sediments originated from the laminated marl and not from a river source, and the layer above the mixed layer, consisting of gravel, remained unaffected by deformation. Moreover, tracing the layer laterally revealed that horizontal layers remained unaffected by deformation, indicating that river flow was not responsible for the deformation of the mixed layer. Additionally, the pieces of marl were re-deposited in the same location without undergoing any transformation processes. Therefore, it is probable that the formation of this mixed layer resulted from a seismic event coinciding with density inequality between the sand and marl layers.
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Figure 4. (A) Mixed layer contains diapir fragments of marl mixed with sandy layer (31°6′1.60″ N, 35°31′36.10″ E; site 4). (B) Mixed layer showing fragments of course- and fine-grained sediments (31°6′1.60″ N, 35°31′36.10″ E; site 4). The length of the hammer is 41 cm and of the Silva compass is 17 cm. 
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4.1.3. Cross-Cutting Injection Dikes and Neptunian Dykes


Injection dikes, a term used to describe structures formed by fluidization resulting from over-pressurized sediments along hydraulic fissures, are known to occur during earthquakes [66,67,68,69,70]. These injection dikes were observed in two outcrops (Figure 5A,B). As the thickness decreases downward, evidence of multiple flows is indicated, leading to the classification of this structure as a “Neptunian dyke” [71]. Additionally, at another outcrop, the injection dyke material consisted of clay and penetrated hard layers of laminated marl.



These dikes form due to fluid or water infiltration, resulting from vertical sediment movement that has undergone fluidization or liquefaction. Water and fluids infiltrate between the layers through cracks formed by shear stress induced by the pressure from the pores during the fluidization and liquefaction process [14,67]. The driving force behind the formation of these injection dikes is the result of gravitational instability and shear processes, causing fluidized and liquefied sediments to flow upward [72]. In Neptunian dykes, these structures are generated by the expansion of solidified and cohesive sediments, with subsequent cracks being filled with sediments [71].




4.1.4. Load and Flame Structures


Numerous instances of these structures were observed in two outcrops (Figure 6A,B), where they appeared to form through the deposition of layers with higher density than the disturbed layer. Layers consisting of fine to medium-grained sand mixed with pebbles were noted atop marl layers of lower density. This resulted in the intrusion of fine to medium-grained sand into the overlying marl bed under unstable conditions, giving rise to flame-like shapes that seem to have formed post-deposition. The flame structure, resembling a snake head or tongue shape, spans several centimeters in height and width. This intrusion occurs due to reverse density gradation, with plastic intrusion of underlying liquefied and fluidized sediments occurring into the overlying coarser sand and clay bed. The source bed of sand and mud lies at the bottom sequence, and the structure extends into the overlying clay unit due to the expulsion of pore water by liquefaction and loading of the lower layer. Load structures were also observed in another two outcrops, where a layer of gravel affected a layer of marl, leading to the formation of these structures.



Load structures formed because of density inversion at the boundary between a liquefied sedimentary layer and a layer with high bulk density [71,72,73]. The final form of these structures depends on various factors, including the actual density of the layer with high density, the viscosity of the deformed layer affected by deformation, and the duration of the liquefaction process [68]. Formation of these structures is facilitated by regional earthquakes or tangential stress resulting from sudden sediment emplacement [13,14,72].




4.1.5. Fragile Clast


Figure 7 shows a fragile clast, where a layer of laminated marl was incorporated with the overlying cap layer, consisting of fine to medium-grained sandstone. Their formation occurs prior to the sedimentary layer’s consolidation atop the distorted layer. It may also result from local folding of these structures, subsequent re-deformation, and eventual merging with the upper sedimentary cover due to deformation processes in soft sediments associated with individual mass transport deposition [74].





4.2. Mineralogical Analysis


The XRD analysis results indicated that the undeformed layer primarily contained the following major minerals: Aragonite-CaCO3, Halite-NaCl, and Graphite-C (Figure 8A and Figure 9A). Conversely, the layer affected by syn-sedimentary deformation comprised Aragonite-CaCO3, Calcite-CaCO3, and Graphite-C (Figure 8B and Figure 9B). The thin laminations exhibited a highly crystalline Calcite-Aragonite composition.




4.3. Geochemical Analysis


XRF analysis of the samples reveals that both the deformed and undeformed layers contained identical chemical compounds, including CaO, SiO2, Al2O3, Fe2O3, MgO, Cl, SrO, K2O, SO3, Na2O, TiO2, P2O5, MnO, Cr2O3, and CuO, with similar proportions (Table 1). The high percentage of CaO detected in the XRF analysis suggests a predominance of aragonite minerals, as indicated by the XRD analysis. Additionally, the presence of the remaining elements indicates the presence of detrital sediments within the laminated aragonite/detrital facies.





5. Discussion


5.1. Sedimentological and Lithological Settings of the SSDSs


Laminated layers in the Dead Sea area are referred to as “varve” deposits that are formed due to seasonal annual sedimentation and its formation mainly relied on the freshwater input to the basin [30,75,76] However, the age of these sediments could be achieved using radiometric dating methods such as U/Th and radiocarbon dating methods applied on carbonate sediments [76,77]. Therefore, the laminated layers in the Dead Sea area could play a pivotal role in reconstructing the Dead Sea Lake level history [30,53,58,59]. Yet, the evaluation of the laminated layers in the Dead Sea area called “varves” is still a debated topic [30,76,77]. Further microfacies investigations should be carried out to understand its formation.



SSDSs are saturated and unconsolidated sediments that form immediately after their deposition over a short period [5,78,79]. Originally, the deformations were caused by their loss of shear strength, which could lead to liquefaction, fluidization, and thixotropy [5,22,80]. Deformations in soft sediments also occur in volatile water environments, especially those in which groundwater is found. In addition, these deformations are caused by rapid sediment load, tidal shear, freeze–thaw conditions, and gravity flows [4,16,22,81,82].



The presence of seismites in modern sediments is considered as evidence of tectonic activity of the Dead Sea Rift [11]. The sediments of the Dead Sea are characterized by striking sedimentary deformations and frequent earthquakes. These distortions passed several stages. Initially, layers deposited horizontally, signifying a static stage before the earthquake. Subsequently, they turned into medium folded layers, followed by oblique folding, asymmetric folding layers, coherent vortices, and turbulent chaotic structures [83].



In the Dead Sea area, SSDSs have been formed by a combination of processes, such as groundwater movement and, most importantly, seismic activities. The fieldwork observations carried out in the study area indicate that these processes were the major components of the formation of the SSDSs. The liquefaction process is mainly triggered by groundwater movement which is considered as the main forcing mechanism causing SSDSs. The groundwater depth of the Dead Sea/Wadi Araba Basin ranges between a few meters to tens of meters. Hence, it does not appear that the shear stress force triggered by the groundwater movement influences the formation of the SSDSs in this area.




5.2. Seismically Induced Soft Sediment Deformations (SSDSs)


The formation of the SSDSs in the Dead Sea area might be attributed to seismic activities. The formation of SSDSs requires seismic waves that occur due to an earthquake with a magnitude of ≥5.5 ML [84]. Nevertheless, it is reported that the average earthquake recurrence period is about 340 ± 20 yr with magnitudes of ≥5.5 ML, according to a study of the seismic disturbances that affected Lisan’s sediments, specifically on the eastern side of the Dead Sea in Wadi Arab [7]. Several structural features including truncated folds and cross-cutting clastic dykes were recognized in the Lisan Formation sediments, which are indicative of the deformation [85,86]. With regard to small-scale slump folds moving it vertically and continuing laterally, it has obtained what are called “seismites”, that is, they were caused by the earthquake. Additionally, many measurements of strike and dip were taken of small faults scattered in the study area, where it was observed that they correspond to the general trend of the DSTF and the Karak Wadi Al Fayha Fault, as these faults have affected these Quaternary sediments [87,88]. Few local geologists in Jordan delved into the study of seismically induced SSDSs, as seen in the works of El-Issa and Mustafa [7] and Amaireh [11]. El-Issa and Mustafa [7] scrutinized SSDSs within the Lisan Formation, attributing the deformations to the movement of the Wadi Araba Fault. Conversely, Amaireh [11] examined similar deformations in the northeastern corner of the northern DSB, associating them with local fault activity in the region. Contrastingly, extensive research on SSDSs and their correlation with the DSTF movement has been conducted on the western shore of the Dead Sea.



The presence of folded, deformed, eroded, and truncated layers indicated the occurrence of syn-sedimentary deformations. These deformations occur at the interface between the sediment and water, immediately after the deposition of the deformed layer and before the deposition of the upper or cap layer. Therefore, rapid sedimentation cannot be considered as a catalyst agent (see Figure 8). The impact-induced shaking contributes to the sediment liquefaction process [88]. The absence of impact events has been observed in the study area due to shaking of the impact.



The large scale of the deformation structures reported in Figure 4A and Figure 7A indicated that they were exposed to a large amount of liquefaction. This phenomenon only occurs as a response to a large earthquake that deforms the entire layer. The vertical repetition of the deformed layers overlain by undeformed layers (Figure 4) indicates an irregular shaking corresponding to the periods of earthquakes. The layers including a deformation structure that developed laterally and vertically were the evidence of these soft sediments that occurred due to seismic shocks (Figure 4). Several manifestations of water passages including the passage of sand (Figure 6A) and folds were interpreted as being caused by earthquakes in the same study area [7], named Detachment Folds (Figure 4).



In the comprehensive examination of the deformed sediments within the Lisan Formation on the western side of the DSB, researchers observed a convergence towards the center of the basin, as documented by Alsop et al. [61]. Conversely, other sediments were observed to trend towards the east, specifically towards lower elevations (Figure 1A). On the eastern side of the DSB, after tracing layers across multiple locations, it became apparent that when observed as an outcrop, the general orientation of folds within the distorted layers exhibited a predominantly north–south trend, with some deviations towards the south. This deviation from the central axis of the DSB is attributed to various dips experienced by the region. Furthermore, when examined in an east–west direction, the folds within the deformed layers displayed a tendency towards the west, consistent with findings from the western portion of the DSB.



Several faults affecting the Quaternary sediments within the Lisan Formation, including the Lisan Marl and Lisan Marl gravel, at various locations were measured (Figure 10A–D). These measurements involved strike and dip assessments to understand the relationship between these faults and major fault systems, specifically the DSTF, the Karak Wadi Al Fayha Fault (a transtensional fault system [88]), and the Ed Dhira’a Fault (a transpressional fault system [89]). The results showed that many of these faults displayed NNW–SSE-striking normal and reverse faults, aligning with the overall trend of the DSTF in the study area, which deviates from its typical N–S strike-slip fault [90]. Additionally, measurements at other locations indicated that local faults generally trended NW–SE, consistent with the orientation of the Karak Wadi Al Fayha Fault [86] (Figure 11A,B).



It is worth noting that the faults in Figure 10A,C are N–S-striking transtensional faults, aligning with the direction of the DSTF, while those in Figure 10B,D are N–S-trending normal faults. These faults impacted Quaternary period sediments, indicating that the DSTF remained active.



In a comparable geological context, SSDS investigations have been carried out in the Dexi paleolake near the eastern boundary of the Tibetan Plateau, along the upper reaches of the Mijiang River [85]. The Dexi paleolake lies within one of the most seismically active regions globally, and findings suggest that SSDS occurrences are linked to seismic events with magnitudes of ≥5.5 ML in the area [91], similar to the Dead Sea.





6. Conclusions


In the Dead Sea region, SSDSs are abundant and exceptionally well preserved due to unique geological and environmental factors, including rapid sedimentation rates and seismic activity. The region, influenced by the DSTF, offers valuable insights into tectonic activity and historical earthquakes predating modern instrumentation. Seismic activity and rapid sedimentation during the Pleistocene period characterize the sedimentological record of the Dead Sea region, impacting the formation of SSDSs.



This study reports on the sedimentological analysis of SSDSs from the Dead Sea area in Jordan. Nineteen outcrops near the Lisan Peninsula, where the prominent Lisan Formation exposes numerous deformations, were investigated sedimentologically, stratigraphically, and structurally. Mineralogical and geochemical analyses, utilizing XRD and XRF techniques, identified aragonite and halite as predominant minerals, with CaCO3 and NaCl as the dominant elements. The similarity in chemical and mineralogical components in both deformed and undeformed layers indicates that the seisemites along the Dead Sea Basin were formed due to earthquakes.



Field observations, combined with mineralogical and geochemical data, suggest tectonic activity as the primary driver of SSDS formation in the Dead Sea region. We tentatively propose that the SSDSs in the DSB are likely products of earthquakes with magnitudes ≥5.5 ML, as the area is seismically active. Additionally, factors such as high salinity, arid climate, and specific depositional settings may have contributed to their formation. These structures provide valuable insights into the geological history, environmental conditions, and tectonic evolution of the region.
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Figure 1. (A) Location map of Jordan (dashed red line) exhibits the major structural elements, including the DSTF segments (based on [31,32]). The plate tectonic configuration of the region is modified from Stern and Johnson [33]. DSF: Dead Sea Fault; JVF: Jordan Valley Fault; WAF: Wadi Araba Fault [31,32,33]. (B) Satellite image showing the locations of the nineteen studied outcrops of SSDSs in the Dead Sea area. 
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Figure 2. Stratigraphic column of the Lisan Formation in central Jordan (modified after Abed and Yagan [57]. 
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Figure 3. (A) Two deformed beds with southward verging slumps of variable size (31°14′6.1″ N, 35°31′12.20″ E; site 15). (B) One of the deformed layers with westward verging slumps (31°14′6.10″ N, 35°31′12.20″ E; site 11). (C) Deformed layer between two undeformed layers (31°13′38.70″ N, 35°31′6.80″ E; site 15). (D) Two deformed layers separated by undeformed layer (31°14′5.03″ N, 35°31′14.97″ E; site 13). (E) Four deformed beds with slumps and with different thicknesses and wavelengths (31°14′5.03″ N, 35°31′14.97″ E; site 13). The length of the hammer is 41 cm, the pen is 11 cm, and the shovel is 22 cm. 
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Figure 5. (A) Neptunian dyke: the arrow indicates the direction of sediments flow from the top to the bottom as evidenced by decreased width of the dyke with depth (31°13′34.60″ N, 35°31′15.40″ E; site 10). (B) Injection dyke: the arrow indicates the direction of the flow of liquified sediments from bottom to the top of the stratigraphic section (31°14′6.10″ N, 35°31′12.20″ E; site 15). The length of the hammer is 33 cm. 
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Figure 6. (A) Load and flame structures (31°6′4.10″ N, 35°31′37.80″ E; site 3). (B) Load structure (31°6′4.10″ N, 35°31′37.80″ E; site 3). The length of the hammer is 41 cm and of the pen is 14 cm. 
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Figure 7. Folded laminated marl that incorporates a cap layer of fine to medium-grained sandstone (31°13′34.60″ N, 35°31′15.40″ E; site 10). The length of the pen is 14 cm. 
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Figure 8. (A) XRD results for the major minerals in the undeformed layer (DST1). (B) XRD results for the major minerals in the deformed layer (DST2). 
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Figure 9. (A) Thin section reveals 10× zoom to aragonite crystals in undeformed layer. (B) Thin section 10× zoom of aragonite crystals in deformed layer. 
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Figure 10. (A) A transtensional fault system comprising several normal faults that intersect the Quaternary deposits (the Lisan Formation), forming a negative-flower structure. (B–D) (31°5′44.20″ N, 35°31′31.00″ E; site 1) and (31°13′35.10″ N, 35°31′28.00″ E; site 8). 
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Figure 11. (A) Rose diagram showing the faults measurements and indicating the correspondence with the DSTF and the Karak Wadi Al Fayha Fault. (B) Cyclographs and poles (dots) of the faults (dots). 
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Table 1. XRF analysis results for deformed and undeformed layers.
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	Compound
	Chemical Formula
	Percentage (%)

(Undeformed)
	Percentage (%)

(Deformed)





	Calcium oxide
	CaO
	46.37%
	44.27%



	Quartz
	SiO2
	6.82%
	8.93%



	Aluminum oxide
	Al2O3
	2.19%
	2.85%



	Iron oxide
	Fe2O3
	1.49%
	1.92%



	Magnesium oxide
	MgO
	1.43%
	1.64%



	Chlorine
	Cl
	1.34%
	1.51%



	Strontium oxide
	SrO
	1.32%
	1.21%



	Potassium oxide
	K2O
	0.72%
	0.94%



	Sulfur trioxide
	SO3
	0.71%
	0.77%



	Sodium oxide
	Na2O
	0.63%
	0.65%



	Titanium dioxide
	TiO2
	0.2%
	0.30%



	Phosphorus pentoxide
	P2O5
	0.10%
	0.10%



	Manganese oxide
	MnO
	0.02%
	0.03%



	Chromium oxide
	Cr2O3
	0.02%
	0.02%



	Copper oxide
	CuO
	0.01%
	0.00%
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