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Abstract18

The Gulf of Aqaba (GoA) is the seismically most active region in the Red Sea, with a19

history of large earthquakes and posing a high seismic hazard to coastal communities.20

This study uses back-projection and dynamic rupture simulation to investigate the largest21

instrumentally recorded earthquake in GoA, the 1995 Mw 7.2 Nuweiba earthquake to22

understand stress loading, failure mechanisms, and cascading rupture potential on com-23

plex multi-segment fault systems. Our results indicate a multi-segment rupture and su-24

pershear on the Aragonese Fault, optimally oriented to the regional stress. Supershear25

rupture significantly amplified offshore ground shaking, elevating seismic hazard for the26

narrow gulf’s coastal regions. This event partially ruptured the fault system, increas-27

ing Coulomb stress on the unbroken southern Arnona Fault, which has been silent since28

1588. This stress loading likely advanced a future rupture on this critical segment, re-29

quiring close monitoring and increased preparedness for a potential large earthquake in30

the region.31

Plain Language Summary32

The Gulf of Aqaba (GoA) fault system, the seismically most active region in the33

Red Sea, has hosted multiple large earthquakes. The rapid development of NEOM, an34

infrastructural giga-project of the Kingdom of Saudi Arabia, near the GoA highlights35

the need for enhanced seismic hazard assessments (SHA). However, the offshore nature36

of the fault system and limited data complicate SHA efforts. Studying past earthquakes37

provides valuable insights into fault loading, failure mechanisms, and multi-segment rup-38

ture possibilities, enhancing SHA for the region. In this study, we analyze the rupture39

process of the 1995 Nuweiba earthquake, the largest instrumentally recorded earthquake40

in the GoA. Our findings reveal a multi-segment cascading rupture, including a super-41

shear rupture on the central Aragonese Fault. Supershear ruptures amplify seismic haz-42

ard in this narrow gulf region, with intensified and prolonged ground shaking, posing a43

severe threat to coastal communities in the event of future earthquakes. The 1995 event44

only partially ruptured the GoA fault system, increasing stress on the Arnona Fault, which45

has not ruptured since 1588. This stress loading could advance a future earthquake on46

this critical segment, highlighting the need for close monitoring and strengthened pre-47

paredness to mitigate potential earthquake risk in the region.48

1 Introduction49

The Gulf of Aqaba (GoA) constitutes a 180 km long southern section of the Dead50

Sea Transform Fault (DSTF). This left-lateral strike-slip plate boundary separates the51
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Arabian plate from the Sinai micro-plate (Ben-Avraham et al., 1979; Eyal et al., 1981).52

South of the gulf, the fault system connects with the Red Sea mid-ocean ridge. The GoA53

consists of three primary strike-slip segments: the Eilat Fault (EF) in the north, the Aragonese54

Fault (AF) in the center, and the Arnona Fault (ArF) in the south, forming an en ech-55

elon strike-slip fault system (Barjous & Mikbel, 1990) (Figure 1). These segments are56

separated by pull-apart basins bounded by stepover normal faults dipping toward the57

basins (Ben-Avraham, 1985; Daggett et al., 1986). Additionally, the region features sev-58

eral coastal normal faults, including the Haql Fault (HF), Dakar Fault (DF), and Tiran59

Fault (TF). Together with several secondary fault branches, these faults form the intri-60

cate and geometrically complex GoA fault system (Ribot et al., 2021).61

The GoA fault system has been the seismically most active segment of the Dead62

Sea Transform Fault over the last century and the seismically most active region in the63

Red Sea (Mogren, 2021; Elhadidy et al., 2021). Notably, it hosted the widely felt and64

locally damaging Nuweiba earthquake on November 22, 1995, with a reported magni-65

tude of approximately M 7.2 (referred to hereafter as Mw 7.2). This event remains the66

largest instrumentally recorded seismic event on the DSTF and in the Red Sea. It pri-67

marily ruptured the northern section of the GoA fault system (Klinger et al., 1999; Hof-68

stetter, 2003).69

Historical earthquakes, inferred from seismo-turbidite analysis of sediment cores,70

suggest that at least two past events, in 1068 and 1588, ruptured the entire Gulf of Aqaba71

fault system (Bektaş et al., 2024). These findings align with probabilistic seismic haz-72

ard assessments (PSHA) indicating there is a potential for large earthquakes of up to Mw73

7.6 in the region (Al-shijbi et al., 2019; Elhadidy et al., 2021). With its capacity to gen-74

erate Mw 7.2 or larger earthquakes, the GoA fault system poses a significant seismic haz-75

ard to rapidly developing areas like NEOM and nearby coastal communities. However,76

the offshore nature of the fault system and limited data availability present considerable77

challenges for reliable seismic hazard assessments (SHA).78

Detailed analysis of large (M > 7) earthquakes that occurred in the past decades79

can provide valuable insights into fault loading, failure criteria, and the potential for cas-80

cading ruptures within multi-segment fault networks, thereby enhancing regional seis-81

mic hazard assessments (Kaneko et al., 2010; Klinger et al., 2018; B. Li et al., 2023; Tau-82

fiqurrahman et al., 2023). Despite being the largest instrumentally recorded earthquake83

in the Gulf of Aqaba, the limited local and regional data make it difficult to accurately84

pinpoint the initiation location and to identify the fault segments that ruptured during85

the 1995 Mw 7.2 Nuweiba event. Previous studies indicate that the main rupture of the86

1995 Nuweiba earthquake occurred close to the Aragonese Deep (Pinar & Türkelli, 1997;87
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Klinger et al., 1999; Hofstetter et al., 2003; Baer et al., 2008). However, exact location88

of epicenters vary. Using teleseismic waveforms, some studies suggest dominant normal89

faulting for the first subevent, indicating that the rupture initiated on the stepover nor-90

mal fault between the Aragonese and Arnona faults (Pinar & Türkelli, 1997; Abdel-Fattah91

et al., 2006). In contrast, Klinger et al. (1999) suggest that the first subevent occurred92

on the eastern side of the Aragonese Deep, aligning with the northern segment of the93

strike-slip Arnona Fault. This interpretation is consistent with recent Bayesian inver-94

sions that integrate both geodetic and teleseismic data (Vasyura-Bathke et al., 2024).95

Additionally, it remains uncertain whether the 1995 Nuweiba earthquake terminated on96

a normal fault or a strike-slip fault in the northern region.97

With advancements in high-performance computing, dynamic rupture modeling has98

become a critical tool for physics-based ground-motion simulations that may inform seis-99

mic hazard assessment (Mai et al., 2018; Galvez et al., 2020; Xin & Zhang, 2021; B. Li100

et al., 2023; Wirp et al., 2024). Its capability to incorporate complex fault geometries,101

roughness, rupture dynamics, wave propagation, 3D velocity structures, bathymetry, to-102

pography, and off-fault plasticity significantly enhances our understanding of ground mo-103

tion dynamics. Ensemble simulations can also account for uncertainties in fault mod-104

els, prestress loading, and frictional properties, enabling the simulation of alternative me-105

chanically plausible rupture scenarios and their resultant ground motions (B. Li et al.,106

2023), thereby providing deeper insights and serves as a valuable complement to seis-107

mic hazard assessments.108

In this study, we first apply back-projection to obtain a first-order understanding109

of the rupture process of the 1995 Nuweiba earthquake and identify the fault segments110

potentially involved. The back-projection results suggest the possibility of a supershear111

rupture during the event. Next, we examine the resemblance of Rayleigh waves between112

the 1995 Nuweiba earthquake and a collocated aftershock with a similar focal mecha-113

nism to further investigate the presence of supershear rupture. Building on these find-114

ings, we develop three plausible rupture scenarios that account for uncertainties and use115

the open-source code SeisSol to perform fully 3-D spontaneous dynamic rupture simu-116

lations of the 1995 Nuweiba event. Finally, we evaluate the resulting ground shaking and117

assess the event’s implications for future seismic activity along the Gulf of Aqaba fault118

system.119
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Figure 1. Map of the Gulf of Aqaba and its fault system. The ’beach balls’ represent the

moment tensor solutions for the Mw 7.2 Nuweiba earthquake and a selected aftershock (Mw 5.3,

November 22, 1995) of the 1995 Nuweiba earthquake, from the Global Centroid Moment Ten-

sor (GCMT) database. The four yellow stars mark the potential epicenters of the earthquake

used in back-projection. Fault traces (red lines) are modified from Ribot et al. (2021). Abbrevia-

tions: EF—Eilat Fault; AF—Aragonese Fault; ArF—Arnona Fault; HF—Haql Fault; DF—Dakar

Fault; TF—Tiran Fault; DSTF—Dead Sea Transform Fault. The top right inset shows teleseis-

mic arrays used in the back-projection and supershear Rayleigh wave analysis. Yellow and cyan

triangles indicate stations from the European Array and Asian Array, respectively, used for the

back-projection. Stations involved in the supershear Rayleigh wave analysis are shown as black

solid circles. The two unfilled black circles represent distances of 20◦ and 40◦ from the epicenter

of the Mw 7.2 Nuweiba earthquake.
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2 Back-projection and Supershear Rupture120

2.1 Back-projection121

We analyze the coseismic rupture process using the back-projection approach with122

global seismic arrays. Back-projection utilizes the time-reversal property of curved wave-123

fronts recorded by seismic arrays to image the spatiotemporal evolution of high-frequency124

seismic radiation in sliding time windows (Ishii et al., 2005; Krüger & Ohrnberger, 2005).125

With its computational efficiency and minimal prior knowledge requirements—primarily126

an assumed velocity model and a rough estimate of the rupture area—back-projection127

has become a routine method for rapidly tracking the rupture process of large and mod-128

erate earthquakes (Ishii et al., 2007; B. Li & Ghosh, 2017; Mai et al., 2023; Zhang et al.,129

2023).130

Assuming sub-vertical fault segments within the Gulf of Aqaba fault system, we131

perform back-projection constrained to the mapped fault traces. We fix the source depth132

at 10 km considering the poor depth resolutions of back-projection (Ishii et al., 2005; B. Li133

et al., 2024) and shallow locking depth of faults in Gulf of Aqaba (X. Li et al., 2021; Castro-134

Perdomo et al., 2022). Cross-correlation (CC) of first-arrival P-waves is commonly em-135

ployed to correct waveform polarity and estimate travel-time biases using a 1D veloc-136

ity model. However, this requires knowledge of the hypocenter location, which has not137

been well determined for this event. Therefore, we perform four realizations of back-projection,138

each based on a potential hypocenter on a different fault segment (Figure 1), to account139

for varying rupture nucleation hypotheses proposed in previous finite-fault inversions (Hofstetter140

et al., 2003; Shamir et al., 2003; Baer et al., 2008; Vasyura-Bathke et al., 2024). We uti-141

lize two global teleseismic arrays: European and Asian Arrays (Figure 1). For each ar-142

ray, we estimate travel-time biases relative to the hypothesized hypocenter by applying143

a cross-correlation method to a 10-second window around the direct P-wave phase within144

a frequency range of 0.25–1 Hz. Only stations with an average correlation coefficient CC ≥145

0.65 are included in the back-projection analysis. Then we employ a 4-second sliding time146

window with a 0.1-second time step across the continuous data, including the event sig-147

nals, to image the rupture process.148

Back-projection results of both arrays consistently show that the initial rupture phase149

occurred on the northern Arnona Fault (ArF), regardless of the assumed hypocenter lo-150

cation (Figure 2a, S1a). This finding aligns with the inversion models presented by Klinger151

et al. (1999) and Vasyura-Bathke et al. (2024). If the assumed hypocenters were located152

elsewhere, the imaged rupture rapidly propagates to and is subsequently imaged on the153

Arnona Fault. The results also illustrate a multi-segment rupture involving the Arnona154
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Fault and Aragonese Fault, and the stepover normal faults in between. In addition, a155

notably higher rupture velocity, with average value Vr ≥4 km/s on the northern Aragonese156

Fault, is consistently observed across both arrays (Figure 2b, S1b). This velocity exceeds157

the shear-wave velocity depicted in the 1D velocity model (Tang et al., 2016) (Figure S2),158

suggesting the occurrence of a supershear rupture during this event.159

As the rupture propagates farther from the hypocentral region, the uniformly ap-160

plied time-bias calibration based on the hypothesized hypocenter becomes less valid. In161

addition, interference from depth phases further contributes to increased location un-162

certainties. These factors lead to notable uncertainty regarding the ruptured northern163

segments, particularly whether the rupture extended along the Eilat Fault or the nearby164

coastal Haql Fault (Figure 2, S1).165

Figure 2. The rupture process for the Mw7.2 Nuweiba earthquake imaged by the back-

projection and supershear rupture evidence. (a) Back-projection results from the European

array, with each panel corresponding to a hypothesized epicenter location (Epi, yellow star). (b)

Evolution of rupture distance over time relative to the hypothesized initiation location. The pink-

shaded region highlights a relatively faster rupture velocity on the Aragonese Fault. (c) Rayleigh

waveform cross-correlation between the mainshock and a collocated aftershock with a similar

focal mechanism, as shown in Figure 1. The two red dashed lines indicate ±38 degrees relative to

the rupture direction.
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2.2 Supershear Validation166

The back-projection results indicate a potential supershear rupture along the Aragonese167

Fault. To further investigate the existence of a supershear rupture, we check the wave-168

form similarity between the mainshock and a smaller collocated aftershock (Mw5.3) with169

a similar focal mechanism (Figure 1). Previous studies suggest that within the Rayleigh170

wave Mach-cone zone, the waveforms should closely resemble each other at periods shorter171

than the supershear event’s rupture duration but longer than its rise time, while the sim-172

ilarities decrease when moving outside (Vallée & Dunham, 2012; Bao et al., 2019). We173

compare the Rayleigh wave similarity in the period range between 15-20 s (Figure S3)174

for stations within an epicentral distance of 15-45 degrees (black circles in Figure 1). The175

results in Figure 2c reveal the highest cross-correlation coefficient (up to 0.99) within a176

narrow zone around 38 degrees (relative to the northward rupture direction on the Aragonese177

Fault), but much lower correlation coefficient in other directions. Assuming a Rayleigh178

wave velocity of 3 km/s (Corchete et al., 2007), the rupture velocity is calculated as 3.8 km/s,179

exceeding the S-wave velocity at depths shallower than 20 km (Figure S2), thereby con-180

firming the a supershear rupture process. Furthermore, the supershear rupture section181

coincides with a noticeable reduction in aftershock activity (Klinger et al., 1999), con-182

sistent with previous observations of supershear earthquakes (Bouchon & Karabulut, 2008;183

Wen et al., 2009).184

3 Dynamic Rupture Modeling185

3.1 Fault Model186

We construct the fault model based on the recent fault trace mapping from high-187

resolution multi-beam imaging of the Gulf of Aqaba (Ribot et al., 2021), where 41 fault188

segments have been identified. Building on this mapping, as well as insights from pre-189

vious fault inversion studies and the back-projection results of our analysis, we select the190

primary strike-slip segments, the connecting normal stepover segments, and the major191

coastal normal faults to define the fault model for simulating the 1995 Nuweiba earth-192

quake (red lines in Figure 1). Additionally, through a series of tests, we introduce model193

modifications by connecting the strike-slip faults with the stepover normal faults (Fig-194

ure 1), enabling rupture cascading across segments.195

In our fault model, the strike-slip segments are set to be vertical, the coastal nor-196

mal faults are assigned a dip of 80 degrees to the west, and the stepover normal faults197

are given a dip of 70 degrees toward their associated pull-apart basin. As a transitional198

zone between Red Sea spreading and Dead Sea transform motion, the Gulf of Aqaba ex-199
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hibits crustal thinning, as inferred from geophysical and geodetic studies (Ginzburg et200

al., 1981; Hamouda et al., 2019; Castro-Perdomo et al., 2022; Abdelazim et al., 2023).201

To account for this, we limit the rupture extent at depth by smoothly tapering devia-202

toric stresses between 12 and 16 km, aligning with the 13 km locking depth estimated203

in the GPS study by Mahmoud et al. (2005). At the surface, the non-planar faults in-204

tersect with the complex topography and bathymetry, sampled at a resolution of ∼122205

m. Additionally, we incorporate fault roughness on the fault planes, modeled with a self-206

similar fractal distribution (Power & Tullis, 1991) over length scales from 100 m to 50 km.207

Fang and Dunham (2013) estimate the amplitude-to-wavelength ratio of natural faults208

to range from 10−3 to 10−2, and we set this ratio to 10−2.7 in our model.209

The fault model is embedded in a 1D velocity structure (Tang et al., 2016; Castro-210

Perdomo et al., 2022). We follow the approach outlined by Ulrich et al. (2019) to con-211

strain the initial fault stress and strength. The stress orientation and the relative mag-212

nitude of the intermediate principal stress in the stress tensor acting on the fault sys-213

tem are constrained using stress inversion inferences (Harzali et al., 2021). The relative214

fault strength and the fluid overpressure ratio, which modulate effective normal stresses,215

are constrained through a series of simulations aimed at ensuring the dynamic viabil-216

ity of the full rupture cascade along the fault network. The final model parameters are217

summarized in Supplementary Table S1. In addition, we assume a non-associated Drucker-218

Prager elasto-viscoplasticity rheology to model coseismic off-fault energy dissipation (Wollherr219

et al., 2018, 2019), setting the plastic cohesion proportional to the shear modulus µ as220

Cplast = 0.0001µ (Roten et al., 2014) and a relaxation time of 0.05 s. We set the bulk221

friction coefficient to 0.55, higher than the fault’s static friction coefficient of 0.435 in222

the linear slip-weakening law (Andrews, 1976), to reflect the lower resistance to reacti-223

vation of pre-existing faults (Tong et al., 2014).224

To optimize computational efficiency, we apply a shear-wave velocity dependent225

meshing strategy (Breuer & Heinecke, 2022) to ensure at least four elements per corre-226

sponding wavelength (1 Hz resolution) within 100 km of the faults. This setup results227

in a mesh comprising ∼112.5 million cells. A 160 seconds simulation utilizing this setup228

demands about 202,340 CPU hours on the Shaheen III supercomputer. The rupture is229

then initiated following the nucleation procedure specified in the Southern California Earth-230

quake Center (SCEC) community benchmark TPV24 (see Open Research Section231

for details).232
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3.2 Rupture Dynamics and Synthetics233

The resolution of back-projection using limited array data cannot well constrain234

the northern rupture of the 1995 Nuweiba earthquake, leaving ambiguity about whether235

it propagated along the Eilat Fault or the coastal Haql Fault (HF), which are approx-236

imately 5 km apart. Additionally, depth phases, coda waves, and the heterogeneous ve-237

locity structure—distinct from the nucleation region—further complicate the identifica-238

tion of the rupture pathway. Under the proposed regional stress field, an evaluation of239

prestress loading reveals that the strike-slip segments are more optimally prestressed and240

dynamically favored for rupture compared to the coastal normal faults, despite their sim-241

ilar fault trends (Figure S4).242

With these constraints and assumptions, we outline a preferred dynamic rupture243

model. The rupture is artificially nucleated in the northern section of the Arnona Fault244

and propagates bilaterally (Figure 3a). To the south, the rupture quickly terminates at245

a location of geometric complexity, where changes in fault orientation modulate the pre-246

stress loading, increasing resistance to rupture (Figure S4). Meanwhile, the rupture breaks247

the stepover normal faults simultaneously and subsequently triggers rupture on the Aragonese248

Fault. This correlates with the first peak in the moment rate function (MRF) (Figure 3c).249

While the northward rupture on Aragonese Fault is directly triggered, there is a short250

delay for the southward (or backward) rupture on Aragonese Fault. This delay is attributed251

to asymmetrical and progressively increasing stress changes induced by accumulating slip252

along the intersected stepover normal faults on either side of the Aragonese Fault, a phe-253

nomenon similar to the rupture delay also observed during the 2023 Mw 7.8 Turkey earth-254

quake (Gabriel et al., 2023; B. Li et al., 2025). The rupture velocity quickly transitions255

from subshear to supershear for the northward rupture on the Aragonese Fault, accom-256

panied by a daughter crack and a Mach-wave cone (Figure 3a and Video S1). Together257

with the bilateral rupture, this northward supershear transition contributes to the sec-258

ond and largest peak in the moment rate function (Figure 3c). The supershear rupture259

section of the Aragonese Fault coincides with a large slip asperity, exhibiting a maximum260

slip of up to 5.4 m on the Aragonese Fault (Figure 3b). Following this, the northward261

rupture continues, sequentially triggering the stepover normal faults that connect with262

the Eilat Fault. The dynamic interaction with slip on the stepover normal faults further263

influences the slip distribution on the Aragonese Fault, resulting in a distinct slip pat-264

tern on either side of the intersection (Figure 3b). The rupture then smoothly terminates265

on Eilat Fault at around 25 s, where a prescribed gradual reduction in prestress is ap-266

plied. Without this constraint, the rupture would propagate through the entire fault, which267

is inconsistent with observed surface displacement data and aftershock distributions that268
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do not extend to the end of this segment (Klinger et al., 1999; Hofstetter, 2003; Shamir269

et al., 2003; Vasyura-Bathke et al., 2024). This scenario produces Mw 7.27 rupture.270

Figure 3. A dynamic rupture scenario for the 1995 Mw 7.2 Nuweiba earthquake. (a) Snap-

shots of the absolute slip rate and surface seismic wavefield, highlighting the complex rupture

process for the earthquake, at rupture times of 3, 7, 10, 15, 17 and 21 s. The labels indicate

noteworthy features of the rupture. Black circles represent the hypocenter location on the ArF.

The unruptured coastal faults are omitted from this figure to provide clearer visualization of

the rupture dynamics. (b) Final rupture velocity and fault displacement of the simulation. (c)

Comparison of normalized moment rate functions (MRFs), with the SCARDEC MRF taken from

Vallée et al. (2011), and the MRF inferred by Klinger et al. (1999) and Hofstetter et al. (2003).

To further investigate the initial rupture phase and complement the back-projection271

analysis, we conducted dynamic simulations with scenarios nucleating on the southern272

section of the Aragonese Fault (AF) and the stepover normal fault connecting the AF273

and ArF (Figure S5). While all scenarios yield a broadly similar fault displacement dis-274

tribution on the commonly ruptured AF and Eilat Fault (EF) (Figure S5a), they exhibit275

distinct differences in the details of their moment rate functions (Figure S5b). The re-276

sults indicate that nucleation on the southern AF also produces a two-peak moment rate277

function. However, the first peak is relatively higher, and the second peak is notably nar-278

rower compared to previous kinematic studies. In contrast, nucleation on the stepover279
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normal fault does not distinctly capture the imprint of the first ”sub-event,” and the peak280

moment rate release occurs a few seconds earlier. Furthermore, both alternative scenar-281

ios failed to trigger rupture on the northern ArF, particularly the scenario with nucle-282

ation on the southern AF. The initial left-lateral slip on the southern section of the AF,283

combined with the acute angle between the AF and the stepover normal faults, do not284

favor backward branching rupture propagation (Fliss et al., 2005). Additionally, the acute285

angle between the stepover normal faults and the ArF further impedes northward rup-286

ture propagation along the ArF.287

The simulation results of the preferred multi-segment rupture are consistent with288

previous studies and observations of the 1995 Nuweiba earthquake. The two-crest mo-289

ment rate function (MRF) closely aligns with MRFs derived from published kinematic290

fault inversion studies (Klinger et al., 1999; Hofstetter et al., 2003; Vallée et al., 2011).291

For comparison of teleseismic waveforms, we first divide the rupture into 90 point sources,292

distributed as 30 along strike and 3 along dip directions. The moment tensor for each293

point source is calculated by averaging the moment tensors of fault element faces in the294

ruptured subregion (Ulrich et al., 2022). Synthetic teleseismic waveforms are then gen-295

erated using precomputed Green’s Functions (see Open Research Section for details).296

These waveforms exhibit a good match with surface waveform observations from tele-297

seismic stations across all azimuths (Figure S6, S7), reproducing both phase arrivals and298

amplitude characteristics.299

4 Discussions300

The offshore rupture and limited local and regional data complicate the precise de-301

termination of the rupture initiation point and the fault segments involved in the 1995302

Nuweiba earthquake. Uncertainties in the hypocenter locations also limit the direct ap-303

plication of back-projection with travel time corrections for imaging the coseismic rup-304

ture process, especially the initial rupture phase. However, by assuming and testing all305

highly plausible hypocenter locations across different segments, back-projection effectively306

demonstrates its capability to identify the most likely rupture scenario. Both back-projection307

analysis and dynamic rupture simulations with various hypocenter locations on differ-308

ent fault segments consistently indicate that the rupture initiated on the northern Arnona309

Fault (ArF) and then triggered multi-segment rupture. This hypothesized nucleation around310

the intersection of strike-slip and stepover normal faults could reconcile inconsistencies311

in the reported nucleation phase among previous studies (Pinar & Türkelli, 1997; Klinger312

et al., 1999; Hofstetter et al., 2003; Baer et al., 2008; Vasyura-Bathke et al., 2024). The313

1995 Nuweiba earthquake may have simultaneously broken both the northern segment314
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of the strike-slip ArF and the stepover normal faults that connecting with the AF at the315

onset of the event, generating a very complex radiation pattern.316

Compared to the well-constrained initial rupture process revealed by back-projection,317

the termination phase of the 1995 Nuweiba earthquake remains poorly constrained and318

hence uncertain. Back-projection results from different arrays suggest that the rupture319

most likely terminated on the Eilat Fault (EF). However, due to the limited resolution320

of the back-projection, some interpretations also allow for the possibility of termination321

on the Haql Fault (HF) near the eastern coast (Figure 2, S1). In this study, we select322

termination on the EF as the preferred model, given its more favorable prestress load-323

ing (Figure S4). However, this assessment is based on the assumption of a uniform re-324

gional stress field for both EF and HF. Recent studies, however, indicate that non-uniform325

stress fields, with significant stress rotations, are commonly observed within the same326

fault network. For instance, a regional stress rotating along the East Anatolian Fault (Yilmaz327

et al., 2006; Güvercin et al., 2022) and the Sürgü-Misis Fault (Koc & Kaymakcı, 2013)328

leads to the 2023 Mw 7.8 and Mw 7.6 Türkiye Kahramanmaraş earthquake doublet (Gabriel329

et al., 2023; B. Li et al., 2025). Tectonic studies in the Gulf of Aqaba show evidence of330

plate rotation, further supporting the complex regional stress field (Lyberis, 1988; Bosworth331

et al., 2019). This non-uniform stress regime, combined with the stress loading from his-332

torical earthquakes, likely results in a more complex prestress distribution across the fault333

system (Kaneko et al., 2010; Taufiqurrahman et al., 2023). Such a configuration may bring334

coastal normal faults closer to failure, potentially triggering them to rupture in conjunc-335

tion with the strike-slip segments, thereby potentially increasing seismic hazard for coastal336

communities.337

The potential for supershear rupture within the GoA fault system increases the seis-338

mic hazard for coastal communities along the narrow Gulf of Aqaba. Unlike subshear339

rupture, which produces more focused energy radiation and stronger shaking primarily340

in the rupture’s forward direction (Andrews, 2010), supershear rupture concentrates en-341

ergy within the Mach-cone zone. This leads to elevated and sustained ground-motion342

intensity over greater distances (Dunham & Bhat, 2008). Figure 4a illustrates the peak343

ground velocity (PGV) distributions for the preferred supershear rupture scenario of the344

1995 Nuweiba event. Strong directivity amplification is observed in the southward di-345

rection of the subshear rupture on Aragonese Fault. To the north, the directivity effect346

is mitigated due to the supershear rupture, which instead causes intense ground shak-347

ing and ground ruptures in the off-fault coastal areas (Klinger et al., 1999; Lefevre, 2018).348

Previous studies have demonstrated that the Coulomb failure stress change (∆CFS)349

induced by a ruptured fault can provide quantitative insights into the likelihood of fail-350
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Figure 4. Computed ground shaking and the Coulomb failure stress change (∆CFS) from

dynamic rupture simulations the 1995 Nuweiba earthquake. (a) Physics-based ground motion

simulations showing peak ground velocity (PGV) in m/s for the synthetic Nuweiba event. The

black squares denote the major cities in the region. (b) Postseismic Coulomb failure stress change

(∆CFS) resulting from the 1995 Nuweiba earthquake. The scattering observed within the rup-

tured segments reflects the roughness and heterogeneous slip on the fault plane. The color bar is

saturated at ±1 MPa.
–14–
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ure on surrounding faults. The ∆CFS is defined as (G. C. King et al., 1994; Harris, 1998;351

G. King & Cocco, 2001):352

∆CFS = ∆τ + µ′∆σn (1)

where ∆τ and ∆σn represent the changes in shear and normal stress, respectively, and353

µ′ is the effective frictional coefficient. A positive ∆CFS promotes fault failure, increas-354

ing the probability of aftershocks or triggered earthquakes, while a negative ∆CFS in-355

hibits failure and delays seismic activity. Consequently, ∆CFS has been widely utilized356

to analyze and forecast aftershock occurrences following large earthquakes and to com-357

plement seismic hazard assessments (G. C. King et al., 1994; Toda et al., 2011; Zhang358

et al., 2023; Suhendi et al., 2024).359

The 1995 Nuweiba earthquake resulted in positive ∆CFS on the southern Haql fault360

and Arnona fault, bringing these segments closer to failure. The potential rupture of the361

nearby Arnona fault increases seismic hazard to the NEOM region. Historical earthquake362

studies using seismo-turbidite data suggest that the last large earthquake in the south-363

ern Gulf of Aqaba occurred in 1839, but it appears to have only partially ruptured ei-364

ther the Tiran or Arnona fault, or one of the secondary faults in the southernmost part365

of the gulf (Bektaş et al., 2024). Beyond this, most of the Tiran and Arnona Faults have366

remained unruptured since the 1588 event. The post-rupture on-fault Coulomb failure367

stress change (∆CFS) transmitted from the ruptured segments in the 1995 Nuweiba earth-368

quake to the unbroken segment show a positive ∆CFS ≥ 1 MPa south of the southern369

rupture edge on the Arnona Faults (Figure 4b). This segment is optimally oriented rel-370

ative to the regional stress field (Figure S4) and may already be highly prestressed. As371

a result, the 1995 Nuweiba earthquake likely accelerated the timing of a future rupture372

on this segment. Furthermore, the optimally prestressed linear segment is favorable for373

a supershear rupture, potentially leading to intensified ground shaking in the rapidly de-374

veloping NEOM area. This highlights the need for close monitoring and strengthened375

preparedness to mitigate potential seismic hazards in the region.376

5 Conclusions377

This study investigates the 1995 Mw 7.2 Nuweiba earthquake through back-projection378

analysis and dynamic rupture simulations, unraveling a multi-segment cascading rup-379

ture that included a supershear rupture on the central Aragonese Fault. While limited380

resolution prevents detailed analysis of the final rupture phase, back-projection results381

from multiple global arrays, testing several hypocenter locations, effectively constrain382

the initiation phase of this debated event, suggesting that the rupture originated on the383

northern Arnona Fault. Data-constrained dynamic simulations successfully reproduce384
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the multi-segment cascading rupture, with synthetics demonstrating good alignment with385

moment rate functions from previous studies and observed teleseismic waveforms. The386

simulations capture the occurrence of a supershear rupture on the optimally prestressed387

Aragonese Fault, in agreement with the back-projection observations and surface-wave388

analysis of Rayleigh waves. The occurrence of such a supershear rupture significantly am-389

plifies seismic hazard in the coastal communities of the narrow gulf, concentrating en-390

ergy within the Mach cone and resulting in prolonged, intensified ground shaking. The391

1995 earthquake only partially ruptured the Gulf of Aqaba fault system, increasing Coulomb392

failure stress on most of the unbroken Arnona Fault, which likely has remained dormant393

since 1588. This stress accumulation could accelerate a future rupture on this vulner-394

able segment, with the potential for a supershear rupture significantly amplifying the seis-395

mic hazard in nearby coastal communities, including the rapidly developing NEOM area.396

Open Research Section397

The seismic data used for back-projection and supershear validation is downloaded398

from the the Incorporated Research Institutions for Seismology (IRIS, https://ds.iris399

.edu/wilber3/find stations/460922). The topography and bathymetry data is from400

from GeoMapApp (www.geomapapp.org)/ (Ryan et al., 2009). The Southern Califor-401

nia Earthquake Center(SCEC) Community Benchmark TPV24, from which we adopt402

the proposed nucleation procedure, is documented in https://strike.scec.org/cvws/403

tpv24 25docs.html. The dynamic rupture is simulated using the open-source software404

package SeisSol (https://www.seissol.org), which is freely available from https://405

github.com/SeisSol/SeisSol. Input files required to reproduce the dynamic simula-406

tion can be downloaded from 10.5281/zenodo.15532993. The synthetic teleseismic wave-407

form is computed using the IRIS Synthetics Engine (https://ds.iris.edu/ds/products/408

syngine/), with the 2-second anisotropic PREM model.409
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Bektaş, Z., Avşar, U., Ribot, M., Klinger, Y., & Jónsson, S. (2024). Seismo-446

turbidites reveal locations of major earthquakes during the past millennium447

in the Gulf of Aqaba, southern Dead Sea Fault. Earth and Planetary Science448

Letters, 629 , 118595.449

Ben-Avraham, Z. (1985). Structural framework of the Gulf of Elat (Aqaba), north-450

ern Red Sea. Journal of Geophysical Research: Solid Earth, 90 (B1), 703–726.451

Ben-Avraham, Z., Garfunkel, Z., Almagor, G., & Hall, J. K. (1979). Continental452

breakup by a leaky transform: the Gulf of Elat (Aqaba). Science, 206 (4415),453

214–216.454

–17–



manuscript submitted to Geophysical Research Letters

Bosworth, W., Taviani, M., & Rasul, N. M. (2019). Neotectonics of the Red Sea,455

Gulf of Suez and Gulf of Aqaba. Geological setting, palaeoenvironment and ar-456

chaeology of the Red Sea, 11–35.457

Bouchon, M., & Karabulut, H. (2008). The aftershock signature of supershear earth-458

quakes. science, 320 (5881), 1323–1325.459

Breuer, A., & Heinecke, A. (2022). Next-generation local time stepping for the460

ADER-DG finite element method. In 2022 IEEE International Parallel and461

Distributed Processing Symposium (IPDPS) (pp. 402–413).462

Castro-Perdomo, N., Viltres, R., Masson, F., Klinger, Y., Liu, S., Dhahry, M., . . .463

others (2022). Interseismic deformation in the Gulf of Aqaba from GPS464

measurements. Geophysical Journal International , 228 (1), 477–492.465

Corchete, V., Chourak, M., & Hussein, H. (2007). Shear wave velocity structure466

of the Sinai Peninsula from Rayleigh wave analysis. Surveys in Geophysics, 28 ,467

299–324.468

Daggett, P. H., Morgan, P., Boulos, F., Hennin, S., El-Sherif, A., El-Sayed, A., . . .469

Melek, Y. (1986). Seismicity and active tectonics of the Egyptian Red Sea470

margin and the northern Red Sea. Tectonophysics, 125 (4), 313–324.471

Dunham, E. M., & Bhat, H. S. (2008). Attenuation of radiated ground motion472

and stresses from three-dimensional supershear ruptures. Journal of Geophysi-473

cal Research: Solid Earth, 113 (B8).474

Elhadidy, M., Abdalzaher, M. S., & Gaber, H. (2021). Up-to-date PSHA along the475

Gulf of Aqaba-Dead Sea transform fault. Soil Dynamics and Earthquake Engi-476

neering , 148 , 106835.477

Eyal, M., Eyal, Y., Bartov, Y., & Steinitz, G. (1981). The tectonic development of478

the western margin of the Gulf of Elat (Aqaba) rift. Tectonophysics, 80 (1-4),479

39–66.480

Fang, Z., & Dunham, E. M. (2013). Additional shear resistance from fault rough-481

ness and stress levels on geometrically complex faults. Journal of Geophysical482

Research: Solid Earth, 118 (7), 3642–3654.483

Fliss, S., Bhat, H. S., Dmowska, R., & Rice, J. R. (2005). Fault branching and rup-484

ture directivity. Journal of Geophysical Research: Solid Earth, 110 (B6).485

Gabriel, A.-A., Ulrich, T., Marchandon, M., Biemiller, J., & Rekoske, J. (2023). 3D486

dynamic rupture modeling of the 6 February 2023, Kahramanmaraş, Turkey487
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6 Supplementary material658

Contents of this file659

1. Figures S1 to S7660

2. Table S1661

3. Animation S1662

Parameters Value with units

Static friction coefficient (µs) 0.435

Dynamic friction coefficient (µd) 0.1

Critical slip distance (Dc) 0.2 m

Maximum horizontal compressive stress (SHmax) orientation 155

Seismogenic depth 12 km

Maximum relative prestress ratio (R0)
0.76 (step-over normal faults)

0.65 (other faults)

Pore fluid ratio 0.8

Stress shape ratio 0.6

Nucleation patch radius 1.5 km

Table S1. Summary of model parameters used for the dynamic simulation.

Animation Video S1: Evolution of absolute slip rate (m/s) across the fault net-663

work and surface wavefield for the 1995 Mw7.2 Nuweiba earthquake (https://drive.google664

.com/file/d/1uYcFmDwWpLBoaf eSJeDHWq9GV8y4Pxk/view?usp=sharing).665
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Figure S1. Back-projection results of the 1995 Mw 7.2 Nuweiba earthquake using the Asian

Array. (a) Imaged rupture process, with each panel corresponding to a hypothesized initiation

location (red star). (b) Evolution of rupture distance over time relative to the hypothesized initi-

ation location.
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1

(Castro-Perdomo et al, 2021, 
adapted from Tang et al., 
2016)

Figure S2. 1D velocity model used in this study (Castro-Perdomo et al., 2022) (adapted from

Tang et al. (2016)). The red dashed line indicated the rupture velocity of 3.8 km/s estimated

from the Rayleigh wave analysis in Section Supershear Validation.
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Figure S3. Example of Rayleigh wave comparison between the mainshock and a collocated

aftershock with a similar focal mechanism. The station name, cross-correlation coefficient (cc),

distance (dis) and azimuth (az) relative to the epicenter of the mainshock are noted on top of

each subplot.

Arnona Fault
Eilat Fault

Aragonese Fault

Dakar FaultTiran Fault

Haql Fault

Figure S4. 3D rendering of the relative prestress ratio across the Gulf of Aqaba fault system,

based on the stress parameters outlined in Table S1.
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Arnona Fault (ArF)

Aragonese Fault (AF)
Eilat Fault (EF)Nucleation on northern ArF (Mw7.27, preferred)

Nucleation on stepover normal fault (Mw7.25)

Nucleation on southern AF (Mw7.22)

(b)(a)

Figure S5. Comparison of rupture scenarios with nucleation on different fault segments

within the Gulf of Aqaba. (a) Final fault displacement distribution for scenarios with nucleation

on the northern Arnona Fault, the stepover normal fault, and the southern Aragonese Fault,

respectively. (b) Moment rate function comparisons between various rupture scenarios and kine-

matic inversion results.
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Figure S6. Teleseismic stations used for waveform comparisons. The two black circles repre-

sent distances of 30◦ and 60◦ from the epicenter of the Mw 7.2 Nuweiba earthquake.
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Figure S7. Teleseismic waveform comparison for the Mw 7.2 Nuweiba earthquake. Black and

red lines show the recorded and synthetic waveforms, respectively, filtered in 0.002-0.01 Hz. For

each station, the root mean square misfit values for each component are indicated on the top-

right of the waveforms.
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