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Abstract On November 22, 2020, a moment mag-
nitude of Mw 3.5 earthquake struck the highly popu-
lated Nile Delta. This event marked the first recorded
earthquake in this area. We employed the polarity
of P and S wave first motions, as well as SH and SV
amplitudes and their respective ratios (SH/P and SV/
SH), to constrain the focal mechanism solution. Fur-
thermore, considering Brune’s circular source model,
kinematic source parameters were estimated through
spectral analysis of available and reliable seismic
data. The obtained solution reveals an oblique-slip
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fault mechanism, characterized by strike, dip, and rake
angles of 341°, 69°, and -47°, respectively. Additionally,
the two fault planes exhibit trends aligned with the E-W
and NNW directions. This normal fault mechanism
with a strike component aligns with previously identi-
fied events in various active areas of Egypt, indicating
a dominant extensional stress regime. The trend/plunge
of the P and T axes are determined to be 299°/46° and
42°/13°, respectively. Moreover, the NE trending of the
T axis agrees well with the current extension stress field
prevalent along the eastern border of Egypt. The aver-
age seismic moment and moment magnitude values for
P and SH waves are estimated to be 1.86x 10" Nm,
and 3.5, respectively. Furthermore, the average source
values of radius and stress drop are calculated to be 304
m, and 29 bar, respectively. Through a comparative and
comprehensive analysis of fault mechanism solutions in
the Nile Delta region and its surroundings, we have con-
cluded that the fault structures in the Hinge Zone and
Cairo-Suez Shear Zone exhibit similarities. This find-
ing provides evidence that the geodynamic processes
and fault style are identical. In conclusion, the provided
information contributes to our understanding of the
seismotectonic characteristics and earthquake hazard in
the epicentral region. Moreover, this study serves as a
motivation for future site response and seismic hazard
analyses based on a scenario-based approach.

Keywords The Nile Delta earthquake - Source

mechanism - Seismic moment - Seismotectonics -
Hinge Zone
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1 Introduction

The Nile Delta earthquake on 22 November 2020 (at
11:52:11 UTC) is considered the first instrumentally
recorded event in the central part of the Nile Delta.
This earthquake was well-recorded by the Egyptian
National Seismic Network (ENSN) and Egyptian
Strong Motion Network (ESMN) operated by the
National Research Institute of Astronomy and Geo-
physics (NRIAG). In this work, we present a detailed
analysis of this earthquake.

Its epicenter is located about 16km southeast of
Mansoura city (Table 1 and Fig. 1) within the Nile
Delta seismic sub-network. The earthquake was
widely felt in almost most of the Nile Delta cities
of the Nile Delta without any reported casualties or
damage, but it caused significant concern about its
implications. No historical earthquakes have been
reported in close proximity to the location of this
recent event.

The epicentral area, with an estimated population
of more than 500 k within a 25 km radius according
to the latest 2022 (CAPMAS 2022) census (Central
Agency for Public Mobilization and Statistics), is
characterized by high population exposure, building
vulnerability, and high socio-economic importance.
Moreover, subsurface of the Nile Valley and Delta
are made of soft thick sediment which can severely
increase the ground motion amplitude and duration
and produce undesirable amplification (e.g. El-Sayed
et al. 2001; El-Sayed et al. 2004). However, proac-
tive preparedness and mitigation efforts based on
adequately understanding the region’s seismotectonic
setting and seismic hazards can help dense cities, e.g.,
Mansoura, reduce future earthquake losses.

The 22 November 2020 earthquake was located
within an area tectonically known as the Nile Delta’s
Hinge zone (Fig. 1). Recent studies on crustal defor-
mation in Egypt have provided insights into the con-
temporary deformation occurring in the Nile Delta
(e.g. Saleh and Becker 2015; Rashwan et al. 2021).

These studies have indicated a complex pattern of
subsidence in both the horizontal and vertical com-
ponents of the delta. The subsidence in the area is
influenced by various factors, including anthropic,
stratigraphic, and tectonic factors, as highlighted by
Stanley (1988). Notably, the northeastern part of the
Nile Delta exhibits higher subsidence rates compared
to the northwestern part, as previously observed by
Saleh and Becker (2019). Rashwan et al. (2021) fur-
ther supported these findings by reporting a signifi-
cant mean subsidence rate of approximately 11 mm/
year at the GPS station in Mansoura.

Geological studies have revealed the presence of
multiple fault systems within the Hinge Zone, includ-
ing both extensional and strike-slip faults (Fig. 1).
However, the verification of these findings through
earthquake analysis has been limited, as significant
seismic activity had not been observed until the
occurrence of the earthquake on November 22, 2020.
Consequently, this study relies on analyzing a single
earthquake, highlighting the need for a detailed inves-
tigation of source characterization to enhance our
understanding of seismotectonics and conduct seis-
mic hazard analysis in anticipation of more signifi-
cant earthquakes. The seismotectonic implications of
the Nile Delta Hinge Zone are of great concern due
to its proximity to densely populated areas. The pres-
ence of active faults within the hinge zone signifies
the potential for seismic hazards and the occurrence
of earthquakes.

However, this earthquake is considered a small-
size earthquake, investigating its source characteris-
tics and seismotectonic is crucial for understanding
hazard and risk mitigation for a couple of purposes
as it occurred along the Hinge Zone of the Nile
Delta. First, the epicentral location of the earthquake
occurred in a densely populated area. The second
reason is our need to better understand its source
characteristics in light of the seismotectonic of the
Hinge Zone, which is usually considered as relatively
tectonically stable area (no seismogenic source was

Table 1 Earthquake Parameters of the Nile Delta Hinge Zone Earthquake. (ERH=error in horizontal component; ERZ=error in

vertical component)

Date O.T LAT LONG Depth km RMS ERH ERZ Magnitude (ML)
DD/MM/YYYY HH:MM: SS N° E° km km
22/11/2020 09:52:10.87 30.909 31.25 0.22 0.85 1.62 33
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Fig. 1 a depicts the general
regional tectonic map
highlighting the major
active plate boundaries,
while Figure (b) shows the
distribution of historical
earthquakes and regional
instrumental seismicity
from 1900 to 2020 around
the Nile Delta region
(updated historical earth-
quake catalog compiled by
NRIAG in 2010). The Blue
star marks the epicenter of
the 22nd November 2020
earthquake. HA and CA
represent the Hellenic Arc
and Cyprian Arc, respec-
tively. The geological and
tectonic characteristics are
derived from the Egyptian
Geological Survey and
Mining Authority (EGSMA
1981), along with studies
by Hussein and Abd-Allah
(2001) and Hassan et al.
(2021), which are properly
referenced therein. The
abbreviations are as fol-
lows: RSRS—Red Sea Rift
System, DSFS—Dead Sea
Fault System, GSR—Gulf
of Suez Rift, CSSZ—Cairo-
Suez Shear Zone, DSZ—
Dahshour Source Zone,
NDSP—North Delta Struc-
tural Province, SDSP—
Southern Delta Structural
Province, HZ—Nile Delta’s
Hinge Zone, RFT—Rosetta
Fault Trend, TFT—Temsah
Fault Trend, and BFT—
Bardawil Fault Trend
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delineated for this part) and considered as seismi-
cally silent during the past decades that subjected to
instrumental monitoring. Therefore, the main aim
of this work is to investigate the nature of this first
instrumentally recorded event. The focal mecha-
nism solution and source parameters of this unusual
source are estimated by analyzing the waveform data
of the strong and weak motion networks operated by
NRIAG. Thus, the comprehensive and comparative
analysis of this recent event could assist in under-
standing the seismotectonic setting of the region with
the final aim of properly estimating seismic hazards
and minimizing earthquake impacts.

2 Geological, structural and tectonic
characteristics of the Nile Delta: A regional
and local perspective

The Nile Delta region is located in the northeastern
part of the African continent and surrounded by three
main tectonic elements (Fig. 1a): the African-Eura-
sian plate margin, the Red Sea and Gulf of Suez rift
system and the Gulf of Aqaba-Dead Sea fault system.
The present-day tectonic deformation and seismic-
ity within the region is considered as a manifestation
for the interaction and the relative motion along these
boundaries and their distant effects, through stresses
transmitted across the plates to weak zones in the
lithosphere.

The Red Sea rift system is an ongoing continen-
tal rift and active sea-floor spreading and it has been
formed due to the relative movements between Afri-
can and Arabian plates. The rift system was formed
by early anticlockwise rotation of the Arabian plate
from the African plate. It divides at the northern
end into two parts: Gulf of Suez rift and the Gulf of
Aqaba (sinistral shear). Two types of faults are found
in the recently active Gulf of Aqaba: strike-slip and
dip-slip normal faults trending towards N-S and
NNE-SSW. These trends are correlated to the cracks
system of different orientations found in the rocks on
both flanks and as well as within the Gulf, as reported
by many authors (e.g. Klinger et al. 1999).

The Gulf of Suez represents the northern extension
of the Red Sea rifting. Both stratigraphic and struc-
tural studies show that the Red Sea and the Gulf of
Suez rifting began in Oligocene time and developed
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in the Miocene (Said 1990). It represents the north-
western branch of the Sinai triple junction together
with the Gulf of Aqaba and the Red Sea. Two major
sets of fault patterns have clearly influenced the rift-
ing processes, i.e. the main NW Clysmic and the
transfer trends.

Moustafa and Abd-Allah (1992) attributed the
northern termination of the Suez rift to the northwest-
ward as a transfer of throw from the northern part of
the rift into the Cairo-Suez Shear Zone (CSSZ) via
east—west oriented pre-rift faults. They also indicated
an ending of the NNW-SSE faults along western Sinai
against the east-west Themed fault. The CSSZ is geo-
graphically extends over the northern part of Eastern
Desert of Egypt and covers the area that extends from
the northern end of the Suez rift to the Nile valley.
This zone is affected by the late Oligocene-early Mio-
cene deformation related to the opening of the Gulf of
Suez in response to ENE-WSW oriented extension.
Meanwhile, it is probable that a part of this deforma-
tion is transferred to the land and led to the rejuvena-
tion of the deep-seated preexisting E-W oriented faults
by dextral transition (oblique-slip movement) in addi-
tion to NW-SE striking faults (Moustafa and Abd-
Allah 1992). This produced E-W elongated belts of
left stepped en-echelon normal faults of about 20km
width, overlie preexisting deep-seated faults of right
lateral strike slip movement (e.g. Khalil and McClay
2002; Abd-Allah et al. 2012). The CSSZ on this basis is
characterized by several E-W elongated belts of E-W to
WNW normal faults having left stepped arrangement.

The Dahshour seismic source (DSS) is located in
the northern part of the Western Desert, which gener-
ally forms an unstable shelf (Said 1990), further to the
west of the CSSZ. The predominant structural features
in this zone are faults. Abou Elenean et al. (2010) indi-
cated that this area is seismically active, as evidenced
by the occurrence of small to moderate earthquakes.
Notably, the strongest instrumentally recorded earth-
quake in this zone occurred in October 12, 1992, with
observed magnitudes of approximately mb5.8. The
spatial distribution of earthquakes reveals that their
epicenters align along a north—south direction. Abu El
Nader (2010) studied the focal mechanism solutions for
several earthquakes in this zone and concluded that the
solutions vary from pure dip-slip to pure strike-slip.

The major morphostructural domains in the south-
eastern Mediterranean Sea are the Mediterranean
Ridge and the Nile Deep Sea Fan. The Nile Deep Sea
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Fan is bounded by the Dead Sea shear zone to the
east, the Cyprus convergent zone, and the Mediter-
ranean Ridge to the north. The Egyptian continental
margin is situated south of the folded arc forming the
Mediterranean Ridge, encompassing features such as
the Nile Deep Sea Fan, Eratosthenes Seamount, and
Herodotus Basin. This margin varies significantly
in width from east to west (Korrat et al. 2005). The
continental margin, a zone of weakness, experienced
crustal thinning during the Triassic period. This tran-
sitional zone, between the faulted continental crusts,
is oriented N110-120E and may be prone to reactiva-
tion with dextral strike-slip and reverse fault compo-
nents (Korrat et al. 2005; Abu ElI Nader et al. 2013).

The Nile Delta basin is well defined by its highly
complicated structural framework due to its location
along the northeast African plate and the southeast of
the Mediterranean region. Consequently, it is mainly
affected by the structural setting and tectonic regime
of the two regions. It is also situated along the con-
tinental margin basin, which was developed due to
the separation of the Afro-Arabian plate from the
Eurasian plate in the Early Cretaceous time (Stanley
1988). The geology and tectonic history of the Nile
Delta region have been the subject of considerable
investigations (e.g. Ross and Uchupi 1977:1985; Said
2012; Shalaby and Sarhan 2023). The main structural
trends of the Nile Delta have been recognized by Ses-
tini (1989) and Zaghloul et al. (2001). Among these
trends are: 1) East-West or Tethyan Trend: This
trend likely relates to the original continental margin
rifting in the south-eastern Mediterranean during the
early Mesozoic. Notable examples include the Oligo-
Miocene Hinge Zone, Mit Ghamr Fault, and the
northern and southern flexures of the onshore Nile
Delta; 2) Northeast-Southwest or Rosetta Fault
Trend (RFT): Originating in the Late Cretaceous,
this trend is comprises the Pelusium, Qattara-Erato-
sthenes, and Gamasa fault lines. These faults likely
originated from a single point in the northeast corner
of the Mediterranean Sea near Alexandria. Addition-
ally, they exhibit sinistral strike-slip displacement;
3) Northwest-Southeast Trend: Active during the
Miocene, this trend is best represented by the Temsah
or Bardawil trends in the eastern offshore Nile Delta.
Most faults within this trend northward at approxi-
mately 45°W, although some follow the Clysmic
trend of the Gulf of Suez and the Red Sea, trending
about north 30°W.

Through thorough surface and subsurface geologi-
cal and structural mapping, researchers have classi-
fied the Nile Delta region into three distinct struc-
tural-sedimentary provinces (Sestini 1989; Hussein
and Abd-Allah 2001). These provinces, i.e., southern
Nile Delta and northern Nile Delta and faults trend-
ing east—west separate these provinces, forming the
Hinge Zone (see Fig. 1a) (e.g. Hussein and Abd-Allah
2001; Harms and Wray 1990). Recent geophysical,
geologic, and structural investigations (e.g. Barakat
2010; Hassan et al. 2021) indicated that the width
of this Hinge Zone is estimated to be 30-40 km wide
(Fig. 1a). Also, it represents an east-to-west continu-
ation of the Levant hinge line across the North Delta
Block.

Investigations on seismic and borehole data along
the Hinge Zone revealed a complex system of faults,
including normal listric, slumping, and growth faults
(Sestini 1989; Harms & Wray 1990; Barakat 2010).
These faults exhibit considerable displacements (Ses-
tini 1989) and contribute to the gradual thickening of
sediments along the coastal sections of the Nile Delta
and its fan. According to Hassan et al. (2021), the
Southern Delta structural province is characterized by
a sedimentary section approximately 1-1.5 km thick
composed of post-Eocene clastics, and the Northern
Delta structural province, which consists of Neogene
sediments in a section ranging from 4 to 6 km thick.
Also, one of the important findings is that the Hinge
Zone is characterized by extensional tectonics.

2.1 Southern Nile Delta structural province

The Southern Nile Delta province (SDSP) (south
Delta block in Said 2012) extends northward from
the east—west trending faults bounding the northern
part of the Cairo-Suez Province to the Nile Delta’s
Hinge Zone (Fig. 1a). This province is entirely cov-
ered by Pliocene—Quaternary sediments. Structur-
ally, several east—west orientated faults divide the
province from south to north into the Bitter Lake
graben and Ismailia horst. The southern Delta struc-
tural province is characterized by the imprint of the
late Cretaceous Syrian arc folding, considered its
main tectonic feature. Three main fault lines are
intersecting this province i.e., the Pelusium shear,
the Gulf of Suez-Cairo-Alexandria, and the Seben-
netic faults. These faults converge at a triaxial junc-
tion near Cairo.

@ Springer
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2.2 Northern Nile Delta structural province

The northern Nile Delta structural province (NDSP)
lies north of the Hinge Zone and extends beyond
the northern boundary of the study area (Fig. la).
The Northern Delta province, a Levant basin subu-
nit, is considered the most active tectonic province
of the Nile Delta. The NDSP is dissected by several
east—west-trending listric normal faults that bound
southward tilted fault blocks of half-grabens. Oligo-
cene and Miocene rocks filled the low areas between
rotated blocks, creating several east-west elongated
wedge-shaped basins (Fig. 1a). In the northernmost
part of the study area, the Oligocene and Miocene
rocks are affected by north—south to north-northwest,
northwest, and northeast to north-northeast-orien-
tated faults. These faults, designated as BFT, TFT,
and RFT, respectively, are illustrated in Fig. 1a. This
province’s structural style and deformation closely
resemble those in the following.

2.3 Nile Delta Hinge’s Zone

The Nile Delta’s Hinge Zone (HZ) plays a critical role
in the tectonic evolution of the delta and significantly
influences the overall facies variations of the African
continental margin within the study area. This zone is
characterized by a series of northward-dipping listric
normal faults. These faults are the longest and exhibit
the most significant northward displacements within
the delta (Hussein and Abd-Allah 2001). Movements
along these fault planes are the primary cause of
subsidence and sinking of the African margin in the
study area.

The east-west trending faults that define the
Nile Delta’s Hinge Zone change their trend to a
north—south orientation in the west (Hussein and
Abd-Allah 2001). Interestingly, some faults only
deform the Oligocene-Pliocene rocks overlying the
pre-Eocene rocks, while others affect the Eocene
rocks.

It is essential to highlight that existing seismo-
tectonic models (e.g. Sawires et al. 2015) for Egypt
exclude the Nile Delta and Hinge Zone due to a lack
of prior seismic activity; however, the 2020 earth-
quake necessitates a reevaluation of this area’s seis-
motectonic behavior for seismic risk assessment and
mitigation.

@ Springer

3 Seismicity of the Nile Delta

Egypt’s seismic activity varies across the country,
with generally moderate activity except for the east-
ern and northern borders (Fig. 1b). As the figure
shows, most of strong earthquakes are reported in
the north, along the northern Nile Delta and conti-
nental margin, and in the east, along the Red Sea and
its gulfs—Suez and Aqgaba (Abd El-Aal et al. 2019).
Seismic activity in the other parts of the country
ranges from negligible to low and diffuse activity.
Egypt’s seismicity is mainly caused by the Red Sea
rifting, DSFS, and recent tectonic activity in the east-
ern Mediterranean (Abd El-Aal et al. 2019; Ali and
Badreldin 2019). Figure 1b highlights that the cen-
tral Nile Delta region, where the studied earthquake
occurred, lacked any recorded seismic activity prior
to this earthquake under investigation (22 November
2020).

In recent decades, efforts have been directed
towards to understanding seismic near urban centers
in Egypt. For this study, we developed a seismicity
map considering the NRIAG earthquake bulletin and
the recently compiled and revised NRIAG histori-
cal earthquake catalog from various sources in 2010
(e.g. Ambraseys et al 1994; Badawy 1999). Figure 1b
illustrates that no historical earthquakes are reported
in the Nile Delta region in general, nor in the vicin-
ity of the November 22, 2020 earthquake. However,
some studies (e.g.Rashwan et al. 2021; Sawires et al.
2015), that did not adopt the NRIAG historical earth-
quake catalog, depicted historical earthquakes near
the location of the 2020 Hinge Zone earthquake.

However, the recent earthquake and reports of
some historical activity near the epicentral location
raise concerns about future seismic events in the Nile
Delta. This highlights a critical question that warrants
further investigation: Should the Nile Delta be reclas-
sified as a seismically active zone?

4 Earthquake data and methodology

Studying the focal mechanisms of small earthquakes
that are happening for the first time in a region is par-
ticularly important for seismic hazard assessment,
geodynamics, and risk mitigation for several reasons:
1) They may indicate new fault structures and strain
accumulation that were previously unrecognized in
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an area; 2) Areas with low background seismicity that
then start to experience small quakes may signal a
change in regional stresses and upcoming seismic risk
that was not accounted for; 3) Rare small events may
reflect complex fault interactions, unseen structures,
that require further study to understand their impli-
cations; 4) The locations, depths, and types of first-
time quakes contribute data to improve geodynamic
and seismotectonic models; 5) For risk analysis, first-
time activity drives updates to seismic hazard maps
and preparation for the possibility of larger triggered
earthquakes based on scenario-based approach.

It is worth noting that the seismic event occurred
in an area characterized by a high population den-
sity and extensive agricultural activities, with no
quarry-mining operations in the vicinity. In order to
differentiate between tectonic and artificial causes,
various discrimination techniques, such as spectral
analyses, have been regularly employed (Korrat et al.
2022; Korrat et al. 2023). These techniques have been
instrumental in excluding alternative mechanisms and
providing a clearer understanding of the earthquake’s
tectonic origin.

In this work, we studied and investigated the
source and focal mechanism parameters of the earth-
quake of 22nd November 2020. This earthquake was
recorded by several local seismic stations, both weak
and strong motion networks. Several regional seismic
networks also captured it (see Appendix A, Table 4).
The extracted waveform data from the earthquake is
used to estimate the local magnitude, location, fault
plane parameters (strike, dip, rake), and kinematic
source parameters.

We employed the HYPOINVERSE software
(Eaton 1970; Lee and Lahr 1972; Lahr 1980) within
the Atlas software suite to estimate the epicentral
location and magnitude of the Nile Delta earthquake
that occurred on November 22, 2020. This software
utilizes the time difference between the first-arriving
P and S waves to determine the epicentral location.
Additionally, it estimates both local magnitude (ML)
and coda wave magnitude (MD) by analyzing ampli-
tude and coda duration.

To refine the initial location determined by the
Egyptian National Seismic Network (ENSN), we
employed the El-Hadidy (1995) 1D crustal model.
This model incorporates local geological characteris-
tics and seismic velocity data specific to the region,
leading to a more accurate relocation of the epicenter

and magnitude. Also, to re-evaluate the magnitude of
the Nile Delta earthquake, we adopted the local mag-
nitude (ML) formula developed for Upper Egypt by
Abdullah et al. (2022).

The crustal velocity model, initially developed by
El-Hadidy in 1995 for the northeastern part of Egypt,
was utilized in this study to estimate the earthquake’s
hypocenter. Despite the lack of a dedicated model for
the Nile Delta region, extensive sensitivity tests were
conducted using various models. Through rigorous
evaluation, it was determined that El-Hadidy’s model
consistently yielded earthquake locations with mini-
mal errors in both horizontal and vertical dimensions.

Understanding source characteristics of seismic
events is crucial for unraveling the ongoing tectonic
processes and earthquake generation, particularly
in regions with concealed faults (blind faults). The
November 2020 Nile Delta earthquake represents
the first event in this area with instrumental record-
ings since the establishment of the Egyptian National
Seismic Network (ENSN) in 1989. Consequently, no
prior focal mechanism solutions exist for this region.
This study analyzes the earthquake’s seismic data,
including P and SH wave displacement spectra, to
investigate the event’s source parameters.

4.1 Focal mechanism analysis

The results obtained from focal mechanism analysis
are commonly utilized to determine the slip direction
and the stress that caused it on the fault plane. This
information helps define the motion directions of lith-
ospheric plates and the stress patterns at earthquake
foci, providing an instantaneous depiction of tectonic
movements in the area. In this study, we estimated the
fault plane solution for the November 22, 2020, earth-
quake using P wave first motion data from 19 veloc-
ity and acceleration stations to ensure good coverage
and minimize azimuthal gaps. However, we could not
include more stations far from the earthquake’s epi-
center due to the relatively small magnitude of the
analyzed earthquake (ML 3.3).

In this study, we utilized two software packages:
PMAN and FOCMEC developed by Suetsugu (1998)
and Snoke et al. (2003), respectively. Both packages,
written in Fortran, are used to estimate fault plane
solutions for relatively small earthquakes (M<4),
while full waveform inversion is preferred for more
significant earthquakes (Hofstetter 2014). These two
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software packages require inputs including the earth-
quake hypocenter, a set of stations, and the velocity
model of El-Hadidy (1995). Suetsugu’s package con-
sists of three principal codes: TANGLE, which con-
structs a travel time table and calculates depth and
emergent angles based on the crustal model of the
source area; AZMTAK, which prepares the polarity
data file containing compression or dilation, take-off
angle, and azimuth; and PMAN, which plots the out-
put file in a lower hemisphere projection as shown in
Sect. 5. Alternatively, these steps can be omitted by
using the azimuths and take-off angles generated by
the Hypoinverse earthquake location program (Klein
2002), along with the polarity data of P-waves picked
from the vertical component, as input for the PMAN
program (Table 1, and Appendix A, Table 1).

The FOCMEC package also includes several
programs for constructing and plotting mechanism
solutions. These programs utilize input parameters
including station sets, azimuths, take-off angles at
the source, polarities, and amplitude ratios from
P, SV, and SH arrivals. For instance, the program
Fileprep prepares the FOCMEC input file using the
iasp91 (Kennett and EngdahlE 1991) model to obtain
travel times and takeoff angles. Seismic waveform
data analysis is performed using the Seismic Analy-
sis Code (SAC) (Goldstein and Snoke 2005), which
rotates the horizontal components into transverse and
radial components to obtain SH and SV waves. The
FOCMEC program outputs all acceptable solutions,
imposing selection criteria such as allowing up to
two errors for polarity and none for amplitude ratios.
The maximum number of solutions is set to 20, with
a maximum log10 ratio of 0.1 and lower bounds of
0.05 and 0.15 for P and S radiation factors respec-
tively, while VP/VS is set to 1.732 corresponding to
iasp91 (Kennett and EngdahlE 1991) model. In the
FOCMEC package, polarities are indicated by direc-
tions relative to an observer facing the station with
their back to the epicenter. The first motion of the P
arrival is either up or down, while the SH arrival is
either left or right, and the SV arrival is either upward
or backward.

To obtain the faulting mechanism solution the 1D
crustal model developed by El-Hadidy in 1995 was
also adopted. Each station was carefully selected
based on specific criteria, including its ability to
provide clear P-wave polarity and have a high sig-
nal-to-noise ratio. Furthermore, amplitude ratio
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analysis was used as an additional tool to validate
the results obtained from polarity analysis. The con-
sistency between the outputs of these two methods
confirms the accuracy of the faulting mechanism
determinations.

4.2 Kinematic source analysis

In this work, the P and SH waves source displace-
ment spectra were analyzed for low-frequency spec-
tral level (flat part, Q) and corner frequency (f,) of the
Nile Delta’s earthquake waveform using the standard
Brune’s model (Brune 1970 and Brune 1971). The
waveform data used in source parameters estima-
tion were recorded by the velocity stations that are
located at epicentral distances varying between 16
and 240km (see seismic waveforms shown in Fig. 2
and geographic distribution of the nine stations in
Figs. 1b).

In the current analysis, we relied on seismo-
grams recorded by the ENSN seismograph network.
ENSN seismic stations are located on rock sites and
as far away from anthropogenic activities as pos-
sible. Therefore, we believe that relying on vertical
component data from stations installed on rock sites
effectively mitigates site effect-related modifications.
However, strong motion data are inherently affected
by site effects because strong motion stations are
often deployed on sediment sites. This is one of the
reasons why we chose not to use strong motion data
in dynamic source characterization.

In this article, we also analyze the spectra of P
and SH-wave seismograms for corner frequency and
low-frequency spectral amplitude using the standard
Brune model (Brune 1970). Rotating the horizon-
tal components to SH wave polarization allows for
a more accurate analysis of the shear wave charac-
teristics. Also, this helps reduce interference from
P-waves and other seismic phases.

The selection of earthquake waveform dataset fol-
lows some criteria: most calibrated seismic stations;
most clear digital waveform and the onset of P- and
S-wave arrival, located at different epicentral dis-
tances and azimuths, signals are not clipped and had
good quality and signal-to-noise ratio (SNR > 5) to do
reliable spectral analysis following the threshold rec-
ommended by Siile and Wéber (2013); Korrat et al.
(2022). The ObsPy Python code was written to calcu-
late the SNR value taking the ratio of the root mean
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Fig. 2 Seismic waveforms of the Hinge Zone earthquake recorded by both strong motion stations and seismometers operated by

NRIAG, as illustrated in Fig. 1b

square (RMS) of the windowed signal for P and S
waves to the RMS of the noise signal within the same
window size.

Moreover, the selected stations in the dataset
were recorded using various types of seismometers
(Table 1). Specifically: a) Short-period stations use
three-component SS-1; b) Ranger and L4C seismom-
eters with a 1 Hz natural frequency; ¢) Broadband
stations utilize three-component Streckeisen STS-2

seismometers with Trillium 120-s periods; d) The
SUZ station has only one vertical component.

The EQK_SRC_PARA software (Kumar et al.
2012) is employed for analyzing seismic data. It cal-
culates P-wave displacement Fourier spectra from
vertical component seismograms and SH-wave dis-
placement spectra from the rotation of horizontal
component seismograms, considering the station azi-
muth value.
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The spectral analysis involved measuring the low-
frequency spectral level of P and SH waves displace-
ment spectra (Qp and Qg) and corner frequencies fcp
and fcg observed at the recording stations. The meas-
ured values (i.e., Q and fc) are used to determine
source parameters following omega-square Brune’s
source model. To perform the spectral analysis on
earthquake waveforms using the Fast Fourier Trans-
form (FFT), the first step in the signal pre-processing
is to remove the mean and linear trends. In the second
step, the instrumental response effect was firstly elimi-
nated for each recorded station by deconvolution of
the system transfer functions, which were calculated
using poles, zeros values, and other system informa-
tion. Consequently, the seismograms were transformed
into velocity waveforms (transformed from original
counts to cm/sec). After instrumental correction, the
calculated P and SH wave displacement spectrum
D(R,f) recorded at the station at an epicentral distance
R (source to the station) and for frequency f can be
described as (Garcia-Garcia et al. 1996):

DR.f) = GR) . A(f. ). S(f) (1)

where ¢ is travel time, G(R) stands for geometrical
spreading, A(f,7) is anelastic attenuation, and S(f)
is the amplitude source spectrum. Therefore, The
observed spectra D(R,f) must be corrected for geo-
metrical spreading and anelastic attenuation (distance
corrections) to estimate the source spectrum S(f).
Anelastic attenuation can be divided into two parts as
follows (Singh et al. 1982):

A(f.1) = P(f) . L(f) 2

where the first term P(f) =exp[— nft/Q(f)] stands for
the propagation path effect that describes the path-
dependent attenuation (due to the propagation path
of seismic waves from the source to the recorded sta-
tion), with Q(f) is the frequency-dependent quality
factor. The second term L(f)=exp[— nfk] is the site
effect which describes the near-surface attenuation
characterized by the kappa k parameter. It represents
spectrum decay, which is largely caused by near-sur-
face crustal effects that absorb amplitudes at high fre-
quencies. However, EQK_SRC_PARA software was
modified to allow the estimation of the k factor.
Hence, to retrieve source spectra, the observed P
and SH waves displacement spectra are corrected for
two effects: (1) frequency-independent geometrical
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spreading and (2) frequency-dependent anelastic
attenuation that includes the path and site effects.

In this study, the geometrical attenuation was cor-
rected based on the formulation suggested by Havs-
kov and Ottemoller (2010), GS(R) = R — 1for R < Ry
and GS(R) = (RRy)™? for R > Ry, the value of Ry is
the regional dependent and may be taken as twice
the thickness of crust (Herrmann and Kijko 1983).
Moreover, attenuation has two effects: it changes
the spectrum shape, affecting the corner frequency
determination and it also changes the low-frequency
spectral level, affecting the estimation of the seismic
moment (Siile and Wéber 2013; Korrat et al. 2022).
Therefore, the correction for attenuation is particu-
larly important to get a reliable corner frequency.

In this study, in order to correct the propagation
path-attenuation effect, we have taken into account
two attenuation studies that were conducted in our
study area. The first approach, by El-Hadidy et al.
(2006), estimated the attenuation behavior of coda
waves Qc in the vicinity of the Cairo metropoli-
tan area, located a few tens of kilometers south of
our study area. They found that Q.(f) = 85.68f"7.
Assuming that Qc is a good approximation of Qs,
as emphasized by Kiszely (2000), Baumbach and
Bormann (2009), and Siile and Wéber (2013), we
can accept that Qc ~ Qs.Thus, Q,(f) = 85.68f°7° to
correct S-wave spectra. Since Qp(f) data is unavail-
able for our study area, we may use the approxima-
tion QOp ~ 2Qs, supported by several researchers,
e.g. Abercrombie and Leary (1993); Anderson et al.
(1965);Barton (2007), and Baumbach and Bormann
(2009). Therefore, we derived Q,(f) = 171.36f*" for
correcting P-wave spectra.

The second, more recent, and most robust attenua-
tion study we relied on to correct the attenuation effect
for both P and S-wave spectra is by Abdel-Fattah
(2009). Abdel-Fattah (2009) estimated the attenuation
of body waves (Qp and QOs) separately in the same
study area beneath the vicinity of Cairo metropolitan
area (Egypt) using the coda normalization method.
The frequency-dependent attenuation approaches
were found to be Q7'p(f) = (19x107%)f*% and
0 's(f) = (7x10_3) =085 for P and S-waves,
respectively.

We opted for Abdel-Fattah’s (2009) attenuation
approach for a couple of reasons: (i) it is the most recent
study, utilizing a larger dataset of earthquake records
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and stations compared to El-Hadidy et al. (2006). (ii)
Abdel-Fattah (2009) established frequency-dependent
attenuation approaches for Qp(f) and Qs(f) separately,
which is more appropriate for our study for correcting P
and S-wave spectra. In contrast, El-Hadidy et al. (2006)
only derived Qc(f). Therefore, We derived Op(f) and
Os(f) from Qc(f) using approximations from other
studies above, which can lead to potential ambiguities
and uncertainties in the calculations. Longer calculation
paths, as in the derivation from El-Hadidy et al. (2006)
data, are generally more error-prone than shorter, more
direct methods. To improve the accuracy of future stud-
ies, we suggest that direct measurements of Op(f) and
Os(f) be conducted within the study area. This would
eliminate the need for approximations and reduce the
potential for errors, leading to more precise correction
of the P and S-wave spectra.

In addition, the spectra also were corrected for the
near-surface attenuation effect that was calculated from
the analyzed recorded waveform data of seven stations.
After correcting for geometrical and anelastic attenu-
ation, the resulting corrected P or SH waves displace-
ment amplitude source spectrum Dc(f) is compared
to Brune’s model as given by the following relation
(Brune 1970; Hanks and Wyss 1972):

DC(f) — Qo - — M()RZH(/JSa (3)
(1+5)" 1+ L) 4np R

Once the corrected displacement spectra were calcu-
lated using EQK_SRC_PARA software that performs
Brune’s source model for spectra from each station
that records the event, the spectral parameters includ-
ing the low-frequency spectral level € and the corner
frequency f, at the source were estimated. Considering
P and S wave data separately, the seismic moment M,,
fault radius r, displacement d, stress drop Ao, along the
fault, and the moment magnitude Mw can be derived
from the P and SH wave displacement spectra follow-
ing Brune’s (1970, 1971), Hanks and Wyss (1972), and
Kanamori (1977) relations:

4zpV(P,SY’RQ s

Mo S) = (4)
9 Ryy p.5)Sa

. _ KipsVs 5)

9 27ch(P,S)

d _ Mu
"9 zpVsir? ©
A _ M, -
7E9 = T3 @
2
My, = glog(Mo) - 10.7 (8)

where p is the density, v is the velocity (v,orv,) that
are picked from El-Hadidy (1995) velocity model that
was used for event hypocentral location, R is the epi-
central distance, S, is the free surface effect (assumed
to be 2), and Kp = 3.36, K¢ = 2.34. In these calcula-
tions, the average values are used of radiation pattern
coefficients R, (6, 9)=0.52 for P waves and R(0, ¢)
=0.55 for S-waves (Boore and Boatwright 1984). The
average values of delta earthquake source parameters,
as well as their standard deviations from P and SH
wave spectra, are determined independently using the
equations presented by Archuleta et al. (1982):

. 1 N
X4y = antilog (Nzi:llogxi> 9)

where N denotes the number of stations where an
event has been recorded. The variance of the individ-
ual logarithmic values is used to compute the stand-
ard deviations (SD) of the source parameters (x= M,
1, d, and Mw) using the following equation:

1/2

SD 108,y = [}ﬁ 211(105“5 B lng“Vg)z]

(10)

5 Results and discussion

The waveform data from ENSN were adopted to
determine the earthquake’s hypocenter, origin time
and magnitude (as presented in Table 1). We esti-
mated the epicenter by analyzing the arrival times of
P and S waves at various seismic stations. To mini-
mize the azimuthal gap (uneven distribution of sta-
tions around the epicentre), data from additional
regional networks were incorporated.

High-accuracy earthquake parameters were
achieved through careful manual phase picking and
applying a suitable crustal structure specific to the

@ Springer
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region (details in Table 1). This crustal model and
the increased number of seismic stations contributed
to reducing the horizontal error (epicentral distance
uncertainty) and vertical error (depth uncertainty) to
0.8 km and 1.6 km, respectively (Table 1).

In this study, we adopted the local magnitude (ML)
formula developed for Upper Egypt by Abdullah et al.
(2022) to reappraisal the size of the Nile Delta earth-
quake. This formula incorporates corrections to the
Richter ML scale to take into account the difference
in seismic wave attenuation between southern Egypt
and southern California.

It is worth noting that the ML is calculated using
the maximum of half peak-to-trough amplitude of
either the Sg or Lg phase from the two horizontal
components recorded by closest seismic stations.
These amplitudes are first deconvolved from the
instrument response and then convolved with the
response of the Wood-Anderson seismograph to sim-
ulate its output. Consequently, the average earthquake
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magnitude determined using Abdullah et al. (2022)
formula is (ML 3.3). The main results of this study
are as follows:

5.1 Focal mechanism solutions

A comprehensive analysis of P and S wave polari-
ties and amplitude ratio for the studied earthquake
allowed us to infer the style, potential orientations and
motion of the causative fault. The obtained fault plane
solutions from the two approaches shown in Sect. 4
provide a reasonably well-constrained result, indi-
cating an oblique-slip faulting mechanism along the
E-W and NNW-SSE nodal planes (Fig. 3, Table 2).
Also, hereinafter we provide a comparative analysis
for the 2020 Hinge Zone earthquake with focal mech-
anism catalogue of earthquakes occurred in the study
region. This can help to gain valuable insights into the
seismotectonic framework of the studied region. This

Oup
N /N Down

+ Amplitude Ratio

Fig. 3 Shows the focal mechanism solution produced by PMAN (left panel) and one selected solution from the six acceptable solu-
tions generated by FOCMEC (right panel) (refer to Table 2 for focal mechanism parameters)

Table 2 Focal mechanism solutions of the 2020 Hinge Zone earthquake using PMAN and FOCMEC softwares

Date Nodal plane 1 Nodal plane 2 P -axis T -axis Approach
DD/MM/YY - - - -
Strike Dip Rake Strike  Dip Rake Az P1 Az PI
22/11/2020 341° 69° -47° 92° 46 ° -151° 296° 47.0°  41.0° 14.0° PMAN
342.86° 67.48° -4590° 94.43° 48.44° -149.21° 299.87° 47.73° 4273° 11.44° FOCMEC

@ Springer
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framework essentially describes the link between the
regional tectonics (plate movements, faults) and the
resulting earthquake activity.

Figure 3 illustrates the focal mechanism solutions
for Hinge Zone earthquake, presented in a lower
hemisphere projection of the focal sphere using two
approaches. The left panel of Fig. 3 is the initial solu-
tion obtained from PMAN, utilizing the P wave polar-
ity onset dataset as discussed in Sect. 4.1.

The right panel depicts the final solution derived
from FOCMEC, which incorporates additional or
constraining information of SV, SH, polarities, and
SH/P and SV/SH amplitude ratios.

The absence of aftershocks and prior fault plane
solutions in the earthquake zone hinders definitive
identification of the main causative fault with high
confidence. However, by integrating the available sur-
face and subsurface structural maps (comprehensively
discussed in Sect. 2) with the established structural
framework of surrounding areas (e.g., Shalaby and
Sarhan 2021, 2023), particularly the CSSZ and the
Hinge Zone, we favor an east-west trending normal
fault with a subordinate component of dextral motion
as the most likely source of the earthquake.

As discussed earlier (Sect. 2), these nodal planes
orientations are commonly observed and mapped in
the subsurface along the eastern region of the Tethys
Trend /Hinge Zone (Sarhan et al. 2014). Geophysical
studies across this zone reveal no considerable vari-
ations in crustal types (Saleh 2012). However, it is
a critical structural boundary separating the African
continental crust from its stretched-thin passive mar-
gin (Shalaby and Sarhan 2023).

Furthermore, the similar nodal plane orientations
are prominent in surface geological mapping of the
CSSZ, as it represents the southern marginal shear
boundary of the Nile Delta cone (e.g. Hussein and
Abd-Allah 2001; Hammam et al. 2020). It demarcates
the transition between the uplifted Eocene plateau to
the south and the northern plain dominated by deltaic
sedimentary facies. It’s important to note that both
the Tethys Trend/Hinge Zone and the CSSZ trend
east—west, traversing the central and southern por-
tions of the Nile Delta cone, respectively. Addition-
ally, both zones exhibit subordinate populations of
northwest-southeast trending lineaments, particularly
within the CSSZ (e.g., Hussein and Abd-Allah 2001;
Sarhan et al. 2014).

The distribution pattern of fault mechanism solu-
tions, as illustrated in Fig. 4, offers significant
insights into the seismic activity of the studied region.
Figure 4 provides a comprehensive overview that can
guide us assess whether the Nile Delta earthquake
originated from the same fault system or a distinct
fault segment. This analysis also sheds light on the
regional tectonic setting, which is crucial for char-
acterizing earthquake sources and their associated
parameters. Consequently, this information contrib-
utes to a deeper understanding of seismic sources and
has a direct application in seismic source and ground
motion modeling.

As a comparative analysis, the faulting mechanism
of the 2020 Nile Delta earthquake is compared with
those of events that occurred along the CSSZ (i.e.,
29th June 2000, ML 4; 07th July 2005, ML 4.2, and
30th October 2007, ML 3.7). As reported by Abou
Elenean et al. (2010), the focal mechanism solutions
for these prior CSSZ earthquakes exhibited primarily
normal faulting with a minor strike-slip component
(oblique mechanism) along northwest-southeast and
east—west nodal planes (Fig. 4).

A comparison with the mechanism of the Octo-
ber 12th, 1992 Cairo earthquake (mb=35.8) reveals
consistency between the P and T axes with the cur-
rent solution for the 2020 Nile Delta earthquake. The
focal mechanism solutions of earthquakes occurred
in Northern Egypt, along with a the 2020 Nile Delta
earthquake is an indication that they exhibit a con-
sistent faulting pattern as shown in Fig. 4. These
observations support the hypothesis that pre-existing
east-west and northwest-southeast trending faults
are being reactivated due to partial transfer of rifting
deformation from the Red Sea-Gulf of Suez region.
Notably, most of the analyzed mechanisms indicate
either pure normal faulting or an oblique sense of
normal faulting with a subordinate right-shear com-
ponent. The focal mechanisms of DSZ and CSSZ
(adopted from Ali and Badreldin 2019; Badreldin
et al. 2019) exhibit similarities, as both zones are part
of the major east—west trending transcurrent shear
system located north of the Gulf of Suez rift. How-
ever, these zones show distinct faulting mechanisms.
However, the fault plane solutions in DSZ indicate a
dextral strike-slip faulting mechanism with a minor
normal component (Abou Elenean 1997; Ali Sherif
2011). In contrast, the CSSZ is characterized by
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Fig. 4 Regional tectonic map, showing the major tectonic
plate boundaries and their kinematics. White arrows show the
stress regime and plate boundaries kinematic interactions. Spa-
tial distribution of the fault plane solutions of significant earth-
quakes that occurred in north Egypt compiled from recent pub-
lications and the studied earthquake (marked by a blue star at
the center of the beach ball) adopted from Korrat et al. (2005);

normal faulting with a subordinate strike-slip compo-
nent (Ali and Badreldin 2019; Badreldin et al. 2019;
Abou Elenean and Hussein 2008). This significant
shift in the dominant type of shear motion from west
to east along the two zones is likely a mechanism
to accommodate the ongoing extension in the Gulf
of Suez rift region. Furthermore, an analysis of the
combined focal mechanism solutions for the region
(Fig. 4) suggests a variation in the direction of crus-
tal extension from northeast to north-northeast-south-
southwest directions on the NW- and E-W trending
normal and strike-slip faults (Moustafa and Abd-
Allah 1992), respectively.

The northward dipping listric normal faults in the
Hinge Zone strike generally in the east—west direction
in the eastern region of the Nile Delta (Sarhan et al.
2014; Shalaby and Sarhan 2023); oriented parallel to
the common orientation of the CSSZ. However, these
faults progressively change strike to north—south fur-
ther westward (Hussein and Abd-Allah 2001). This
shift in fault orientation suggests northeast-facing,
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Abou Elenean et al. (2010); Abu El Nader et al. (2013); Abd
El-Aal et al. (2017); Badreldin et al. (2019). GSR: Gulf of
Suez Rift, CSSZ: Cairo Suez Shear Zone, DSZ: Dahshour
Seismic Zone, NDSP: North Delta Structural Province, SDSP:
Southern Delta Structural Province, HZ: Nile Delta’s Hinge
Zone, RFT: Rosetta fault trend, TFT: Temsah fault trend, and
BFT: Bardawil Fault Trend)

bowl-shaped basin geometry. This geometry or pat-
tern of normal faults may explain the observed thick-
ening of the deltaic sedimentary sequence towards the
northeast and the potential for northeastward gravita-
tional collapse of the delta sediments due to extension
in that direction (Shalaby and Sarhan 2023). Further-
more, southward dipping normal faults recorded in
the focal mechanism solution of the 2020 HZ earth-
quake are typically considered as the antithetic faded
trend of the conjugate array of the common shallow
northward listric faults. Sarhan et al. (2014) matched
these antithetic arrays on seismic lines transecting
the Nile Delta Hinge Zone area. Therefore, the cur-
rent focal mechanism solution is similar to the tran-
stentional deformation of the southern CSSZ that is
principally constrained by east—west trending normal
faulting with slight dextral strike-slip of motion.

The northern African continental margin in
Egypt consists of the Nile Delta cone, bordered to
the west by the northeast-southwest trending Rosetta
Fault System (RFT) (Segev et al. 2018; Shalaby and
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Sarhan 2023) and to the east by the northwest-south-
east trending Tethyan Fault Zone (TFZ) (Mascle et al.
2000; Loncke et al. 2006). The RFZ represents the
common margin of Levant and Herodotus basins in
the Eastern Mediterranean Sea region (Hussein and
Abd-Allah 2001; Jagger et al. 2018). Notably, this
fault is full-exposed along the western margin of the
Eratosthenes Seamount (ESM) (Rybakov et al. 2008;
Abd-Allah et al. 2012; Skiple et al. 2012), where it
forms a prominent submarine fault scarp (Shalaby
and Sarhan 2023). Bathymetric data (e.g., Loncke
et al. 2006) reveal clear evidence for reactivation of
the RFZ offshore between the Nile Delta slope and
the ESM. This reactivation is manifested by deforma-
tions in the Messinian salts and overlying sediments,
suggesting the RFZ played a role in channeling
Messinian salt movement towards the Herodotus and
Levant basins (Shalaby and Sarhan 2023).

Based on the available evidence, we propose that
the RFZ remains tectonically active, particularly
along the western margin of the ESM and offshore
from the Nile Delta cone. The focal mechanism solu-
tion for an earthquake offshore of the Nile Delta
along the RFZ (beach ball labeled 17/01/2013 in
Fig. 4) indicates dominant strike-slip faulting with
some thrusting component, suggesting crustal short-
ening in a west-northwest-east-southeast direction.
This trend of shortening is likely causing the RFZ to
dextrally offset the Crete-Cyprus thrust belt, particu-
larly near Cyprus.

Further northeast, along the southern margin of
the TFZ, the focal mechanism solution from 2012
(Fig. 4) exhibits a predominantly strike-slip faulting
pattern with minor reverse motion components. This
indicates a horizontal compression in the north-north-
west-south-southeast direction, which is consistent
with the regional far-field stress at the Crete-Cyprus
thrust belt, characterized by bulk horizontal com-
pression in the north—south direction (Moustafa et al.
2022). This orientation of crustal shortening across
the NW-trending TFZ originates a wide zone (more
than 20 km width) of dextral shearing along the
northern and northeastern fringes of the Nile Delta
cone (Shalaby and Sarhan 2023).

Figure 4 reveals contrasting focal mechanism solu-
tions for earthquakes in the region. The 1951 and 1987
events exhibit normal faulting, while the 1955 and
1988 events show reverse faulting. These contrast-
ing solutions highlight the present-day compressional

stresses resulting from the convergence of the Afri-
can and Eurasian plates. We attribute these variations
to the irregular geometry of the Crete-Cyprus thrust
belt, which primarily induces bulk crustal shorten-
ing in the north—-south (N-S) direction and comple-
mentary extension in the east—west (E-W) direction
(Shalaby and Sarhan 2021). South of the thrust belt,
the submerged Mediterranean Ridge (associated with
the foreland belt) has inverted the African margin
through back-thrusting, reactivating the African pas-
sive margin with reverse faulting.

Near Ras El Hekma in the Western Desert, com-
pressional horizontal stress is observed due to a
vertical fault trending (fault plane solution of the
28/05/1998 earthquake) in the ENE-WSW direction,
consistent with E-W trending tensile fractures com-
monly associated with crustal extension in the N-S
direction. The tectonic origin of this tensile stress
remains unclear but may be related to the vertical
arching of the continental passive margin at shallow
depthsas a result of crustal shortening in the north-
west-southeast (NW-SE) direction at deeper levels
(Shalaby and Sarhan 2021).

The Eastern Mediterranean and the Nile Delta
Hinge Zone are intricately linked through a complex
network of tectonic processes, fault systems, and plate
interactions. This intricate relationship defines the
geological and seismic characteristics of both regions,
making them a crucial area of study for understand-
ing regional tectonics. Analysis of seismic data sug-
gests the Temsah, Rosetta, and east—west trending
faults within the Nile Delta Hinge Zone originated
during the Early Oligocene epoch and were reacti-
vated multiple times throughout later periods (Hus-
sein and Abd-Allah 2001). Interestingly, the structural
features and deformations observed offshore closely
resemble those found in the Hinge Zone itself. Two
primary mechanisms are thought to be responsible
for the deformation of the Nile Delta Hinge Zone:
1- Late Oligocene-Early Miocene Compression:
This period witnessed a northwest-southeast to north-
northwest-southeast directed compressional event.
This compression reactivated pre-existing east—west
trending faults, evident from their upward extension
through Eocene and older rocks and their influence on
younger Oligocene-Pliocene formations; 2- North-
ward Gravitational Sliding: The weight of the Oli-
gocene-Pliocene shale and sandstone formations is
believed to have caused them to slide northward over
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the underlying Eocene carbonate rocks. These two
mechanisms likely acted in conjunction to shape the
deformation of the Nile Delta Hinge Zone.

The focal mechanisms described above reveal con-
trasting tectonic regimes of the Nile Delta offshore
and its inland fault zones. Two possible scenarios can
explain these complicated structural settings: (1) the
differences in local stress regimes due to variations in
crustal thicknesses that altered the vertical stress axes,
inland along the Hinge Zone and the CSSZ region and
surroundings. The maximum principle stress axis tends
to be in a sub-vertical attitude: this resulted in preva-
lence normal faulting. In contrast, the Nile Delta off-
shore focal mechanisms are characterized by regions
of thinned continental crust that relatively reduces the
vertical stress; as a result the intermediate principle
stress axis tends to be sub-vertical that derives pre-
dominance strike-slip motions. (2) Shalaby and Sarhan
(2023), and many references therein, presented some
evidence that the subduction of the Levant basin had
ceased along the Cyprus-Crete thrust belt, possibly due
to approaching the ESM, the more buoyant continen-
tal block, to the Crete belt. Accordingly, with ongoing
approaching Africa to Eurasia, the deformation on the
thinned crust of North Africa might be accommodated
by up-arching, leading to shallow crustal stretching in
the N-S direction. Thus the inland E-W trending fault
zones against the Levant basin are predominantly char-
acterized by normal faulting along discrete fault zones
in the Nile Delta Hinge zone and CSSZ. In contrast,
horizontal shortening along the Nile Delta offshore due
to its proximity to the Cyprus-Crete belt results in pre-
dominance of strike-slip deformations with some com-
ponents of reverse faulting.

5.2 Kinematic source parameters

In accordance with the source model (Brune 1970,
1971), the kinematic source parameters of the Delta
earthquake have been estimated. Figure 5 shows the
processing and analysis of the displacement spectra at
selected seismic stations. The analyzed time windows
of the P and SH waves are marked by highlighted green
rectangles. The best-fitting theoretical Brune’s source
spectral model is marked by a blue curve (Fig. 5). The
obtained spectral parameters Q and f_ are given for each
Brune’s spectrum. The estimated source parameters for
each station (M,, r, Mw, d, and Ao) are also given. The
results show that the corner frequencies fc(P) and fc(S)
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values are in the range of 5.56—7.53Hz with an average
value of 6.32 Hz (SD+0.10) and 4.13-5.51Hz with
an average value of 4.93 Hz (SD=+0.11), respectively,
and fc(P) is basically larger than fc(S), with an aver-
age ratio of 1.28. Similar results of the fc(P)> fc(S)
ratio was obtained by other authors (Hanks and Wyss
1972; Watanabe et al. 1996; Tusa and Gresta 2008;
Korrat et al. 2022). The obtained source parameters
also include the obtained seismic moments which vary
from 1.24e+ 14 to 3.83E+ 14 Nm for P-waves with an
average value of 1.85E+14Nm (SD+0.37) and from
0.99E+ 14 Nm to 4.77E+ 14 Nm for S-waves with an
average value of 1.87E+ 14 Nm (SD +0.53). While the
average source values of radius and stress drop are cal-
culated to be 322 +0.10m (P-wave), 287 +0.11m (SH-
wave) and 24.35 +0.49bar (P-wave) and 34.6 +0.26bar
(SH-wave), respectively and the relative displacements
calculated from P and SH wave are 1.31+0.43 and
1.67+0.34cm, respectively (Table 3). The obtained k
values were found between 0.021 and 0.044s with a
mean of 0.03+0.009s for P waves and between 0.018
and 0.063s with a mean of 0.02+0.017s for SH waves,
which is relatively greater than that of Abou Elenean
et al. (2010). They found the value of the K parameter
ranges from 0.01-0.03 at the surface for P-wave. The
estimated stress drop value is relatively agreed with
that of other works corresponding to inland areas (e.g.
Abou Elenean et al. 2010). The main results are shown
in Fig. 5 and summarized in Table 3. These results
could be used to improve understanding of contempo-
rary seismotectonic processes and can contribute to an
evaluation of potential seismic hazard.

6 Summary and conclusions

The Nile Delta is in close proximity to three major
active tectonic plate boundaries as discussed in
Sect. 2. The major source of ongoing tectonic defor-
mation is remote and took place along the aforemen-
tioned mentioned margins as shown by an observed
highest rate of seismic activity. Meanwhile, a part of
that deformation is transferred to the land to rejuve-
nate some of the pre-existing NW-SE, WNW-ESE,
E-W and WSW-ENE faults with predominant nor-
mal faulting with slight shear component (Abou Ele-
nean et al. 2010).

The earthquake occurred on 22nd November
2020 (Mw 3.5), in the Nile Delta, Northern Egypt is
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Fig. 5 (continued)

the first ever instrumentally recorded in this region.
Furthermore, studying it presents an opportunity to
enhance our current understanding of the seismotec-
tonic setting in the Nile Delta region. This earthquake
represents a manifestation of the present-day active
tectonics in this new seismic source. It was located
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within the Hinge Zone buffer (Fig. 1), about 16 km
from southeast of Mansoura city at a depth of 18 km,
as indicated in Sects. 1 and 2.

The mechanism for this earthquake indicates
a normal faulting event with a small strike-slip
component along the nodal planes of E-W and
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Table 3 Estimated source parameter values (M, f, r, Mw d and Ac) with their standard deviations of delta earthquake calculated from P- and SH-wave displacement spectra.

Results are given for P and S wave data separately. Unit of stress: 1 bar = 10° Pascal (Pa). AV is the average value and SD is the standard deviation

d(Sy) Ao (P) Ao (Sp M, P M, (Sy
(bar) (bar)

(cm)

d(P)
(cm)

r(P)(m) r(Sy

M, S f(P) f. (Sw)
(Nm) (Hz)

M, (P)

A(Km) Az° Q(P) QS

Station
Code

(m)
257
342
269
316
274
273

(Hz)

(cm.sec) (Nm)

(cm.sec)

3.30
3.75
3.40
3.51
3.44
3.49

3.36
3.69
3.38
3.48
3.49
3.46
3.48
3.47

15.5 25.6

1.1

0.85
2.63
0.77
1.04
1.56
1.73
1.38

1.31

327
327
354
365
302
270
316
322

5.51
4.13
5.25
4.48
5.17
5.18

142 1.03E-05 5.02E-05 1.24E+14 9.92E+13 6.22
183 3.37E-05 2.51E-04 3.83E+14 4.77E+14 6.22

97.6
153

RAM

48.0 52.0

2.99
1.41
1.54
1.59

1.91

115
123
132

NSQR
KOT

31.2

13.1

1.39E+14 5.74

1.03E-05 6.74E-05 1.32E+14

28.9

17.0

200 1.36E-05 9.27E-05 1.89E+14 2.09E+14 5.56

204 1.21E-05 6.13E-05 1.94E+14
137

MYD
NAT

34.5

30.9

1.62E+ 14 6.74

155.3
231.5

41.6

38.3

1.94E+14 753

1.44E-05 4.34E-05 1.72E+14

ZNM
SuzZ
AV

259

6.42

1.87E+14 6.32

+0.53

1.88E+ 14

127 9.89E-06

193

34.6 3.48

24.35

287 1.67

4.93

1.35E-05 7.71E-05 1.85E+14

+0.42

+0.03 +0.04

+0.26

+0.49

+0.34

+0.43

+0.11

+0.1

+0.11

+0.1

+0.37

+0.63

SD

NNW-SSE directions, as dicussed in Sect. 5.1. Fur-
thermore, the focal mechanism solution of the 2020
Hinge Zone earthquake indicates southward dip-
ping normal faults. These faults are typically con-
sidered to be the lesser developed counterpart (or
complementary structure) of the more prominent,
northward dipping listric faults commonly found
at shallow depths (Sarhan et al. 2014). The cur-
rent focal mechanism solution for the eastern Nile
Delta Hinge Zone aligns with its known geological
structure. This structure is dominated by east—west
trending normal faulting with a minor component
of dextral strike-slip motion, similar to the tran-
stensional deformation observed in the southern
CSSZ.

This solution is similar to the source mechanism
of the 7 July 2005 earthquake, ML=4.2 (Abou
Elenean et al. 2010) confirms the extension of the
Suez Cairo Alexandria trend. The shear transforms
the fault zone from the northern Gulf of Suez to
the western Delta. The NE-SW of the T-axis indi-
cated by the mechanism of this event agrees with
the general tectonic frame of the northeastern part
of Africa, which is subjected to tensional stresses
due to the rifting of the northern Red Sea and its
northern branches (the Gulf Suez and Agaba). By
analyzing fault mechanism solutions in the Delta
region and comparing them with the earthquake
under study, we’ve found that the fault structures
in the Hinge Zone and Cairo-Suez share similari-
ties. This similarity provides evidence that the geo-
dynamic processes and geological structures are
identical.

The spectral method provides valuable information
on the source of the seismic event and related energy
distribution in the frequency domain using the FFT, as
shown in Sect. 5.2. The idealized displacement spec-
tra for body waves can be characterized by a flat part
at lower frequencies and a fall-off above a corner fre-
quency. The average seismic moment and moment mag-
nitude values for P and SH waves are 1.85E+ 14Nm
and Mw3.5, respectively. Furthermore, the average
source values of radius and stress drop were calculated
to be 304 m and 29 bar, respectively. The value of stress
drop along the fault is relatively high, agreeing with
that of the CSSZ earthquake of 7 July 2005, ML =4.2.
Both events indicate a relatively high stress drop value
compared with the Cairo earthquake in October 1992
(Aco=20 bar, Hussein 1999) and that for 1999, 2006

@ Springer
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(Aco=10 bar Abou Elenean and Hussein 2008). Abou
Elenean et al. (2010) argued these relatively higher val-
ues to the high strength of the rocks along this belt.

Over the past few decades, numerous seismotec-
tonic studies have been conducted in Egypt (e.g.,
Hussein et al. 2013; Sawires et al. 2015). The seis-
motectonic models for Egypt indicate that, there are
a number of seismotectonic zones surrounding the
Nile Delta (e.g. CSSZ, the northern and southern Gulf
of Suez, Dahshour zone, Continental margin zones).
An extensional and or extensional strike slips stress
regime dominate these zones. These findings are
agreed with the kinematics of the Red Sea -Gulf of
Suez rift and Gulf of Aqaba transform plate boundary.
Hassan et al. (2021) highlighted several challenges in
investigating the tectonic setting of the eastern Medi-
terranean Basin, particularly the Nile Delta. These
include the thick sedimentary cover, uncertainties in
crustal and mantle velocities due to limited seismic
stations, sparse seismic activity, and the scarcity of
formation outcrops and deep wells for characterizing
subsurface lithologies.

However, characterizing seismogenic sources
requires integrating various types of data, including
geological, seismicity, GPS, and geophysical data.
Therefore, future efforts to characterize the seismo-
tectonic setting of the Nile Delta are recommended.
Such endeavours should utilize available infor-
mation from local and regional geology, satellite
imagery, Digital Elevation Models (DEMs), pre-
sent-day tectonics, geodetic maps, paleoseismologi-
cal studies, geophysical methods, updated seismo-
logical records, and updated focal mechanism data.
Finally, this earthquake is a significant alarm for the
region, highlighting the potential for future seis-
mic events. However, it is crucial to emphasize that
the continuous expansion of the seismic network
in Egypt necessitates further extension towards
the Nile Delta region. This extension is necessary
to effectively monitor microseismicity and better
understand seismic activity in the area. By expand-
ing the seismic network to the Nile Delta, we can
enhance our ability to detect and analyze smaller
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seismic events, providing valuable insights into the
seismic behavior of the region.
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Appendix A

Table 4 The geographical coordinates, elevation, sensor
and digitizer type, polarities for seismic stations used in the
estimation of seismological parameters for the Hinge Zone

earthquake. U=Up polarity, D=Down polarity, HRD =High
Resolution  Digitizer, SS1=Ranger Seismometer and
STS-2 =Streckeisen STS-2 Broadband Sensor

Station Latitude (°N) Longitude (°E) Polarity Elevation Sensor type Digitizer type
(m)

10th of Ramadan seismic station (RAM) 30.2170 31.8700 D 200 Trillium-120Q RAM Trident

New SQARA seismic station (NSQR) 29.8830 31.2010 U 90 SS1 HRD

Kotamaya seismic station (KOT) 29.9280 31.8290 U 490 STS-2 Trident

Natrun seismic station (NAT) 29.6330 30.6170 U 270 Trillium 120 Trident

Suez (SUZ) 29.8400 32.8320 U 268 SS1 HRD

Rayan seismic station (RYAN) 29.0820 30.2775 U 99 Trillium 120 Trident

NEW BeniSwef seismic station (NBNS) 28.6230 31.2940 U 300 Trillium-40 Trident

Turl seismic station (TR1) 28.0070 33.9520 D 274 Trillium-40 Centaur-3

Dahab (DHB) 28.7221 34.6188 D 19 SS1 HRD

Hurghada (HRG) 27.0520 33.6080 U 398 Trillium-240 Trident305

Eilat (EIL) 29.6600 34.9500 U 210 STS-2 Quanterra Q330

Santkatherine (KAT) 28.5230 33.9930 D 1729 Trillium-40 Trident

Tur2 seismic station (TR2) 33.7230 28.3850 D 239 Trillium Compact Taurus_3561

El Dabaa Seismic Station (NDB3) 31.0378 28.5482 U 100 Trillium-40 Trident

Helwan strong motion station (HKHLW) 29.8500 31.3400 U 140 Titan Titan

Bnha strong motion (TBNH) 30.4600 31.1800 U 50 Titan Titan

Dabaa strong motion station (TDAB) 31.0000 28.2800 D 100 Titan Titan

Zoneima seismograph 29.3761 32.8752 U 201 Trillium Compact taurus

(ZNM)

Mayadin seismograph station 29.7958 30.8009 U 279 L4C HRD

MYD
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