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Abstract TheGulf of Aqabaearthquakeoccurredon22November 1995 in theNorthernRedSeaand is the
largest instrumentally recorded earthquake in the region to date. The event was extensively studied during
the initial years following its occurrence. However, it remained unclear which of the many faults in the gulf
were activated during the earthquake. We present results from multi-array back projection that we use to
informBayesian kinematic rupturemodels constrained by geodetic and teleseismic data. Our results indicate
that most of the moment release was on the Aragonese fault via left-lateral strike slip and shallow normal
faulting that may have been dynamically triggered by an early rupture phase on the Arnona fault. We also
identified a predominantly normal-fault segment on the eastern shore of the gulf that was activated in the
event. We dismiss the previously proposed hypothesis of a co-seismic sub-event on the western shore of the
gulf and confirm that observed deformation can be rather attributed to post-seismic activity. In conclusion,
the gulf shows many signs of active tectonic extension. Therefore, more events close to the shorelines are to
be expected in the future and should be considered when conducting infrastructure projects in the region.

Non-technical summary The 1995 Gulf of Aqaba earthquakewas a significant event that has been
reexamined using a modern, multifaceted approach. By combining space geodetic satellite data and seismic
waveform data, we have gained amore complete understanding of the earthquake, while taking into account
potential errors in our analysis. Our results show that during the 1995 earthquake, three faults were activated
across distinct fault segments: the Arnona fault in the south, the adjacent Aragonese fault in the north, and an
undisclosed fault on the eastern shore of the gulf. These faults exhibitedpredominantly horizontalmotionbut
also revealed a significant vertical component, underscoring the extension of the gulf. This discovery holds
profound implications, particularly given the considerable infrastructure projects currently underway in the
Gulf of Aqaba, i.e. within NEOM. In light of these developments, it is evident that earthquake modeling in the
region is of paramount importance. The findings from this study underscore the necessity for updated hazard
assessments and the establishment of plausible scenarios for potential future earthquakes.

1 Introduction

The Gulf of Aqaba is located at the southern end of the
Dead Sea fault, which is a left-lateral transform fault sys-
tem with an estimated average slip rate of ∼ 5 ± 1
mm/yr during the Holocene (Le Béon et al., 2012;
Lefevre et al., 2018). Geodetic observations show that
the current left-lateral interseismicmotion in the gulf is
similar to that of theDead Sea fault, with a small amount
of opening across the gulf (ArRajehi et al., 2010; Li et al.,
2021; Castro-Perdomo et al., 2022; Viltres et al., 2022).
This transtensional motion has resulted in a complex
tectonic setting of several transform faults and pull-
apart basinswithin the 180-km-longGulf of Aqaba (Ben-
Avraham, 1985; Ribot et al., 2021, Fig.1). The area has

∗Corresponding author: vasbath@gfz-potsdam.de

also been the seismically most active part of the Dead
Sea transform fault with persistent micro-earthquake
activity, several seismic swarms, and major events in
the past several decades (e.g., Klinger et al., 1999).
The 22 November 1995 (gCMT time 04:15:26.2) Gulf

of Aqaba earthquake (Mw 7.2) is the largest instru-
mentally recorded event in the northern Red Sea and
along the entire 1000-km-long Dead Sea transform fault
system (Fig. 1). Multiple studies on the earthquake
have been published with both point and finite-fault
models estimated, either from seismic data (Pinar and
Türkelli, 1997; Klinger et al., 1999; Hofstetter et al.,
2003) or geodetic data (Klinger et al., 2000; Baer et al.,
2001; Shamir et al., 2003; Baer et al., 2008, Supplement
Tab. S2, Fig.1). Due to the use of different datasets and
the complex tectonic setting, the derivedmodels are di-
verse and have high epistemic uncertainty, to the point
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Figure 1 Map of the Gulf of Aqaba and previously estimated finite and point source solutions (from the list compiled in
Supplement Tab. S2). The Gulf of Aqaba consists of three pull-apart basins fromNorth to South; the Elat Deep, the Aragonese
Deep and the Dakar-Tiran Deep bounded by threemain strike-slip faults (white) and normal faults (black) (Ribot et al., 2021).
Focal mechanisms of the 1995 event (sizes scaled by magnitude, Supplement Tab. S2) are color coded by the respective
location of estimated point (dots) or finite sources (rectangles) in the maps. The upper right inset shows a zoom-in to the
epicentral region, where on-land normal faulting (black) attributed to the 1995 event was mapped on the East coast of the
Gulf (Lefevre, 2018). The four black focal mechanisms are selected aftershocks to the Gulf of Aqaba earthquake potentially
contributing to post-seismic deformation (Hofstetter et al., 2003; Baer et al., 2008). Shaded topography is from SRTM3 (Farr
et al., 2007) andbathymetry data is from (Ribot et al., 2021). AgF- Aragonese Fault, AnF- Arnona Fault, EF- Elat Fault, DF- Dakar
Fault. The yellow star shows the epicentre of theGulf of Aqaba earthquake as determinedby gCMT. The upper left inset shows
the region of interest (red) at the southern Dead Sea transform fault system (modified from Castro-Perdomo et al. (2022)).
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that there is no clear consensus on the rupture pro-
cess of the earthquake. Nonetheless, most of the stud-
ies found that the majority of the seismic moment was
released on the Aragonese Fault (AgF) in the central
part of the gulf (Fig. 1). However, visible complexities
in teleseismic broadband waveforms and in surface-
displacement maps derived from interferometric syn-
thetic aperture radar (InSAR) suggest a more complex
multi-fault rupture in the gulf. Based on the teleseis-
mic waveform data complexity, different number of
sub-events and candidates of potentially activated faults
have been proposed, which involve the Elat Fault (EF),
the Arnona Fault (AnF) and the Dakar Fault (DF), as well
as theAragonese Fault (Pinar andTürkelli, 1997; Klinger
et al., 1999; Shamir et al., 2003).

The sparsity of available near-field geodetic data and
far-field seismic data makes it difficult to study the de-
tails of the earthquake rupture process. The main fault
rupture was off-shore within the gulf and InSAR data
are, therefore, not available in the near-field of the
earthquake (Klinger et al., 2000; Baer et al., 2001, 2008).
Also, the roughly N-S striking orientations of the in-
volved faults limit the capability of obtaining the full
surface displacement field with InSAR, as radar line-of-
sight (LOS) observations are not very sensitive to the
predominant North-South coseismic surface displace-
ments. Furthermore, SAR-image acquisitions were in-
frequent and irregular in this region in the 1990s (Sup-
plement Tab. S1). Finally, notable post-seismic activ-
ity, particularly aftershocks, were reported on the Egyp-
tian side of the gulf near the town of Nuweiba (Klinger
et al., 1999; Baer et al., 2008). Therefore, the co-seismic
displacement field cannot be clearly isolated from sec-
ondary deformation processes after the earthquake.
These challenges contribute to the uncertainties of esti-
mated geodetic fault-slip models and probably in part
explain the large differences between them (Supple-
ment Tab. S2).

Seismic data analysis of the earthquake also faces
challenges. At the time of the earthquake, the regional
networks of seismic stations were sparse and seismic
data were not easily shared between the four countries
bordering the gulf (Saudi Arabia, Egypt, Israel, Jordan).
Therefore, spatially uneven station geometry was used
by the different agencies to locate the aftershock se-
quence of the earthquake (Hofstetter et al., 2003). Con-
sequently, locations and faulting mechanisms of after-
shocks are associated with large uncertainties (Abdel
Fattah et al., 1997; Hofstetter et al., 2003).

With independent information on the location of the
main fault rupture, identified and mapped based on
data from a recent multibeam bathymetric survey (Ri-
bot et al., 2021), with previously unused geodetic data,
and applying multi-array teleseismic backprojection,
we here derive a refined kinematic finite-fault rupture
model for the Gulf of Aqaba earthquake using Bayesian
inference combining geodetic and seismic data. This
allows us to obtain a clearer picture of the rupture
propagation during the earthquake.

2 Data and Methods

We use two main methods to study the rupture evolu-
tion of the 1995 Gulf of Aqaba earthquake: multi-array
teleseismicbackprojection (BP) andBayesiankinematic
earthquake source inference. We use the results ob-
tained from the BP as a-priori information to parame-
terize the fault geometry and to constrain the parameter
solution space for the source inference.

2.1 Multi-array backprojection

We applied multi-array teleseismic BP to image the
spatio-temporal evolution of the rupture of the 1995
Aqaba earthquake. In traditional BP seismic record-
ings of a single array of seismic stations are win-
dowed, aligned and stacked with respect to theoreti-
cal traveltimes calculated from a layered Earth struc-
ture model for a horizontal grid of potential source lo-
cations (Krüger andOhrnberger, 2005; Ishii et al., 2005).
This procedure involves no assumption on the fault ge-
ometry and allows space-time imaging of coherent seis-
mic energy radiation (Kiser and Ishii, 2017) through so-
called semblance maps. Note that semblance ampli-
tudes have no direct physical relation to the amount
of fault slip, but semblance maps indicate where radi-
ated seismic energy of a certain slowness is coherently
emitted. Coherent high-frequency seismic energy radi-
ation is expected near the hypocenter in case of an ener-
getic rupture onset and near asperities (patches of high
slip), representing (abrupt) changes in earthquake rup-
ture speed (Madariaga, 1977; Spudich and Frazer, 1984;
Ide, 2002; Okuwaki and Yagi, 2018). Therefore, map-
ping the occurrence of high-frequency seismic radia-
tion allows to highlight changes in the fault geometry
and to assess the evolution and complexity of the earth-
quake rupture process independently from the source
inversion. Instead of conducting a classical single large-
array backprojection, we used multiple small-scale ar-
rays for backprojection. Here, we outline the method
only briefly, further details can be found in Steinberg
et al. (2022).
We used a multi-array backprojection approach by

clustering the available seismic stations using the k-
means algorithm (Steinhaus, 1956) into many small vir-
tual arrays (Rössler et al., 2010). We considered all
globally available broad-band stations with waveform
records between 23◦ and 93◦ distance from the earth-
quake epicenter, to have all near-field terms attenu-
ated and to avoid triplications. Each virtual array has a
unique set of stations and aminimum of 4 stations with
a maximum array aperture of 3.5◦. For the 1995 Gulf of
Aqaba earthquake we ended up with 14 virtual arrays,
with the smallest and largest arrays consisting of 4 and
26 stations, respectively (Fig. S1a). We only used the ver-
tical component of velocitywaveform records and back-
projected with respect to the expected arrival times of
the P-phase. Unfortunately, the sparse station config-
uration did not allow to also use the S-phase. We then
calculated the semblance for each virtual array apply-
ing a phase-weighted stacking method (Schimmel and
Paulssen, 1997). Semblance is a dimensionless mea-
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Figure 2 a, c, d) Coseismic interferograms and b) azimuth pixel-offsets derived from SAR data (Supplement Tab. S1) and
used for the fault geometry and finite-fault inference. Long and short arrows indicate the flight- and line-of-sight (LOS) di-
rections of the satellite and the radar, respectively. Note that the data of track 254 are L-band data from the JERS-1, whereas
the other are C-band data from the ERS-1/2 satellites. Bold black text labels indicate the satellite track numbers of the differ-
ent datasets. The bottom right panel shows the primary and secondary SAR image acquisition dates for each track (format
YYYY/MM/DD).

sure of coherence of waveforms at an array and can be
multiplied, similar to a likelihood (Rössler et al., 2010).
Therefore, we obtained the multi-array semblance by
multiplication of all semblances (Steinberg et al., 2022).

Three-dimensional wave propagation effects that
cannot be described by the assumed AK-135 1-D lay-
ered Earth structuremodel (Kennett and Engdahl, 1991)
cause shifts in the wave arrival time and these in turn
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bias the semblance map. To mitigate this effect and
to reduce the absolute location error of the multi-array
semblancemapwe estimate empirical travel time shifts
and calibrate the waveform data before stacking at each
station (Palo et al., 2014; Ishii et al., 2007; Meng et al.,
2016; Fan and Shearer, 2017). We estimated these travel
time shifts by maximizing the semblance for each vir-
tual array based on a spatially close aftershock to the
1995 Gulf of Aqaba earthquake, the Mw 5.7 earthquake
from 23.11.1995, 18:07:17 at 29.333◦N, 34.749◦E (USGS
location).

2.1.1 Configuration for the Gulf of Aqaba earth-
quake

For the Gulf of Aqaba earthquake we backprojected
moving time windows of 6s length every 2s on point lo-
cations of a horizontal gridwith a spacing of 0.05 degree
(∼5 km) at a depth of 18 km. We downsampled the seis-
mic recordings to a common 10Hz and we bandpass fil-
tered the data, above the corner frequency of 0.15 Hz
and up to 1.5Hz. Following this process, we thus focus
only on the high-frequency coherent emissions. The
waveform records were then stacked for each time-step
with respect to the calibrated theoretical arrival time for
each considered grid point.

2.1.2 Backprojection uncertainty

To quantify the spatial and temporal accuracy of the
multi-array BP results we follow a bootstrapping ap-
proach (Wang et al., 2016; Meng et al., 2012) on the
semblance calculation at each timestep by perturbing
seismic-wave travel times uniform randomly between
±2s for each virtual array and additionally between
±0.2s for each station. This process allows assessing the
influence of wavepath effects on the multi-array sem-
blance. We thus obtain an ensemble of bootstrapped
multi-array semblancemaps onwhichquantiles of sem-
blance can be calculated. To document the uncertain-
ties associated with the BP results we display multi-
array semblance maps for each timestep, in which
semblance maps show all possible coherent seismic-
radiation locations for each timestep on the considered
grid.

2.2 Bayesian kinematic finite fault inference
We use the Bayesian Earthquake Analysis Tool (BEAT,
Vasyura-Bathke et al., 2019) and apply the step-wise
inference strategy of Vasyura-Bathke et al. (2020)
on surface-displacement maps derived from synthetic
aperture radar (SAR) and on broadband teleseismic
waveforms to infer distributions of earthquake source
parameters that explain the observations within the
range of associated uncertainty. First, based on geode-
tic and seismic data we estimate the geometry of
the involved faults assuming rectangular planar fault-
surfaces with uniform slip. Then, we use only the
geodetic data to estimate spatially variable final (static)
slip on the geometry of inferred faults. Finally, we use
the thus obtained static slip distribution to inform the
Bayesian inference for the kinematic rupture evolution

of the earthquake based on both the geodetic and seis-
mic data, which we refer to as the finite-fault inference
in the following.
Assuming a 1-D layered elastic half-space for the

Earth structure (Khrepy et al., 2016), we calculate
Green’s functions (GFs) with 1 km spacing (Heimann
et al., 2019) for the geodetic and the teleseismic data
using the codes PSGRN/PSCMP (Wang et al., 2006) and
QSSP (Wang et al., 2017), respectively. Sampling fre-
quencies for the seismicGFs are 1Hzand4Hz for the ge-
ometry and finite-fault inferences, respectively. To as-
sess the fit of synthetic data dsyn to the observed dataset
dobs of waveforms and/or displacement maps we cal-
culate the weighted variance-reduction (VR, Cohee and
Beroza, 1994):

(1)V R =
(

1 − (dobs − dsyn)C−1(dobs − dsyn)
dobsC−1dobs

)
∗ 100

where C−1 is the inverse of the data covariance matrix.
The closer the VR is to 100% the better the data are ex-
plained by the synthetics.

2.2.1 SAR data

We derived surface-displacement maps from five in-
terferometric pairs of synthetic aperture radar (SAR)
data and one SAR pixel offset map (Fig. 2) by using
the GAMMA software (Wegmüller, 1998). Topographic
phases have been evaluated and removed from the in-
terferogramsbasedon the SRTMdigital elevationmodel
(Farr et al., 2007). To increase the signal-to-noise ratio
(SNR) the interferograms have beenmultilooked to ∼90
mx 90mpixels and filteredwith an adaptive phase filter
(Goldstein andWerner, 1998). Finally, the filtered inter-
ferometric phases were unwrapped using a minimum
cost flowalgorithm (Chen andZebker, 2001). Toprepare
the data for parameter inference, we reduced the num-
ber of pixels in the unwrapped interferograms by us-
ing the quadtree subsampling algorithm (Jónsson et al.,
2002) and estimated the full data variance-covariance
matrix following Sudhaus and Jónsson (2009) and Isken
et al. (2017). The data from tracks 254 and 114 (Fig. 2)
have not been used before in previous studies of this
earthquake (Supplement Tab. S2). Note that due to ir-
regular acquisition times (Supplement Tab. S1), the in-
terferograms contain up to 24 and 21months of pre- and
post-seismic deformation, respectively. The influence
of possible secondary sources of deformation on esti-
mated parameters is discussed in sec. 4.3.

2.2.2 Teleseismic data

We used data from 27 broad-band seismic stations at
teleseismic distances of 26.5◦ − 91.0◦ and 29.5◦ − 87.0◦

for the P and S wave data, respectively (Fig. S1,c & d).
The data have been restituted to displacement and ro-
tated to the radial, transverse and vertical (RTZ) source-
receiver geometry. We applied band-pass filtering to
contain waves with periods of 100s to 20s and 100s to 2s
(i.e. band-pass filter between 0.01-0.05 Hz and 0.01-0.5
Hz) for the geometry and finite-fault inferences, respec-
tively.
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2.2.3 Inference of fault geometry

We estimated geometry and fault-slip kinematics of
rectangular fault segments considering the following
parameters for each fault segment: depth, length,
width, slip, strike-, dip- and rake-angles. Assum-
ing a half-cosinuidal source time function (STF, Lay
et al., 2010)we also estimatednucleation-times and slip-
duration of each fault segment. The top-center points
of the fault segments have been fixed to be located on
the mapped faults and surface ruptures of the earth-
quake (Ribot et al., 2021; Lefevre, 2018, i.e. faults an-
notated AgF, AnF and mapped ruptures in Fig. 1). In ad-
dition, we estimated hierarchical parameters for each
interferogram, i.e. an offset and two ramp parameters
(in the azimuth- and range directions) tomitigate effects
of long wavelength atmospheric phase delays as well as
inaccurate satellite orbit geometries. For the teleseis-
mic data we estimated time shifts for each seismic sta-
tion and waveform (P and S) to partially account for er-
rors in the Green’s Functions caused by lateral Earth-
structure heterogeneities (Mustać et al., 2020; Vasyura-
Bathke et al., 2021). We also estimated a noise-scaling
parameter for each dataset residual to account for data
and theory errors (Vasyura-Bathke et al., 2020, 2021).
This setup yielded a total of 138 random variables, sam-
pled from uniform distributions, to be constrained for
the inference solution space which we explore using a
sequential Monte-Carlo algorithm (Moral et al., 2006;
Minson et al., 2013; Vasyura-Bathke et al., 2020).

2.2.4 Finite-fault inference

We employed the results from the geometry inference
and fixed the fault segments geometry to the maxi-
mum a-posterior (MAP) solution. We then extended
the fault segments in length and width in each di-
rection, as fault dimensions are commonly underesti-
mated applying the uniform-slip assumption, and dis-
cretized the fault segments with rectangular patches
of 5.0 km. In total, we inferred >700 uniform dis-
tributed unknown parameters that comprise the slip in
strike-parallel and down-dip directions, rupture dura-
tion, and rupture velocity on each patch. In addition,
we estimated Laplacian smoothness regularization fac-
tors in conjunction with the location and time of sepa-
rate rupture-nucleation points, i.e. one for each fault
segment. We constrained the prior for the rupture-
nucleation times for each fault segment based on a-
priori information from the back-projection semblance
maps. While we fixed the previously determined ramp
parameters, we estimated noise-scaling factors for each
dataset as well as the time shifts for each waveform ap-
plying sequential Monte Carlo sampling of the solution
space.

3 Results

3.1 Backprojection source imaging
Our backprojection results (Fig. 3a)map several regions
of coherent high-frequency seismic energy radiation
moving from south to north along the Gulf of Aqaba.

The initial high-frequency energy was coherently radi-
ated at -8 to -4 s with respect to gCMT time 04:15:26 near
the southern end of the Aragonese fault (AgF), followed
by an apparent gap of seismic radiation with a duration
of around 6 s (Fig. 3). Subsequently, high-frequency en-
ergy was radiated on the adjacent northern continua-
tion of the AgF at around 2-4 s and on the east coast of
the Gulf at 4-6 s, nearby the observed surface fractures
reported by Lefevre (2018). Finally, seismic radiation
was again likely generated on the AgF migrating north-
ward between 6-12 s. The high-frequency energy radi-
ation at 10-12 s is possibly an artefact of the processing
and discussed in detail in sec. 4.2.2.

3.2 Geometry of fault segments
We defined two fault-geometry setups, each with a dif-
ferent number of fault segments, to investigate the im-
pact of additional source complexity for explaining the
data. The first fault geometry comprises two fault seg-
ments: a single long off-shore segment on the AgF
and a short on-shore segment located on the eastern
gulf coast where surface ruptures have been mapped
Lefevre (2018) and where we found coherent high-
frequency energy radiation in the semblance maps
(Fig. 3). The second fault-geometry setup comprises
three fault segments, two shorter off-shore segments
(on AgF and AnF) and the segment on the eastern shore
(Fig. 3). We then estimate the fault geometric param-
eters, strike-angle, dip-angle, width and length, while
other inferred parameters, such as slip, nucleation-time
and slip-duration were included to not bias the estima-
tion of the fault geometric parameters. Their inferred
posterior probability densities (PPD) thus provide ini-
tial estimates only, as they were refined in the following
finite-fault inference.

3.2.1 Two fault segments

For the fault-model setup comprising two fault seg-
ments (Fig. 3a) the posterior ensembles show that the
first segment (offshore, red) is well constrained. It dips
∼70◦-72◦ towards west, and has length L of ∼50-53 km
and width W >26 km (Supplement Fig. S2). The second
segment on the eastern shore of the Gulf (blue) is poorly
constrained and dips ∼80 to 90◦ towards west. The PPD
for fault lengthL (between 5 - 8km) is constrainedby the
prior information of the surface structures at the lower
end of the distribution (Supplement Fig. S3). Whereas,
the fault widths of above 9-10 km are more likely. The
fault strike-angle was constrained to be between 200-
210◦ based on the a priori structural information, hence
the PPD was truncated at 200◦. While the offshore seg-
ment shows well constrained strike-slip motion (rake-
angle of −7◦ to −6◦) the eastern segment shows mostly
dip-slip (rake-angle of ≤ −80◦). The weighted variance
reductions (VRs; Eq. 1) of the geodetic data are∼60% for
most of the interferometric pairs (Supplement Figs. S4,
S5), but lower for the amplitude offsets that are over-
all noisy. Highest correlated residuals are located on
the western shore of the Gulf. In general, the VRs for
seismic data are high for P and S phases, i.e. between
75 − 95% (Supplement Figs. S6, S7). However, there are
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Figure 3 Results of the backprojection analysis showing the temporal evolution of multi-array semblance with respect to
the global centroid moment tensor time 04:15:26. Thick colored contour lines show the 90% quantile of the ensemble of
multi-array semblances (white-to-gray areas), whereas thin contour lines indicate the subsequent 60% and 30% quantiles.
Coloring and annotation of fault structures is identical to Fig.1, slightly modified after Lefevre (2018) and Ribot et al. (2021).
Thecolored rectanglesare thea) twoandb) three fault segmentsused for theestimationof the ruptureevolution, expanded in
size from the estimated faulty geometry (thin gray rectangles), and the colored stars show the respective estimated rupture
nucleation points on each segment. c) Ensemble of multi-array semblances projected along the axis of the gulf (strike of
18◦ East of North) referenced with respect to the earliest semblance between -8 and -6 s. Dashed black lines indicate steady
rupture velocities of 3, 4 and 5 km/swhile shaded grey lines showaveraged velocities for thewhole ensemble of semblances.

a few stations that show remarkably lowvariance reduc-
tions, e.g. KMBO and BOSA (Fig. 4a).

3.2.2 Three fault segments

For the fault-geometry setup comprising three seg-
ments (Fig. 3b) the strike and dip angles of the north-
ern segment (AgF) are well constrained at ∼198◦ and
75 − 76◦, respectively. The strike- and dip-angles of the
southern segment (AnF) hits the chosen upper bound
of the prior distribution at 215◦ and 70◦ constrained
by geologic information (Ribot et al., 2021, Figs. S8,
S9). While the northern segment shows predominantly
strike-slip motion, the southern segment (AnF) has
a larger normal component of slip (rake-angle of ∼-
50◦ to -48◦) compared to the northern segment (rake-
angle of ∼-9◦). The eastern on-shore segment (green)
again shows predominantly normal slip (rake-angle of
∼-75◦), Fig. S10). The variance-reduction (VR) values
for three out of six geodetic datasets are higher by 5-
12% (up to ∼76%) compared to the two-segment ge-
ometry (Supplement Figs. S11 and S12). For the seis-
mic data the variance reductions are in general only

slightly higher to those of the two-segment case. Sta-
tions KMBO.Z and BOSA.Z that showed low VRs for the
two-segment setup have up to 70% higher variance re-
ductions for the three-segment model. Moreover, other
stations that show complexity in early P-phase arrivals
(MSEY.Z, TATO.Z, HYB.Z) are explained significantly
better in terms of amplitude and number of wave cy-
cles, although in terms ofVR these are only 5-7% higher
(Fig. 4a). These improvements in VRs in comparison to
the two-segments setup are significant and support the
notion of geometrically complex faulting off-shore on
the AnF and the AgF.

3.3 Finite-fault inference
3.3.1 Two fault segments

For the ensemble of two-segment finite-fault solutions,
rupture initiates on the offshore segment at around
-9.5 s to -8.2 s (wrt. gCMT time 04:15:26; Fig. 5a,b) be-
tween 25.5 km and 29.8 km depth, and then spreads
unilaterally northeast across the segment. The onshore
segment starts rupturing at ∼8-8.9 s, nucleating at shal-
low depth of around 1.0 km to 5.2 km and propagating
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Figure 4 Waveform fits of several selected stations for the a) geometry and b) finite-fault inversion inference of the 1995
Gulf of Aqaba earthquake. The solid gray lines show the filtered data of the vertical component tapered around the P-wave
arrival. The red continuous lines show the synthetic waveforms derived from the MAP solution, whereas, brownish shaded
colors indicate the synthetic waveforms derived from the full posterior ensemble of parameters.

unilaterally across the fault. The highest values of fault
slip (> 1.8m) occur from the surface to a depth of∼9 km
on the central part of the offshore segment along a dis-
tance of ∼25 km. While fault motion is mostly strike-
slip, some shallow slip with significant normal com-
ponent is found. The timing and thus the velocity of
the inferred rupture front towards north is consistent
with the semblance maps from the BP, i.e. the rup-
ture front reaches the region with high slip amplitude
at ∼4 s. Themoment-rate function reveals that seismic-
moment release started gradually and linearly (Fig. 5a)
and reached its maximum with several sharp peaks be-
tween ∼6-8 s. This is followed by a fast decay of mo-
ment release until ∼24-25 s. The geodetic data have an
average VR of 49.9 − 52.3% (Supplement Figs. S15, S16),
where the amplitude offsetswith the highest noise show
the lowest VR. Most noticeable residuals are again lo-
cated on the western shore of the Gulf. Seismic data are
well explained with an average VR of 74.2 − 77.8% (Sup-
plement Figs. S17, S18). Here, both P and S phases are
well modelled in general, but amplitudes of the main
pulse and early P-phases are often biased resulting in

lowVRs of 36−60%, e.g. SJG.Z,MDT.Z,MSEY.Z (Fig. 4b).

3.3.2 Three fault segments

In the ensemble of three-segment finite-fault solutions,
rupture initiates on the southern segment at around
-8.2 s to -7.8 s (wrt. gCMT time 04:15:26; Figs. 6a,b, 7) be-
tween 18.8 km and 22.5 km depth, and spreads unilater-
ally towards the Northeast across the segment. The sec-
ond rupture then nucleates on the northern segment at
∼-1.5 s to -1.1 s between 19.3 km and 23.2 km depth and
propagates in rather unilateral direction. Finally, the
third, eastern segment starts rupturing between 3.7 s
and 3.9 s at 4.7-9.4 km depth with unilateral rupture to-
wards the down-dip direction (see also video in supple-
ment). The slip is dominantly left-lateral on the south-
ern and northern segments, but there is a notable nor-
mal component on all three segments (Fig. 6b). While
the normal component is large at greater depths on the
southern segment, it is high at shallow depths on the
northern and eastern segments, respectively. The re-
gion with largest slip of >1.8 m, a length of ∼25 km
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Figure 5 Estimated spatiotemporal rupture evolution for the case with two fault segments. a) Ensemble of moment-rate
functions with darker colors highlighting high-probability moment-rates. The maximum a-posterior moment rate is shown
by the solid black line. Colored histograms (next to themoment-rate) show estimated rupture nucleation times of each fault-
segment. b)Kinematic slip-distributionof the1995Gulf of Aqabaearthquake. Patchcolorsandarrowsmark theMAPsolution,
whereas black ellipsesmark the 95% standard deviation of slip. Black stars indicate the inferred rupture nucleation point on
each fault segment and the black continuous lines show the MAP rupture front with the annotated timing. Uncertainty in
rupture-front propagation is shown by fuzzy light-gray isolines indicating lower probability. All times are with respect to the
global centroid moment tensor time 04:15:26.
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Figure 6 Same as Fig. 5, except for the case of three fault segments.
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Figure7 Estimated slip-amplitudedistribution for the three fault-segment case in 3Dperspective view. Greyish colors show
the back-projection semblance maps from Fig. 3. Thin black lines show coastlines and country borders. A video of the tem-
poral rupture evolution can be found in the supplement.

and is located near the southern end of the northern
segment, extending from the surface downwards to∼9-
15 km depth. On the southern segment, maximum slip
is∼1mclose to the hypocentre at depths between 15 km
and 22.5 km. Themoment release started gradually and
increased rapidly once the northern segment started
rupturing (Fig. 6a). Most of the moment had been re-
leased at ∼20s. The rupture velocity is noticeably faster
on the southern segment ∼3.2-4.7 km/s compared to
that on the northern segment ∼2.4-3.5 km/s. It is slow-
est on the eastern segment∼2.3-3.7 km/s (Figs. 6b, S19).
In general, rupture velocity is better constrained close
to the rupture nucleation points compared to further
away.
Overall the geodetic data are slightly better explained

by the three-segment model rather than by the two-
segment setupwith an averageVRbetween 53.7−55.9%.
The largest residuals are located on the western shore
of the Gulf (Supplement Figs. S20, S21). Seismic data
are similar or slightly better explained than for the two-
segmentmodelwith anaverageVRbetween 77.7−80.1%
(Supplement Figs. S22, S23). Most noticeable improve-
ments (change in VRs between ∼10-40%) to the two-
segment setup are for P-phases in the amplitudes of
early arrivals e.g. SJG.Z, BOSA.Z, KOG.Z (Supplement
Figs. S22) as well as for the main pulse, e.g. MDT.Z,
MSEY.Z.

4 Discussion

Wederivedkinematic finite-fault rupturemodels for the
1995 Gulf of Aqaba earthquake that were estimated, to
our knowledge, for the first time by the joint use of
geodetic and seismic data through Bayesian inference.
Taking into account only the ability of the presented

model(s) to explain the data in terms of variance reduc-
tion allows to reach a conclusive answer on the suit-
ability of either the two or the three fault segment se-
tups. While the three-segment setup only slightly bet-
ter explains the geodetic data, it significantly better ex-
plains the seismic data. Calculating the Bayesian Infor-
mation Criterion (BIC, Schwarz, 1978) for both models
revealed that the three-segment configuration with 718
unknown parameters (153 patches) had a lower value
than the two-segment configuration with 762 unknown
parameters (162 patches). This result supports the use
of the three fault segment configuration. Still, there
are features in the two-segment geometry setup that are
preferable to the other and vice versa. In the following
section we discuss these features in detail.

4.1 Fault geometry
We find that geometric fault complexity approximated
by the three-segment model is needed to explain espe-
cially early seismic phases. These indicate rupture on
the northern end of the AnF, dipping westward towards
the Aragonese Deep. For the gulf our inferred fault ge-
ometry shows a westward inclined segment along the
entire fault length, although it wasmapped in the south
to be dipping eastward towards the AragoneseDeep and
to be dipping westward towards the Elat Deep in the
north (Ribot et al., 2021). Through forward modeling
we tested the possibility for a vertical or eastward in-
clined southern end of the AgF segment (Fig. S24). It
is highly unlikely that an eastward inclined fault has
been activated during the earthquake as it would cause
a clear data misfit on the eastern coast of the Gulf, as-
suming a fault segment dipping with 80◦ towards the
East. Assuming a vertical fault segment does not cause
as large a misfit to the geodetic data (Fig. S24a,b), but
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the seismic data (Fig. S24c) is poorly explained on the
Z-components. In conclusion, we propose that the
Aragonese fault is curved in along-strike direction and
that it is dipping westwards in the north and that it is
subvertical close to the Aragonese Deep in the south.
Depending on the amount of fault curvature on the in-
ferred fault segments (which we assumed as planar in
ourmodels), the inferred distribution of slipmay there-
fore be biased (Dutta et al., 2021).

4.2 Temporal rupture evolution
4.2.1 Artefacts in Finite Fault Inference

According to our source-inference results, several uni-
lateral rupture fronts on the AnF and AgF, illustrated
by the three-segment fault geometry, better explain the
seismic data than a single unilateral rupture front in-
volving only the AgF. However, there are second or-
der features in the inferred kinematic finite fault se-
tups that could rather be attributed to artifacts, poten-
tially caused by theory error. Firstly, the deep rupture
nucleation on the lower edges of the offshore faults in
both fault-geometry models at depth >∼22-25 km is
rather unrealistic as the crustal thickness in the Gulf
is reported to be ∼20 km. Secondly, the moment rate
functions (Figs. 5a, 6a) show a long tail of moment
release up to a total rupture duration of ∼30 s. This
may be at least partially a result of the assumed sinu-
soidal functional form of the local source-time function
on each fault patch (Meier et al., 2017). An alternative
source-time function more consistent with earthquake
rupture dynamics, e.g. the regularized Yoffee function
(Tinti et al., 2005), may result in a shorter estimated to-
tal moment-rate function which would be more consis-
tent with the apparent rupture duration of∼20 s imaged
by BP. Thirdly, the rupture velocity on the onshore seg-
ment for the two-segment setup is very slow ∼2 km/s
and consequently, the rupture duration of that fault seg-
ment is long compared to its size (Kanamori and Brod-
sky, 2004). However, rupture-velocity and duration are
source parameters which are potentially biased or in-
fluenced due to over-fitting to compensate some of the
theory error. To improve this, the kinematic evolution
of the rupture could be better resolved by utilising re-
gional seismic data, which would likely reduce bias and
artifacts in the estimated parameters.

4.2.2 Implications from back-projection

The employed BP method maps the coherent seismic
radiation of P-wave energy related to changes in fault
geometry and changes in rupture velocity, rather than
the amount of fault-slip. Therefore, BP semblance is in-
dicative of rupture nucleation, rupture arrest and kinks
or bends in the fault geometry, however, the semblance
values are not directly proportional to radiated seismic
energy. The BP semblance map indicates a complex
change of coherent energy radiation during the rupture
process, and to first order resembles the inferred finite-
fault models. Rupture velocities obtained from the BP
results agreewith those inferred in thefinite-fault inver-
sions: 3.3-3.7 km/s around the southern fault segment,

3.5-4.2 km/s around the northern fault segment and 2.8-
3.3 km/s on the eastern fault segment.
One apparent discrepancy in the BP results compared

to the inferred rupture models is the last mapped sem-
blance at 18-20 s after rupture onset at the northern end
of the AgF, onshore. These semblances may indicate
that some fault segments in the north of the Gulf, such
as the EF, slipped during the earthquake or that rupture
was shallower or deeper than the depth of the grid used
for the BP. No studies have reported a fault segment
rupture this far north on the EF. Therefore, a mismap-
ping of this semblance seems likely. Previous studies
have shown that the choice of grid depth and the de-
viation of the source depth from the grid depth have a
strong effect on the location of the mapped semblance
(Steinberg et al., 2022; Daout et al., 2020), so this seems
to be the likely cause. However, waveform coda and
depth phases can also contaminate the BP results, espe-
cially in the later stages of the rupture process. In par-
ticular, depth phases may have relatively large ampli-
tudes compared to direct phases, yet, for shallow earth-
quakes these phases arrive close in time in the seismic
records. This results in unwanted side lobes either in
parallel or at an acute angle to the fault depending on
the station-array geometries. This effect can only be
suppressed by using multi-phase semblance (Steinberg
et al., 2022), which is hindered for the 1995Gulf ofAqaba
earthquake by limited data availability. Furthermore,
the depth phase separation is challenging, particularly
for strike-slip earthquakes that generate relatively large
sP phases. Therefore, caution is necessary when inter-
preting the semblance maps of the later time steps in
the BP.
To compare the two inferred kinematic finite-fault

models to the BP results we carry out synthetic BPs
on synthetic waveforms calculated by using the model
parameters of the two- and three-segment finite-fault
models (Fig. 8a, b). We used the same station setup and
data processing as for the real data BP. Synthetic wave-
forms were calculated at a sample rate of 4Hz using a
Green’s function store calculated with QSEIS and the
AK-135 Earth structure model (Kennett and Engdahl,
1991). For both synthetic BPs we observe early bilat-
eral rupture due to the abrupt stopping of the rupture
at the model-fault edges. The observed semblance map
of the real data BP at the northern end of the Gulf was
not reproduced by the synthetic BP of either finite fault
model.
The simple kinematic model used to calculate the

synthetics produces sharper start and stop phases than
actually observed (Steinberg et al., 2022), as the mod-
elled fault ends abruptly, whereas in nature therewould
be tapering. Furthermore, the synthetic semblance
maps produce much sharper semblance patches in
comparison to the real data backprojection. The reason
for this is due to the lack of data noise in the synthetic
backprojection and, the fact that semblance is mapped
onto a single fixed depth, which causes a blurred sem-
blance in the real data backprojection.
In the synthetic BP of the two-segment finite-fault

model the apparent rupture velocities are slow com-
pared to the real data BP. The synthetic BP of the three-
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a) b)

Figure 8 Results of backprojection analysis of synthetic waveform data generated based on the MAP model of the a) two-
segment and b) three-segment setups showing the temporal evolution of multi-array semblance with respect to the global
centroid moment tensor time 04:15:26. Details are similar to Fig. 3

segment finite fault model (Fig. 8b) is in better agree-
ment with the observed BP results (Fig. 3b), especially
for the complicated semblance distribution in the cen-
ter portion of the AgF. These probably indicate a change
in rupture speed or fault geometry, e.g. in the form of a
fault bend. The synthetic BP of the three fault segments
also agreeswell with observed complexity of semblance
mapping in the area of the eastern fault segment.

4.2.3 Rupture nucleation and fault segmentation

Our scenario with multiple rupture episodes, such as
in the three-segment setup where rupture began on the
AnF and subsequently propagated to the AgF, shows
that rupture speed on the AnF is too slow for nucle-
ation on the AgF to be triggered by unilateral rupture
on the AnF or by the arrival of S-waves. The distance be-
tween the nucleation point on the AgF segment, which
has a nucleation time of ∼1.5 s and the rupture front
on the AnF segment at the same time, we estimate a
rupture jumping distance between ∼11-37 km. This
is on the order of the 20 km jumping distance postu-
lated for the 2016 Mw 7.8 Kaikoura earthquake (Cesca
et al., 2017; Shi et al., 2017) and larger than previously
proposed maximum jumping distances of 3-4 km (Wes-
nousky, 2006). However, the rupture nucleation on the
AgF could have been caused by dynamic triggering of
P-waves emitted during the early stages of the AnF seg-

ment rupture. The P-wave velocity is between ∼6.5 and
6.9 km/s (Khrepy et al., 2016), such that a theoretical
travel-time of ∼3.5-5.5 s would be required between nu-
cleation points (Fig. 9; distance of 27-32 km). The dif-
ference between inferred nucleation times in our three-
segment setup as well as the temporal difference be-
tween the BP semblancemaps are∼6-7 s (Figs. 3-5), and
thus they are within a plausible range for this required
travel time. UsingQSEISwe simulated the seismicwave-
field generated by slip on all patches of the first fault-
segment and then received at the second nucleation
point. This allows for estimating the dynamic Coulomb
stress imposed at the nucleation point on the second
fault segment (Fig. 9). The second rupture on the north-
ern segment initiated at a Coulomb stress change of ∼
0.3MPawhich is consistentwithpreviously reporteddy-
namic Coulomb stress changes needed to trigger earth-
quake rupture (e.g. Antonioli et al., 2006). Thus, it seems
plausible that rupture on theAgF segmentwas triggered
by the early pulses of deformation associated with the
seismic phases that have been emitted from the AnF
segment. Another possibility is that a small, unresolved
normal-fault segment acted as an intermediary and fa-
cilitated an apparent jump of the rupture. However, this
would require that the rupture process on this small
normal-fault segmentwas very smooth and did not emit
any start or stop phases that could be resolved through
backprojection using the available data.
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Figure 9 Time-dependent Coulomb stress changes at the second nucleation point of the three-segment fault geometry
imposed by all source patches from the southern fault segment. The blue and red boxesmark the uncertainty of the inferred
nucleation time of the southern and northern fault segments, respectively. The area indicated by the black box marks the
windowof theoretical P-wave arrival times (for the posterior ensemble ofmodels) for a P-wave traveling from the hypocenter
to the second nucleation point on the northern fault-segment. The shaded grey box marks the interval of inferred Coulomb
stress-change during the initiation time of the northern fault segment.

4.3 Secondary sources of deformation
Residual displacements of pixel offsets and interfer-
ograms are in general relatively high (Supplement
Figs. S11, S12), especially on the western coast of the
Gulf. On the other hand, residuals of seismic wave-
forms are low (Figs. S17, S18, S22, S23). Interferometric
pairs cover significant time-spans where the secondary
acquisitions have been acquired 5-6 months after the
mainshock (Supplement Tab. S1). During this time,
post-seismic deformation processes have occurred that
are not included in the presented co-seismic kinematic
finite-fault models. Especially, four shallow normal
faulting aftershocks with magnitudes Mw ≥ 3.9 (Baer
et al., 2008, Supplement Tab. S2) have been reported
(Hofstetter et al., 2003) on the western coast of the Gulf
where the large residual deformation is present in the
SAR data (Figs.1, S20, S21). In conjunction with post-
seismic deformation such as afterslip (Baer et al., 2008)
these can account for∼5-7 cmof displacement, which is
the bulk part of residual displacements in the interfero-
grams. Thus, the joint inference of seismic and geode-
tic data played an important role for disseminating the
contribution of these signals.

4.4 Ground-motion map from finite fault in-
ference

The surface effects of an earthquake on infrastructure
and population are typically evaluated using ground
motionmaps. The inferences from our finite fault mod-
elling of the 1995 Aqaba earthquake can be used to pro-
duce an informed estimate of realistic peak-ground ve-
locity (PGV) predictions for this particular earthquake.
These may then serve as a basis for scenario calcula-
tions for seismic hazard assessment in the region.
We calculated a deterministic physics-based ground-

motion map by simulating the seismic wavefield based
on the spatiotemporal rupture evolution of the three-
segment fault model (Fig. 6, Dahm et al., 2018). For
the wavefield simulation we calculate Green’s functions
with QSEIS (Wang, 1999) with a sample rate of 20Hz at
a dense set of virtual receivers (1 km spacing) assuming
the 1D-layered elastic Earth structure model used also
in our FFI (Khrepy et al., 2016). We considered site ef-
fects through the shear-wave velocity in the thirty me-
ters below Earth surface, Vs30, derived from the topo-
graphic slope as a proxy (Wald and Allen, 2007). We cal-
culate the amplification ratioA30 between the predicted
Vs30 and the shear-wave velocity of the uppermost layer
resulting from our Green’s functions. After bandpass
filtering the simulated waveforms between 1-8Hz and
subsequent rotation to the RTZ coordinate system the
expected PGV at each grid point is calculated from the
maximum of the geometric mean of the absolute hor-
izontal components R and T (Wald and Allen, 2007).
The predicted PGV’s (Fig.10) close to the source region
reach 2m/s. Adjacent areas at intermediate distances of
∼20 km perpendicular to the source region of the main
active fault (red), whichhas thehighest inferred amount
of slip, still have predicted PGV values of up to 0.5m/s.
The rupture directivity of the Gulf of Aqaba earthquake
was toward north, and hence the shaking in the north-
ern gulf is stronger than in the southern gulf and adja-
cent coastal regions.

4.5 Comparison to publishedmodels

Earlier studies (Pinar and Türkelli, 1997; Klinger et al.,
1999; Hofstetter et al., 2003; Shamir et al., 2003; Baer
et al., 2008) modelled the Aragonese fault as a single
planar fault, similar to the offshore segment of our two-
segment fault geometry setup. In published finite-fault

13
SEISMICA | volume 3.1 | 2024



SEISMICA | RESEARCH ARTICLE | Gulf of Aqaba earthquake

Figure 10 Map of estimated peak ground velocity (PGV) from seismic wavefield simulation (frequency range 1-8 Hz) for our
three-segment rupture model of the 1995 Gulf of Aqaba earthquake. The colored rectangles mark the three fault segments.
The black rectangle shows the zoom-in around the area of the urban project NEOM; note the different scale of colormap in
the zoom-in. ”The Line” (brown) is a ∼ 170 km long city under construction. Coloring and annotation of fault structures is
identical to Fig.1.

slip models the large-slip area is located at depth be-
tween 5 and 15 km and peak slip-amplitudes are larger
by ∼1 m (Hofstetter et al., 2003; Baer et al., 2008) com-
pared to our result (Fig. 5b, 6b). In contrast to pub-
lished models our slip models show a notable compo-
nent of normal slip at shallow depths to ∼8 km depth.
While our findings are in line with most of the previ-
ous studies that the earthquake consisted of several sub-
events (Fig. 1, Supplement Tab. S2), they differ in the
locations of the sub-events (Pinar and Türkelli, 1997;
Klinger et al., 1999). While our three-segment model
supports the proposed hypothesis that rupture initiated
on the AnF in the south and then jumped to the AgF
it does not support continued jumping to the EF in the
north. Our results support that the deformation on the
western coast of theGulf was largely due to post-seismic
deformation and aftershocks (Baer et al., 2008) rather
than co-seismic mainshock slip. This post-seismic ac-
tivity was predominantly characterised by vertical sur-
face displacements, i.e. subsidence 20 km north of
Nuweiba (Fig. S25). Furthermore, we propose that a
fault segment on the eastern shore of theGulfwas active
during the mainshock. Although, the inference of tele-

seismic and geodetic data do not allow to constrain this
segment well, the BP results and themapped structures
(Fig. 1) indicate active faulting there. All these findings,
i.e. shallow normal slip, normal faulting sub-event on
the eastern shore and post-seismic normal faulting on
the western shore are indicative of active tectonic ex-
tension during and after the Gulf of Aqaba earthquake.
While the inferred moment-rate function of our two-

segment setup is similar to the one obtained by Hof-
stetter et al. (2003), i.e. roughly triangular symmetric
with a rupture duration of ∼25 s; the inferred moment-
rate function for our three-segment setup is more sim-
ilar to that of Pinar and Türkelli (1997). The total
estimated moment magnitudes of our two and three-
segment models are 7.24 and 7.27, respectively, which
is slightly greater than previous estimates of 7.04-7.21
(Tab. S1).

5 Conclusions
We imaged the rupture of the 1995 Gulf of Aqaba
earthquake using teleseismic multi-array backprojec-
tion. Mapped fault structures were used as prior infor-
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mation to constrain the location of activated faults in
the gulf. We also estimated the kinematic finite-fault
rupture evolution of the Aqaba 1995 earthquake using
geodetic and teleseismic data jointly within a Bayesian
inference process. We find that most of the rupture
has occurred on the offshore west-dipping Aragonese
fault which is curved in the along-strike direction. How-
ever, rupture initiated on the west-dipping Arnona fault
south of the Aragonese fault. The temporal rupture evo-
lution is complex and the inversion results support uni-
lateral rupture originating close to the northern end of
the Arnona fault and jumping over to the Aragonese
fault that then again ruptured unilaterally towards the
north. The backprojection results support this case.
The earlier rupture in the south could have dynami-
cally triggered the rupture on the Aragonese fault. In
contrast to earlier studies we argue that a small on-
shore fault segment on the eastern coast of the gulf was
seismically active during the event. While the event
was predominantly strike-slip our models show that a
significant portion of normal slip must have occurred
along the Arnona and Aragonese faults. In conjunc-
tion with the sub-event on the eastern shore and post-
seismic normal faulting on the western shore, our re-
sults suggest active tectonic extension of the gulf. Over-
all, this study presents new earthquake rupture models
that describe the temporal rupture evolution of the 1995
Gulf of Aqaba earthquake. Especially, the postulated dy-
namic triggering between the fault segments should be
taken into account for hazardmodels in the area, as this
shows that seismic moment can be released faster over
a shorter amount of time than during a purely unilat-
eral rupture. Given large infrastructure projects such
as NEOM that are actively being developed in vicinity
of the Gulf of Aqaba with its geometrically complicated
active fault system, themodelling of earthquakes in the
region is important for updated and informed hazard
assessment and for establishing scenarios of potential
future earthquakes.
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